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Role of Etch Products in Polysilicon Etching in a High Density Chlorine Discharge
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For low pressure, high density plasma systems, etch products can play a significant role in
affecting plasma parameters such as species concentration and electron temperature. The resi
dence time of etch products in the chamber can be long, hence depleting the concentration of the
reactants, and leading to a decrease in etch rate. We use a spatially-averaged global model includ
ing both gas phase and surface chemistry to study CI2 etching of polysilicon. Etch products leav
ing the wafer surface are assumed to be SiCl2 and SiCl4. These species can be fragmented and
ionized by collisions with energetic electrons, generating neutral and charged SiClx products (x =
0 - 4). Two limiting cases of the etch mechanism are found: an ion flux-limited regime and a neu
tral reactant-limited regime.

The high degree of dissociation in high density plasmas leads to the formation of elemen
tal silicon, which can deposit on the chamber walls and wafer surface. We include surface models
for both the wall and the wafer to better understand the role of etch products as a function of flow-
rate, pressure, and input power. A phenomenological model for the surface chemistry is based on
available experimental data. We consider the two limiting conditions of nonreactive and reactive
walls. These model perfectly reflective walls, where all silicon-containing species are reflected;
and reactive walls, which act as a reactive sites for the formation of SiCl2 and SiCl4etch products.
The two limiting conditions give significantly different results. A decrease in the absolute atomic
silicon density, and a weaker dependence of etch rate on flowrate are observed for the reactive
wall.

Keywords: Etch Products, nonreactive wall, reactive wall, ion-flux limited, neutral-
limited.



1. Introduction

Low pressure, high density discharges such as inductively coupled plasma sources

have become common for materails etching in the microelectronics industry. Their high

etch rate, however, can lead to a build up of etch products in the process chamber and a

corresponding depletion of the reactant concentration. As a consequence, high density

reactors often require high pumping speed to sweep the etch products out of the chamber.

In addition to the depletion of reactants, which decreases the etchant species surface cov

erage, the presence of etch product species can alter the gas phase composition of both
i ?ions and neutrals, and the electron temperature. Several researchers ' have suggested

that etch products can be fragmented upon collision with energetic electrons if not

removed from the chamber in a relatively short time, with subsequent redeposition on the

substrate and chamber walls. Tsujimoto etal1 found that the etch rate increases by afactor
of six when the flowrate is increased from 5 to 100 SCCM.

Due to the relatively high dissociation rate in these high density reactors, for poly

silicon etching in a chlorine discharge, the redeposition species can be mainly silicon

atoms, which are present in both neutral and ionic form. The elemental silicon, which

redeposits onto the chamber wall and wafer surface, can modify surface conditions, affect

ing the etch rate, uniformity, and other etch properties such as RIE lag, ("aspect-ratio

dependent etching"). For example, Dalton and Sawin3 observed experimentally that RIE
lag decreases as the flowrate increases, suggesting that the etch products are removed

quickly due to the short residence time, hence minimizing redeposition.

In this work, we address these issues by coupling a gas phase chemistry model that

was developed previously '5 with a phenomenological surface model. This allows us to
investigate the silicon etch rate as a function of power, pressure, and flowrate in the pres

ence of etch products and various reactor wall conditions. The gas phase chemistry model

that is used is described in detail in references 4 and 5. In brief, a set of steady state rate

equations is written for each species of interest, along with the power balance equation

and charge neutrality requirements. The system of equations is solved to obtain species

concentrations and electron temperature as a function of input parameters such as power,

pressure, and flowrate. The presence of etch products increases the complexity of the sys

tem by increasing the number of species, and hence the number of equations. The set of

reactions used are listed in Tables I - V. A brief description of the assumptions involved in



obtaining the appropriate cross sections is presented in the next section. We then describe

the development and formulation of phenomenological surface models of both the cham

ber wall and wafer surface, their coupling to the gas phase processes, and the different

models for two limiting conditions of reactive and nonreactive reactor walls.

