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Abstract

The plasma equilibrium and gas phase chemistry of high density SF6 discharge used for tungsten

etching were studied. A self-consistent model was developed to determine positive ion, negative ion and

electron densities, free radical density, ion fluxes, and electron temperature as functions of gas pressure,

microwave input power, and cylindrical source diameter and length. For an electron cyclotron resonance

(ECR) discharge, the reduction in radial transport due to the confining magnetic field was also modeled. The

model predicted that the plasmaelectronegativity increaseswith increasingpressure and decreasingpower, that

IT" density is much smaller than SF5~, and that the SF5+ positive iondensity increases roughly linearly with

power, relatively independent of gas pressure.

Langmuir probes and OES(optical emission spectroscopy)/actinometrywere used to obtain ion density,

electron temperature, and fluorine atom concentration in an ECR discharge for comparison to the model

results. CVD tungsten etch rate measurements showed that at low pressure, etch rate is fluorine atom limited,

whereas at high pressure, it is ion flux limited. Effects of oxygen addition were also studied. Contrary to

observations made in conventional RIE systems, fluorine atom concentration decreases as oxygen is added.

1currently at Lehigh University, Bethlehem, Pa
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I. INTRODUCTION

As feature sizes of microelectronic devices decrease, processes and equipment requirements become

more critical to microelectronics manufacturing. While highdensity plasmasourcessuch as the ECR (electron

cyclotron resonance), helical resonator, TCP (transformer-coupled plasma), and helicon are under extensive

study, the focus is more on the plasma physics than the etch chemistry. However, etch kinetics and chemistry

are important for better process control and more efficient approaches to process design.

In this report, we describe a self-consistent plasmaequilibrium and gas phase chemistry model of SF6,

a widely used etchant gas for refractory metals. The initial reactor geometry and configuration used in this

model is that of an electron cyclotron resonance discharge. However, the model is applicable to other high

density source configurations including the TCP, helicon, etc. A self-consistent plasma and chemical kinetic

model was developed to determine the electronegativity, species densities, and electron temperature as

functions of input power, pressure, and source geometry. To determine the applicability of the model,

experimental data were compared to the model results.

II. MODEL DEVELOPMENT

The purpose of the model was to establish a correlation between the plasma physics, the chemistry

and the etch process. Gas phase kinetics, through electron-neutral collisions, generates ions and free radicals

that are responsible for etching. Development of a physical-chemical model will establish relationships

between microscopic discharge variables, i.e., ion density, electron temperature, F atom concentration, and

macroscopic output and input variables, i.e., etch rate, power, and pressure.

A. Free-Fail and Diffusion Model

Assumptions used in the model were as follows:

1. Neutral species kinetics were excluded since only electronegativity and ion density were of concern

in the initial development of the model.

2. Loss of positive ions to the pump was neglected; an orderof magnitudecalculation showed that this

contribution is small compared to other loss mechanisms, such as ion/ion recombination and wall

losses.



3. The model only has homogeneous gas phasereactions; surfacereactions, such as fluorine passivation

of chamber walls and adsorption/desorption of the etch surface, were not included.

4. SF5+ was the onlypositive ion considered initially; SF3+ was later added. These limitations are not

fundamental and will be relaxed in future development of the model.

The model included ionic species only since our major concern was the amount of negative ions in

the plasma and how ion density behaves with variations in microwave input power and pressure. Electron-

neutral collision reactions considered were dissociative ionization, dissociative attachment, and ion/ion

recombination.9

(I) e + SF6 > SF5 + F + 2e Dissociative Ionization

k3
(II) e + SF6 > SF5 + F Dissociative Attachment

k4
(III) e + SF6 > SF5 + F^ Dissociative Attachment

- ks(IV) SF5+ + SF5 > 2SF5 Ion/ion recombination

(V) SF5+ + F~ > SF6 Ion/ion recombination

Because of its strong dependence on electron temperature, the rate constant of the dissociative

ionization reaction was calculated by integrating the electron-neutral cross section18 of the reaction over an

assumed Maxwellian electron energy distribution in velocity space, i.e.,

kt - <ov> j-4ic fy(y) o(v)v3dv

The collision cross sections for dissociative attachment and ion/ion recombination are weak functions

of electron temperature; therefore, an average value was calculated over the temperature range of 1 to 7

gv 15,16 £ate constants used in reactions (I) - (V) are as follows:



kj = 9.21 x 10-8 exp( - 15.2/kTe) cm3/s

k3 = 7.34 x 10'10 cm3/s

k4 = 3.3 x 10"12 cm3/s

k5 = 1x 10'7 cm3/s

k6 = 1x 10"7 cm3/s

From thereactions, onecan write steady state rate equations for thespecies SF5+, SF5", and F". Two

