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Etching of SiQ with CF, in three types of high density—low pressi§8x 10 cm™3, 1-10 mTory

etch tools: electron cyclotron resonan@CR), inductively coupledICP), and helicon(HRF) is
described. Although the physical processes that produce the plasma in the three types of sources are
quite different, the etch rate processes are identical when viewed from the wafer sheath boundary.
Measurements demonstrate that if sufficient fluorine is present, the etch rate limiting step depends
only on the ion energy flux to the wafer, rather than on the details of the chemical species. Etch rate
control depends only on the wafer bias power. Experimental results are device independent so the
etch rate in high density—low pressure plasma sources does not depend on the plasma source power.
Major differences in tool etch rate characteristics are more likely determined by tool wall material
(and wall chemistryand tool geometry rather than the physical process that is used to produce the
plasma. ©1996 American Institute of Physid$1070-664X96)92805-3

I. INTRODUCTION While this approach has been very successful, it has two

Semiconductor fabrication depends on the ability to etch_o'[emi‘?lI problems. lon scqttering in the thick sheath gives
patterns with high accuracy into layers of semiconductor andiS€ 0 ion velocity perpendicular to the normal to the wafer
dielectric materials. Patterns are normally transferred to phosurface. This places a limit on etch anisotrdpsich can be
toresist applied to the substrates. Before 1985, chemic#lvercome by side wall passivation in some casébe high
etching provided a convenient way to etch the patterns butoltage drop across the sheath can result in radiation damage
that technique has the disadvantage that, for most materialproduced by energetic ions. In addition to anisotropy, the
it is isotropic. For example, chemical etching etches theother major issues are etch rate uniformity and selectivity,
walls of a trench as fast as the bottom of a trench. This limitghe ability to etch one materiale.g., SiQ) and simulta-
the etching to only those structures separated by more thageously not etch other materials such as photoresist or Si.
their final depth Around 1985, this condition was no |0ngerCurrent|y’ uniformity the order of-2% is desired over wa-
satisfied as structure separations were reduced to below ¢d;s 150 mm(or largej in diameter.
wm while depths remained at the order ofuin. Isotropic The minimum semiconductor structure pattern size has

chemical etching became unsatisfactory and was replaced %ntinued to halve in size every five years and is approach-

plasma etching. In. plasma etching, ion 'accele.:ratmn gcroslﬁg 0.25um in 1996 while depths have remained the order
sheaths at the semiconductor wafer provides directed ion en-

. ; . .~ of 1 um. The limitation on anisotropy introduced by perpen-
ergies at the wafer surface. Anisotropic plasma etchlng,d_ I heath i . d th diation d
which provides vertical walls on trenches and viasles, icular sheath on scattering and the radiation damage asso-

etc., is based on the anisotropy in the ion distribution funcciated with the high sheath potential drop appear to limit
tion at the wafer being etchéd. high pressure capacitive discharges to linewid#s3 um.
Capacitively coupled plasma etching tools have been thdhe search for a solution to this problem has led to the de-
mainstay of the semiconductor industry since the mid 1980'svelopment of “high” density, “low” pressure etch tools,
Such tools normally operate at “high pressukéfie order of ~where the plasma potentials are much lower than in capaci-
100 mTorp and “low” density (10° cm™3). Capacitive tools tive tools, with plasma densities #0+10'> cm ™3, and neu-
apply rf with potential variations of several hundred voltstral pressures 1 mTor<p<<10 mTorr. A variety of different
between the electrodes. Sheaths at insulating wafers providgpes of plasma sources can produce high density—low pres-
a rectification of the plasma loss current which causes theure plasmas. These include: electron cyclotron resonant
wafers to “self-bias” to potentials a fraction of half the peak- (ECR), inductively coupledICP), helicon (HRF), and mul-
to-peak voltage. This results in sheath potential drops of Ugdipole enhanced capacitive “triode” sources. In this paper
to several hundred volts. The combination of high voltageye consider the questions: Does high density—low pressure
and high pressure results in thick collisional shed&them or etching depend on the type of plasma source? The various