2. Model Formulation

2.1 Gas Phase Chemistry of Etch Products

For gases such as SiCl4 and SiCl2, which appear as the etch products in this

model, there is limited information on electron neutral collision cross sections. Hence, we

have made estimates based on similar systems. The approach for selecting the appropriate

cross sections is systematic: we first look for available cross sections in the tetrachlorosi-

lanes or tetrachloromethanes. If the processes of interest are not available in these sys

tems, we then turn to other halogen containing molecules that have the same tetrahedral

structure as SiCl4, such as SiF4 and CF4, or chlorine containing compounds that are in the

same group as silicon, such as CCI4. For the dissociation reactions of SiClx (x = 1 - 4), we

have included all sets of

e + SiClx -» e+ SiCl^, + CI

The rate coefficients for each reaction were based on the cross sectional data for SiF4 dis

sociation6. By integrating the cross sections over an assumed Maxwellian distribution, we
can obtain analytical expressions for the rate coefficients that have the form of k = A exp(-

EJfJTe). The appropriate thresholddissociation energies for the dissociation of SiClx were

adjusted accordingly7. The rates for these processes and forthe pure chlorine processes are
listed in Tables I and IV. The dissociative ionization cross section of SiCl4 was based on

the ionization data ofCCI48, and the ionization ofS1CI4 to form SiCl4+ was based on the
branching ratio for the generation of SiCl4+ and SiCl3+ from SiGLj measured by Coburn9.
The ionization and partial ionization crosssectionsfor SiCl3 were based on data measured

by Hayes etal10 for the SiF3 system, and the cross sections for SiCl2 were based on the
SiF2 system measured by Shul et al11. For the SiCl reactions (11 and 13), we used the set
of cross sections for GeCl, measured by Shul et al12. We did not use the SiF cross sec
tions, since collision cross sections for chlorine-containing systems are available. The ion

ization cross section for Si was measured by Freund et al.



Tables II, III, and IV show the reactions used for energy loss of the SiClx species

and the basic chlorine species. The only etch product cross sections available were for

S1CI2 and SiCl4 excitation and momentum transfer processes, calculated by McKoy and

co-workers . The vibrational energy loss channels were based on those of CCI4 , which

were used in the calculation of the energy loss factor E^ (see reference 5 for details) for

SiCl4, SiCl3, and SiCl2- These are probably over-estimates since molecules such as SiCl3

and SiCl2 may have fewer energy loss channels than S1CI4. Nonetheless, they provide a

reasonable estimate for the densities of the SiClx species in the plasma, and can provide

qualitative information for a better understanding of systems with complicated plasma

chemistry.

2.2 Model for Wafer Surface Chemistry

Results of the gas phase model provide quantitative information on energetic ion

and neutral fluxes that strike the wafer surface. A phenomenological surface model is

needed to obtain the etch rate as a function of these gas phase parameters. This type of

model has been developed and used successfully by several researchers ' ', where

first order adsorption kinetics of neutral reactants is observed. The overall etch rate (ER) is

a combination of three mechanisms, physical sputtering, ion-enhanced chemical sputter

ing, and thermal or spontaneous etching. • In our surface model, we neglect contribu

tions to the total etch rate by physical sputtering and thermal etching. These assumptions

are valid for high density sources, where the ion energy is typically between 20 - 50 V,

which is only slightly higher than the physical sputtering threshold of polysilicon (~ 20

V) . The combination of low neutral to ion fluxes and a low surface temperature suggest

that the thermal etching component is small.

The etch rate expression is

YQclri
ER = cm/s , (i)

where the yield Y is the number of silicon atoms removed per incoming ion, 0£/ is the
fractional chlorine surface coverage, T,- is the total ion flux (# ions / cm -s), and p$ is the

solid silicon density (6.0 x 10 atoms / cm ). We assume that the yield is proportional to
on

the square root of ion energy, based on the collision cascade approximation. This has

been confirmed recently by Barone and Graves to be valid even for the low energy range

, and by Gray et al in their beam study of fluorine etching of silicon. The yield is given



by

Y=a{Ei-Eth) > (2)

where a is a parameter, £z- is the incoming ion energy, which is the sum of the ion energy
across the sheath (approximately 6 Te) and the bias voltage applied to the wafer holder,
and Eft is the threshold energy for ion-enhanced chemical sputtering. This value is
approximatly 4 eV, based on the work ofGray et al15. The significantly lower threshold
energy compared to physical sputtering (~ 20 V) is due to the formation of the chlorosilyl
surface layer, in which the Si-Si bonds are weakened because of the "mixing" of chlorine
into the silicon surface, hence decreasing the sputtering threshold energy.

