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Plasma etching using high-density plasma (HDP) reactors is becoming
predominant in the semiconductor fabrication industry due to its capability to produce
highly anisotropic features at current and future linewidths (0.5 to 0.17 µm).

The

Computational Optical and Discharge Physics Group (CODPG) has developed a
modularized computational simulation, the Hybrid Plasma Equipment Model (HPEM), to
examine these systems. The two offline modules developed, the Plasma Chemistry Monte
Carlo Model (PCMCM) and the Monte Carlo Feature Profile Model (MC-FPM), focus on
the effect of the plasma on the wafer surface. Using the output from the main plasma
simulation, the PCMCM self-consistently determines the energy and angular distributions
of all plasma species at the wafer. This distribution information can then be used by the
MC-FPM to determine the time evolution of etch features on the wafer based on an
energy- and angular-dependent surface chemistry. This chemistry has been developed
using experimental results by other researchers as described in this paper.
An important process in semiconductor manufacturing is the etching of silicon and
polysilicon for device fabrication.

Chlorine-based chemistries are commonly used in

industry today due to the capability of highly anisotropic feature etching allowing the
necessary submicron feature production.

In current HDP reactors, “microtrench”

formation, sidewall slope, and charging effects play an important role in device
performance. The MC-FPM has been used to examine the mechanisms, such as specular
reflection and energy and angular dependence of etch yield, involved in the shaping of the
etch feature. Parameterization of these mechanisms and comparison to experiment have
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allowed “cradle-to-grave” (reactor parameters to feature shape) predictive capability with
the HPEM, PCMCM, and MC-FPM coupled models for HDP etching processes.
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1. INTRODUCTION

1.1.

Plasma Processing
As device feature sizes for very large scale integration (VLSI) fabrication continue

to decrease to 0.15 µm and below, the processes used to etch these features must continue
to improve. This situation has resulted in the industry moving from wet or chemical
etching1 to plasma etching or dry etch processes to meet the demands of the current and
future VLSI fabrication.

In both etch processes, a photosensitive mask is used to

delineate regions of material to be etched to produce semiconductor device features. In
wet or chemical etching, the wafer is immersed in a liquid bath which chemically reacts
with the exposed surfaces. This type of process produces isotropic etch rates and can lead
to dramatic undercutting and broadening of features as shown in Fig. 1.1(a).
An early alternative to chemical etching was sputter removal of material.2 By
utilizing high energy ion beams (100s-1000s eV), material can be anisotropically removed
by physical bombardment. However, for the high energies required to produce large
enough etch rates to be industrially feasible, the surface becomes damaged several tenths
of microns deep and implantation of the bombarding species leads to high defect and
impurity densities. In 1979, Coburn and Winters3 found that a synergistic effect was
produced when combining an argon ion beam with a fluorine atom flux from hot XeF2 gas.
The etch rate shown if Fig. 1.2 due to the combined fluxes was an order of magnitude
larger than that produced by either individual flux. It was also found by Coburn and
Winters that the required activation of the process by the ion flux allowed the anisotropic
nature of the sputtering process to be retained. This process was dubbed ion-enhanced
etching or reactive ion etching (RIE).4-7
In 1974, Hosokawa et al.8 found that a fluorine plasma in a parallel plate reactor
could be a useful source of both energetic ion fluxes and reactive neutral species when the
1

wafer was placed on the powered electrode due to the sheath formed near the substrate
surface. The sheath is a region near the surface where the high mobile electrons are
depleted to form a potential barrier allowing a quasineutral time-averaged flux of charged
species to the wall. The potential can be increased further through negative biasing of the
surface. This sharp potential gradient, which can be 10s to 100s V over < 100s µm,9-12
causes the positive ion flux to maintain a narrow angular distribution13 at the wafer leading
to anisotropic etching and vertical sidewalls as portrayed in Fig. 1.1(b).
Low-density parallel plate reactors were originally used for plasma etching,
however recently high-density plasma (HDP) reactors have been developed. Among the
most common HDPs are inductively coupled plasmas (ICP), which are being investigated
for use as sources for etching of dielectrics and metals for semiconductor microelectronics
fabrication.14-23 ICP reactors typically operate at low gas pressures

(< 10-20 mTorr)

and high plasma densities (1011-1012 cm-3) as compared to earlier capacitive systems,
which operate at 100s mTorr and produce lower plasma densities
3

(109-1010 cm-

). The plasma is generated by either a solenoidal or flat spiral coil, as shown in Fig. 1.3,

operated at 100s kHz to 10s MHz. The resulting RF azimuthal electric field produced,
which can extend several centimeters into the plasma chamber, accelerates the electrons
and thereby deposits power through gas phase collisions between the electrons and the
gas. A separate RF bias (a few MHz to 10s MHz) is applied to the substrate to accelerate
ions anisotropically into the wafer that is being processed. A feature of this type of
reactor is that the magnitude of the ion flux and ion energies incident onto the wafer can,
in principle, be separately controlled. The former is determined by the inductively coupled
power from the coil. The latter is controlled by the amplitude of the RF bias applied to the
substrate. An example of a flat coil ICP reactor is shown in Fig. 1.4. Other HDP sources
are available including electron cyclotron resonance24-25 (ECR) and helicon26-27 sources,
but the ICP source is currently the dominant HDP source in the semiconductor industry.
2

1.2.

Plasma Etching Research
After the initial discovery of RIE, the experimental examination of plasma

interactions with a semiconductor progressed rapidly.

Several gas chemistries have

become most prevalent, including fluorine, chlorine, and fluorocarbons as the main
components in most etch processes. Initially, fluorine was used for many etch processes
but has fallen out of favor for submicron feature etching due to a large thermal etch
component.28 Fluorocarbon-containing gases have been used extensively for both silicon
and silicon dioxide etching utilizing oxygen29 and hydrogen30 additions to control
selectivity. Plumb and Ryan31 were the first to propose a comprehesive gas phase reaction
mechanism for the CF4 chemistry. Oehrlein et al.32-35 have conducted extensive research
based on optical and neutral and ion beam results describing the etching process of silicon
and silicon dioxide by fluorocarbons. These competing processes include etching by the
fluorine and fluorocarbon ions versus the deposition of a passivating layer of teflon-like
material. Sawin et al. have also examined the effects of redeposition processes in fluorinecontaining plasmas for both silicon and silicon dioxide etching.36-37
Chlorine has recently become the gas of choice in silicon and polysilicon etching
due to its properties of low thermal etch rate and high ion-enhanced etch rate. BCl3 can
be added to control the production of Cl- in the plasma and therefore control the plasma
potential38 while addition of HBr limits thermal etch effects such as undercutting as well as
the formation of microtrenches.39-41 Extensive examination of the processes involved in
chlorine etching of silicon and polysilicon has been ongoing over the last decade to
determine the effects of ion/neutral flux ratio, ion energy, and ion angular distribution on
the etch process. Coburn proposed that the etch rate in plasma etching can be directly
related to the ion/neutral flux ratio impinging on the surface42 and demonstrated that
relationship for chlorine etching of silicon.43 Dane and Mantei produced an empirical
3

model based on this relationship as well as the power flux due to the ions.44 They were
able to closely match experimental etch rates through the use of three fitting parameters.
Their model and its use for determination of etch rates for the Plasma Chemistry Monte
Carlo Model (PCMCM) are more thoroughly described in Chapter 3.
Two other important factors determining the etch yield by the chlorine ions are
impinging energy and angle, which can control both the relative etch rate and shape for
profile evolution. Donnelly et al.45 proposed an energy dependence of α(E1/2-Eth1/2) where
α = 0.05 and Eth = 10 eV based on results of neutral and ion-beam experiments. Balooch
et al.46 and Chang and Sawin47 have also shown similar relationships for experiment.
However, Manenschijn et al. found a linear relationship48 for etch yield verses ion energy
in a parallel plate reactor. In all of these experiments, the limited number of data points
and large ranges of error for measurements make it difficult to determine the exact
relationship. Recently, Chang et al.47,49 have utilized beam experiments to determine the
angular dependence of the ion etch yield. They have found that unlike the sputter process,
ion-enhanced etching of silicon by chlorine has a maximum yield at normal impinging
angles and, beginning at 40°, falls off to zero at 90°. They have also determined that the
angular etch yield for silicon dioxide is very similar to sputtering results, and for etching of
photoresist the angular dependence falls somewhere in between the former two.50 This
angular dependence plays an important role in the formation of etch features, as is
described in Chapter 5.

1.3.

Plasma Processing Models
As plasma processing systems have increased in complexity and cost, it has

become prohibitive to develop new reactors by only physical experimentation.
4

Development of numerical models to simulate these systems has progressed quickly over
the last 10 years, allowing predictive capability.

Use of these models allows costly

physical development and manufacturing to be reduced as seen in almost every
technological industry.

1.3.1. Plasma models
Initially, plasma modeling was limited to analytical one-dimensional (1D) models
based on limited physics such as drift-diffusion. To become useful as predictive tools,
two-dimensional (2D) numerical models are necessary, and the first for examination of RF
discharges was developed by Tsai and Wu51 in 1990. Soon after, Dalvie et al.52 also
produced a drift-diffusion-based 2D model and described the effects of enhanced
ionization for large radii in parallel plate systems. Boeuf et al.53 also produced a 2D
numerical model demonstrating the effects of dc self bias which compared well to
experiments for parallel plate plasma systems. Passchier and Goedheer54 and Goedheer et
al.55 developed a 2D drift-diffusion model of a parallel plate argon discharge which
utilized semi-implicit solutions of Poisson’s equation to accelerate solution speed.
Lymberopoulos and Economu56 developed the first finite element model of a parallel plate
system and demonstrated comparison to the Gaseous Electronics Conference (GEC)
reference cell. Ventzek et al.57-58 produced the first 2D model of inductively coupled
discharge and included capacitive coupling effects and later included the effects of
momentum for ions and neutrals. Kortshagen et al.59 developed a model utilizing a
nonlocal kinetic model for the electrons and demonstrating the deviation from equilibrium
fluid models, while Economu et al.60 developed the first direct simulation Monte Carlo
(DSMC) model of heavy body transport in an HDP system utilizing fluid model results to
describe the plasma distributions.

5

1.3.2. Hybrid Plasma Equipment Model history
Hybrid simulations which include both Monte Carlo and fluid models have been
used extensively in modeling plasma systems. Fluid models solved either through finite
element or finite difference methods tend to be far faster than Monte Carlo methods, but
for very low pressures (< 100s mTorr) the mean free path becomes comparable to the
system dimensions. At this point, the plasma fluid can no longer be considered to be at
thermodynamic equilibrium. By using Monte Carlo methods to examine the electron
kinetics and/or the heavy body transport, the nonequilibrium effects can be accounted for
when coupled with the fluid models.
The Hybrid Plasma Equipment Model (HPEM) was initially developed in 1993 at
the University of Illinois by Ventzek et al.57 as a 2D numerical model which included a
fluid module which solved the drift-diffusion equation for charged species and a Monte
Carlo module which determined the electron kinetics based on electric fields due to an
inductively coupled source. Also in 1993, capacitive coupling of the coils as well as heavy
body transport was addressed by the inclusion of an offline fluid transport.58 Collison and
Kushner61 included the effects of ion momentum and the interaction of positive and
negative ions while Hoekstra et al.62 developed an offline module, the Plasma Chemistry
Monte Carlo Model (PCMCM) described in Chapter 3, to examine the distributions of
plasma species fluxes and their interaction with the reactor surfaces. The HPEM was
extended to three dimensions in 199663 allowing examination of innately three-dimensional
(3D) effects such as azimuthally asymmetric power deposition or gas flow. Grapperhaus
and Kushner64 integrated an RF sheath model with the fluid module of the HPEM in 1997
to allow realistic simulation of RF bias application to the substrate. Noncollisional heating
of the electrons was incorporated by Rauf and Kushner65 in 1998. An offline module, the
Monte Carlo Feature Profile Model (MC-FPM) described in Chapter 4, was developed by
Hoekstra and Kushner66 to self-consistently examine the 2D and 3D feature evolution on
6

the wafer due to plasma species fluxes. Rauf and Kushner have recently extended the
circuit model and external controls to allow nonsinusoidal or multifrequency waveforms as
input power67 as well as feedback control modeling.68

1.3.3. Topography Models
Computational models to describe topography evolution of a surface have been
used in many fields. Often two different points of view are taken. The simplest view is
that of a bulk material with a boundary with a gas where changes in the surface are
determined by piecewise removal or addition to the surface. The other point of view is
that of a boundary layer with motion determined by a location-dependent normal velocity
or propagation of the surface boundary. In simulation of topography evolution, the first
view usually leads to Monte Carlo modeling approaches while the second results in
“geometric” or partial differential equation solvers.
One method of topography modeling is often described as the “string” or
“geometric” method. For these models, the surface of the feature is represented by nodes
attached by straight lines. The motion of the nodes is then determined by semi-empirically
determined analytic formulae which relate the flux properties at the surface to a normal
velocity for the node. One model of this type is SPEEDIE, developed by Ulacia and
McVittie69 as well as Singh et al.70, which has been used to examine etching and
deposition related to metallization processes in VLSI fabrication. SPEEDIE originally
utilized Monte Carlo methods to determine fluxes at the surface and calculate nodal
motion and has been used to examine the relative importance of surface reemission in SiO2
chemical vapor deposition. In 1991, Islamraja et al.71 included the capability of producing
analytic expressions for surface fluxes based on radiative heat transfer equations. A
comparison of experimental scanning electron microscope (SEM) images of etching of
overhang test structures to SPEEDIE simulation19 results is shown in Fig. 1.4. Another
7

model of this type, EVOLVE, developed by Cale et al.72 has also shown the capability to
simulate deposition in VLSI fabrication.
Solution of partial differential equations (PDEs) which determine the surface
motion have also been used in topography models. As in the string method, it is necessary
to calculate a normal velocity at all points along the surface. Finite difference methods are
generally used to solve a PDE which describes the motion of the surface. The first form
of the models were based on the method of characteristics which requires that the normal
velocity of the surface is independent of the properties of the surface such as curvature.
The method of characteristic was first used by Ross73 in 1988 to simulate profile evolution
for sputtering while Shaqfeh and Jurgensen74 used the method to examine the effects of
mask erosion during plasma processing. Abraham-Shrauner75 has utilized the method of
characteristics to examine ion flux-limited versus neutral flux-limited regimes for a
generalized etch process results for which are shown in Fig. 1.5. Hamaguchi et al.76-77
developed a shock tracking method which allowed treatment of sharp corners as shocks
through the use of diffusive velocity profiles to control their propagation. An important
method which allows treatment of these effects by embedding the surface in a higherdimensional function is the level set method developed by Osher and Sethian.78 By solving
the PDE for a higher-dimensional function, the lower-dimensional discontinuities do not
develop in the solution. Diffusive effects to alleviate these discontinuities can also be
included by utilizing a curvature-dependent velocity for the surface motion. Utilization of
the level set method for feature-scale modeling of semiconductor processes including
etching, deposition, and lithography has been demonstrated79-80 and are shown in Fig. 1.6.
Monte Carlo methods for feature-scale simulation are the most straightforward
methods of modeling topography. Tracking particles and interacting them with a surface
grid based on a reactive coefficient scheme allows a very direct translation of the physical
system to a model. There are negative aspects to these methods, however, most notably
8

very long simulation times and statistical noise, which are inversely related. A benefit of
these methods is the capability to easily integrate new physical processes in the model,
whereas the earlier described string and PDE methods require much greater finesse and
time to develop velocity functions to account for new processes. In 1988, Cotler et al.81
developed a Monte Carlo topography model to examine argon ion sputtering of silicon
and later extended the model to include chemical processes to compare physical, chemical,
and physically enhanced chemical processes.82 May et al.83 developed a sputter etch
topography model for argon impinging on silicon showing the effects of ion angular
distribution on trench undercutting. Chang et al.84 and Marowala et al.85 have developed
a similar model to the MC-FPM described in this paper which models chlorine etching of
polysilicon using reaction rates based on ion/neutral flux ratios and analytically derived
species flux distributions.