morg. Most of the applit_:ation of such tools has depen(_jed ources have many differences, but do the differences mat-
the development of recipes for the appropriate gas mlxture%.er? In particular, are there any important differences? To

address this question we consider Sé&fching using CFAr
-Paper 1IA3, Bull. Am. Phys. So@0, 1644 (1995. in three different types of high density—low pressure experi-
"Invited speaker. | h s based ECR. heli d inducti
dCurrent address: Applied Materials, Santa Clara, California. mental etch tools based on » helicon, and inductive
YCurrent address: Tegal Corporation, Petaluma, California. sources.
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Il. HIGH DENSITY-LOW PRESSURE SOURCE It also appears to be obvious that plasma etch rates will
CHARACTERISTICS be tool independent in plasma etch tools if they are operated
hwith identical plasma and neutral parameters at the plasma—
wafer sheath boundary. However, it is not clear that this con-
dition can ever be satisfied even for relatively simple etching
systems. The major complication is the presence of many ion
and neutral species, which includes species in the ground and
metastable states. While many of the species can be charac-
terized with available diagnostics, many cannot. Our experi-
strates to negative potentidielative to the plasmahe or- ments_ sugg_es_t that identical etching can be achieved by
d,matchlng a limited number of plasma and neutral parameters

der of tens of volts and use similar wafer chucks to hol tthe pl ter sheath bound o th t
cool, and bias the wafers. The combination of high plasma'?l € plasma—waler sheath boundary. nce these parameters

density and low sheath potentials results in sheaths that aff® identified, It Is not necessary to determine the others,
much thinner than those in capacitive discharges and becau§&CCPt perhaps in very general ranges.

of the low neutral pressures, much thinner than ion—neutral

collision lengths. The reduced ion energy at the wafer canl- CHARGED PARTICLES AT WAFERS

result in reduced radiation damage. The three types of etch The “self-bias” potential at insulating wafers, acceler-
tools employ similar chemistries to achieve the same goalsates ions to the wafer and reflects most of the plasma elec-
Electron temperature$, are comparable in the three types trons. Wafers normally float electrically with each point re-
of tools, the order of 2:4 eV and increase in a similar way ceiving no net current over the rf cycle. The details of the
with decreasing neutral pressure. electron distribution function are more important in deter-

High density sources are normally operated with plasmanining the chemistry than it is in direct interaction with the
densities in the range 19-10'2 cm 3. This range is not wafer.
their highest possible density and much higher plasma den- The variation of the electron temperat(fgwith neutral
sities can be achieved with helicon and ECR sources. Howpressure is determined by the balance of plasma production
ever, the present generation of photoresists used to pattefith plasma loss. Plasma loss can be written as a Bohm
wafers limits ion power/cito values which correspond to current to the appropriate loss surface. For ionization from
ion densities in the range less than a few time¥ b 3 the tail of a Maxwellian electron distribution function, this
Higher source densities leads to photoresist reticulatiogan be written as
caused by overheating.

The plasmas and neutral species in high density—low Ne(7i(Te)ve)MoV~NeCeAioss, @
pressure etch tools are quite similar but there are some olivherec, = T./m;, v, is the electron thermal velocity, is
vious differences. These include the operating frequency anghe plasma densityy; is the ionization cross section, is
the presence or absence®ffields. The details of the elec- the neutral densityV is the plasma volumeA,, is the
tron velocity distribution functions are quite different be- plasma loss area afd) denotes an average over the electron
cause of the different electron heating mechanisms. The thregelocity distribution function. The plasma density drops
types of tools also provide the plasma with different combi-out of Eq.(1). Rearranging Eq(1) shows thafT, is a func-
nations of conducting and insulating boundaries; althoughion of only neutral pressure and geometry and is not a func-
this is very tool specific and not necessarily generic to theion of input power.T, depends on the geometry of the etch
type of tool. For identical input power, flow rate and pres-tool and the gas chemistry rather than on the details of the
sure, the relative concentrations of ion, and neutral speciegiechanism of electron heating. Therefofie, versus pres-
are somewhat different. Differences exist, but do these difsure in ICP, HRF, and ECR etch tools are similar. Differences
ferences matter? can be attributed to deviations from Maxwellian distribution