The total ion flux T/ striking the surface is the sum of all ions present in the
plasma,

r=r + r +\,r
< a+ c/2+ ** sici/ • (3)

x= 0

The ion fluxes are decomposed as nsjUgj, where nsj is the sheath-edge ion density, and
u&j isthe Bohm velocity ofion/ Details for the calculation ofnsj from the gas phase par
ticle balance equations can be found in references 4 and 5.

2.2.1 Langmuir-Hinshelwood Site Model

The fractional surface coverage 6q is calculated using a Langmuir-Hinshelwood
site model. This method of estimating the halogen surface coverage has been used suc
cessfully by many researchers for the study of silicon etching in an ion-assisted environ-

2223 15 17ment * ♦<"»1J"1'. in general, the fractional surface coverage can be written as

dQa ^
sr " I t^Vc^'V V >(1 " ec/>

jc= 1

-(2to2+4te4)lr,-0a (4)

The first term on the right hand side of the equation is the rate of adsorption of chlorine



atoms and molecules onto the silicon wafer, and the second term is the rate of desorption,

which is proportional to the removal rate of silicon atoms. The fractions of SiCl2 and

SiCl4 leaving the wafer surface aredefined as ySiCl and ySiCl , respectively.

The parameters S used in Eq. (4) are the sticking coefficients of the ions and neu

trals, and the y's specify the composition of the etch products leaving the wafer surface.

For CI and CI2 neutrals, the sticking coefficients S& and Scl were chosen to be 0.4 and
0.15, respectively. The value of 0.15 was based on the experimental measurements and

calculations made by Cheng et al in their investigation of silicon etching by chlorine in a

helical resonator discharge. The sticking coefficient of CI onto Si was chosen to be 0.4

based on the beam study ofKummel and co-workers.25 Although the study was for a ther
mal CI2 beam, this gives us a resaonable estimate for thermal CI adsorption. For the ions

Cl+ and Cl2+, the sticking coefficients were assumed to be 0.5. The sticking probability of
ions is mainly a function of the ion energy rather than the ion type. This sticking coeficient

may be an over-estimate for Cl2+, since Cl2+ may have a lower sticking coefficient
because of mechanisms such as recoil, abstraction, and fragmentation of the ion. Because

of the lack of detailed atomistic surface mechanisms, we have assumed that the sticking

coefficients for both types of ions are identical. In addition, the molecularspecies CI2 and

Cl2+ are assumed to dissociatively adsorb onto the wafer surface, hence providing two

chlorine atoms for surface chlorination. The incoming chlorine neutrals and ions are

assumed to adsorb only onto a bare siliconsite; hence the (1- 6q) term in Eq. (4).

The etch products leaving the surfacewere assumed to be composed only of SiCl2

and SiCi4, as observed experimentally by Coburn , and Rossen and Sawin . The distri

bution is assumed to be 60% SiCl2 and 40% SiCl4, hence giving ySiC[ = 0.6 and ySiCl =

0.4. The term (2ySiCl + 4ySia ) in Eq. (4) accounts for the actual number of chlorine
2 4

atoms removed in the form of etch products SiCl2 and SiCLj. We have assumed that etch

ing is the only mechanism to remove adsorbed chlorine; other mechanisms such as the

sputtering of CI from the surface are not included in the model. At steady state, the left

hand side of Eq. (4) is zero, and 9q can be expressed as a function of the fluxes and ion



energy.

*a Vysia>**ysia,)Yri ' (5)
1 + — -

2,x(raScl +ra.sa.)
X= 1

Note from Eq. (5) that9C/ approaches unity as the ratio of the ion flux T, to the total flux

responsible for chlorination (FY, + r +) becomes small. This is the behavior of first
c'* Clx

order adsorption kinetics which is described by the Langmuir-Hinshelwood surface

model.