The MC-FPM also models chlorine etching of polysilicon

including energy and angular dependent etch rates and utilizes flux distributions produced
by the HPEM, allowing direct determination of feature evolution for given plasma reactor
input parameters. Recently, Hwang and Giapis86-88 have reported on results for their
model of the effects of nonuniform charging within etch feature profiles and the
development of horizontal “notch” formation using a parallel Monte Carlo algorithm.

1.4.

Summary
In Chapter 2, a brief description of the HPEM is presented to allow full

explanation of the coupled nature of the plasma processing models in this paper. The
hybrid composition of the model, allowing full description of nonequilibrium plasma
systems such as high-density ICP reactors, is described and example results for a flat coil
configuration are presented.
In Chapter 3, the PCMCM is described indicating the use of Monte Carlo
techiniques and the coupling with the HPEM to allow self-consistent determination of the
9

energy and angular distributions of plasma species fluxes at the wafer. Particle energy and
angular distributions are presented for a flat coil geometry with a chlorine etch process as
well as radially dependent etch rate calculations based on Dane and Mantei’s model44 for
variation of input parameters such as ICP power, RF bias power, and pressure.
Chapter 4 describes the MC-FPM, which allows self-consistent determination of
feature profile evolution in plasma processing utilizing the results of the PCMCM. Results
demonstrating the effect of subwafer and superwafer topography, such as backside cooling
channels and wafer clamps, are shown for chlorine etching of infinite trench features
utilizing the 2D version of the MC-FPM. The perturbation of the incoming energy and
angular distributions of the ion fluxes results in asymmetrical features as well as a decrease
in the effective etch rate.
Chapter 5 describes the effects of the processes involved in chlorine etching of
silicon and the resulting feature evolution. The energy and angular dependence of etch
yield show dramatic effects on the resulting shape of the feature as well as on the rate of
etching. The development of “microtrenches” at the corners of trench features is explored
indicating the contribution of specular reflection of ions from feature sidewalls. Initial
determination of the effects of nonuniform flux of charged species on the feature surface is
presented with respect to the development of potential differences within the feature and
the resulting perturbation of the charged species path and feature evolution.
In Chapter 6, the 3D extension of the MC-FPM is presented indicating the
necessity of 3D models to describe the evolution of finite-length trenches and other finite
features. The “three-plane” corners of these features show the greatest deviation from the
results of the 2D model.
In Chapter 7, conclusions are made about the overall significance of the work and
recommendations for future work are discussed.

10

(a)

(b)

Fig 1.1. Etched profiles indicative of (a) wet or chemical etching and (b) dry or plasma
etching.
11

Fig. 1.2. Experimental results for ion-enhanced plasma etching (Coburn and Winters,3
1979).
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Fig 1.3. Three-dimensional representation of a planar coil inductively coupled plasma
reactor.
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Fig. 1.4. Comparison of SEM overhang etch structures with SPEEDIE model results for
(a,c) 100-mTorr parallel plate and (b,d) 7-mTorr ICP etching (Zheng et al.,71 1995).
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(b)

(a)

(c)

(d)

(e)

Fig. 1.5. Method of characteristics simulation results for increasing anisotropic ion etch
rate to isotropic neutral etch rate ratio from (a) 1:5 to (b) 1:1 to (c) 5:1. For the 5:1 etch
profile (d) looping occurs. (e) An enlarged view of the looping (Abraham-Shrauner,76
1997).
15

(a)

(b)
Fig. 1.6. Examples of (a) 2-dimensional and (b) 3-dimensional etch simulation results
using the level set method (Sethian and Adalsteinsson,81 1997).
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2. HYBRID PLASMA EQUIPMENT MODEL

2.1.

Introduction
The Hybrid Plasma Equipment Model (HPEM) has been developed by the

Computational Optical and Discharge Physics Group (CODPG) to numerically investigate
plasma processing reactors in two and three dimensions.1-14 The HPEM is composed of a
series of coupled modules which are iterated to reach a converged steady-state solution
based on input parameters. In this chapter, an overview of the main body of the HPEM
will be given to introduce a basis for the offline models produced for this thesis as well as
to describe the production of input for those models. A schematic of the modules which
make up the HPEM is shown in Fig 2.1.
The HPEM’s main loop is made up of three general modules: the electromagnetics
module (EMM), the electron energy transport module (EETM), and the fluid-chemical
kinetics simulation (FKS), as well as several supporting modules which interact with one
of the main modules. The EMM calculates inductively coupled electric and magnetic
fields as well as static magnetic fields caused by the inductive coils and permanent magnets
or dc currents respectively. The EETM spatially resolves the electron energy transport by
either solving the electron energy conservation equation or using a Monte Carlo
simulation to track electron trajectories over many RF cycles to generate the spatiallydependent electron energy distribution functions (EEDFs). Finally, the FKS solves the
continuity and momentum equations coupled with Poisson’s equation to determine the
spatially dependent density of charged and neutral species as well as electrostatic fields.
The coupling between the modules occurs through the following. The fields produced by
the EMM and FKS are used in the EETM while the EEDFs produced by the EETM are
used to calculate electron impact source functions for the FKS. Finally, the spatial density
distributions produced by the FKS are used to calculate the conductivity for the EMM.
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The modules not included in the main loop include: the Plasma Chemistry Monte
Carlo Model (PCMCM), the Monte Carlo Feature Profile Model (MC-FPM), the particle
contamination modules,11-12 the surface kinetics module,13 and the Virtual Plasma
Equipment Model14 (VPEM), which allows realistic simulation of the power systems and
possible process control systems surrounding the tool. The PCMCM and MC-FPM are
used to produce more detail concerning the flux distributions and their effect on surface
topology and are described in greater detail in Chapters 3-5

2.2.

Description of Main Modules
As mentioned in the proceeding section, the HPEM is made of three main

modules: the electromagnetics module (EMM), the electron energy transport module
(EETM), and the fluid-chemical kinetics simulation (FKS). The following subsections will
give an overview of each module.

2.2.1. The electromagnetics module
The Electromagnetics module determines both the azimuthal electric fields due to
the inductively coupled coils and the radial and axial magnetic fields due to permanent
magnets or quasistatic current loops. To determine the time harmonic azimuthal fields,
Maxwell’s equation for electric fields is solved under time harmonic conditions and for the
azimuthal direction only:

−∇ ⋅

1
∇Eφ = ω 2εEφ − jωJφ
µ

(2.1)

where µ indicates the material permeability, Eφ indicates the time harmonic azimuthal field,
ω is the frequency of the driving current, ε is the permittivity, and Jφ is the total current
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due to the driving current and the conduction current, where the conduction current is
assumed to be Jcφ = σEφ where σ is the conductivity. The conductivity is determined
either by the collisional approximation of
qe2 ne
1
σ=
me ν me + iω

(2.2)

or calculated from the electron currents and electric fields in the FKS. The azimuthal
electric field solution is determined by the iterative method of successive overrelaxation
(SOR) where convergence is assumed when the relative change is less than 10-6.
The static magnetic fields in the axial and radial directions are also determined in
the EMM. Assuming azimuthal symmetry allows the magnetic field to be represented by a
vector potental A with only an azimuthal component. A can be solved using

∇×

1
∇ × A = j where B = ∇ × A ,
µ

(2.3)

where j is the source terms due to closed current loops at mesh points representing
permanent magnets. This equation is also solved using SOR.
A circuit module (CM) is included in the EMM which models a matchbox circuit
as well as the coils. The impedance of the matchbox is matched to the coil impedance
allowing the deposited power to be maximized. The source voltage is also adjusted from
iteration to iteration allowing the power specified by the input file to be matched and
maintained.
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2.2.2. The electron energy transport module
The HPEM determines distribution properties of the electrons by one of two
methods. The first of these methods is by solution of the electron energy conservation
equation in the electron energy equation module (EEEM). The other method utilizes
Monte Carlo techniques to launch electron particles and collect statistics in the electron
Monte Carlo simulation (EMCS).
The EEEM solves the zero-dimensional Boltzmann equation for a range of E/N,
electric field divided by plasma density, to tabulate the EEDFs over this range and allow
the determination of electron transport properties. This information is used in the solution
of the electron energy equation

b g

∇k∇Te + ∇ ⋅ ΓTe = Pheating − Ploss ,

(2.4)

where k is the thermal conductivity, Γ is the electron flux determined by the FKS, Te is the
electron temperature equal to three halves the average energy determined from the EEDF,
Pheating is the power added due to conductive heating equal to σE ⋅ E where the
conductivity is determined in the FKS and the electric field is the sum of the azimuthal
field from the EMM and the radial and axial field found in the FKS, and the Ploss is the
power loss due to collisions by the electrons. Inclusion of the thermal conductivity allows
determination of the spatial distribution of the electron energy under thermodynamic
equilibrium.
The alternative EMCS calculates the electron transport and energy distribution
properties utilizing a Monte Carlo method by releasing and statistically tracking electron
pseudoparticles. A few thousand pseudoparticles are released with a Maxwellian velocity
distribution and spatially distributed according to the distribution of the electron density
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determined in the FKS. The particles are moved under a Lorentzian force due to the timedependent electric and static magnetic fields using a second-order predictor corrector or
leap-frog method. Collision rates are determined by calculating the sum of the maximum
rates of all possible collisions and using the null collision method to adjust for the specific
energy-dependent collision rate. The particles are statistically tracked to determine the
spatial distribution of the total collision frequency, the electron temperature, and the
reaction-specific electron impact rate coefficients based on the convolution of the energydependent cross section with the EEDF at the specified location.

2.2.3. The fluid-chemical kinetics simulation
In the FKS, the continuum transport equations for the gas species are solved
simultaneously with the electrostatic potential to determine the spatial distribution of
species densities as well as the momentum flux fields within the reactor. For electron
transport, the drift-diffusion equation is solved while for the ion transport, the effects of
momentum and energy transport can be included.

Neutral species transport can be

included through Navier-Stokes momentum and energy equations as well.

To self-

consistently consider the electrostatic fields, either Poisson’s equation can be included, or
quasineutrality allowing ambipolar fields can be assumed.
The continuity equation for all species is
∂N i
= −∇ ⋅ Γi + Si ,
∂t

(2.5)

which can be used to solve for the species densities where Γi and Si are the respective
fluxes and sources for species i. The source terms are determined by the electron impact

28

collision rates produced by the EEDFM and “heavy-body” interactions based on user input
reaction rates.
The electron flux Γi is determined by the drift diffusion equation
Γi = µ i qi N i E − Di ∇N i ,

(2.6)

where µi is the mobility (including the effects the magnetostatic fields), qi is the charge, Ni
is the density, and Di is the diffusion coefficient for species i. The ion and neutral flux
calculation can be calculated using the drift diffusion equation or by including the effects
of momentum by the replacement of the diffusional term with terms for pressure,
advection, and collisionality:
mj
∂Γi
1
q
= − ∇ N i ki Ti + ∇ ⋅ τ − ∇ ⋅ N i v i v i + i N i E − ∑
N i N j v i − v j ν ij .(2.7)
∂t
mi
mi
j mi + m j

b

g

b

g

d

i

For this equation, mi, ki, Ti, and vi indicate the mass, thermal conductivity, temperature,
and velocity Γi/Ni, respectively, for species i, while mj, Nj, and vj indicate the mass,
density, and velocity, respectively, of the collision partner j with a collision frequency of
νij. The viscosity τ is included for neutrals only.
Determination of the time-dependent electrostatic fields is accomplished either by
solution of Poisson’s equation or based on quasineutrality allowing an ambipolar field
approximation to be applied. The solution of Poisson’s equation is calculated semiimplicitly by approximating the charge density ρ at time t+∆t linearly as

ρ t + ∆t = ρ t + ∆ t

∂ρ
∂t

t , t + ∆t

;
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∂ρ
∂t

t , t + ∆t

= −∇ ⋅ jt ,t + ∆t

(2.8)

where j is the total current density equal to

∑q Γ
i

t ,t + ∆t
i

for all charged species in the

i

plasma region and equal to σ∇φt+∆t for all other regions. The species flux terms come
from either the drift diffusion equation or the momentum equation with the electric field
replaced by ∇φt+∆t, producing the implicit nature of the solution while the species densities
and temperatures are used at time t. By making the potential fully implicit in this scheme
while using explicit terms for the assumedly more slowly varying species properties such
as density and temperature, the time step used in the SOR solution can be lengthened
beyond the dielectric relaxation time and greatly accelerate solution over the fully explicit
formulation.
To accelerate the electrostatic calculation further, an ambipolar

field

approximation has also been implemented.10 If it is assumed that the plasma is quasineutral at all locations, the electron density can be set equal to the total ion density at all
locations. To maintain this charge neutrality requires that

b

g

− (∇ ⋅ Γe + Se ) = ∑ qi ∇ ⋅ Γi + Si ,

(2.9)

i

where Se and Si are the electron and ion sources, respectively, due to both internal and
external sources such as electron beams. The flux terms are replaced by their drift
diffusion approximations and the terms are rearranged to get

d

i

d

i

∇ ⋅ ∑ q 2j µ j N j ∇φ = ∇ ⋅ ∑ q j D j ∇N j + ∑ q j S j ,
j

j
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j

(2.10)

where the summations are taken over all charged species including both electrons and
ions. By reducing the system to a steady-state solution, the dielectric relaxation time is
removed as a limit allowing much larger timesteps to be taken, only limited by the Courant
limit.
A semianalytic sheath model7 (SM) has also been integrated with the FKS to more
realistically represent the fields and fluxes at gas-solid boundaries under conditions where
the actual sheath thickness is less than the mesh spacing. The sheath model tracks the
charging and discharging of the sheath during the RF cycle assuming collisionless
transversal by the ions through the sheath and a Boltzmann distribution for the electrons.
A multispecies form of Riley’s unified sheath model15 is used to relate the sheath charge Q
and boundary conditions to the potential drop. This potential drop across the sheath
produced by the semianalytic sheath model is then applied as a jump condition at plasmawall boundaries in solving Poisson’s equation for the entire reactor.

