




































CHAPTER 1. INTRODUCTION 2 

to the semiconductor industry's "National Technology Roadmap" [30]. Plasmas are 

also used in integrated circuit fabrication to deposit thin films and clean residual 

material from the circuits ("ashing"). Semiconductor manufacturing technology is 

constantly evolving, and designers have to deal with fundamental problems such as 

plasma uniformity and contamination of the plasma by particulates [30]. 

The design of plasma reactors includes, but is not limited to, the plasma generation 

mechanism ( the coupling of the electrical power to the plasma), plasma chemistry 

( the composition of the feedstock gases), and the operating conditions (pressure and 

flowrate of the feed gases and the reactor geometry). The central question is: what are 

the plasma characteristics such as plasma density, ion fluxes, electron temperature, 

etc.? 

The development of reactors and processing methods is heavily dependent on 

trial and error. Simulations can shed light on the complex physics that take place 

even in the most seemingly simple plasmas. Through greater understanding of the 

detailed operation of a reactor, more effective designs can be made. Thus, the primary 

objective of this research is to develop a numerical method that can accurately and 

efficiently solve the equations used to describe processing plasma behavior. 

1.2 Literature survey 

The development of numerical models to simulate processing plasmas has been on­

going for over two decades, with the most rapid growth occuring during the past 

decade. Prior to 1990, simulations were typically one-dimensional, either with a fluid 

model or a particle model of the plasma; since then, two- and three-dimensional 

models with detailed chemistry have been developed [40]. Some examples of two­

dimensional simulations can be found in [6], [11], [26], [48], [49], [58], [64], [82], and 

[84]; three-dimensional simulations are more rare, but references [35], [41], and [42] 

contain representative calculations. These tools, most of which were developed in 

academia or the national laboratories, are actually being used by industry as part of 

the design process [40]. 
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of the Jacobian matrix for the acceleration techniques based on Newton-Raphson. All 

the applications of the formal computations of the periodic steady-state have been to 

one dimensional simulations. 

1.3 Accomplishments 

This research has: 

• Developed a novel, non-dissipative discretization for drift-diffusion problems.

• Demonstrated that this new discretization is more robust and accurate than

commonly used numerical techniques when applied to the solution of the plasma

fluid equations.

• Developed a method for accelerating the solution towards the periodic, steady­

state solution in multiple dimensions.

• Developed a fluid model of an argon plasma and validated the proposed model

and code at conditions relevant to the plasma processing of materials.

• Investigated in three-dimensional simulations the impact of an alternative method

of pulsed, capacitively-coupled power deposition on plasma characteristics such

as ion flux uniformity and the sheath potential.



Chapter 2 

Physical principles and modelling 

2.1 Plasma discharge phenomena 

Plasma discharges encompass an extremely wide range of conditions and applications. 

A high-pressure (i.e. atmospheric pressure) arc discharge with the plasma in thermal 

equilibrium with the background gas, at a temperature of order 10,000 K, might be 

used to weld or cut metal. In contrast, a low-pressure discharge, at tens of mTorr, with 

the background gas at room temperature and only the electrons at a high temperature 

might be used to etch microscopic trenches on the order of O. lµm wide into a silicon 

wafer. This work will focus on conditions for low-temperature processing of material 

for semiconductor manufacturing and, in particular, the capacitively-coupled reactor. 

Plasma processing reactors typically contain a gas at fairly low pressure, anywhere 

from a few mTorr to thousands of mTorr, depending on the application. The gas is 

usually at approximately room temperature, and it flows through the reactor at a slow 

rate, from a few seem ( cubic centimeters of gas per minute at standard temperature 

and pressure) to a few hundred. The background gas is often a mixture of inert gases, 

like helium or argon, with reactive gases, such as oxygen or chlorine or silane, added 

for processing purposes. When a sufficiently high voltage is applied, the gas breaks 

down and forms a plasma. In most cases the ionization fraction, the ratio of the 

charged particle density to the neutral background gas density, is very small, 10-6 or 

less in capacitively-coupled reactors. 
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2.2 Modelling methods 

8 

Plasma simulations generally fall into one of two categories: fluid models or particle 

models. A particle model is usually considered the more physically accurate represen­

tation of a plasma; however, particle models can become very expensive computation­

ally. Fluid models are regarded as sufficiently accurate at moderately low pressures, 

and they can be significantly less expensive than particle models. 