types of loss mechanisms for positive ions were separately considered: free-fall and diffusion. Free-fall loss,

which is the simplest case of ion loss to the wall, occurs when ions are generated through electron-neutral

collisionsand "free-fall" to the chamber wallswithout sufferingsignificant collisionswith other species in the

plasma. This loss mechanism, however, is not sufficient to describe what happens in a high density plasma

sourceat reasonablepressures, such as an ECR, especially in the presenceofa magnetic field. Hence, free-fall

losses must be replaced by diffusional losses. For an ECR system in a cylindrical geometry, diffusional losses

occur in both radial and axial directions (with respect to the magnetic field). In the diffusional loss

mechanism, ions are lost to the sidewalls by collidingwith other species; for radial (cross field) diffusion, upon

collision, ions "hop" from one field line to the other in a random-walk process until they arrive at the wall

surface and are lost.1 Because the dominating mechanism here is collisional, radial diffusion is enhanced at

higher pressures where the collision frequency between ions and neutralsare greater. Axial diffusion, on the

other hand,is inversely proportional to the ion-neutral collision frequency, which is proportional to pressure.

Therefore, the diffusional losses in the axial direction decrease with increasing pressure.

Energy and particle conservation equations were used to obtain species concentrations and electron

temperature. Particle conservation equations were written from steady state rate equations for the positive

ionic species involved,

(1) klnenSF6 " k5nSFrnSF5+ " k6nF~nSF5+ " Ub^FS+Z1- = °

The last term inequation (1), where UB = (kTg/M)1^ is theion Bohm velocity, and L isthe discharge

length, represents the free-fall lossmechanism for positive ions. Inan electron cyclotron resonance discharge,

the loss mechanisms are more complicated, especially in the presence of a magnetic field.1 For the diffusion



loss mechanism, the last term in equations (1) is replaced by a term that accounts for losses from axial and

radial diffusion.

U, A +Dx
L A2 A!

where D. = axial diffusion coefficient, cm2/s

= kTj/Mv

°x = radial diffusion coefficient, cm2/s

= D|/(1 + (DC2T2)

Al = effective axial diffusion length17, cm

= Lh

A± = effective radial diffusion length17, cm

= R/2.405

with Tj = ion temperature

M = ion mass

v = ion-neutral collision frequency13

t = 1/v

wc = cyclotron frequency = eB/M

B = magnetic field

L = length of cylindrical reactor

R = radius of reactor

The equation given by D| is the free-diffusion coefficient. Because of the large mass difference

between electrons and ions, electrons move much faster than ions, and an electric field is set up which

accelerates ions and retards electrons. Therefore, D( must bemodified to take into account theeffects of the

electric field, i.e., D| replaced with Da |, which is the ambipolar diffusion coefficient.1 The E field effect is

found by setting r{ = re = r, since fluxes of oppositely charged species must be equal. The flux can be



written as

r-j = Zj ftjnjE - DjVhj,

where fx- = mobility of the jth species,

Zj = charge associated with species j,

D: = free diffusion coefficient of species j,

and rij = density of species j.

With the presence of negative ions, equating positive and negative species fluxes gives

r+ = re + r..

Substitution of appropriate terms gives

At+n+E - D+Vh+ = -MeneE - DeVhe -fin.E - D.Vh..

After obtaining the electric field as functions of mobility, species density, and diffusion coefficient,

E = f(/i,j, Dj, nj, Vhj),

the expression for E can be substituted back into the flux equation to determine the ambipolar diffusion

coefficient,19

Da>+ = D+-EZ+/Lt+/Viij/nj ,

where Da + = Da,.

The steady state equations for negative ion species, SF5 and F , are

(2) k3nenSF6 • k5nSF5"nSF5+ = °

(3) k4nenSF6 " k6nF"nSF5+ = °

where kj = rate constant of the ith reaction, cm3/s,

^ = density ofthe jth species, molecules(atoms)/cm3.

Since the bulk of the plasma is essentially neutral, an additional equation can be written,

(4) nSF5+ = ne + IV + nSF5-

The power balance equation assumes all themicrowave input power isabsorbed by theplasma; energy

is lost through ion flux to the chamber walls and thegeneration of ion-electron pairs.