2.3.

Results for an Inductively Coupled Plasma Etching Reactor
Results from the HPEM for a test case using an inductively coupled etch tool for

Chlorine-based etching of polysilicon are presented in this section. The geometry we used
resembles the Lam Research Corporation 9400 TCP (Transformer Coupled Plasma)
Etching Tool, and is shown in Fig. 2.2. The plasma is generated by the 13.5-MHz
inductively coupled electric field produced by a flat spiral coil on top of a quartz window
above and parallel to the substrate. The 20-cm-diameter wafer sits on an RF-biased
substrate, also at 13.56 MHz, 180° out of phase to the coil. The wafer is surrounded by an
alumina focus ring. Gas is injected through a shower-head arrangement just below the
coils with a flow rate of 100 sccm and pumped out at the base of the reactor. We have
investigated pure Cl2 at pressures of 5-20 mTorr. The rate coefficients for gas phase
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neutral chemical and ion-molecule reactions used in the model are the same as listed in
Ventzek et al.4
The base case for our study uses the pure chlorine gas mixture at 10 mTorr, 600W ICP power with an RF bias of 100 W resulting in a 70-V amplitude on the substrate.
+

+

The power deposition, positive ion density (Cl , and Cl2 ), and the positive ion source
obtained from the HPEM are shown in Fig. 2.3. The resistive inductively coupled power
3

deposition has a maximum of 1.2 W/cm and is located approximately 1 cm below the
quartz window due to the finite skin depth of the inductively coupled field into the plasma.
Due to the long mean free path of electrons at 10 mTorr, the electron impact source for
+

Cl2 is more extended than that for power deposition.
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Fig. 2.1. Flowchart of HPEM modules. The HPEM consists of three main modules
including the electromagnetics module, the EEDF module, and the fluid-chemical kinetics
module. The hybrid model iterates successively through the modules until convergence is
achieved.
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Fig. 2.2. Schematic of inductively coupled plasma reactor used for the simulations. The
indicated wafer clamp and subwafer dielectric are included for specific cases to
demonstrate physical phenomena.
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Fig. 2.3. Cl2 plasma at 10 mTorr with an ICP power of 600 W and RF bias of 100 W.
The contours represent (a) the total power deposition (inductive and capacitive), (b) the
positive ion density, and (c) the electron impact source of positive ions.
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3. PLASMA CHEMISTRY MONTE CARLO MODEL

3.1. Introduction

The Plasma Chemistry Monte Carlo Model (PCMCM) was developed to examine
the energy and angular distributions of the plasma species fluxes, including neutrals, ions,
and excited-state species, as they transport in the plasma and impinge on the reactor
surfaces.

The PCMCM model uses two-dimensional (2D) electron impact source

functions for charged, neutral, and excited species from the electron energy transport
module (EETM), and the time-dependent electrostatic fields Es(r,z,t) and the advective
flow fields vr,z(r,z) from the fluid-chemical kinetics simulation (FKS) from the Hybrid
Plasma Equipment Model (HPEM). From this data, pseudoparticles are released in the
reactor, and angular and energy distributions as well as fluxes are found for all plasma
species at the reactor surfaces. Also, densities as well as momentum fluxes in the plasma
can be calculated. The Monte Carlo simulation is iterated 10s of times, which allows
plasma species densities and feedstock gas depletions to be calculated.

The revised

densities are used in the following iterations for collisions between Monte Carlo species
and adjustment to feedstock densities. The resulting statistics for particle energy and
angular distributions (PEADs) are used by the Monte Carlo Feature Profile Model (MCFPM) as described in Chapter 4 to self-consistently determine radially-dependent feature
evolution on the substrate for semiconductor plasma processes.

3.2. Description of the Model
The majority of the development of the PCMCM was performed for the author’s
master’s thesis.1 Therefore, only a brief description and examples will be presented here
as well as mention of changes since the earlier publication.2
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3.2.1. Computational mesh
The computational grid representing the reactor is identical to the one used by the
main HPEM modules. It is made up of a rectilinear uniform mesh defining materials
densities at centered mesh locations while electrostatic properties are defined one half cell
away allowing more direct solution of the finite difference equations in the main modules.

3.2.2. Particle launch
Particles are launched in the reactor according to the spatial distribution of the
source functions Si(r,z) obtained from the EEDFM. The number of particles of species i
released in a given cell is based on the spatial distribution of the source function and the
maximum number of particles allowed:

b g

RS
T

#
Si# r , z = max S min
, P# ×

UV
W

Si (r , z )V (r , z )
1
,
×
#
Stotal
Wti (r , z )

(3.1)

where S#min is the minimum allowable number of particles released in a cell for each
species, P# is the total number of particles released, and V(r,z) is the volume of the cell.
#
Stotal
= ∑ Si (r , z )V (r , z )WtiS (r , z ) ,

(3.2)

i ,r ,z

gives the total weighted sum of the sources, and

WtiS (r , z ) =

log[ Si (r , z )]
,
log[ S max ]
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(3.3)

where Smax = maxi,r,z[Si(r,z)]. Using this logarithmic weighting allows for a statistically
significant number of particles to be released in low source cells. The actual particle
weighting (number of molecules/sec) is then
Wti (r , z ) = Si (r , z )V (r , z ) / Si# (r , z ) .

(3.4)

Initial conditions for species densities are taken from the HPEM results. However,
density statistics for the Monte Carlo species are determined by adding the weighting Wti
times the transit time through the cell to give the pseudoparticle’s contribution to that cell.
These densities can be averaged in with the HPEM results, allowing the long mean free
path effects accounted for in the PCMCM to be added. For negative values of Si(r,z) or
loss regions for species i, reactions are created based on collisions with a dummy species
which removes particles at the rate specified by Si(r,z).
Each particle is released with a random direction, position in the cell, and speed
chosen from a Maxwellian distribution,

v=

FG
H

IJ
K

8 kb T
1
ln
,
π mj
(1 − r ) 2

(3.5)

where kb is Boltzmann’s constant, T is the temperature of the gas, mj is the mass of species
j, and r is a random number between zero and one. In general, the temperature used is
around 300 K, or room temperature. The “bath” or fluid velocity at that cell, which is
determined by the momentum flux results from the HPEM, is added to the thermal
velocity, allowing the Monte Carlo particles to “see” the advective flow.
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3.2.3. Particle motion
Once the particles are released they are allowed to transport based on the effects of
local electric fields, collisions, and bounding surfaces. The acceleration of each charged
particle is determined by the electric fields Er(r,z,t) and Ez(r,z,t). The acceleration of the
particle is derived from linear interpolation between the four field points surrounding the
cell, and particles are time-stepped using two linear equations representing the change in
position and velocity:

v i = v i −1 +

qE
∆t
m

and xi = xi −1 + v i ∆t .

(3.6)

A time of flight is calculated as

b

g

∆t min = min ∆t ∆r , ∆t ∆z , ∆t col ,0.01⋅ τ RF ,

(3.7)

where ∆tr and ∆tz are the times to move a fraction of ∆r or ∆z (cell width), and ∆tcol is the
time to the next collision,

∆tcol

F
I
= rG ∑ν J
H
K
col , k

−1

,

(3.8)

k

where νcol,k is the collision frequency for process k and r is a random number between zero
and one. If the particle is moving through a region where the time-dependent electric
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fields vary more than 1% over an RF cycle, the time-step is constrained to 1% of the RF
period.
A particle can also collide with a surface. When a particle is moved, it can transition
from a gas cell to a solid cell. If the particle has collided with the substrate and the timedependent sheath potential and thickness data have been received from the FKS, the
particle is time-stepped through the sheath potential before it interacts with the surface.
The particle is moved to a position just inside the gas cell, and a surface reaction is
determined as described below. A flowchart portraying pseudoparticle motion is shown in
Fig. 3.1.

3.2.4. Gas phase reactions
Several types of gas phase reactions are included for the Monte Carlo (MC)
particles, such as elastic, charge exchange, three-body association, as well as any other
two-body reactions appropriate to the chemistry.

Probability arrays for collision

frequencies of each species are calculated using the reaction coefficients kl and maximum
collision partner densities Ni,max:
j

Pj = ∑ k l N i ,max .

(3.9)

l =1

However, for three-body reactions, the density of the third body must be added, in this
case the total gas density Ntotal:
j

Pj = ∑ k l N i ,max N total .
l =1
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(3.10)

A time to next collision for each particle is calculated as τ = ν-1totalln(r), where νtotal is the
total collision frequency for all processes possible for that species and r is a random
number. The process which has occurred is found by indexing the probability matrix for
that species with a random number r, where Pi-1< r ≤ Pi indicates that process i has
occurred. The actual occurrence of a reaction is then found by

r≤

N i (r , z)
,
N i ,max

(3.11)

where r is a random number between zero and one. This allows for null collisions where
the collision partner density is below its spatial maximum. When feedstock species or
other non-MC species are created by the reaction, the particle is removed. If, however,
one or two MC species are produced, the colliding particle’s identity is changed and a new
MC particle can be added. See Table 3.1 for the reaction scheme used in simulations of
chlorine etching plasmas.
The elastic collisions between feedstock species and MC particles allow the particles
to sense the density and, therefore, the mean free path λmfp as well as the advective flow of
the gas through the system. The rate coefficients for elastic collisions are calculated using
Lennard-Jones radii to simulate hard sphere collisions:

ki = vthermal π

FG σ
H

1

+σ 2
2

IJ ,
K
2

(3.12)

where vthermal is the thermal velocity of the species and σk is the Lennard-Jones radii for
species k. Lennard-Jones parameters were obtained from R. A. Sveha.3 In a collision, the
mesh particle that has been collided with is given a velocity which is the sum of a random
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thermal (Maxwellian) velocity, as described earlier, and the advective flow velocity at that
mesh point. In this way, through an energy conservative collision, the MC particle “feels”
the effects of the advective flow. The energy gained or lost by the particle is derived by
calculating a random scattering angle,

LM
N

θ s = 2 sin r ⋅ min

FG m
Hm

cp
i

IJ OP ,
KQ

,1

(3.13)

where r is a random number (0,1), mcp is the mass of the collision partner, and mi is the
mass of the particle. For cases in which the particle energy is greater than that of the
collision partner, the energy loss is

∆E = − Ei [1 − cos(θ s )]

mr
,
2m

(3.14)

while for cases where the particle energy is less than that of the collision partner, the
energy gain is

∆E = Ecp [1 − cos(θ s )]

mr
,
2m

(3.15)

where Ei is the energy of the particle, Ecp is the energy of the collision partner, mr is the
reduced mass, and m is the average mass.
Charge exchange reactions, including both symmetric and asymmetric are included
since they can produce high-energy (10s of eV) neutral species in the plasma. In a charge
exchange collision between a neutral and a positive ion, there is very little energy transfer,
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but the charged particle is neutralized while retaining its energy. For positive ion species
such as Ar+ in an argon plasma, this charge exchange rate can be high enough to allow hot
neutral fluxes to surfaces to have a magnitude which is a significant fraction of the flux
due to the corresponding ions. These high-energy fluxes of neutrals to the substrate could
play an important role in surface chemistry and, therefore, etch and deposition rates.

3.2.5. Surface interactions
Surface reactions are carried out on the basis of two parameters, a reflection
coefficient and a reactive sticking coefficient, both of which range from zero to one.
When a particle collides with a reactor surface including the substrate, a randomly
generated number is compared to the reflection coefficient. If the random number is
smaller, the particle is reflected with no change in identity. If the random number is
greater, another random number is generated and compared to the reactive sticking
coefficient. A number larger than the sticking coefficient corresponds to the particle
sticking to the surface without production of gas species. However, if the number is
smaller, a gas species particle is produced based on the surface reaction that has occurred.
These coefficients can be dependent on the surface material, mainly with respect to the
differences in the wafer and reactor wall materials.
The reactive sticking coefficient serves several purposes. In all cases, ions are
considered to be neutralized at surfaces with a small probability of sticking. Excited-states
species are also returned as ground-state products. Other species, such as the Cl radical,
can be allowed to return as etch products. In the cases run, the chlorine radical was
allowed to stick to nonreactive surfaces with 0.005 probability, producing the
recombination product Cl2 50% of the time. For the reactive silicon wafer surface, the Cl
reactive sticking coefficient is determined by the etch rate calculated from Dane and
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Mantei’s3 etch model described below. This, in effect, allows for macroloading of the
plasma system by these etch products as found in experiments.
The etch model of Dane and Mantei4 for a chlorine plasma was used to calculate
etch rates at the wafer and production rates of gaseous etch products. The etch model is
based on a surface reaction scheme,
Cl ( g ) + Si ( s) → SiCl (ads) ,

(3.16)

SiCl (ads) + SiCl (ads) + I + → SiCl2 ( g ) + Si ( s) .

(3.27)

and

The SiCl(ads) is Cl bonded to a Si on the wafer surface, and I+ is any species of ion
sticking the surface. This produces an etch rate formula which has a parallel resistive or
series capacitive form,

F 1
ER = G
H αΓ

Cl

1
+
β[ JiVs − ( JV ) th ]

IJ
K

−1

,

(3.18)

where α = 2300 Å min-1 mTorr-1/2 and β = 23 Å min-1 mW-1 cm2 are fitting parameters,
(JV)th = 85 mW cm-2 is the threshold power flux to the wafer for the onset of etching, ΓCl
is the Cl radical flux rate, and JiVs is the actual power flux to the wafer which was
approximated by Dane and Mantei as the ion current density to the wafer multiplied by the
sheath voltage. Dane and Mantei were unable to measure ΓCl in their experimental setup
and, therefore, used an approximation of ΓCl ∝ PCl2
45

due to the Cl2 dissociation

producing two Cl radicals. Therefore, their ΓCl is expressed in terms of mTorr-1/2 and the
α parameter has units of (Å min-1 mTorr-1/2). For these simulations, actual Cl radical
fluxes in terms of (#Cl cm-2 s-1) were calculated. Dane and Mantei’s α parameter was
converted to units of (Å min-1 cm2 s) by calculating an estimated ΓCl in terms of

(#Cl

cm-2 s-1). Based on a temperature of 600 K,

vth , z =

2 kb T
≈ 2.98×105 cm/s.
π mCl

(3.19)

Using an estimated 50% dissociation of the Cl2 at 1 mTorr gives a Cl radical density of
~2.36 × 1013 (#/cm3). The Cl radical flux to the wafer can be then estimated as

ΓCl ≈

1
N Cl vth , z = 3.5×1017 cm-2s-1 { at 1 mTorr }.
2

(3.20)

Using this estimated value for ΓCl, a new α can be found of 6.54 × 10-15 (Å min-1 cm2 s).
This is an upper-limit estimate, since it does not account for spatial nonuniformity of the
Cl and the effects of macroloading at the wafer. This etch model was used to look at
radial uniformity of etch rates as well as the effects of varying inductive power, substrate
RF bias, and pressure.
In all cases, the particles are returned to the gas with an angle based on a modified
cosine or Lambertian distribution,5

b

Φ = cos−1 1 − rα
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g

1/ ( β +1)

,

(3.21)

in which r is a randomly generated number between zero and one, α is given by

L θ OP
α = − cosM
N180π Q
max

( β +1)

,

(3.22)

β is the exponential cosine factor, and θmax is the maximum normal angle which the
particle can have. They are returned to the plasma with an energy chosen randomly from
a Maxwellian distribution with temperature equal to that of the surface. Particles can also
be allowed to return with a fraction of their prior energy, which allows for spectral
scattering from the surface.