A rigorous treatment of the plasma dynamics would assume that each species 

obeys its own Boltzmann equation that describes the evolution of its distribution 

function. The distribution function determines how many particles of a particular 

species are in a unit volume of configuration-velocity phase space; in general it is 

a function of space, time, and velocity. Interactions between species are accounted 

for by collisional source terms that depend on the collision cross sections, which are 

functions of the relative velocity of the collision partners. 

In a particle method, each plasma species is represented by numerous computa­

tional particles, with each computational particle representing millions or more real 

particles. The position and velocity of each particle is advanced in time using New­

ton's equations of motion. Collisions between neighboring particles are accounted for 

randomly, and particles may split into smaller particles or merge into larger ones. 

As more computational particles are used, the distribution function of the computa­

tional particles approaches that of the real particles for the given set of collision cross 

sections. The greatest sources of error for a particle method are an insufficient num­

ber of computational particles to resolve the distribution function and uncertainty in 

the collision cross sections. For a more detailed description of particle methods, see 

Hockney and Eastwood [32]. 

Fluid models involve treating the plasma as a continuum and taking velocity 

moments of the Boltzmann equations to obtain conservation equations for mass, mo­

mentum, and energy of each species. To determine the collisional terms, velocity 

distribution functions must be assumed for all the species, and the collision cross 

sections must be known. If the particles of a species undergo enough collisions, their 

velocity distribution approaches the well-known Maxwellian distribution function. 
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The principal weakness of the fluid model is the assumed velocity distribution func­

tion, which is typically Maxwellian. However, uncertainty in the cross sections, which 
the particle method relies on also, can have as large an impact as uncertainty in the 
velocity distribution [54]. 

For the particles in a particular flow field to be sufficiently collisional, the Knudsen 

number, the ratio of the mean free path to the characteristic length scale of the flow, 
must be less than 1. F low with a Knudsen number much less than one is characterized 
as collision-dominated, and when the Knudsen number is greater than one, the flow is 

considered free-molecule flow. The mean free path of a particle can be estimated by 
1/(NrY), where N is the number density of the collision partner and CY is the collision 
cross section. For a background gas at 100 mTorr and 300K, assuming it's an ideal gas, 
the number density is 3.2 x 1015 cm-3

; in weakly ionized plasmas, the background gas 
is the dominant collision partner. Elastic and charge transfer collision cross sections 

are typically greater than 5 x 10-15 cm2 [56], so the mean free path for an electron 

or ion would be approximately 0.6 cm or less. Since the electrodes in a capacitively­
coupled reactor are usually separated by several centimeters, the Knudsen number 

will be less than 1. Other researchers have compared fluid and particle simulations 
of plasma discharges and determined that fluid and particle results agree well down 

to 100 mTorr [5], [59], [81].
The other major task in the fluid model is to close the higher moments that 

appear in the conservation equations for momentum and energy, in particular the 

shear stress and heat flux. These terms arise when velocity moments are taken of the 
Boltzmann equation and the velocity is decomposed into a mean component and a 

random thermal, also called peculiar, component. With the help of kinetic theory and 

some suitable assumptions about the deviation of the velocity distribution from the 

Maxwellian, these higher moments can be estimated using the dependent variables 
for which the conservation equations are written, namely, the density, mean velocity, 
and energy. A detailed discussion of the calculation of these coefficients can be found 

in [56] and [83]. 
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Figure 3.1: Storage locations of variables on the non-uniform, staggered grid; the x 's 
are located halfway between the e's. 
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The dependent variables are discretized on a non-uniform, staggered grid. A 

staggered grid was chosen because of the conservative properties it provides for the 

non-linear fluid equations [29]. Figure 3.1 illustrates the staggered positioning of 

variables. The equations governing ne and neTe are quite stiff, and an implicit time 

advancement scheme is therefore necessary. Furthermore, the accuracy and stability 

of the electron equations depend critically on the discretization of the flux, j e. The 

ion equations do not exhibit such stiffness, and an explicit time advancement scheme 

is adequate. The spatial and temporal discretization are described in detail below. 
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Figure 3.2: The discretization of the computational domain at the left edge; thediscretization at the right edge is similar. The storage of variables is the same as inFigure 3.1. 
qe = 2jekBTe (at X = 0 and L) (3.16)

Reflection is accounted for with 8; a value of 0.25 is commonly used [59], [81]. Sec­
ondary electron emission is neglected.