2.3 Treatment of Chamber Wall Chemistry

In low pressure, high density reactors, the dissociation rate can be relatively high

compared to conventional plasma systems. The etch products of SiCl2 and SiCl4 leaving
the wafer surface will be fragmented and ionized by collisions with energetic electrons to

form SiClx components with x = 0 - 3. Complete dissociation leads to the formation of
elemental silicon in both neutral and ionic form, Si and Si+. These silicon species can then
redeposit onto the chamber wall and the wafer surface with a high probability, since the

deposition process is energetically favorable for elemental Si. Therefore, we must allow

the model to account for different wall conditions and investigate how the wall affects the

plasma parameters and the gas phase composition. Since there is limited knowledge about
what happens on the reactorwall in the presence of ion bombardment and various incident

neutral fluxes, we have chosen to examine two limiting conditions, which we call the non
reactive and reactive wall.

For the nonreactive wall, no silicon containing species is allowed to deposit onto
the chamber wall and the wafer surface. The reactor wall is considered to be reflective,

such that all silicon-containing ions SiClx+ are neutralized and returned tothe gas phase as
neutrals, and all silicon-containing neutrals are returned to the gas phase. TTie chlorine
atoms and molecules, on theother hand, are assumed to stick to the wall surface until they
passivate themetal wall. Hence, thewalls are considered to be coated with amonolayer of
chlorine.

For the reactive wall, the chamber wall surface is assumed to act as a reactive site

for incoming SiClx and CI to generate additional SiCl2 and SiCl4, which are returned to
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the gas phase. Since the wall does not have an infinite supply of silicon like the wafer, a

different surface model is required to accurately trackthe presence of silicon and chlorine
on the wall surface. The rate of removal, or the wall etch rate, must be a function of both

the fractional surface coverage of chlorine and silicon on the wall, Qaw and QSiwy respec
tively,

ERW = ' Cl Sl cm/s. (6)

The equations forsurface coverage on the reactor wallcanbe written usingthe Langmuir-
Hinshelwood site model, similar to Eq. (4). For chlorine wallcoverage, the general steady
state equation becomes

2

o= X <*rc/ s™tal+xva +̂ cp) (i - eg - e£)
jc=1 x X xx

SiCl/ SiClx
JC= 1

f 4 2 1

+j I (^«ci/siaS^a *%a *>+X ^Cl/& +xr +s% .) >ej,
lx»l * * JC=1 * x J

f 4 2 1

+j I <*r«c//Sfa,+*Tsici *#c/* >+I ^a/a,+ xTa ♦ *2 ♦ >[ea
U=l * * * x=l * x xx]

'UystaS^naWfiK ™

The surfacecoverage expressionbecomesmore complicated since the incoming chlorine-
containing fluxes now have the possibility of striking three types of surfaces: metal, chlo
rine-covered, and silicon-covered. The first two terms in Eq. (7) are the adsorption of

chlorine onto a metal surface with the appropriate sticking coefficients. The third term is

the adsorption of chlorine on top of a silicon-covered surface, which behaves like the sili

con wafer. The fourth term is the adsorption on top of a chlorine-passivated surface, in

which the sticking coefficients will be small since the chlorine bonds on the surface are

already saturated and any additional species arriving at the surface is unlikely to bond.
The last term in the equation is the rate of desorption, or the rate of removal of chlorine in
the forms of SiCl2 and SiCLj, which has the same form as Eq. (6). Note that Eq. (7) also



allows for the SiClx species to contribute to the chlorination of the wall surface. Since CI

can only leave in the forms of SiCl2 and SiCl4, the desorptionrate is a product of the chlo
rine and silicon coverages on the wall. Note that in the limit at which either Qaw or QSiw
goes to zero, there is no formation of SiCtySiC^ at the wall. Similarly, the steady state
equation for the silicon wall coverage can be written as