3.2.6. Collected Statistics
A myriad of statistics are determined during the simulation, both in the plasma and
at the surfaces which allow analysis of the system “unhindered” by the problems of
physical experimental measurement.

In the plasma, spatial- and species-dependent

statistics are found for the radial and axial momentum flux, the kinetic energy, the
temperature, and the density. At the surfaces, spatial and species dependent statistics are
found for angular distribution, flux, and energy distribution of particles. These statistics
can be viewed graphically in two or three dimensions to help explain the effects of changes
in the reactor parameters such as pressure, power, or reactor geometry.

3.3.

Typical Results
In Section 2.3, the simulation of an inductively coupled plasma (ICP) etching

reactor for the HPEM was described and plasma conditions were presented. For this
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section, the HPEM results for that simulation case were used as input to the PCMCM, and
the resulting surface flux statistics are presented and analyzed.
The fluxes to the wafer for positive ions and Cl atoms obtained with the PCMCM
are shown in Fig. 3.2. Even though the ions are not generated uniformly, the substrate-tosource distance is sufficiently large that diffusion smoothes the ion flux profile to the
wafer. There is a slight maximum at half the radius which mirrors the source function.
The flux is dominated by Cl2+, due to the fact that Cl2+ is produced in the nonsymmetric
charge exchange of Cl2 with Cl+. The flux of Cl is also fairly uniform. The transport of Cl
radicals is diffusion dominated and, when combined with a low sticking coefficient at the
walls, leads to high radial uniformity. The radially averaged energy distributions of the
neutral Cl radical striking the substrate are shown in Fig. 3.3. The neutrals generally
impact the wafer with a nearly Maxwellian velocity distribution with temperature of 600700K. The heating is largely due to charge exchange reactions.
The IEDs averaged over the wafer for Cl2+ and Cl+ are shown in Fig. 3.4 for a 100W bias. The IEDs clearly show the characteristic bimodal distribution resulting from short
ion transit times (with respect to the RF period) usually associated with lower-frequency
operation in RIE discharges. The short ion transit times result from the thin sheaths for
these conditions, ≈ 0.04 cm, produced by the high plasma density.

For this sheath

thickness the transit time for Cl+ is ≤ 25 ns, which is shorter than the rf period 13.56
MHz (60 ns). This allows the ions to “sense” the instantaneous sheath potential. Since
Cl2+ is twice as massive as Cl+, its transit time is longer, ≈32 ns, resulting in the Cl2+ ion
"sensing" a more averaged sheath potential, producing an IED having a somewhat
narrower width.
The average angle of incidence and energy of ions are essentially constant as a
function of position on the wafer. The average angle of incidence of Cl2+ is ≈8o for an RF
bias of 100 W with an average impact energy of 30 eV. This corresponds to ions entering
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the sheath with temperatures of 0.5-1.0 eV, which agrees with the experiments of O'Neill
et al.

5

For the unbiased substrate, the average incident angle is 29o, since the potential

drop across the sheath is due only to the floating potential, producing ions with an average
impact energy of 10 eV, with an ion temperature entering the sheath of

0.5-1.0 eV.

The high temperature of the ions results largely from acceleration through the presheath.
These results agree well with both direct measurements of the IED in unbiased systems
7-9

and with the implied temperature of ions required to account for etch profiles.

The mechanism of Dane and Mantei for chlorine etching of poly-Si was used to
predict etching rates for the Ar/Cl2 ICP discharges. The predicted radical and ion power
fluxes incident on the wafer as a function of position for the standard case [Ar/Cl2 =
70/30, 10 mTorr, ICP power = 500 W, RF bias (amplitude) = 100 V] are shown in Fig.
3.5. The Cl radical flux is uniform to within 10% over the 10 cm radius of the wafer, and
maximum at the center of the reactor. The ion power flux (which shows numerical noise)
has a local maximum at mid-radius as a consequence of the nonuniform power deposition.
The Cl2+ ion contributes approximately 60% of the power flux, in proportion to its total
molecular flux. The predicted power flux limited etch rate (that is, the etch rate which one
would predict with infinite Cl flux) is ≈ 5000 Å/min and reflects the nonuniform power
flux to the wafer. The neutral limited etch rate (that is, the etch rate which one would
predict with an infinite power flux) is ≈ 3000 Å/min and is uniform as a function of radius.
The combined etch rate has an average value of 1850 Å/min. It is uniform to within 10%
over 90% of the radius of the wafer, reflecting the uniformity of the Cl atom flux with
some small enhancement due to the local extreme in the ion power flux. This etch rate
corresponds to a flux rate of SiCl2 from the surface of

1.5 × 1016 cm-2s-1.

For an ion flux of ≈7 × 1016 cm-2s-1, the ratio of ion impacts to etched SiCl2 is 4-5:1. This
10

value compares well to the results of surface laser desorption studies,
4

results of Dane and Mantei.
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as well as the

By increasing the RF bias amplitude applied to the substrate, the power flux of
ions can be proportionally increased without significantly changing the magnitude of either
the ion or Cl atom flux. This increase in power flux should, in principle, increase the etch
rate at lower RF biases where the etch rate is ion power flux limited, but not at high RF
biases where the etch rate is neutral flux limited. Predicted etch rates as a function of RF
bias (amplitude) for ICP powers of 150, 500, and 1000 W are shown in Fig. 3.6. At low
RF biases, the ion power flux is near the threshold value of 85 mW/cm2. Increasing the
RF bias increases the power flux and so increases the etch rate (the "ion starved" regime).
At larger biases where the ion power flux greatly exceeds the threshold value, increasing
the power flux at best yields a moderate increase in etch rate. The etch rate is then limited
by the availability of Cl atoms (the "neutral starved" regime) and the etch rate approaches
a constant value. The etch rates at low ICP power and low RF bias may be underestimated
due to lack of a purely thermal component in the etch model as implied by there being a
threshold ion power for etching.
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Table 3.1. Gas phase reactions for Ar/Cl2 gas mixture.

Process

Rate Coefficienta

Ref.

Ar* + Ar → Ar* + Ar
Ar+ + Ar → Ar+ + Ar
Cl2+ + Ar → Cl2+ + Ar
Cl + Ar → Cl + Ar
Cl- + Ar → Cl- + Ar
Cl+ + Ar → Cl+ + Ar
Cl* + Ar → Cl* + Ar
Ar* + Cl2 → Ar* + Cl2
Ar+ + Cl2 → Ar+ + Cl2
Cl2+ + Cl2 → Cl2+ + Cl2
Cl + Cl2 → Cl + Cl2
Cl- + Cl2 → Cl- + Cl2
Cl+ + Cl2 → Cl+ + Cl2
Cl* + Cl2 → Cl* + Cl2
Ar* + Ar* → Ar+ + Ar + MCl- + Cl+ → Cl + Cl
Cl- + Cl2+ → Cl + Cl2
Cl- + Ar+ → Cl + Ar
Ar* + Cl2 → Ar + Cl2+ + MAr* + Cl → Ar + Cl*
Ar+ + Cl2 → Ar + Cl2+
Ar+ + Cl2 → Ar + Cl+ + Cl
Ar+ + Cl → Ar + Cl+
Cl + Cl + M → Cl2 + M
Cl+ + Cl2 → Cl + Cl2+
Ar+ + Ar → Ar + Ar+
Cl2+ + Cl2 → Cl2 + Cl2+

2.217 × 10-10
2.217 × 10-10
2.348 × 10-10
2.329 × 10-10
2.329 × 10-10
2.329 × 10-10
2.329 × 10-10
2.348 × 10-10
2.348 × 10-10
2.356 × 10-10
2.487 × 10-10
2.487 × 10-10
2.487 × 10-10
2.487 × 10-10
5.000 × 10-10
1.000 × 10-7
1.000 × 10-7
1.000 × 10-7
7.100 × 10-10
7.000 × 10-12
8.400 × 10-11
6.400 × 10-11
2.000 × 10-10
1.280 × 10-32 cm6s-1
5.400 × 10-10
1.000 × 10-9
1.000 × 10-9

b
b
b
b
b
b
b
b
b
b
b
b
b
b
11
c,12
c,12
c,12
13,14
14,15
16
16
c
d,17
18
c,19
c,19

a

Rate coefficients have units of cm3s-1 unless otherwise noted.
Elastic collision rate coefficients were calculated based on Lennard-Jones parameters.
c
Estimated.
d
Three body rate coefficient with M being any other gas species.
b
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Fig 3.1. Flowchart of pseudoparticle path for the Plasma Chemistry Monte Carlo Model.
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Fig. 3.2. Radial flux distribution at the wafer for (a) positive ions and (b) Cl radical.
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4. MONTE CARLO FEATURE PROFILE MODEL

4.1.

Introduction
The Monte Carlo Feature Profile Model (MC-FPM) has been developed to allow

self-consistent determination of topographical feature evolution for semiconductor
processing in plasma reactors. To date, the model has been focused on etching but has the
generality and capability to include deposition processes as well for plasma assisted
chemical vapor deposition (PACVD), physical vapor deposition (PVD), and ionized
physical vapor deposition (IPVD). The MC-FPM is integrated with the Hybrid Plasma
Equipment Model (HPEM) and Plasma Chemistry Monte Carlo Model (PCMCM)
through the use of particle energy and angular distributions produced by the PCMCM for
arbitrary radial location on the substrate. The processes of chlorine etching of silicon and
polysilicon have been examined based on rates and dependencies from experimental
results, and comparison to experimental feature profiles has been favorable.

4.2.

Description of the Model
The MC-FPM is a Monte Carlo model which simulates the use of statistically

weighted pseudoparticles representative of the fluxes of active species to the feature
surface. Through ballistic transport and interaction with the mesh delineated surface, time
integrated surface evolution is obtained. Ion-enhanced plasma etching, specifically
chlorine etching of polysilicon in inductively coupled plasma (ICP) reactors, has been the
focus of study for this model.

4.2.1. Computational mesh
The MCFPM resolves wafer features on the submicron scale utilizing a rectilinear
mesh. For the majority of two-dimensional (2D) results shown here, the feature will be an
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infinitely long trench in polysilicon. The mesh spacing in typically 200 cells for 1-µm
length, whereas currently the maximum resolution obtained has been 0.02-µm cell width.
Each computational cell is therefore about 15 × 15 or fewer atoms. Each cell is assigned
a material identity (e.g., poly-Si, photoresist, SiO2, plasma) which may change during the
simulation. Solid species, including adsorbates or passivation, are represented by the
identity of the computational cell. Each mesh cell represents a weighting larger than the
gas species by some multiple, in most cases equal to 20. Initially, the mesh cell begins half
filled by the material selected in the input file. Resulting removal or deposition decreases
or increases the number of gas weighting species within the cell. As the mesh cell
weighting reaches lower or high thresholds, the remaining or excess weighting is
distributed to neighboring cells with a probability proportional to the neighboring cells
weighting. This allows for much greater statistical significance of individual mesh points
and alleviates noise issues related to low proportional weight cells. Fig. 4.1. illustrates an
initial profile for a 2D infinite trench in polysilicon with a hard oxide mask and an oxide
etch stop. For three-dimensional (3D) features, finite-length trenches or via holes are
examined and, due to computation lengths, the resolution is reduced to 100 cells for 1-µm
length. For all cases, a thin oxide mask was used to define the trench region and for some
cases an oxide etch stop was used at the bottom of the feature.

4.2.2. Particle initialization
Gas phase species (i.e., radicals and ions) are represented by computational
pseudoparticles. The MC-FPM begins by launching pseudoparticles representing radicals
and ions towards the surface with initial trajectories (energy and angle) randomly chosen
from the PEADs provided by the PCMCM. The PEADs produced by the PCMCM are
flux weighted probability distribution functions (PDFs) which must be converted and
normalized as cumulative distribution functions (CDFs).
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j

i

CDFEi ,θ j =

∑ ∑ PDF
ii = 0 jj = 0

Eii ,θ jj

∑ ∑ PDF

all E all θ

.

(4.1)

Eii ,θ jj

The pseudoparticles are launched with a frequency computed from the total flux of
radicals or ions incident onto the substrate so that each pseudoparticle represents a
fraction of the number of atoms in a mesh cell based on the gas-to-material weighting
ratio.

Wt g =

1
γ gs

Wt s ,

(4.2)

where Wtg is the gas particle weighting, Wts is the mesh or surface cell weighting, and γgs is
the gas-to-surface ratio usually set to 20.

4.2.3. Particle motion
The pseudoparticle trajectories are advanced in time where the calculation of
position and velocity are separated allowing solution of two linear equations:

v i = v i −1 +

qE
∆t
m

and xi = xi −1 + v i ∆t ,

(4.3)

where v and x represent the velocity and position of the particle, and the subscripts
indicate the former or current velocity and position; q and m indicate the charge and mass
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of the particle, respectively; and ∆t indicates the time-step taken by the particle. This
method is used because under the majority of cases the effects of charging are ignored and
the electric field E is set to zero, allowing solution of the second linear equation only. The
initial time-step of a particle is determined by the time required to move the minimum
distance to a surface. After the particle has moved, the time-step is reset. If the distance
to a surface is still greater than one mesh cell, this new distance is used to calculate the
timestep. If the particle is within one mesh cell of a surface, it is moved the distance of
one mesh cell width until a material containing cell is occluded. At this point, the particle
is moved back to the last position, the time-step is halved, and the particle is moved again.
This process is iterated until the particle moves within a fraction of the material containing
cell, generally 0.05 × (Cell Width).
The effects of surface charging on the profile evolution can be addressed. Electron
trajectories can be simulated as low-temperature isotropic fluxes which impinge upon the
feature during the low-potential swing of the sheath. This macroscopically balances the
current due to the ions. To resolve the electric fields due to the charged surfaces of the
feature, an iterative explicit solution of Poisson’s equation
∇ ⋅ ε∇φ t + ∆t = − ρ t

is determined utilizing successive overrelaxation (SOR).

(4.4)

SOR is used to accelerate

solution by multiplying the calculated ∆φt by an overrelaxation factor greater than one.
Neumann boundary conditions are used at the top and bottom of the feature by assuming
that the electric field above the feature matches the sheath field from the fluid-chemical
kinetics simulation (FKS) and that the electric field below the feature is approximately
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zero. The left and right boundaries are assumed to follow a periodic Dirichlet condition.
An example case including self-consistent surface charging is presented in Section 5.6.