Although it is obvious, it needs to be pointed out thatfunctions.
semiconductor processing depends on the plasma and neutral Etch rates are sensitive to the ion eneEyat the wafer
parameters at the wafer surface and only indirectly on thgurface:
parameters in the bulk plasma. In high density—low pressure E—e(—V.+®,) @)
plasmas, sheaths are collisionless, i.e., thin relative to device ! sbt *ph
dimensions and all relevant collision lengths. Almost all ofwhereVyy, is the wafer self bias voltage awd, is the plasma
the plasma potential variation in a high density—low pressurg@otential far from the wafer. The ion transit time through the
etch tool occurs across boundary sheaths and the potentiabfer sheath is the order of df;, where w,; is the ion
difference across the wafer sheath boundary determines thgtasma frequency. For high density—low pressure plasmas
ion energy at the wafer surface. This potential difference isvith densities of 18'—10'? cm™3, the choice of 13.56 MHz
largely determined by the rf applied to self-bias the wafer.as the frequency for rf self-bias gives ion sheath transit times
Sheaths at other boundaries influence ion sputtering and iocomparable to or shorter than the rf period, giving rise to a
induced desorption at those boundaries. This may influencspread in ion energies which depends on the phase of the self
the formation of polymers on those boundaries, recombinabias rf at the time the ion reaches the sheath edge.
tion of molecules on the boundaries and the overall tool neu- lons also pick up approximately./2 in falling through
tral gas chemistry which can be a big effect. the presheath that connects the sheath to the pléssedig.

High density—low pressure etch tools operate wit
plasma densities in the range*6.10'2 cm™2 with neutral
pressures 1 mTork p<10 mTorr corresponding to neutral
densitiesn,~3x 10— 3% 10" cm™3. Plasma potentials are
much lower than in capacitive too{s<100 V in comparison
to 250-750 V in capacitive toodIsAll employ a separate rf
source(often at 13.56 MHE to “self-bias” insulating sub-
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FIG. 2. Schematic description of the ECR etch tool.
FIG. 1. Plasma potential versus position near the wafer in the ECR tool for
several neutral pressures. The arrows indicate the edge of the presheath.
pass infrared absorption, Fourier transform infrared absorp-

tion (FTIR), optical and vacuum ultraviolet emissioviUV ),

1).2 The presheath does not make a significant contributio%ass spectrometers, laser induced fluorescériEe, micro-
to the ion energy at the wafer but is important in determiningwave interferometry,and X-ray emission '

the etch anisotropy. The etch rate anisotr@py., the ratio of Experiments were carried out with three experimental
etch rate perpendicular to the surface to the etch rate parallgkch tools shown schematically in Figs. 2—4. Each was de-

to tfhe sun;ac)a dlepend?mE_h :[rt]he lon re]netrﬁ)_/ parallelt_to”the Isigned to provide much better diagnostic access than com-
wafer surtace. fon motion in the presheath 1S essentially Coly, o ¢ig) etch tools. In all three tools, uniform Sifims on Si

lisionless. The presheath characteristic length has been four\r}glere etched. Etch rates were determimeditu from inter-

to be equal to the smaller of the ion—neutral charge eXChangf%rence fringes from the front and back side of the Sitns
collision length or the wafer to device boundary separationuSing a He—Ne laser, arek situusing a profilometer and an
Inelastic ion scattering in the presheath can transfer up tgllipsometer ’