(5) Pf'nSF;U^eT

where eT = eL + Cj + ee7,12

cL = collisional electron energy loss per ion lost to the wall

ej = energy of an ion striking endwall * 5 - 8 Te

ce = energy of an electron striking the endwall * 2 Te

Pf = microwave input power (W/cm2)

e = electron charge, 1.6 x 10"19 C

UB = Bohm velocity = (kTg/M)1/2 cm/s

Equations(1) - (5) aresolved numerically to obtain nSF5+, nSF5-, np-, ne,and Te as functions of input

power and pressure.

B. Generation of SF3+ versus SFS+

For gases with complicated molecular structures such as SF6, there are many possible reactions that

generate positive ions. One important reaction is thegeneration of SF3+ through a multiple step process of

dissociation and dissociative ionization, to a concentration that is comparable or greater than the concentration

of SF5+. The dissociation reaction generates SF4 and two fluorine atoms from SF6,

k7
(VI) e + SF6 > SF4 + 2F + e k7 = 8.0 x 10* e-10/kTe cm3/s.

The neutral and stable SF4 molecules then undergo dissociative ionization to generate SF3+,

k8
(VII) e + SF4 > SF3+ + F+ 2e k8 = 9.21 x W8 e-124/Kte cm3/s

Another possible mechanism for generating SF3+ isdirect electron impact dissociative ionization of

SF6, where three fluorine atoms are formed along with the SF3+ ion,

(VIII) e + SF6 > SF3+ + 3F + 2e

This mechanism, however, has a much smaller contribution than themultistep process.6 Therefore, it was not

included in the analysis; only reactions (I), (VI), and (VII) were used.

7



Steady state rate equations were written ,

(6) k7nenSF6 " k8nenSF4 " krI1SF4 = °

(7) kinenSF6 - UBSF5+nSF5+/L = 0

(8) k8nenSF4 " UB,SF3+nSF3+^L = &

The last term in equation (6) is the pumping loss of neutral SF4, with kr = 0.125/s, which is the inverse of the

residence time. Equations (6) - (8) were solved to obtain the ratio of SF3+/SF5+,

nSF3+ ^t^^bjsf,* ne
HSF5* ^l^B^Fy* 'CiHe +K

When the electron density is low, i.e., k8ne << kp the equation becomes

nSF3* ^A"b,sfs+ ne
nSFs* *i"b,sf3+ K

whereas at high electron densities, i.e., k8ne >> kp we have

hsf3* *7"b,5Fs+

nSFs+ *\Ub,sf3+

The ratio of the Bohm velocities, UB SF5+/UB SF3+ is an inverse ratio of the ion masses.

III. EXPERIMENT

The ECR system used here has been described elsewhere.14 The reactor configuration is shown in

Figure 1. Patterned tungsten samples were supplied by Motorola; the sample structure and procedures for

the experiment were described in a previous report.11 Optical emission spectroscopy (OES) using argon as

the actinometry gas was used to obtain fluorine atomconcentration. No wafer samples werein the chamber

whenOES data weretaken; the plasma scan system was located downstream at the waferholder position, (see

Figure 1) A Langmuir probewas used to obtain ion density.

A Plasma Therm Scan system was used for optical emission spectroscopy. This is an in-situ, real time

analytical method tomonitor concentrations of plasma species.5,2 Concentrations ofactive species are directly
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proportional to the intensity of their optical emission lines at a specific wavelength. In principle, this optical

property allows one to readily obtain the concentration ofatomic species ina plasma. A tracer gas isneeded,

however, since the translation from intensity to concentration requires a knowledge of the collision cross

section of the species and the electron energy distribution function of the plasma, which are not readily

available in most cases. The tracer, normally an inert gas with similar collision cross section as the atomic

species of interest, provides a relativeconcentration for the atomicspeciesunder different plasmaconditions.

The wavelength scanner was programmedwith a scan range of 690 to 790 nm. This specific range was chosen

because the emission line for the excited fluorine species is 703.7 nm, and that of argon is at 750.4 nm.

Relative fluorine atom concentrations are obtained for variations in power and pressure; the effect

of oxygen addition was also studied. Argon gas with a pressure of 0.05 mTorr was added via a needle valve.

The total flowrate into the system was maintained at 3.0 SCCM. For power and pressure variations, only SF6

was used, with microwave input power from 300 - 700 Watts, and pressure from 0.4 to 5.0 mTorr. Effects of

oxygen on fluorine atom concentration were investigated by obtaining optical spectra for 0-50 percent 02

added.

IV. RESULTS AND DISCUSSIONS

A. Kinetic Model

Results of the free-fall and the diffusion models are shown in Figures 2 - 6. Parameters used in the

model are

L =40 cm,

R = 7.6 cm,

T+ = T = 0.5 eV,

eT =400 eV,

B = 1000 Gauss.