4.2.4. Surface interaction
A generalized reaction scheme for interaction of the ions and neutrals with the
surface is used in the MC-FPM which allows for any reactant-product combination and for
an energy dependence of the interaction. These processes are input to the MC-FPM
through a file which lists the reactions in conventional chemical notation (e.g., Cl(g) +
Si(s) → SiCl(s)). This file is preprocessed to construct probability arrays for the reaction
of pseudoparticle plasma species with surface species. The classes of reactions in the
model include adsorption, passivation, ion activated etching, thermal etching, sputtering,
ion or neutral reflection, and re-emission. When a pseudoparticle impacts on a surface,
first a surface species is determined by random sampling weighted by the relative fractions
of species represented in the cell, after which the reaction which occurs is chosen from the
probability arrays using Monte Carlo techniques. Based on this reaction, the material
identity of the chosen species in the computational cell at the site of impact is
appropriately changed. Particles which are desorbed or re-emitted from the surface are
generally given thermal speeds and launched with a Lambertian angular distribution. In
the case of high-energy ions which impact at large angles with the normal of the surface,
specular reflection can occur. The fraction of specular reflected energy retained by the ion
is calculated as a function of energy and angle to the normal:

fracspec = min(1,

θ −θ
E
) ⋅ 0 cutoff ,
Eth 90 − θ cutoff
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(4.5)

where fracspec is the fraction of retained specular energy, E is the incoming particle energy,
Eth is the threshold for complete specular reflection set to 100 eV, θ is the incoming
particle’s trajectory angle to the surface normal, and θcutoff is the lower cutoff angle for
specular reflection set to 60°. These dependencies were chosen somewhat arbitrarily due
to limited theoretical or experimental results indicating these values. The trajectory of
etch or re-emission products are then tracked as pseudoparticles in the manner described
by the reaction mechanism

4.2.5. Chlorine etching of polysilicon
The polysilicon etch mechanism we have adopted is based on the works of Cheng
et al.1 and Meeks et al.2

Etching takes place by first successively chlorinating the

polysilicon surface, forming SiCln (i.e., SiCl followed by SiCl2, and so on).

This

chlorination is dominantly accomplished by neutral Cl atoms but can also be achieved by
Cl+ and Cl2+ incorporation. For this model the effects of chlorine ion incorporation are
ignored due to the large ratio (10s to 100s) of neutral flux to ion flux, producing an “ionstarved” regime. Etching of the poly-Si, and evolution of the SiCln etch product then
occurs through subsequent ion bombardment. A summary of the reaction scheme and
reaction probabilities used in the model appears in Table 4.1. The probability for an ion of
energy ε activating an etch scales as (ε - εo)1/2, where εo is a threshold energy where the
threshold energy and slope of the yield is based on Donnelly et al.1 In addition to the
reactions appearing in Table 4.1, we also allowed there to be inhibitor fluxes which
deposit on surfaces, thereby blocking the etch.

The inhibitor is removed by ion

bombardment or a purely physical sputter mechanism. The inhibitor flux is intended to
represent polymerization which may be produced from sputtered mask material or other
gas phase species. We also allow the polysilicon to be thermally etched by Cl atoms in the
absence of ion bombardment, as may occur at high doping levels. The silicon dioxide
65

underlayer to the poly-Si is etched with an arbitrarily chosen selectivity of 1:50 relative to
poly-Si. This is achieved by using an analogous reaction mechanism to that for poly-Si
with reduced etch probabilities. Cl can also reassociate on chlorinated surfaces in the
trench to produce Cl2; however, for the cases presented here, Cl reassociation was not
included. We did run test cases with this process using reaction probabilities of 0.02 for
SiCl2 and 0.08 for SiCl3 based on the work of Meeks et al.2 Including Cl reassociation in
the trench has a negligible effect on the etching characteristics due to its low rate
compared to silicon chlorination and etching.

4.3.

Typical Results
The geometry used in this study is an ICP reactor using a flat spiral four-turn coil

set on a quartz window (See Fig. 2.1). This reactor is described in detail in Chapter 2.
The process parameters are an Ar/Cl2 = 70/30 gas mixture flowing at 150 sccm with 1 kW
of ICP power at 13.56 MHz and a 150-V bias also at 13.56 MHz applied to the substrate.
The gas phase plasma chemistry reaction mechanisms used are described in Ventzek et al.3
and Chapter 3 of this paper, as are typical plasma conditions. The 20-c-diameter wafer is
modeled as silicon with a specified conductivity, a thin over coating of SiO2, polysilicon,
and photo-resist. The subwafer structure is a dielectric ring with permittivity of ε/εo = 1.0
located beneath and in contact with the wafer between radii of 4.5 and 6.25 cm. The
superwafer topography is a clamp covering the outer 0.25 cm of the wafer. The dielectric
ring approximates the effect of subwafer structures such as cooling channels or as might
be used in the construction of an electrostatic chuck. Etch properties will be discussed at
the three radial locations: (1) an open field site at a radius of r = 3 cm which is not
affected by topography, (2) near the outer radius of the subwafer dielectric at r = 6.0 cm,
and (3) near the clamp at r = 9.625 cm. Etch profiles were simulated for a resist opening
of 0.6 µm, a hard mask thickness of 0.2 µm, a 0.7-µm poly-Si layer, and an oxide etch
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stop layer of 0.1 µm, as schematically shown in Fig. 4.1. The aspect ratio was increased
by 2 or 3 for several simulations.

4.3.1. Plasma species flux distributions
The total ion and chlorine radical fluxes incident onto the wafer are shown in Fig.
4.2 as a function of radius. Their values at the inspection points and the corresponding
etch rates are shown in Table 4.2. The etch rate is an average value given by the vertical
distance etched divided by the etch time. Due to significant dissociation of the chlorine
feedstock, the major ion incident onto the wafer is Cl+. As a result of its higher ionization
potential and rapid charge exchange to Cl2+ and Cl+, the flux of Ar+ is only 10% of the
total. The magnitudes of the ion and radical fluxes are uniform to within about 10% to a
radius beyond the dielectric ring.

Adjacent to the clamp, the ion flux falls to

approximately half its peak value, while the Cl atom flux decreases by 20%. There is a
small peak in the ion flux at a radius of 5-6 cm due to the maximum in power deposition
by the torroidal electric field. The PAD and PED for Cl atoms is essentially uniform
across the radius with a small decrease in magnitude near the clamp due to shadowing.
This results from the low reactive sticking coefficient (< 0.01) for Cl on nonsilicon
surfaces. The PED is essentially thermal with a small high-energy tail extending to a few
eV resulting from charge exchange with energetic ions. The PAD is essentially isotropic.
The Cl radical flux is composed of 10% excited states although our etch mechanism is not
sensitive to the excitation state of the radical.
The PED and PAD for the total ion flux striking the wafer at the three inspection
points are shown in Fig. 4.3. For these cases, the wafer is treated as a perfect dielectric.
The PED in the open field has the characteristic double-peaked shape associated with the
thin sheaths encountered in high plasma density reactors.4 The ions acquire 0.5-1.0 eV of
transverse energy crossing the presheath,5 which then requires ion acceleration across the
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sheath of > 10s V depth to straighten into anisotropic trajectories. The PAD is therefore
generally broader at the lower energies of the PED where insufficient ion acceleration has
occurred to counter the transverse component of ion energy entering the sheath. The
major consequence of the subwafer dielectric is to reduce the sheath potential in the
plasma at the surface of the wafer above the dielectric, thereby reducing the average ion
energy to the substrate (see Table 4.2). As discussed in Hoekstra et al.,6 the subwafer
dielectric acts as a capacitor which charges and discharges during the RF cycle, thereby
garnering voltage which would have otherwise been dropped across the wafer or across
the sheath. The sheath potential is therefore smaller above the dielectric, which then shifts
the PED to lower energies. For these conditions, the drop in average ion energy is from
68 eV (at locations far from the dielectric) to 49 eV (above the dielectric). In principle,
the subwafer dielectric should not have a major effect on the PAD, since the remaining
sheath potential is generally sufficient to redirect ions vertically into the substrate. The 2D
nature of the presheath, though, causes significant perturbations to the PED and PAD.
The ion PAD/PED for the location above the subwafer dielectric shown in Fig.
4.3(b) is asymmetric, having an offset to negative angles. It is also somewhat broader than
that at the open field location. The broadening of the PAD results from the lower ion
energy caused by the reduced sheath potential as described above. The asymmetry results
from radial gradients in the presheath. The location at which this PAD is recorded is
towards the outer edge of the subwafer dielectric. The sheath potential is lowest at the
midpoint of the dielectric and increases to its open field value towards the edges of the
dielectric. As a result, the sheath potential has a radial gradient, which in turn produces a
transverse electric field in the presheath. The ions therefore enter the sheath with a net
positive radial velocity. (On the inner side of the subwafer dielectric, the presheath
produces a net negative radial ion velocity.) The asymmetry we observe in the PAD
results from there being insufficient sheath voltage to straighten the ion trajectories to the
68

vertical. For this reason the angular offset is most prominent at low ion energies, and less
severe at higher energies where additional sheath voltage is available to straighten the
trajectories. The PAD/PED near the clamp has an even more severe asymmetry for
essentially the same reason. The vertical clamp face produces a net radial electric field in
the presheath which results in a net positive radial velocity for ions entering the sheath.

4.3.2. Predicted etch trench profiles
Predicted poly-Si etch profiles obtained with the MC-FPM after 500 s of etching
are shown in Figs. 4.4(a), (b), and (c) for the open field, over the subwafer dielectric, and
near the clamp, respectively. For these cases, there is no inhibitor flux. The etch profile in
the open field is anisotropic with straight walls and clean corners. The etch rate at this
location is 1800 Å/min. Our etch mechanism proceeds through an intermediate step
where Cl atoms chlorinate the surface, forming SiClx species shown in yellow. SiClx is
removed from the surface by ion bombardment and is therefore less prevalent near the
bottom of the trench. This profile is representative of all wafer locations more than 1 cm
distant from either the subwafer dielectric or the wafer clamp.
Product fluxes returning to the plasma from the trench were examined at the

3.0-

cm radial location. In all cases, the fluxes returning to the plasma are dominated by Cl
atoms resulting from either Cl which did not react on the surface or from the neutralized
products of ion recombination. Early during the etch, the reactivity of Cl is high due to
chlorination of the surface, and the ratio of the Cl flux to the SiClx flux leaving the trench
is 40:1. After the surface is chlorinated, the ratio increases to as large as 600:1. When the
oxide layer is reached there is a decrease in SiClx flux (some etching of the side wall
continues to produce SiClx), and a small SiOxCly flux appears as the oxide layer begins to
etch at a lower rate.

At this point the product flux ratios for Cl:SiClx:SiOxCly are

2000:2:1.
69

The reduced ion energy at locations above the dielectric lowers the etch rate
compared to the open field position, in this case to 1350 Å/min. The etch has had
insufficient time to reach the SiO2. If the polysilicon is doped n-type, the thermal etch rate
by Cl atoms will be large. Since the Cl radical flux above the dielectric is essentially the
same as that for the open field, the lower ion energy above the dielectric results in a lower
vertical to horizontal etch rate, dropping to as low as 5:1 in the absence of side wall
passivation. This produces rounded side walls, as shown in Fig. 4.4(b). An analogous
situation occurs near the wafer clamp where the etch rate is still lower, 760 Å/min. Here
the reduced etch rate results dominantly from a lower ion flux (as opposed to lower ion
energy), approximately half that near the center of the wafer. The etch profiles for the
above dielectric and near clamp locations after 500 s show indications of some increased
undercutting due to the broadening of the PAD and an asymmetry due to the angular
offset in the PAD.
The lower etch rates over the dielectric and near the wafer clamp require longer
times to clear the bottom of the trench. The etch profiles obtained at these sites when the
width of the trench at its base is approximately equal to the resist opening are shown in
Figs. 4.5(a) and (b). The etch times are 720 s and 1050 s, respectively. Since the width of
the PAD is not overtly perturbed by the subwafer dielectric, the width of the etch profile
over the dielectric is similar to that of the open field with some small amount of additional
undercutting due to the reduction in the vertical-to-horizontal etch rate. However, the
angular offset of the PAD produces an asymmetric etch profile with more undercutting on
the wall at the outer radius. The effect is more severe near the wafer clamp where the
angular offset in the ion flux is more pronounced. The addition of an inhibitor flux can
help lower the horizontal etch rate and narrow the profile. However the improvement is
not as dramatic as at open field locations since there is now an increased ion flux to the
sidewalls which removes the inhibitor. Deposition of inhibitor on the base of the trench
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does also occur, which decreases the vertical etch rates leading to longer etch times, but
the effect is not large due to the more rapid rate of removal by ion bombardment.
The degree of asymmetry of the etch profile above the subwafer dielectric
increases with increasing etch depth. For example, etch profiles are shown in Fig. 4.6 in
the open field (r = 3 cm) and above the subwafer dielectric (r = 6 cm) for trench depths of
0.7 µm, 1.4 µm, and 2.1 µm. In all cases, the etch profile in the open field remains
anisotropic, with a small amount of bowing for the deepest trench due to an uninhibited
lateral thermal etch. Above the subwafer dielectric where the PAD/PED is perturbed and
asymmetric, the etch profile is increasingly offset as the depth increases, though the slope
of the inner wall is essentially the same. With increasing depth and etch time, the outer
wall becomes increasingly more bowed.
The perturbation of the ion flux by subwafer dielectrics is a function, in part, of the
electrical properties of a wafer. For example, a highly conductive wafer would appear to
be an equipotential plane which electrically shields the plasma from structures below the
wafer. The consequences of subwafer dielectrics are, then, most severe for lightly doped
wafers having largely dielectric properties. As a demonstration of this effect, the total ion
PAD/PED and etch profiles above the dielectric ring are shown in Fig. 4.7 for a perfect
dielectric wafer and for a wafer conductivity of 0.05 Ω-1cm-1 without the use of an
inhibitor flux.

With the higher-conductivity wafer, the plasma is largely electrically

shielded from the subwafer topography. As a result there is less perturbation of the sheath
and presheath. The PAD and PED more closely resemble the open field distributions
though there is still an angular offset. Although there is some undercutting, the larger ion
energy obtained with the more conductive wafers increases the vertical etch rate to the
open field value and recoups the anisotropic nature of the etch in spite of the uninhibited
lateral thermal etch rate. However, there does remain a small asymmetry due to capacitive
perturbation of the sheath and presheath.
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The spontaneous thermal etching of n-type poly-Si can produce a significant
undercutting of the mask and broadening of the etch profile. For example, the etch profile
at r = 6.0 cm (above the dielectric) is shown in Fig. 4.8(a) for a dielectric wafer, without
an inhibitor flux and without thermal etching. In Fig. 4.8(b), the spontaneous thermal etch
probability by Cl atoms is 0.5%, which causes an increase in undercutting due to the broad
PAD of the Cl atom flux. The anisotropic etch profile is recouped with an inhibitor flux
which is 0.1% that of the Cl atom flux, as shown in Fig. 4.8(c).
The requirement for an inhibitor flux to produce anisotropic profiles is ultimately a
function of the lateral-to-vertical etch rate, which in turn is a function of the PED/PAD
and thermal etch rates. For a given thermal etch rate, however, there is an inhibitor flux
producing side wall passivation which yields straight wall features. To illustrate this
relationship, we defined a lateral etch ratio R as (average trench width)/(mask opening
width). Ratio R as a function of thermal etch probability and inhibitor flux is shown in
Fig. 4.9(a). When the lateral etch is large due to high thermal etch rates, R is large due to
undercutting.