TJ/2, into the direction transverse to the sheath. Therefore, The ECR tool operated at 2.45 GHgee Fig. 2 was

Te based on a commercial ASTeX ECR source with a stainless
E, <presheath energy . (3
In low density—high pressure etch took,; comes from Mem
ion—neutral scattering in the much thicker sheaths in such .
plasmas. Then presheath scattering is not important. In low T

-Jd1

Planar
inductive coils

pressure tools, most of the ion energy is acquired in acceler-
ating across the plasma wafer sheath. In high density—low
pressure tools, the sheaths are thithe order of 56 cm
(Ei/To)%**\p, where)p is the electron Debye length. The

etch anisotropy also depends on the source chemistry be- | jadiock

Multi-dipole
magnets

cause it is sensitive to the deposition or redeposition of “pas- Port |
sivating layers” such as polymers on side walls which are L Helium Cooled
not easily removed by ion sputtering. — I Wafer Chuck

IV. OXIDE ETCHING WITH CF,

We chose etching of SiCand Si with CR/Ar as a model
etching system. Representative chemical reactions involving
neutral species originating from ¢Ere given in the Appen- ]
dix. It is apparent that a large variety of species are present.
It is generally believed that SiOetching is provided by
atomic fluorine. Among the etch products are SiSiF,,
SiOF,, CO, CQ, and COKL. Many ion species are also FET—
present. —

We have employed many‘ situ diagnosti(_:s of plasma FIG. 3. Schematic description of the magnetically confined inductively
and neutral species. These include Langmuir probes, multeoupled plasm&MCICP) etch tool.

To Turbo Pump
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FIG. 4. Schematic description of the HRF etch tool. 400

. . . . Pressure (mTorr
steel vacuum chamber and an anodized aluminum liner in the ( )

cyclotron resonance region. Electrons were heated near th’—@G 5. SiG etch rate in the ECR tool versus pressure as a function of
location of the electron cyclotron resonance. The magnetigower.

field was produced by two magnetic mirror coils with the

resonant magnetic field of 875 G in the “source region”

between the coils. Plasma etching took place downstream All of the studies employing CfFfound the SiQ etch
where the magnetic field was approximately 100 G. By ad+ateR can be described By

justing the magnetic field and plasma density at the wafer, JiE,

etch rate uniformity of approximately-2% was achieved Re— > 4)
over 4 in. diameter wafers. 1+A(JiEi 13e)

The ICP(shown in Fig. 3 employed a planar spiral coil whereE;=ion energy at the wafed,=etching species flux,
operated at 13.56 MHz, a quartz window and a stainless ste@|=ion particle flux, andK ., and A are constants. For GF
chamber. It differed from commercial etching tools by theetching of SiQ, the etching species K and the ion flux can
presence of a multidipole magnetic field on the cylindricalbe provided byany positive ion. Equatior4) can be derived
walls which provided improved radial confinement. Elec-by assuming the etch rate is proportional to the product of
trons are heated by inductive electric fields within a skinthe ion energy flux and the surface coverage of the reacting
depth located within a few centimeters of the quartz plateneutrals and is also proportional to the product of the neutral
By adjusting the spiral coil geometry, etch rate uniformity of flux and the bare areaThe data presented in Fig. 6 are
approximately=2% was achieved.

The helicon sourcésee Fig. 4 produces energetic elec-
trons by a combination of wave electron trapping in the an-
tenna near field, Landau damping and collisional heating.
The uniform magnetic fieldwhich can be varied up to 1.5
kG) was produced by a set of pancake magnets. Helicon
waves were excited by a Nagoya-type Il coil operated at
13.56 MHz. The plasma produced in the uniform magnetic
field region is very nonuniform both axially and radially.
Uniform etch rate at a 150 mm wafer was achieved by re-
versing the current in the coils behind the wafer producing a
magnetic cusp field with the wafer placed in the zBréeld
region. Etch rate uniformity of=2% was achieved.