4

0- I <r«a *3a'♦ raa . *%£.) d - eg,- e<»>
JC= 0

x= o xx

+<X <Waa +r„fl . ^a *>>eciSiClx* SiClx
* = 0

-Trfifii (8)

Equations (5) - (8) are added to the set of equations for the gas phase concentrations. The
system of equationscan then be solved to obtain the surface coverage of chlorine and sili
con on the chamber wall, and the chlorinesurface coverage on the wafer as a function of
different operating conditions. Note thatEqs. (7)and (8)are alsoapplicable to thecasesof
a nonreactive wall if the sticking coefficients of the SiClx species are set to zero, allowing
only CI and CI2 to stick to the chamber surfaces.

2.3.1 Surface Reaction Probabilities

For reaction probabilities on the chamber wall, there are three different types of
surfaces that the incoming species see: metal, silicon-passivated metal, and chlorine-pas-
sivatedmetal. Theassumed species reaction probabilities witheachsurface are as follows:
1. Only Si/Si+ and SiCl/SiCl+ are included inthe redeposition onto the wafer and chamber

surfaces. Tne bulkier molecules of SiClx (x = 2-4)are assumed to havea smaller reac
tion probability; hencewe neglectsuchprocesses.

2. All neutral species of CI, Cl2» Si, and SiCl that strike the metal surface are assumed to
have asticking coefficient of unity, i.e., sj"*01 =1.

3. Forthe chlorine-passivated surface, the pure chlorine species ofCI and Cl2 have stick
ing coefficients of zero, i.e., Sa° = Scc\ = 0; Si has a sticking coefficient of 0.05,
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whereas SiCl sticks with a probability of 0.01. Theseassumptions are based on the fact

that all chlorine bonds are saturated on the surface; therefore, the reaction probability
with any incoming CI and Cl2 will be low. Silicon and SiCl, however, are energetically
favorable to condense on the surface due to their low vapor pressure; hence they will

have a finite butsmall sticking coefficient. No data were found in literature to provide
us with reasonable estimates for these numbers, hence, the sticking coefficients are

assumed to be factors of 20 or more less than on a metal or silicon-covered surface.

4. For thesilicon-passivated surface, CI and Cl2 will stick with the same probability as on
thewafer surface. Si will have a unity sticking coefficient due to its low vapor pressure,
and SiCl will stick with a probability of 0.4, which is lower than Si due to its size and

the dependence on which end of the linear molecule arrives at the surface first.

5. All positive ions are assumed to have a sticking coefficient of 0.5, regardless of the sur
face that theysee. The ions thatdonotstickare returned to the plasma as thermal neu
trals.

While the precedingestimatesof stickingprobabilities seem reasonable, it would
be desirable to have better measurements of sticking coefficientsfor the chlorine-silicon
system.

3 Results and Discussion

The set of equations for power balance and particle balance for all heavy particle
specieswas solved to obtain the etch ratedependence on different operating conditions of
power, pressure, and flowrate. The results are presentedin two separate sections of nonre
active and reactive walls. We will also compare and contrast the differences in the results
for the two limiting conditions, concentrating on how theetch rate andgas phase compo
sition are affected by the assumptions on the wall conditions. Figure 1 shows a schematic
of the reactorconfiguration used in themodel. The reactorgeometry was based on a com
mercially available transformer-coupled-plasma (TCP)reactor,withR = 15.25cm and L =
7.5 cm. Feed gas flows into the reactor as pure CI2. Upon fragmentation and ionization,
reactive species of CI, Cl+, and Cl2+ are generated. These species react with the silicon
wafer, forming etch products SiCl2 and SiCl4, which return to the gas phase. The etch
products are fragmented and ionized to other components by collisions with energetic
electrons. As a result, theplasmaconsists of neutrals Cl2» d» SiClx (x = 0-4),positiveions
Cl2+» d+» SiClx+, and negatively charged CI" and e".