Increasing inhibitor fluxes recoups the straight wall feature (R = 1).

However, large inhibitor fluxes eventually cause loss of critical dimension, leading to
narrowed features as seen in Fig. 4.9(b).

We found that for a small thermal etch

probability, an inhibitor flux 0.1% of the Cl atom flux gives the most satisfactory trench
profiles.
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Table 4.1. Surface Reactions for poly-Si Etch Mechanism
Reactiona

b

Probability for Reaction

Ref.

Si(s) + Cl(g) → SiCl(s)

0.99

13

SiCl(s) + Cl(g) → SiCl2(s)

0.20

13

SiCl2(s) + Cl(g) → SiCl3(s)

0.15

13

SiCl3(s) + Cl(g) → SiCl4(s)

0.0001

13,c

Si(s) + SiCl2(g) → Si(s) + SiCl2(s)

0.8

13

SiCl(s) + SiCl2(g) → SiCl(s) + SiCl2(s)

0.5

13

SiCl2(s) + SiCl2(g) → SiCl2(s) + SiCl2(s)

0.3

13

SiCl3(s) + SiCl2(g) → SiCl3(s) + SiCl2(s)

0.1

13

SiCl2(s) + Ar+ → SiCl2(g) + Ar(g)

0.16 (ε − ε o ) / ε o

12,d

SiCl3(s) + Ar+ → SiCl3(g) + Ar(g)

0.16 (ε − ε o ) / ε o

12,d

SiCl(s) + Cl+ → SiCl2(g)

0.13 (ε − ε o ) / ε o

12,d

SiCl2(s) + Si(s) + Cl+ → SiCl2(g) + SiCl(s)

0.16 (ε − ε o ) / ε o

12,d

SiCl3(s) + Cl+ → SiCl4(g)

0.19 (ε − ε o ) / ε o

12,d

Si(s) + Cl2+ → SiCl2(g)

0.13 (ε − ε o ) / ε o

12,d

SiCl(s) + Si(s) + Cl2+ → SiCl2(g) + SiCl(s)

0.16 (ε − ε o ) / ε o

12,d

SiCl2(s) + Si(s) + Cl2+ → SiCl2(g) + SiCl2(s)

0.16 (ε − ε o ) / ε o

12,d

SiCl3(s) + Si(s) + Cl2+ → SiCl4(g) + SiCl(s)

0.19 (ε − ε o ) / ε o

12,d

a

Subscript (s) denotes a surface species. Subscript (g) denotes a gas or plasma species.
ε is the ion energy. εo = 10 eV unless noted otherwise.
c
Thermal etch probability was varied for some cases as noted.
d
Reaction mechanism was derived from the cited reference. The precise values for
probabilities have been modified.

b
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Table 4.2: Reactant and Etch Characteristics at the Inspection Points

Radius (cm)

3.0

6.0

9.625

Total Ion Flux (cm-2s-1)

2.2 × 1016

2.3 × 1016

1.2 × 1016

Average Ion Energy (eV)

68

49

69

Cl Atom Flux (cm-2s-1)

5.6 × 1017

5.4 × 1017

3.9 × 1017

poly-Si Etch Rate (A/min)

1800

1350

760
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0.7 µm

Polysilicon
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Silicon Dioxide

Fig. 4.1. Initial feature profile used for 1:1 aspect ratio cases.
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Radical Flux ( 10 16 cm -2 s -1 )
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8
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8
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Fig. 4.2. (a) Ion and (b) Cl radical fluxes striking the wafer as a function of radius for an
ICP reactor, Ar/Cl2(70/30), 10 mTorr, 1-kW ICP power, and 150-V bias on the substrate.
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Fig. 4.3. Total ion energy and angular distributions striking the wafer for (a) the open
field (r=3 cm), (b) above the subwafer dielectric (r=6cm), and (c) adjacent to the wafer
clamp (r=9.625 cm). Due to the voltage division between the sheath ad the subwafer
dielectric, the ion energy is reduced. The angular distributions above the dielectric and
near the clamp are asymmetric due to presheath perturbation.
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3 cm
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Fig. 4.4. Polysilicon feature profiles after a 500-s etch at radii of (a) 3, (b) 6, and
(c) 9.625 cm. The etch rates are decreased and asymmetries occur above the dielectric
and near the clamp.
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Fig. 4.5. Etch profiles for (a) r = 6 cm, t = 720 s and (b) r = 9.625 cm, t = 1050 s
demonstrating the necessary overetch to clear features in these regions.
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SiO Cl
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Fig. 4.6. Etch profiles at r = 3 cm (open field) for aspect ratios of (a) 1:1, (b) 1:2, and (c)
1:3 and etch profiles at r = 6 cm (above the dielectric) for aspect ratios of (d) 1:1, (e) 1:2,
and (f) 1:3.
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Fig. 4.7. Comparison of etch profiles and total ion PEAD above the subwafer dielectric, r
= 6 cm, for (a) a perfect dielectric wafer and (b) a wafer with conductivity of
0.05
-1
-1
Ω cm . The finite conductivity “shields” the plasma from electrical nonuniformities
below the wafer.
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Φf = 0, p = 0
(a)

Φf = 0, p = 0.005

Φf = 0.005 p = 0.005
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Fig. 4.8. Etch profiles above the subwafer dielectric (r = 6 cm) for different combinations
of the inhibitor flux φf, and the thermal Cl etch probability p. Flux φf is expressed as a
fraction of the Cl radical flux, (a) φf = 0.0, p = 0.0, (b) φf = 0.0, p = 0.005, and
(c) φf = 0.001, p = 0.005.
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Fig. 4.9. (a) Etch profile shape factor (avg. feature width)/mask opening width) as a
function of the Cl radical thermal etch probability. Shape factors are shown for different
values of the inhibitor flux φf. (b) For large fluxes of inhibitor, the feature profile begins to
choke off due to the rapid inward taper of the sidewalls.
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5. PROCESSES IN PLASMA ETCHING OF SILICON

5.1.

Introduction
As computational plasma equipment models have matured, the ability to predict

etch effects at the feature level has increased. For these small feature sizes (0.25 µm and
below), the shape of the etched profile (sidewall slope, trench bottom shape, etc.) can
have a dramatic effect on the device performance and yield. Using feature profile models,
prediction of these profile shapes based on plasma and reactor parameters has become
possible by coupling the profile model with a plasma equipment model. Models have been
used to predict profile evolution for polysilicon etching as well as other systems.1-3
In this chapter, important processes involved in plasma etching of silicon are
examined. This includes the effects of energy and angle of incoming plasma species upon
the ion-enhanced etch process. Based on experimental results described in Section 5.2,
comparison of profile evolution for different angular dependencies of etch yield is
presented. The process of specular reflection and its role in flux enhancement near
sidewalls are described in Section 5.3. Currently, there is a lack of information on the
energy and angular dependence of specular reflection although both molecular dynamics
simulations4 and VFTRIM5 show promising results for low energy (10s-100s eV) grazing
angle (>60°) impacts. Parameterization of these dependencies is described in Section 5.4
to determine their effect on sidewall slope and relative microtrench depth and width.
Utilizing the energy and angular dependence as well as including the specular reflection
allows comparison to experimental results, showing good agreement for time evolution
and substrate bias variation in Section 5.5. Finally in Section 5.6, initial results are
presented for self-consistent charging of the profile and resulting perturbation of the
profile.
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5.2.

Specular Reflection
The phenomenon of “microtrenching” has become an issue as industry has moved

to high-density plasma (HDP) etching systems to increase yield and throughput. For these
systems, the relative ion flux to the surface is greater and has larger average energies. The
impact of these high-energy particles at grazing angles (< 10°) can lead to specular
reflection depicted in Fig. 5.1(a), where the particle retains a large fraction (>90%) of its
energy and directionality. This effect leads to “focusing” of the high-energy particles at
the bottom of features near the sidewalls of the feature.

This “focusing” produces

enhanced etching in these regions and leads to what is commonly known as
microtrenching. This effect was first seen by Nguyen et al.,6 and the concept of specular
reflection as a cause was first presented by Dalton et al.7 Microtrenching can lead to large
differences in etch depth across the bottom of features and the possibility of “punchthrough” on etch stops or other thin layers such as gate oxide in the microtrenched regions
of the feature.
In this section, the MCFPM coupled with the HPEM was used to examine the
effects of specular reflection of high-energy grazing angle impacts on etch profile
evolution. All experimental and model results included in this paper were produced for a
inductively coupled LAM 9400SC type reactor. The reactor parameters were as follows:
600-W ICP, 100-W chuck bias, 10 mTorr, and 60-sccm chlorine. The main subfeature
examined was the generation of “microtrenching” at the corners of the two-dimensional
(2D) resolved trench. The experimental beam results by Chang et al.8 for the angular etch
yield dependence of chlorine atomic ions on silicon described in Section 5.3 and the
assumption that ions retain as much as 99% of their energy when reflecting at grazing
angles (<10% from surface tangent), based on the molecular dynamics results of Helmer
and Graves,4 are utilized in the Monte Caro Feature Profile Model (MCFPM). In Fig. 5.2,
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the effect is demonstrated for specular reflection in a trench with perfectly vertical
sidewalls shown in Fig. 5.1(b). With the addition of the flux due to specularly reflected
ions, the flux near the corners of the trench is increased to be comparable with the flux at
the center of the trench, indicating the “mirror-like” boundary condition at the sidewall.
For self-consistently etched profiles including the specular reflection, the development of
the sidewall slope can produce a “focusing” of the ion flux and dramatically enhance the
flux to the corners, thereby producing microtrenching. The total ion energy and angular
distributions (IEAD) are shown in Fig 5.3(a,b) for 100-W and 60-W RF bias, indicating
the broad range of energies for incoming ions (10-110 eV and 10-70 eV) as well as the
narrow angular distribution (<5°). In Fig. 5.3(c,b), the total ion energy distributions
(IEDs) are seen to have broadened, double-peaked distributions described in Chapter 3.
To demonstrate the dependence of “microtrenching” on specular reflection, the
fraction of grazing ions allowed to retain their energy was varied from 0 to 95%. In Fig
5.4, the resulting profiles show a dramatic change in trench bottom morphology. As the
fraction of spectral reflection is increased, the trench corners advance from being very
rounded at 0%, to sharp and square at 50%, and to “microtrenched” at 95% as seen in
experiments. This change in the corner development of the profiles is a direct result of ion
reflection at the sidewalls leading to “focusing” or enhancement of the ion flux in these
regions and an increased relative etch rate.
The slope of the resist sidewall can play a strong role in the initial development of
microtrenching in these trenches. A finite slope allows a greater relative area for the
incoming flux to reflect from and increases the resulting ion flux at the trench corners.
Fig. 5.5 demonstrates the effect of increasing the resist sidewall slope from 0° to 4°. As
the sidewall slope is increased the microtrenching becomes more pronounced.

As the

trench depth increases, the relative sidewall area of the resist decreases in relation to the
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etched trench sidewall. This results in a decrease in the effect of resist sidewall slope for
deeper etch features.

5.3.

Angular-Dependent Etch Yield
The general sputter yield dependence on incident angle has been shown to be

depressed at near normal angles and at a maximum for ~60°. The molecular dynamics
results by Hanson et al.9 agree with this dependence. However, the experimental beam
results by Chang et al.7 show a broad maximum in etch yield from 0° to 40° with a gradual
roll-off approaching 90°. This points to the mechanism for ion-enhanced etching differing
from simple sputtering. In Fig. 5.6, the effects of angular-dependent etch yield on profile
shape, specifically microtrenching, are shown. The resist sidewalls are sloped by 2°,
allowing greater reflected ion flux and increasing the focusing effect. In part (a), with no
angular dependence of the yield, the sidewalls of the trench “bow” outward decreasing the
effect of specular focusing and producing no microtrenching. Using the results of Hanson
et al.9 results in microtrench formation, which is broadened and almost vertical sidewalls
as shown in part (b). The profile produced in part (c) resulted from the Chang et al.6
results and created the strongest microtrenching and well as the greatest sidewall slope
due to the decrease in yield at high incident angles.

5.4.

Angular and Energy Dependence of Specular Reflection
To determine the relative effects of the energy and angular dependence of specular

reflection of ions, the MC-FPM was used to determine the resulting trench profiles
produced for various energy and angular cutoffs. The cutoff angle for specular reflection
was varied from 10° to 80° to determine what angular fraction of ions were specular
reflecting. The cutoff energy was varied from 50 eV to 100 eV, where specular energy
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retained was equal to 100% above the cutoff energy and decreased linearly to 0% at 0 eV.
These angular and energy dependencies are shown graphically in Fig. 5.7.
Fig. 5.8 indicates the resulting profiles produced for the given ranges of cutoff
angle and energy. For simulations where the ions were allowed to specularly reflect for
angles less than 50° from the surface normal, the microtrench formation is much larger
than seen in experiment. As the cutoff angle is increased beyond 60°, the microtrench
formation is strongly reduced.

Also, for large cutoff energies (>75 eV), the

microtrenching decreases dramatically. This suggests that the angular cutoff for specular
reflection is in the range of 30-60° and the cutoff energy is well below 75 eV, on the order
of 50 eV or less.

5.5.

Comparison to Experiment
Initial efforts have been made to compare the model results to experiment. In Fig.

5.9, profiles generated by the model are compared to experimental SEMs from LSI Logic
Corporation for the same reactor conditions of 600-W ICP power, 50-W RF bias power at
10 mTorr of chlorine. The model utilized a 0.4-µm resist layer which was not allowed to
etch while the experimental profiles used a 0.2-µm hard mask which etched at a rate
approximately 5% that of the silicon. As can be seen from the results, the etch rate and
evolution of the microtrenches for the model qualitatively follow those of the experiment.
As the trench deepens, the model shows more dramatic broadening of the microtrenches,
most probably due to the finite resolution of the model verses the continuum nature of the
experimental results.
The effects of variation of RF biasing of the wafer chuck have also been compared
for the model and experimental SEM results from LSI Logic Corporation. For the same
conditions as described above the bias was varied from 0 W to 50 W to 100 W. As
expected, the etch rate shown in both the model and experiment increases dramatically as
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the bias is increased from 0 W. The experimental and modeled trench depths for all three
biases compare well, as seen in Fig. 5.10. However, as the bias increases to 100 W, the
experimental profile shows a dramatic increase in microtrench depth, whereas the model
produces a smaller degree of microtrenching. The dramatic increase in microtrench depth
for the experimental results can likely be attributed to the development of the interior
sidewall of the microtrench. This region acts in the same fashion as the trench sidewall,
increasing the focused flux at the bottom of the trench and enhancing the microtrenching
rate. For the model, the resolution of the case did not allow formation of this interior
sidewall to produce enhanced microtrenching due to noise considerations.