Characteristic analysis of the ion equations indicates that no boundary conditions
should be specified. The characteristics point in the direction of vi , and, since E is
generally directed out of the plasma close to the walls, the positive ions always flow
out of the computational domain. Thus, no boundary conditions are specified for the
ion equations.

The boundary conditions for the Poisson equation for ii:> are a sinusoidal radio­
frequency voltage at x = 0 and ground at x = L. The amplitude of the voltage is
typically in the neighborhood of 100 V, and the frequency is often 13.56 MHz. The
spacing between the electrodes is commonly a few centimeters.

At the boundaries, the domain is discretized as illustrated in Figure 3.2. Since
the electron density is not known at the edge, the electrons are assumed to obey
the Boltzmann relation [44], and the electron density at the edge is given in non­
dimensional terms by:

[ ( il:>1;2 - il:>1)]ne,1/2 = ne,1 exp T e,l 

Thus, the electron flux at the left edge, for example, is:
, [(il:>1;2 - il:>1)] r,;;--Je,1/2 = -pgne,1 exp T y Te,I 

e,l 
(3.17)

The ion flux at the wall is found by linearly extrapolating the ion density from
the two grid points nearest the wall and then multiplying by the velocity at the wall.



CHAPTER 3. NU!vIERlCAL 1vIETHOD 18 

Since the ion momentum equation is evaluated at the wall, one-sided differences are 

taken for the spatial derivatives. If the ion velocity at the wall points int-o the domain, 

it is set to zero. 

An earlier discretization of the domain at the boundary resembled Figure 3.2 

except that an additional node ( •) was located at the "1 /2". This provided the 

electron number density immediately at the edge for the flux boundary conditions, 

and it also gave the ion number density and velocity at the same location so that the 

ion flux out of the domain could be calculated directly. This earlier scheme provided 

the same results as the scheme described in Figure 3.2 but was more cumbersome to 

implement (particularly in multiple dimensions). 

3.1.3 Time advancement 

The semi-discrete equations were advanced in time using the semi-implicit Runge­

Kutta method described by Zhong [86]. For the implicitly advanced portion of the 

system of equations, both fully implicit and linearized implicit techniques were exam­

ined. While cheaper per time-step than the fully nonlinear formulation, the linearized 

algorithm requires a smaller time step for accuracy. 

Earlier time advancement attempts used a standard, fourth order Runge-Kutta 

scheme to advance the ion equations and either implicit J<::uler or trapezoidal time 

advancement for the electrons. Both fully nonlinear and linearized time advancement 

methods for the electron equations were considered, and the behavior was similar 

except that again the fully implicit methods were more accurate. The implicit Euler 

method was found to perform adequately. The trapezoidal method was unsatisfactory 

since oscillatory solutions were obtained unless very small time steps were used. The 

results using this earlier time advancement were equivalent to the results using the 

semi-implicit Runge-Kutta method to within the accuracy of the iterative solution of 

the implicit electron equations. 

A Newton-Raphson iterative technique was used to solve the nonlinear equations 

resulting from the fully implicit formulations. The Jacobian for this system is nearly a 

full matrix, since both the continuity and energy equations involve the electric field, 
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which is a function of the net charge density throughout the domain. The charge 

density depends on the electron and ion number densities. When advancing from 

time level n to n + l, the ion density is explicitly advanced and the electron density 

is implicitly advanced. Thus, the ions' contribution to the charge density is known 

at n + l, but finding the electrons' density involves solving the nonlinear equations 

for the electrons at time level n + l. So the equations for n;t1 and neT;f are 
' ' 

f t. f n+l n+l n+l n+l H 1 · t· f th J b' unc ions o ne,l , ne,2 , . . .  , ne,N-I, ne,N . owever, c ose exam1na 10n o e aco 1an

matrix reveals that the sub-matrices which are more than one block off the main 

diagonal have terms that are much smaller in magnitude than the sub-matrices on 

the main diagonal and those immediately adjacent to it. This indicates that, in the 

iterative solution of the system of equations, blocks not adjacent to the main diagonal 

have little impact on the solution at sub-iterations. Thus, the full Jacobian can be 

approximated by a block tri-diagonal Jacobian. The results obtained with the reduced 

Jacobian are virtually the same as the results with the full Jacobian, and the time 

savings is significant (O(N) operations to invert the reduced Jacobian matrix versus 

O(N2) with an iterative solver). 