3.1 Nonreactive Wall
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As discussed in section 2.2, for the nonreactive wall, the walls are passivated with
chlorine and are perfectly reflective to all the silicon-containing species. The surface
recombination coefficient of chlorine on the wall is assumed to be 0.1; i.e., the recombina

tion probability of CI to form Cl2 is 10%. No redeposition of silicon was included in this
case, and all neutrals of SiClx bounce back, whereas SiClx+ is neutralized on the wall and
returned to the gas phase as SiClx. All the results shownhave a constant DC bias of -30V
on the wafer holder, which means that the ion energy is the sum of the plasma potential
(approximately 15 - 20 V) and 30 V.

Figure 2 shows the etch rate as a function of flowrate Q, with the coil poweras the
parameter, at a reactor pressure of 1 mTorr. Since the reactor pressure is defined as p =

Xn/fcr, where Xn/ is the sum of all neutral densities in the plasma, the reactor pressure is
affected by the amount of etch products present. The variation in etch rate due to a change
in powerdepends on flowrate. In the low flowrate regime, increasing the power does not
affect the etch rate much, whereas at higher flowrates, increasing powercan significantly
increase the etch rate. In the low flowrate range, the etch rate is surface coverage (CI) lim
ited; hence increasing the power has little effect on the etch rate. As the surface becomes

saturated, which is the high flowrate regime, the etch rate is limited by the ion flux striking
the surface. As seen in Figure 2, for Q greater than about 20 SCCM, increasing the power
from 500 W to 2000 W increases the etch rate by almost a factor of three. At constant

power, the etch rate dependence on flowrate directly follows the first order adsorption
kinetics. In the low flowrate range, the increase in flowrate increases the etch rate rapidly
due to the increase in the halogen surface coverage. As the surfacebecomes saturated with
chlorine, increasingthe flowrate no longer increases the etch rate, and the final result is an

etch rate of constant value as flowrate increases. The solid dots in Figure 2 are experimen
tal data measured by Tsujimoto et al10 in a study of Si etching by CI2. The data were
scaled to fit onto the graph since the etch rate calculated by the model is only accurate in
the qualitative sense. Therefore, we did not attempt to make quantitative comparisons.
From Figure 2, we see that the qualitative trends of etch rate versus Q agree fairly well
with our model predictions.

Figure 3 shows a plotof the fractional etch product versus Q, for the same param
eters as Figure 2. The fractional etch product is defined as the sum of all SiClx densities
divided by the total neutral density. A high fraction means that the SiClx concentration in
the gas phase is high, and the reactant supply is depleted. In the low flowrate range, the
fractional etch product is in excess of 0.6, suggesting that in this range, theetchproducts
are not pumped out fast enough. The residence timex ispV/Q, where/? is the reactor pres
sure, and Vis the reactor volume. As the flowrate increases, x decreases, and the fractional

etch product drops to less than 0.1 at a flowrate of 100 SCCM. TTie accumulation of etch
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products in the low Q range corresponds to the low etch rate shown in Figure 2, suggest
ing that the presence of etch products depletes the reactant supply. This decreases the
halogen surface coverage, and the etch rate decreases as a result. In the high flowrate
range, the etch products are removed relatively fast from the chamber, and the etch rate

increases. An increase in power also increases the fractional etch product in the gas phase.
This is due to the highersilicon etchrate, leading to a higher concentration of silicon con
taining species in the discharge for the same residence time.

In order to verify that the etch rate is indeed ion flux limited in the high flowrate
range, we plot in Figure 4 the fractional halogen surface coverage 0q versus Q, with
poweras a parameter. As the power increases, we see thatQa decreases at a fixed Q. This
is opposite to the trend of theetch rate dependence on power in thehigh flowrate range as
shown in Figure 2. Therefore, it is confirmed thatin this region, the etch rate is not con
trolled by the surface coverage, butrather by the ion flux. The decrease in 6^/ as power
increases is due to the increase in the total ion flux. As the ion flux increases, the rate of

desorption of CI on the surface increases, since the removal rate is proportional to T,-,
hence decreasing the steady state chlorine surface coverage.