5.6.

Surface Charging and Perturbation of Feature Evolution
As described in Chapter 4, the effects of surface charging and the resulting electric

fields on profile evolution have been incorporated into the model. Due to the relatively
long convergence time of the Poisson solution, few cases have been examined and only at
low resolution (50 × 100 cells). Fig. 5.11 demonstrates the effect of nonuniform charging
without the addition of a self-consistent electric field.

Due to the broad angular

distribution of the electrons and the narrow angular distribution of the ions, the edges of
the resist become negatively charged and the bottom of the resist becomes positively
charged.
For self-consistent electric fields and charge motion, where the charge diffusion
coefficient was defined as 100 cm2/s for the silicon material and 10 cm2/s for the oxide and
photoresist, the perturbation of the charged particle motion and the resulting change in
feature evolution can be seen in Fig. 5.12. The positively charged ions are pushed to the
trench corners by the effects of the positive charge buildup at the bottom of the trench,
producing the beginnings of an hourglass shape as predicted by Gottscho et al.10 In Fig.
5.13, the potential distribution and the electric fields due to the nonuniform charging of
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the material are shown, indicating the effect of the electric field on motion of charged
species.

5.7.

Summary
In conclusion, the profile evolution of etch features for chlorine etching of silicon

has been examined to determine the relative effects of several processes on the resulting
profile shape. The angular dependence of etch yield has shown that the results by Chang
et al.,7 which have decreased etch yields for grazing angle ions, increase the inward taper
of sidewalls and lead to microtrench development when included with the specular
reflection process. The specular reflection process and the angular-dependent etch yield
combine to “focus” ions at the corners of the profile, producing etch enhancement and
microtrenching. The energy and angular dependence of specular reflection control the
evolution of the resulting microtrenching. Parameterization of these dependencies has
lead to the determination of probable ranges of 30-60° for an angular cutoff and a energy
cutoff less than or equal to 50 eV. Comparison to experimental SEMs shows very good
agreement with the model results for both substrate bias variation and time evolution.
Limited examination of charging effects for these trenches has also been examined,
indicating the possible perturbations of profile development that are possible due to nonuniform charging of the profile surface.
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Fig. 5.1. (a) High-energy ions are capable of specularly reflecting from surfaces for high
incident-angle impacts. (b) This ion-specular reflection can increase the relative flux to the
corners of etched trenches. (c) Flux distribution along surface of etch trench. Note that
the anisotropic ion flux impacts preferentially on horizontal surfaces.
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Fig. 5.2. Flux distribution at the trench corner indicated in Fig. 5.1(b) for (a) no specular
reflection, (b) the additional flux due to specular reflection, and (c) the total flux. In the
corner region, the specularly reflected flux increases the total flux and affects the corner
evolution.
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Fig. 5.3. Energy and angular distributions for total ion flux with reactor conditions of
600-W ICP, 10-mTorr Cl2, and (a)100-W and (b) 60-W RF bias. Total ion energy
distributions for (c) 100-W and (b) 60-W RF bias.
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Fig. 5.4. Etch profiles for (a) 0%, (b) 50%, and (c) 95% specular energy retain upon
reflection.
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Fig. 5.5. Etch profiles generated for sidewall angles of (a) 0°, (b) 2°, and (c) 4°.
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Fig. 5.6. Etch profiles for angular etch yield dependencies of (a) none, (b) sputter type
dependence based on Hanson et al.8 molecular dynamics results, and (c) ion-enhanced
etch dependence based on Chang and Sawin6 experimental results.
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Fig. 5.8. The effects of cutoff energy and angle for specular reflection on the development
of microtrenching.
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Fig. 5.9. Etch profile comparison of experimental SEMs with model results for (a) 0 W,
(b) 50 W, and (c) 100 W RF bias.
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Fig. 5.10. Comparison of experimental SEMs to model results for 600-W ICP, 10-mTorr
Cl2, and 50-W RF bias for (a) 10, (b) 20, (c) 40, and (d) 80-s etch time.
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Fig. 5.11. (a) Etch profile with (b) surface charge distribution based on anisotropic ion
and isotropic electron flux angular distributions.
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Fig. 5.12. (a) Etch profile and (b) charge distribution for self-consistent electric field
solution and bulk diffusion of charge within material.
103

0 Volts

Volts

30

0
(a)

(b)

Fig. 5.13. (a) Potential distribution and (b) electric field for self-consistent solution of
Poisson’s equation and motion of charged species.
104

5.8.
1.

References
V. Singh, E. S. G. Shaqfeh, and J. P. McVittie, J. Vac. Sci. Technol. B 12, 2952
(1994).

2.

B. Abraham-Strauner, B. and W. Chen, J. Vac. Sci. Technol. B 14, 3492 (1997).

3.

N. Hamaguchi and S. M. Rossnagel, J. Vac. Sci. Technol. B 13, 183 (1995).

4.

B. A. Helmer and D. B. Graves, 44th Annual Symposium of the American Vacuum
Society (San Jose, October 1997), paper PS-ThA10.

5.

S. M. Rossnagel, C. Nichols, S. Hamaguchi, D. Ruzic, and R. Turkot, J. Vac. Sci.
Technol. B 14, 1819 (1996).

6.

S. V. Nguyen., D. Dobuzinsky, S. Stiffler, and G. Chrisman, J. Electrochem. Soc.
138, 1112 (1991).

7.

T. J. Dalton, J. C. Arnold, H. H. Sawin, S. Swan, and D. Corliss, J. Electrochem.
Soc. 140, 2395 (1993).

8.

J. Chang and H. H. Sawin, J. Vac. Sci. Technol. A 15, 610 (1997).

9.

D. E. Hanson, A. F. Voter, and J. D. Kress, J. Appl. Phys. 82, 3552 (1997).

10.

R. A. Gottscho, C. W. Jurgensen, and D. J. Vitkavage, J. Vac. Sci. Technol. B 10,
2133 (1992).

105

6. THREE-DIMENSIONAL FEATURE PROFILE EVOLUTION

6.1.

Introduction
The development of 2-dimensional (2D) profile simulators to investigate

fabrication of microelectronics features during plasma etching has rapidly progressed
during recent years.1-3 An increasing sophistication in both the algorithms and physical
phenomena captured in these models has enabled their application to a wide range of
processes. For example, 2D profile simulators have been applied to analysis of overhang
structures to determine reactive sticking coefficients of radicals,2 micro-trenching,4 ionized
metal physical vapor deposition,5 analysis of radical beam experiments,6 and silicon
dioxide deposition from TEOS.7 A limited number of 3-dimensional (3D) plasma etch
profile models have also been reported.8 As expected, 3D models using analytic methods
such as string methods are more computationally intensive than 2D models, due in part to
the need to repeatedly generate view-factors of incoming plasma species to points along
an evolving 3D surface. This requirement is somewhat relaxed by using Monte Carlo
simulators in which view-angle factors are not explicitly calculated.

However, the

computational burden of 3D Monte Carlo models increases from O(n2) to O(n3) as
compared to 2D models. As a result, using either method, one is motivated to use 2D
models whenever possible and apply or extrapolate the results to 3D structures.
Clearly, 2D models are adequate for analyzing long trenches which have an
inherently 2D character or for analyzing 3D features which have advantageous symmetry,
such as circular vias. However, a quantitative assessment of the appropriateness of
extrapolating profiles obtained with 2D simulators to represent 3D features of finite length
has not been made in any general fashion. This assessment is particularly important with
regard to the use of profile models to analyze the fabrication of finite-length 3D features
as may be used in, for example, shallow isolation trenches (SIT). In this chapter, we
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discuss results from a study in which a newly developed 3D Monte Carlo (MC) based
profile simulator has been used to investigate etch profiles for short trenches produced in
polysilicon. These results are compared to profiles obtained with a 2D simulator using
identical algorithms to determine under what conditions the 3D representation is required.
The study is performed using an integrated model which combines a comprehensive
plasma equipment simulator with the MC feature profile model. The purpose of this study
is to both investigate the properties of etching 3D features and to make an assessment of
when results from 2D simulators can be extrapolated to 3D features. Both the asymmetry
and the angular spread of the ion flux distributions are examined to determine their effect
on profile evolution and the 3D nature of the feature. The role of redeposited etch
products is also examined for these conditions.

6.2.

Description of the Three-Dimensional Model
The modeling hierarchy employed in this study has been previously described in

Chapter 4 and only the changes to implement the 3D capability will be mentioned here.
The 3D version applied to this study is essentially identical to the 2D model with
respect to algorithms and methodology. The Monte Carlo method, as opposed to semianalytic methods, was chosen for this due to the ease of implementing surface reaction
mechanisms of user-defined complexity and which are energy dependent.

The MC

method also eliminates the need for computing view factors of incoming species since the
trajectories of reactants and products, the flux to a point on the surface, and the advance
of the surface are statistically determined.
The MC-FPM(3D) resolves the trench region on the wafer (mask and
semiconductor) in 3D using a rectilinear mesh. The mesh spacing is typically 200-500
cells for 1-µm length. Each computational cell is therefore as small as 10 atoms on a side.
Each cell is assigned a material identity (e.g., polysilicon, photoresist, SiO2, plasma) which
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may change during the simulation.

Gas phase species (i.e., radicals and ions) are

represented by computational pseudoparticles.

Solid species, including adsorbates or

passivation, are represented by the identity of the computational cell. The MC-FPM
begins by launching pseudoparticles representing radicals and ions towards the surface
with initial trajectories (energy and angle) randomly chosen from the PEDs and PADs
provided by the Plasma Chemisty Monte Carlo Model (PCMCM). The pseudoparticles
are launched with a frequency computed from the total flux of radicals or ions incident
onto the substrate so that each pseudoparticle represents approximately the number of
solid atoms in a single computational cell. The effects of surface charging on the profile
evolution, an option in the model, are not addressed here since we are primarily interested
in etching of fairly conductive materials.

6.3.

Profiles for Finite-Length Three-Dimensional Etch Features
The test-feature for this study is an 0.8-µm-long by 0.4-µm-wide trench having a

0.3-µm-thick hard mask. The plasma tool is an inductively coupled plasma (ICP) reactor
operating at 10 mTorr of Cl2, 800 W of inductively coupled power with a 150-V bias
(13.56 MHz) on the substrate. The total positive ion flux to the wafer, composed of Cl2+
and Cl+, is 4.2 × 1015 cm-2s-1, while the Cl atom flux is 3.1 × 1018 cm-2s-1. The first etch
profiles will be examined using the perturbed ion energy and angular distribution (IEAD)
shown in Fig. 6.1(a). The IEAD has an angular spread of ~3° and an asymmetry of ~3°
produced by an electrically interfering subwafer structure.9 This asymmetric IEAD was
purposely chosen so that significant over-etching would be required to clear the feature
and so the effects being discussed here would be emphasized. The angular asymmetry
shown in Fig. 6.1(a) is in the plane perpendicular to the long axis of the trench. The
angular distribution in the direction of the long axis is symmetric with a spread of ~3°.

108

The etch profile obtained with the 2D model for the asymmetric IEAD is shown in
Fig. 6.1(b) for 150 s of etch time. The average etch rate to the time at which the first point
on the bottom of the trench is cleared is 4000 Å-min-1. At this time, the profile has
generally smooth walls with a small slant, approximately 6°, due to the asymmetry in the
ion flux.

As a result of this asymmetry, the entire bottom of the trench is not

simultaneously cleared. An over-etch of 15% is required to completely clear the entire
bottom of the trench
Two-dimensional “slices” through the structure in planes perpendicular to the long
axis of the trench as predicted by the 3D model are shown in Figs. 6.2(b) and 6.3(a). The
locations of these 2D slices (slices 4, 5, and 6) are indicated by the schematic in Fig.
6.2(a). Two-dimensional slices through the structure in planes perpendicular to the short
axis of the trench (slices 1, 2, and 3) are shown in Fig. 6.2(c). The etch profile
perpendicular to the long axis at the center of the trench (Profile 4, Fig. 6.2(b)) is similar
to that predicted by the 2D model. There is, however, somewhat greater bowing of the
sidewalls in the profile from the 3D model, indicating an increased sensitivity to the
asymmetric IAD. This result suggests that at this location (0.4 µm from the ends of the
trench), there are few 3D perturbations produced by the finite length of the trench and, to
first order, the 2D model can produce acceptable profiles. Although the profiles are
similar, 175 s were required to fully clear the floor of the trench to the oxide underlayer
using the 3D model while only 150 s were required using the 2D model. The longer etch
time predicted by the 3D model is caused by lower chlorination of the Si surface due to
the reduced fluxes of Cl atoms which arrive isotropically at the surface and are shadowed
by the ends of the trench.
The effect of the angular asymmetry of the IAD can be more clearly seen in the
etch profiles parallel to the long axis of the trench as shown in Fig. 6.2(c). The locations of
these profiles are noted in Fig. 6.2(a). Near the “shadowed” side of the trench (Profile 1),
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the profile has not fully cleared, whereas near the “unshadowed” side of the trench (Profile
3), the trench has fully cleared and etching of the oxide has begun. The curvature of the
profiles at the base of the endwalls is noticeably larger than the curvature at the base of the
transverse trench (Profile 1) sidewalls. This disparity is due to the 3D shadowing which is
most severe near the ends of the trench near the three-plane corners.
Transverse etch profiles obtained with the 3D are also shown in Fig. 6.3(a) for
locations 0.1 µm (Profile 5) and 0.05 µm (Profile 6) from the end of the feature. Near the
edge of the trench, the profile is dramatically underetched, even after a 30% overetch
relative to the center of the trench which is fully cleared. There is also a larger side-toside overetch requirement due to the asymmetry in the IAD. This asymmetry produces a
lower etch rate on the side of the trench which is more severely shadowed. Within 0.1 µm
from the endwall, the profiles predicted by the 3D model significantly deviate from those
predicted by the 2D model. Shadowing of the IAD in the three-plane corners, which
reduces the ion and radical flux, is largely responsible. Proximity to the 3D corners is
therefore a measure of the appropriateness of the 2D model.
The importance of the proximity to the three-plane corners for assessing the
validity of 2D simulators is shown in Fig. 6.3(b). The normalized widths of the trench at
the oxide layer after 175 s of etching are plotted for 0.4-µm × 0.8-µm and 0.6-µm × 0.8µm features. (The normalized width is the exposed width of the oxide at the bottom of
the trench divided by the width of the mask opening.) The proximity of the three-plane
corners is commensurably higher for the 0.4-µm-wide trench than for the 0.6-µm-wide
trench. The narrower aspect ratio trench has both a slower etch rate and clears the trench
bottom for a smaller fraction of its length along the long axis. It is also more sensitive to
the side-to-side asymmetry in the IEAD. These effects are due to the proximity of the
three-plane corners and their shadowing of reactants.
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An extreme case of proximity of three-plane corners is a square via. For example,
profiles of a square 0.4-µm via hole etched for 175 s produced by the 3D model are shown
in Fig. 6.4.