Figure 2 shows that the positive ion density increases linearly with increasing microwave power; this trend

is also observed experimentally, as seen in Figure 6a. The pressure variation, on the other hand, had little

effect on the positive ion density in both the free-fall and diffusion models; this does not agree with



experimental data (Figure 6b). The source of the discrepancy is in the spatial variation of the ions in the

system. The model assumed a uniform ion density within the source chamber. As ions are generated and

diffuse downstream, a significantnumber are lost to the sidewalls; as a result, the density downstream will be

much less than that within the source. A first order approximation to this diffusive behavior is a decreasing

exponential dependence, nj « e_bz, where b is proportional to pressure, and z is the axial position; a detail

solution showing this behavior is presented by Stewart et al.21 Since the experimental data was taken

downstream, the value from the model must be scaled with the exponential decrease before a comparison can

be made.

Figure 3 shows the concentration of negatively charged species in the plasma under different process

conditions, with power varying from 0.3 to 10 W/cm2, and pressure from 0.1 to 100 mTorr. The ratio of

ne/nSF5+ is a measure of the number of negative ions. For a positive-ion dominated plasma, ne « nSF5+,

(neMsF5+ « 1), whereas for the negative-ion dominated case, ne << nSF5+, (ne/nSFS+ << 1). If a large

number of negative ions are present, quasineutrality requires a low ne. From Figure 3, one can see that the

concentration of negative ions decreaseswith increasing power and decreasing pressure. Hence high density,

low pressure sources are more electropositive than typical RIE systems.

The variation of electron temperature with power and pressure is shown in Figure 4. The free-fall

model predicts that the electron temperature is higher at lower input power, which is contrary to the behavior

of an electropositive plasma, where electron temperature does not depend on power.7,12 Keeping in mind

that electron temperature is an average value obtained from the electron energy distribution function, this

observation is consistent with the electronegative behavior of the plasma at low powers: the low energy

electrons shifts the electron temperature to a higher value to sustain the ionization required. The diffusion

model,on the other hand,shows a muchweaker dependence of Te on power andshows better agreement with

experimental data (Figure 7a). Both models show that electron temperature decreases with increasing

pressure, as measured by the Langmuir probe (Figure 7b). The decrease is attributed to the decrease in the

ionization rate constant for particle balance at higher pressures.

The dependence of SF5~ on power and pressure is shown in Figure 5. At high pressure, nSF5-
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increases nearly linearly with increasing power, whereas at low pressures, nSF5- increases initially, and then

levels offasymptotically as power increases. The pressure dependence can beexplained through the electron

temperature. As pressure increases, electron temperature decreases, making available more lower energy

electrons for attachment; the negative ion density increases as a result. The dependence of negative ion

density on power is not as obvious. As power increases, more energy is added to the plasma, increasing the

concentration of SF5 and F atoms/molecules through dissociation, which are readily available for attachment.

At lower pressure, 0.1 and0.5mTorr,electron temperature is higher, providing a limitednumberof lowenergy

electrons,and the negativeion density levelsoff. At high pressures, negativeion density increases linearly with

power since the electron temperature is lower, making available a large number of low energy electrons for

attachment. There are no essentially no differences between the free-fall and diffusion model for negative ion

density, since the loss mechanisms applied to positive ions only. The only loss mechanism for negative ions

is ion/ion recombination.

The behavior of F~ with power and pressure is the sameas that of SF5~; the density of F~ is much

smaller, however. The ratio of nSFS-/np- is independent of power and pressurewith a value of approximately

200.

B. Generation of SF3+ versus SF5+

Figure8 shows the ratio of SF3+/SF5+ versus electron density. For low density cases,i.e., ne between

107 - 108 cm"3, SF5+ was the dominant ion. As electron densities increase, the ratio also increases, rising

linearly through a transition region. At electron densities greater than 1010 cm"3, the ratio remains constant,

in which case SF3+ was the dominant ion. The reader should keep in mind that this is a simple model that

included only three reactions (see Section IIB); the results should be viewed as providing only qualitative

behavior.

The electron temperature of the system also affects the ratio of SF3+/SF5+. As shown in Figure 8,

the ratio increases with decreasing electron temperature, which suggested the multistep process of generating

SF3+ is more likely when the electron temperature is lower. This observation agrees well with the lower

threshold energy for dissociation and dissociative ionization of SF6 and SF4, respectively.
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C. Diagnostics

Ion density and fluorine atom concentration were measured using Langmuir probe and optical

emission spectroscopy/actinometry. The qualitative behavior of these plasma parameters along with etch rate

information, was obtained for different process environments.