Figure 5 shows the etch rate dependence on pressure, with flowrate as a parameter.
At a fixed power of 1000 W, theetch rate behavior shows two different trends, depending
on the flow into the system. For a low flowrate of 4 SCCM, the polysilicon etch rate
increases steadily as pressureis increased from 1to 20 mTorr. This is due to an increase of

the halogen surface coverage as pressure is increased. In this reactant supply limited
regime, theetchrate increases as the halogen surface coverage increases. In thehigh flow-
rate range, the etch rate shows a different trend. As pressure increases, the etch rate peaks
atapproximately 7 mTorr and then drops off athigher pressures. This suggests that athigh
pressures, the etch rate follows the trends of theion flux, hence corresponding to observa
tions shown in Figure 2 that the etch mechanism is ion flux limited in the high flowrate
regime. If we plot the ion flux versus pressure, we would see that for all three flowrates,
the ion flux decreases as pressure increases due toa decrease in both Te and total n+. The
etch rate, however, will only follow this trend in the high flowrate regime. In addition,
Figure 5 shows that the etch rate at50SCCM is higher than 100 SCCM for a fixed pres
sure. This is due to a decrease in the total ion flux as flowrate increases. The decrease is

due toalower concentration of Si inthe gas phase. Since CI has an ionization potential 5.5
eV higher than Si, the ion density is lower for the same power inputathigh flowrates.

3.2 Reactive Wall

For the reactive wall, thechamber wallsurface acts asa reactive site thatcangen-



13

erate SiCl2 and SiCl4, as shown in Figure 6. In this case, Si and SiCl neutrals and ions are

allowed to depositontoboth the waferand wall surfaces. The fractional surface coverages

of silicon and chlorine QcF an^ ®SiW on me wan< are determined as described in Section
2.3. Knowing QCiw and QSiw allows us to calculate how much etch products are formed
from the wall and recycled back into the process chamber. Effectively, this provides an

additional loss process for species of Si and SiCl, and as we shall see from the results, the

gas phase composition and etch rate behavior in this limiting condition are different from

the nonreactive wall condition.

Figure 7 shows a comparison between etch rates for the nonreactive and reactive

walls. Operating conditions are identical, both at a pressure of 1 mTorr and coil power of

1000W. The etch rate for the reactive wall shows a weaker dependence on flowrate, sug

gesting that the dilutioneffect is not as important This is due to the additional loss process

for silicon to the wall, where the returned SiClx product is either SiCl2 or SiCLj. This

reduces the fraction of elemental Si in the gas phase. For time scales at which the silicon

loss rate to the wall is faster than the pumping loss, the dilution effect is not as important.
Forthe nonreactivewall, there is no wall loss for Si, hence the pumping loss plays a large

role. The lower etch rate for the reactive wall is due to the decrease in the total ion flux

that strikes the wafer. This decrease is due to the decrease in the fraction of Si in the dis

charge, which leads to a lower total ion flux since elemental silicon is easier to ionize than

chlorine.

The weaker dependence of etch rate on flowrate for the reactive wall in Fig. 7 is
also due to the lower fractional etch product in the gas phase. Recall that in the low flow-

rate regime, the etch mechanism is reactant supply limited. If the fraction of etch products
in the gas phase is low at the same reactor pressure, then the reactant supply is no longer
limited and the dilution effect is less dominant. Hence increasing the flowrate will not

affect the etch rate to a great extent Figure 8 shows the difference in the fractional etch

product in the gas phase for the two wall conditions. There is a drastic difference, espe
cially in the flowrate ranges of 4 - 40 SCCM. At the lowest flow, or the longest residence
time, etch product accumulation for the nonreactive wall is in excess of 70%, whereas for

the reactive wall, the fraction of etch products is only 20%. The reason for this is that

when the chamberwallsare reactive, they canserveas active sites forheterogeneous reac
tions to take place. Under these conditions, more SiCl2 and SiCl4 are formed at the
expense of Si, hence decreasing the absolute number density of Si. This leads to a
decrease in the total neutral density of silicon containing species. Since the reactor pres
suredepends on the total neutral density, a significant decrease in Si density will lead to a
decrease in reactor pressure. In order to maintain a constant reactor pressure of 1 mTorr,
more CI2can flow into the system, in effect increasing the chlorinedensities, andthe frac-
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tional etch product goes down.