The integration time step is chosen so that the radio-frequency period is ade­

quately resolved; this is the basic physical limit. With approximately 100-200 steps 

per period, which is generally what is required to achieve time step independence, 

the CFL's for the ions are usually very low, 0(0.01) on a coarse 20 point grid, which 

indicates that ion convection is not the limiting factor. Interestingly, the only real 

numerical limitation on the stability of the system is in the implicit advancement of 

the electron equations. Although the advancement is implicit, the root must be found 

to a very non-linear system of equations, which is not always an easy task, much less 

guaranteed to be successful [66]. 

Robustness can be added to the root finding by using a modified Newton method, 

see [66] and [79], but the computational overhead generally exceeds the effort saved by 

using larger time steps. A more effective way to add robustness to the root finding, 

which was done here, is to advance equations for In ne and ln neTe , which can be 

derived by dividing equations (3.9) and (3.10) by ne ,k and neTe ,k, respectively; the 

root is then sought in terms of ln ne and In neTe. The iterative root-finding for the 
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end of the period are a function of those at the beginning of the period. This is a 
boundary-value problem. 

This non-linear equation can be solved with Newton's method. The update to the 
initial values, ou0, can be found by solving the linear system: 

Jouo = -r(uo), 

The Jacobian, J, is found from: 

J = 
or = 8u(T; u0) 

_I= M(T) _ I 
8u0 8u0

where M(t) = u(t; u0)/8u0 is the monodromy matrix and is computed by advancing
the following matrix system in time: 

dM of

ill = au 
M; with M(O) = I.

The equation for the monodromy matrix can be found by performing the following 
operations beginning with the original system of ordinary differential equations: 

u(t; u0 ) 

8u(t; uo) 
8uo 

d 8u(t; u0) 

dt 8u0

- lo
t 

f(u(t'; uo))dt' + uo

ft 8f(u(t'; uo)) 8u(t'; uo) 
dt' + 

I
lo au 8uo 
8f(u(t; uo)) 8u(t; u0) 

au 8uo 

For autonomous systems, where f is an explicit function of u only and not time, 
the original system of equations to be solved, r = 0, must be augmented by an
equation that enforces a phase condition to eliminate the translational invariance in 
time. Any point in the period could be selected as the initial value u0 since t does 
not explicitly appear in f. Phase conditions that are typically used include either 
setting one of the elements of u0 to a certain value or enforcing the condition that 
one of the elements of du/ dt is zero at the start of the period. Also, the period 
is not known with autonomous systems, so the additional equation for the phase is 
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cell are close to each other. That is, the variables could be ordered as: 

[ne 1 neTe 1 ni 1 v, 1 ne 2 neTe 2 . . . ne N neTe N ni N Vi N O O O Vi,N+1lT .
' ) ' ., ' ' ' ) , ' 

Note that an additional cell ( N + 1) is needed due to the staggered locations of the 

ion velocity, but no densities are associated with this cell. Now the Jacobian of the 

differential equations ( fJ f / fJu) has a compact block-tridiagonal structure due to the 

compact stencils, with the exception of the global effect of the electric field on the 

electron number and energy densities and the ion velocity. That is, the electron 

densities and the ion velocity at each cell is a function of the electron and ion num­

ber densities everywhere in the domain. Using this block-tridiagonal Jacobian, an 

analogous block-tridiagonal matrix can be advanced in time, with the semi-implicit 

Runge-Kutta scheme of [86] and the same time stepping as the plasma equations, to 

approximate the monodromy matrix, M(t). So rather than using a full matrix for 

M, only a block tri-diagonal subset is time advanced. This approximate mondoromy 

matrix, M, is used to construct the preconditioner K = M - I.