Figure 9 shows a typical optical emission spectrum with scan range from 690 to 790 nm. Changes in

the F* (703.7 nm) and the Ar* (750.4 nm) peaks were monitored for dependence on power, pressure, flowrate,

and oxygen addition. Figure 10 shows the behavior of ion density, relative fluorine atom concentration, and

etch rate with oxygen addition. Data were taken at constant microwave power of 500 W and pressure of 1

mTorr; for etch rate data, the waferholder was RF biased to give a DC voltage of - 60 V. Neither ion density

nor etch rate was affected when oxygen was added into the system. The fluorine atom concentration, however,

decreased with oxygen addition. This observation is contrary to what is observed in parallel plate systems.7,3

In an RIE reactor, fluorine concentrationis enhanced by the additionof oxygen, peakingat approximately 10-

15% addition, depending upon the reactorconfiguration and operatingcondition. This behavior may be due

to differences in operatingpressure; the total pressure in an RIE systemis typically two ordersof magnitude

greater than the pressure in an ECR. Under such circumstances, the gas phase reactions responsible for

generating fluorine atomsmightbe overshadowed bysurface effects, where fluorine passivation of the chamber

wall and wafer surface adsorption are dominating.

There are at least two possible mechanisms that control the etch rate: ion-enhanced and chemical

reactions. It has been proposed that the etching of tungsten involves the formation of WF6, avolatile product

that is readily desorbed from the tungsten surface once it has been formed.4 Energetic ions bombarding the

surface will also help enhanced the etch rate. This mechanism, however, is much more complicated and is

currently under extensive study. The purpose of our study is to determine whether the etch rate is controlled

by a single or multiple mechanisms. From Langmuir probe studies (Figures 6a and b), we observed that the

ion density peaks at approximately 0.5 mTorr,- and decreases exponentially as pressure increases. Therefore,

to create a condition where the etch rate is limited by fluorine atom concentration and the ion density is in

abundance, we must operate in the lowpressure regime. On the otherhand, operating at high pressures will

12



provide excess fluorine, with low ion density, providing the case where the ion flux is the limiting factor.

Figure 11 shows the dependence of ion density, fluorine atom concentration, and etch rate on SF6

flowrate. With the pumping speed remaining constant, increasing the flowrate into the system will cause the

pressure to rise due to changes in residence time, thus yielding the desired operating conditions. Ion density,

measured by a Langmuir" probe, is a maximum at a pressure of 0.4 mTorr, and decreases as the pressure is

increased. The relative fluorine concentration is obtained through OES/actinometry, as described in Section

III. As the pressure increases, fluorine concentration also increases, providing the excess fluorine and limited

ion fluxcondition. Tungsten etch ratesobtained under the sameoperating conditions are also shown in Figure

11. At low pressures, etch rate is fluorine atom limited, whereas for high pressures, it is ion flux limited. A

mechanism similar to this was observed by Joubert et al.,8 for theetching of photoresist byoxygen, where

J_ 1 1
oc — + ^^—

ER ni na

with ER is the etch rate, and n; and na are the ion density and atomic species concentration, respectively.

D. Future Work

The kinetic model will be modified to include the self-consistent generation of SF3+ ions, since for

a high density source such as the ECR, SF3+ appears to be the dominating positive species. In addition,

neutral fluorine chemistry will be incorporated into the model. Results from the free radical chemistry can

be compared to the experimental data, and move us one step closer to having a more complete model in

describing the etch mechanism in high density plasma sources. Further experiments will be performed to

separate the effects of flowrate and residence time on ion density, F atom concentration, and etch rate. The

model will also be applied to different high density sources such as an inductively coupled system. The only

modification is the inclusion/exclusion of the magnetic field and changes in the source geometry.

V. CONCLUSIONS

An analytical model was established for the kinetics of an SF6 plasma in a high density source.

Electron temperature, electron density, and positive and negative ion density were solved self-consistently as

13



functions of reactor geometry, microwave input power, and pressure. The results showed that the negative

ion concentration increases with increasing pressure and decreases with increasing power.

Mechanisms that controlled the etch rate were studied, namely, ion-enhanced etch and chemical etch.

Ion density, fluorine atom concentration, and etch rate were obtained under identical process conditions to

minimize unnecessary variations. We have found that at low pressures, the etch rate was fluorine-limited,

whereas for high pressures, the etch rate was ion-flux limited.
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Figure 2. Positive ion density versus power and pressure.
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