Experimental SiQ etch rate data obtained in the ECR
tool are graphed in Fig. 5. These show the etch rate generally
increases with power but increases and then decreases with
neutral pressure. Viewed this way the data appear to be quite
complicated. The confusion can be clarified by identifying : : — :
equal etch rate contours on a graph of fluorine concentration 0 100 200 300 400
vs ion energy flux(see Fig. 6% The fluorine concentration JE((mW/cm2)
was determined with argon actinometryhe ion energy flux
was determined by measuring the ion saturation current to ag_ 6. contour plot of Sigaverage etch raté\*/min) in the ECR tool as
probe near the wafer. a function of ion energy flux to the wafer surface and Ehatom density.

nr(1012 cm-3)

—
500 600
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FIG. 7. ECR etch rate dat®00-900 W, 0.5-2.5 mTorr, self-bias voltage: FIG. 8. Etch rate data from the ECR, HRF, MCICP, and RIE togigen in
25-100 V and RIE data(700—1500 W, 37 myfit to Eq. (4). J;E; is in Fig. 7, fit to Eq.(5)].
mW/cn? andng is in 10" cm3.

The uniformity of both etch rate and anisotropy depend
on the uniformity of:n., ¢,, T, wafer chuck-cooling, free
graphed versuR calculated from Eq4) in Fig. 7. SiQ etch  radicals, and self-bias across the wafer surface. Equéijon
rate was also measured in a capacitive “Reactive lon Etchsays we only need to knov; , ne, T, Ng, Ncr,. We do not
(RIE) tool. The etch rate data in the RIE tool are included inneed to know about all of the neutral species. In addition, we
Fig. 7. These data are also fit to Eg), but with a much  only need to know the electron density rather than the
smaller value of the constaKt,s. For the ECR tooK..=13 individual densities of each of the ion species.
while for the RIE toolK,s=0.93. Equation (5) does not depend on the electron energy
The difference in high density—low pressure and RIEdistribution function(EEDP or the electron velocity distri-
etch rates can be understood by including the effects of polybution function(EVDF). Figure 8 shows that etch rate does

mer deposition on the wafer. Assuming polymer deposition isiot depend on the type of tool or on the presence or absence
also proportional to ion energy flux and making similar as-of a B field.

sumptions as those made to derive E).give$ We have argued that plasma parameters only matter at
K. JE[1=Cu(J./].)2 the wafer. During wafer etching, it is not possible .to' deter-
~ eiEil splJa/Je) ], (5) mine most parameters at the wafer surface but it is often
1+A(JE /3e)

relatively easy to monitor some parameters far from the wa-
whereJ,=deposition species flux ar@, is a constant. For fer. It is important to establish how far is too far. This means
CF, etching, the deposition species appears to be. Clkir ~ we must consider the scale lengths of the various parameters.
measurements find that the raflg/J, is small (the order of For charged particles, the smallest scale length is given
1072 for CF, etching of SiQ in high density—low pressure by the electron Debye lengiy, = e To/n€?. For high den-
tools we considered but that it is significant2.7) in etching  sity plasmas, the Debye length is sniéfie order of %1073
experiments carried out in the RIE tool. cm). The Debye length determines the sheath dimensions so
As written, Egs(4) and(5) do not depend on the type of it is apparent that most of the potential drop occurs in the
etch tool and only depend on parameters at the wafer surfacenmediate vicinity of the wafer and does not depend on the
This suggests the constants in E¢S) and (6) should be particular tool.
universal and tool independent. A comparison of etch rates in  Sheaths are connected to the plasma by presheaths in
the ECR, HRF, ICP, and RIE tools is given in Fig. 8. It is which the plasma potential changes Ay~ T./2e. Repre-
apparent that Eq5) fits data fromall four tools with one set sentative axial potential profiles measured with emissive
of coefficients. This is a remarkable result since the details oprobes in the ECR tool have been given in Fig. 1. The
the four types of sources are quite different. presheath was found to be a transition region with approxi-
Because of the small value df/J., the coefficientC;,  mately constant electric field, which extends from the sheath
is unimportant to the fits to the high density—low pressureat the boundary(not shown several centimeters into the
data. On the other hand, it is important for RIE data. It is alsglasma. In low pressure tools, presheath lengths are the order
seen on Fig. 8 that the appropriate choiceCaf,=0.13 al-  of the ion neutral collision length. This can be the order of
lows data from an RIE tool to fall on the same line with 1—-10 cm depending on the gas species employed. Note that
Kes=13. the presheath is
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much thicker than the sheath. Inelastic collisions intical etch rates. Anisotropy depends on presheath scattering
presheaths determine the perpendicular ion enErgwhich  which providesE  ; and on source chemistry, which can pro-