These profiles clearly exhibit the consequences of three-plane corner

shadowing. There is significant tapering of the feature produced by the nearness of 3D
plane corners. The asymmetry of the IEAD produces an asymmetry in the profile which is
magnified by the proximity of the three-plane corners compared to the longer aspect ratio
trenches. These effects result in requiring longer over-etch etch times (>30%) than would
be predicted by the 2D model.

The horizontal plane views shown in Fig. 6.4(b)

demonstrate the increasing consequences of the finite 3D nature of the feature resulting
from the asymmetry of the IEAD as the feature increases in depth.

6.4.

Ion Angular Distribution Effects for Finite Length Trenches
In the previous simulations, an IEAD having a ~3° angular spread and an off-axis

asymmetry was used to demonstrate 3D effects on the etch profiles of finite length
trenches. To systematically examine the consequences of the angular distribution on the
evolution of these finite-length trenches, a symmetric IEAD from an unperturbed location
on the substrate was used as a base distribution. The IEAD, in addition to having a
symmetric angular distribution, has a slightly higher maximum energy of 100 eV, but still
retains the ±3° angular spread. The effects of a narrowing or broadening the angular
spread of the IEAD on the 3D etch profile were examined by adjusting this distribution to
have an angular spread of ±1.5° and ±6°. These three IEADs are then used with the MCFPM to simulate the etching of a 0.6-µm × 0.8-µm feature.
Etch profiles perpendicular to the long axis of the trench (locations 4, 5, and 6 of
Fig. 6.2(a) are shown in Fig. 6.6 for the ±1.50, ±30, and ±60 IEADs. Profiles in the center
of the trench along the long axis are shown in Fig. 6.5. Etching was performed until initial
contact with the oxide layer. For the 1.5o IEAD, there is a large difference in etch rate
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between the center of the profile and near the end of the where the depth is only 80% the
depth of the center. This difference can be attributed to the inward slope of the feature
sidewall as shown in Fig. 6.5(a). A strongly contributing factor is the redeposition of
SiClx on the sidewalls with a sticking coefficient of 0.3010 as well as the very narrow
angular distribution. The sidewall encroaches on the feature, causing the regions near the
sidewalls to be underetched. For the 3° IEAD feature, as well as the 6° IEAD feature, the
sidewalls encroach less on the trench reducing the differential etch rate between the ends
and the center of the feature. The 3° IEAD feature shows an etch rate near the feature
ends which is 92% that of the center, while the etch ratio for the 6° IEAD feature is 95%.
The effect can be seen in Fig. 6.5 from the decrease in slope of the bottom of the feature
from the center to the ends when the angular distribution is broadened.
However, there is also a difference in average trench etch rate due to the changes
in the angular distribution. As the angular distribution is broadened, the effects of the
width-to-depth aspect ratio have a greater impact on the etch rate of the feature. In Fig.
6.7, the time evolution of the trench depth at the three locations shown in Fig 6.6 is
shown. The 6° IEAD feature requires 190 s to reach the oxide while the 1.5° IEAD
feature only requires 120 s. This is due to the greater shadowing effect on the 6° IEAD
flux as the trench depth increases. The 3° IEAD feature maintains the best balance
between overall feature conformity and etch rate, requiring 140 s to reach the oxide. The
graphs in Fig. 6.7 also indicate the etch rate differential between the center and ends of the
feature. The 6° IEAD feature depth as shown by Fig. 6.7(c) shows a uniform etch rate for
all three locations throughout the etch process. The 3° IEAD feature depth progression
indicates a small deviation from linear near the end due to the encroaching sidewall, while
the 1.5° IEAD feature depth shows the greatest deviation near the feature end which
produces an almost asymptotic behavior as the depth increases and the sidewall
encroaches to a greater degree on the feature.
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As mentioned previously, the sticking coefficient of SiClx plays an important role
in trench formation. For a coefficient of 0.30 as experimentally shown by Chang et al9 for
a SiCl2 beam on silicon, the deposition rate at the sidewalls produces an inward taper
which could be exacerbated by other deposition fluxes in etching reactors such as
redeposited resist material. Chang et al.9 also found that the presence of ion and radical
fluxes at the surface could lower the sticking coefficient to as low as 0.05. When the
sticking coefficient was decreased to 0.10, the sidewalls became almost vertical for even
the ±1.5° IEAD shown in Fig. 6.8(a), and the difference in etch rate for center to edge
decreases to ~5%, indicating that the end wall no longer encroaches on the profile (Profile
6). For the ±6o IEAD, the profiles become deeply undercut and the differential etch rate is
only a few percent.

6.5.

Summary
In conclusion, we have compared predictions for etch profiles for finite length

trenches obtained from 2D and 3D Monte Carlo simulators for particularly harsh
conditions produced by both aspect ratio and asymmetry of the IAD. For the feature with
an aspect ratio of 1:2:2.5 (0.4-µm wide, 0.8-µm long, and 1.0-µm deep), the 2D model
produces transverse profiles very similar to the 3D model at the center of the long axis,
though the 2D model overpredicts the etch rate by approximately 20% due to the lack of
large-angle shadowing by the endwalls. The transverse profiles from the 3D model within
0.1 µm of the endwall differ significantly from those of the 2D model. There is more
rounding of the corners produced by shading at the three-plane corners and reduced etch
rates, thereby requiring longer overetch times than would be predicted by the 2D model.
This is particularly evident in profiles parallel to the long axis. As the aspect ratio of the
mask opening increases to that of a square via, the shadowing at the three-plane corners
overlaps, producing a tapered feature with a fully rounded bottom. Profiles obtained from
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2D models for these structures should be scrutinized. The role of the angular spread of
the IEAD was also examined. It was found for narrow angular distributions (average
angle <3°) that the inward taper of the sidewalls at the narrow ends produced a strong
differential in etch rate between the ends and center of the feature.

For broader

distributions, the sidewalls do not encroach on the feature and maintain a more uniform
etch rate across the bottom of the feature. This result was dependent on the rate of
redeposition of SiClx on the sidewalls. As this sticking coefficient was lowered, the
angular spread could be reduced without inducing the inward taper of side and end walls.
These results indicate that the sidewall slope and corner curvature as well as the
differential etch rate over the feature bottom are dependent on the 3D aspect ratio of the
feature as well as on the angular spread of the IEAD and the redeposition rate of etch
species.
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Fig. 6.1. Ion distribution and 2D profile. (a) Ion energy and angular distribution for an
ICP reactor obtained with the HPEM and PCMCM. The operating conditions are 10
mTorr, 100-sccm Cl2, 800-W ICP, and 150-V chuck bias at 13.56 MHz. (b) Etch profile
obtained with the 2D simulator for an infinitely long trench in polysilicon. The mask
opening is 0.4 mm. The shading on the walls of the trench indicates chlorinated surfaces
(e.g., SiCln).
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Fig. 6.2. Etch profiles obtained with the 3D model in 2D plane views of a 0.4-µm × 0.8µm long trench. (a) The schematic indicates the locations of the planes views (labeled 16). (b) Transverse plane profile perpendicular to the long axis of the trench after a 150 s
etch at the center of the feature (location 4). (c) Axial plane profiles parallel to the long
axis of the trench at the three locations (1, 2, and 3) indicated by the schematic. The
asymmetry in the profile worsens and the etch rate decreases the end wall is approached.
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Fig. 6.3. (a) Transverse etch profiles obtained with the 3D model in planes perpendicular
to the long axis of a 0.4-µm × 0.8-µm long trench at locations 5 and 6 indicated in the
schematic (Fig. 6.3(a)). (b) Relative trench width as a function of axial location for 0.4µm × 0.8-µm and 0.6-µm × 0.8-µm trenches. The relative trench width is the width of the
exposed oxide on the floor of the trench divided by the width of the mask opening. The
narrower trench has lower etch rates near the endwalls due to the proximity of the “threeplane” corners.
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Fig. 6.4. Etch profiles for a square 0.4-µm × 0.4-µm via. (a) Transverse etch profile in
the plane of the asymmetry of the IEAD. (b) Horizontal slices at heights (locations 1-6)
noted in the top figure indicate the increasing effects of the finite 3D nature of the feature
and the asymmetric IEAD as the etch depth increases.
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Fig. 6.5. 2D plane profiles perpendicular to the long axis of a 0.6-µm × 0.8-µm long
trench feature for three locations (4, 5, and 6) noted in Fig. 6.2(a). Three IEADs where
used with average angular spreads of (a) 1.5°, (b) 3°, and (c) 6°. For the narrow IEAD,
sidewall tapering leads to etch rate decrease near the ends of the feature as large as 20%.
This is in part due to a sticking coefficient of 0.30 for redeposited SiClx.
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Fig. 6.6. 2D plane profiles parallel to the long axis of the trench and centered along the
short axis of the feature for (a) 1.5°, (b) 3°, and (c) 6° angular spread IEADs. The inward
taper of the sidewall for the narrow distribution and its effect on the etch rate at the ends
can be seen.
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Fig. 6.7. Time evolution of the trench profile depth at the three transverse locations (4, 5,
and 6) shown in Fig. 6.2(a) for (a) 1.5°, (b) 3°, and (c) 6° angular spread IEADs. While
locations 4 and 5 show a linear etch progress, location 6 for the narrow IEAD shows a
decrease in rate. The overall etch rate can also be seen to be inversely dependent on the
angular spread of the incoming IEAD.
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Fig. 6.8. 2D plane profiles perpendicular to the long axis of a 0.6-µm × 0.8-µm long
trench feature for three locations (4, 5, and 6) noted in Fig 6.2(a). Three IEADs where
used with average angular spreads of (a) 1.5°, (b) 3°, and (c) 6°. A sticking coefficient of
0.10 was used for redeposited SiClx leading to broadened profiles.
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7. CONCLUSIONS
Plasma etching using high-density plasma (HDP) reactors is becoming
predominant in the semiconductor fabrication industry due to its capability to produce
highly anisotropic features at current and future linewidths (0.5 to 0.17 µm).

The

Computational Optical and Discharge Physics Group (CODPG) has developed a
modularized computational simulation, Hybrid Plasma Equipment Model (HPEM), to
examine these systems. Two offline modules have been developed, the Plasma Chemistry
Monte Carlo Model (PCMCM) and the Monte Carlo Feature Profile Model (MC-FPM),
to focus on the effect of the plasma on the wafer surface. Using the output from the main
plasma simulation, the PCMCM self-consistently determines the energy and angular
distributions of all plasma species at the wafer. This distribution information can then be
used by the MC-FPM to determine the time evolution of etch features on the wafer based
on an energy- and angular-dependent surface chemistry.

This chemistry has been

developed using experimental results by other researchers as described in this paper.
Through initial calibration of these reaction mechanisms, a predictive capability for
chlorine etching of polysilicon has been developed starting from reactor parameters such
as pressure, power, and geometry to produce the resulting etch profile evolution.
The PCMCM was developed for earlier research and has been utilized to
determine the energy and angular flux distributions on plasma species fluxes impinging on
the wafer surface. Specifically, chlorine plasmas were examined producing broad ionenergy distributions and narrow angular distributions which were utilized to determine the
radially dependent etch rates on the wafer.
The MC-FPM is a Monte Carlo-based simulation for surface evolution in plasma
processing systems. The initial use of the MC-FPM has been in the examination of
chlorine etching of silicon as used in semiconductor manufacturing processes with
inductively coupled reactors. A generalized reaction scheme was used to allow flexibility
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in reaction process integration. The effects of superwafer and subwafer topography such
as wafer chucks and backside cooling channels were examined indicating large
perturbation of the incoming ion flux distributions and producing large asymmetries in the
resulting trench etch profiles. For an insulating wafer, the subwafer dielectric capacitively
depleted the sheath potential, leading to perturbation of the etch profile. However, for
conductive wafers, the effects of the subwafer electrical properties are masked and the
etch profiles show little to no effect.
Microtrench formation in chlorine etching of silicon affects the viability of
fabricated devices due to oxide “punch-through” and increases in overetch times. Two
important factors in the formation of microtrenching are the angular dependence of etch
yield for ion-enhanced etching and specular reflection of grazing angle ions. Experimental
results have shown that ion-enhanced etching of silicon may not have the same angular
dependence as physical sputtering. Simulations indicate that the most important aspect of
the angular dependence is the drop-off at grazing angles, which leads to inward tapering of
sidewalls.

Little is known about the energy or angular dependence of ion specular

reflection. Parameterization of these dependencies indicates that the maximum angle for
specular reflection should be between 50° and 60° of surface normal to produce the
expected microtrenching. The cutoff energy for specular reflection was found to be less
than or equal to 50 eV to produce the expected depth of microtrenches. Comparison to
experiment indicates that the MC-FPM is capable of predicting etch profiles for standard
process parameters in an inductively coupled plasma reactor. For variation of bias power,
the model shows reasonable agreement diverging at higher powers with respect to
microtrench depth. The model matches experiment well for the time evolution of profile.
Initial examination of the effects of nonuniform surface charging was also pursued. The
high-energy ion flux verses the isotropic thermal electron flux leads to negative charging
of the upper corners of the profile and positive charging of the bottom. This leads to
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electric fields which perturb the charged species motion near the feature and the resulting
shape of the profile.
The MC-FPM was also extended to simulate the etching of 3D features such as via
holes or finite-length trenches.

For finite-length trenches, the differences in results

produced by the 2D and 3D models were determined. Near the ends of the finite trench,
large deviations from the 2D profile were found. The shadowing of the nearby endwall
leads to greater corner rounding and a decrease in the relative etch rate, necessitating
longer overetch rates. The effects of sidewall taper due to passivator deposition indicate
that for small fluxes of passivator, the sidewalls and corners are vertical or undercut, while
for moderate fluxes the resulting inward taper of the endwall encroaches on the feature,
leading to greater differences in the relative etch rates across the trench bottom.
Physically based numerical modeling of plasma processing has improved to allow
prediction of both plasma conditions and the resulting surface effects, most importantly
the evolution of features on the wafer. It has been demonstrated that the HPEM, together
with the PCMCM and the MC-FPM, is capable of generating etch feature information
from reactor parameters including geometry, pressure, power, and flow for chlorine
etching of silicon in an inductively coupled plasma reactor. Due to the generalized,
physically based character of these coupled models, they should be capable of modeling
many plasma processing systems from “cradle to grave” and only lack the complete
chemistries for these systems.
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