Redeposition of etch products can also be significant in these high density dis
charges, especially if they are notremoved promptly. This could lead to poor etch unifor
mity, microloading effects, and lower etch rates. Since redeposition by both ions and
neutrals is possible, one would beinterested toknow which type of redeposition is domi
nant Figure 9 shows the total etchrate, netetch rate, and the deposition rates of ions and
neutrals as a function of flowrate. The total redeposition rate can be as high as 800 A/min
at the lowest flowrate. We observe that redeposition is mainlydue to ionsrather than neu
trals. One mightsuggest that this is strictly an artifact of the assumptions used for sticking
coefficients. However, for energetic ions with energies in therange of 20- 50eV, thereac
tion probability of ions sticking to a surface is only weakly dependent on surface cover
age. The neutrals, on the other hand, can only redeposit onto a bare silicon site. If the
surface is covered with chlorine, thentheredeposition due to neutrals is much lower, even
if the neutrals have highersticking probabilities thanions, since the effective neutral stick
ingcoefficient« 5(1 - 0^/) decreases linearly with increasing surface coverage.

The gas phase composition is also affected by the wall conditions, especially the
concentration of elemental silicon. Figures 10a and 10b show the difference in the neutral

densities for the two different wall conditions, both at a reactor pressure of 1 mTorr and
power of 1000 W. For the nonreactive wall of Fig. 10a, the dominant neutral species are
CI, CI2, and Si, with elemental Si density exceeding the CI density at low flowrates. All
other SiClx species concentrations are an order of magnitude lower and hence are unim
portant. Once the reactor walls are allowed to be reactive, the Si density significantly
drops, as shown in Fig. 10b. The dominant neutrals are still CI and Cl2, but the elemental
silicon concentration has dropped by two orders of magnitude compared to the nonreac
tive wall case. All other SiClx densities are higher, due to the enhanced reactivity on the
wall to form more SiCl2 and SiCl4. These densities are still much lower thanthe chlorine
densities, which explains why the fractional etch products for the reactive wall are lower,
as seen in Fig. 8.

4. Conclusions

We have developed agas phase model that includes theetch products for CI2 etch
ing of silicon in a high density discharge. The reactive processes that take place in the
plasma were coupled to the surfaces of the silicon wafer and the chamber walls through
phenomenological surface models. Since the degree of uncertainty associated with the
surface modelof the reactor walls is large, we have taken the approach of examining two
limiting wall conditions. For the nonreactive wall, the surface is essentially a perfect
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reflector for all silicon-containing species, whereas for the reactive wall, the incoming Si
and SiCl neutrals and ions are allowed to react withCI to form SiCl2 and S1CI4.

From the model results, we found using the assumption of a Langmuir-Hinshel

wood adsorption isotherm thattheetchrate has first-order adsorption kinetics ata constant

power and pressure. Further investigations of etch rate dependence on flowrate, power,

and pressure have identified two etch regimes: halogen surface-coverage-limited and ion

flux-limited. In the surface-coverage-limited regime, etch rate increases with increasing
pressure and flowrate, and there is a weak dependence on power. In the ion flux-limited

regime, etchrate is a strong function of power. Increasing the pressure or the flowrate in
this regime will have minimal effect on the etch rate.

The assumptions on the reactivity of the reactor wall lead to differentbehaviorsin

the etch rate and gas phase composition. The fractional etch product in the gas phase was
observed to be lower when the walls are assumed to be reactive, since the Siand SiCl spe
cies were allowed to redeposit onto the chamber wall and react to form gas phase SiCl2
and SiCl4. In addition, elemental silicon isno longer the dominant SiClx species. The etch
rate dependence on flowrate was weaker when the reactor wall was reactive, since pump
ing loss isno longer the dominant loss mechanism for Si, but rather, wall losses also play
an important role.

The model has also accounted for redeposition of the etch products back onto the

wafer surface. By comparing the deposition rates of both ions and neutrals, we have found

that the dominant depositing species are the ions. Unfortunately, there are no experimental
data to confirm this finding of the model.
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