in turn plays a role in determining the etch anisotropy. vide passivating layers.

When magnetic fields are present at an anglevith The plasma physics of ICP, HRF, and ECR sources are
respect to the normal to the wafer, a magnetic presheatyuite different but the SiQetch rate by CFAr plasma is
forms, with thickness insensitive to the source plasma physics and is pretty much

c 10° the same in all three types of tools when operated with the

Magnetic presheatf‘pg—s sin y~———— same ion energy flux arfd concentration. These results sug-

Qei B(Gauss gest that as far as etch rate with this system is concerned, the
X sin g(cm). choice of the type of etching tool depends on the experimen-

) _ . o tal knobs to tune parameters, the ease of access, the ease of
For example, if the angle is 10° and tBefield is 100 G, the  construction, the cost of ownership, the ownership of patents,
magnetic presheath thickness is approximately 1.7 cm thickyng the availability of maintenance. It does not depend on

comparable to the collisional presheath. most of the chemical reactions or the type of tool.
In low pressure plasmas, electron ionization mean free

paths Fend to be comparable to the tooI. dimensions. Othe,&CKNOWLEDGMENT

inelastic mean free paths are also relatively large. On the

other hand, the mean free paths for elastic collisions tend to This work was supported by NSF Grant No. EEC
be relatively short. This means that electron velocity distri-8721545.

butions tend to be isotropic in velocity space and electron

energy distribution functions often provide a good descrip-AppENDIX: REPRESENTATIVE CHEMICAL
tion of the plasma electrons. The mean free paths for neutr&EACTIONS INVOLVING NEUTRAL SPECIES FOR CF,
species are often comparable to tool dimensions. PLASMAS AND Si

Examination of the characteristic scale lengths for the
various processes leads to the conclusion that as far as g CRtF  CRoCRH2F,  Ch-CRitF,
charged-particle components of the plasma are concernedF,—CF+F, CR+F—CF,, CF+CF;—C,Fg,
the interaction of the wafer collisional and magnetic
presheath with the tool boundaries could be important ifcFat CR—CoFy,  CR+F—CF;, CHF—CF;,
affecting the etch rate uniformity and the etch anisotropy. ¢ F, .CF,+CF;, C,F,—~CF,+CF,,

Chemical etching and anisotropy depend on the ratio of
the densities of several plasma species. For example jn CF+CyF;—CF;+CF,, CR+CF—CoFs,

etching, the etch rate and anisotropy dependngim: and
. Fs+F—CF3+CF;, CF+CF,—CoF;, CF3+F—CF
Ncr, /N, wherencg, andng are the concentrations of fluo- CoFstF—CRtChy 2 CoFs, GRatF=GoR,

rine and CE andx=1, 2, 3, 4. The ratio of concentrations and

can vary with the type of tool and it is tempting to attribute sj+F_SiF, SiF+F—SiF,,
the differences to differences in the electron heating mecha-

nism or to the presence or absence of magnetic fields. HowSiF2+F—SiFs,  SiF;+F—SiF,
ever, it is more likely that the differences can be attributed to
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