The effectiveness of the acceleration method can be seen in the application of the 

argon model ( to be derived in Section 5.1) to a one dimensional simulation of the 

symmetric parallel plate discharge described in Section 5.2. Direct time integration 

to the periodic steady state required nearly 40,000 radio frequency periods to reach a 

point where the maximum relative change in ion or metastable density at any location 

in the discharge was less than 10-5
• The presence of the slowly evolving metastable 

state is the chief cause of the long run time. In contrast, the acceleration technique 

described here required about 350 radio frequency periods to achieve the same level 

of convergence when started from the same initial conditions. 

3.2 Extension to multiple dimensions 

The extension of the semi-discretization and time advancement/ acceleration tech­

niques to multiple dimensions is generally straightforward. However, the implemen­

tation becomes more complicated as tri-diagonal matrices become penta-diagonal or 
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Thus, the preconditioner for the GMRES inversion of the original preconditioner, 
M -1, is 

K = (D - 1) [1 + (D - J)-1 z] [1 + (D - J)-1 R], 

and it can be inverted with one block diagonal and two block tri-diagonal solves. The 
matrices ( D - I)- 1, ( D - J)- 1 Z, and ( D - I)-1 R are computed once the original 
preconditioner has been formed and are stored for future use. 

Should the cost of the second application of GMRES to invert the preconditioner 
become prohibitive, the full preconditioner can be replaced by the above factorization 
of itself. That is, rather than inverting M - 1, its factorization k is inverted. 

The preconditioner only uses the equations for the plasma variables; that is, equa­
tions for dV,j dt and GO'/ fJt are not used in constructing the preconditioner due to 
the increased complexity and the fact that preconditioner's performance is adequate 
without them. 

































































































Chapter 6 

Three-dimensional simulations 

6.1 Motivation and concept 

The dry-etch process is common in semiconductor manufacturing, where narrow 

trenches (approximately 0.2 µm or less in width and about 1 µm deep when the 

photoresist is included) are cut into silicon. Ideally this processing step will have 

high uniformity ( the silicon is etched at the same rate over the entire wafer), high se­

lectivity ( only the silicon is etched and not other materials that may become exposed 

to the plasma), and a high etch rate (the faster the silicon can be removed, the faster 

the fabrication proceeds). Frequently these requirements conflict. 

Another consideration is the buildup of surface charge on the feature being etched, 

which can have a detrimental effect. Charge accumulation on gate electrodes can 

cause dielectric breakdown of thin gate oxides [71]. Also, charge buildup has been 

implicated as a cause of notching during the overetch of silicon trenches on top of 

a silicon dioxide base. Notching occurs when the Si02 at the base of the trench 

is exposed and the bottom corners of the trenches form crevices due to sidewall 

etching. Hwang and Giapis [34] and Kinoshita, et al. [37] found that the bottom of 

trenches accumulated positive charge from the high-energy, anisotropic ions once the 

Si02 at the bottom of the trench had been exposed during the overetch. The isotropic 

electrons were unable to reach the bottom of the trench and accumulated at the trench 

entrance. Kinoshita, et al. also found that as the trench aspect ratio increased, the 

79 
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' 

Figure 6.1: The voltage amplitude envelope is sketched here for the surface of the lower 
(powered) electrode; the radio-frequency voltage oscillates within the envelope, and 
the envelope simultaneously rotates around the electrode in a counterclockwise fashion 
when viewed from above. The oscillation of the radio frequency can be synchronized 
with the rotation of the envelope ( that is, the maxima and minima of the voltage 
occur at the same azimuthal locations) or unsynchronized. The amplitude envelope 
smoothly goes to zero at the origin from all directions to avoid singularities. 

efforts have been limited to one dimension with pulsing in time [50], [85]. Also, 

Lieberman and Ashida investigated the effect of pulsing the power with a global 

model [43]. 

6.2 Base case 

The baseline two dimensional simulation used to measure the impact of the rotating 

power deposition is the first qualification case from Section 5.3: argon at 13.3 Pa with 

43 V applied voltage at 13.56 MHz in a GEC reference cell geometry. This condition 

showed some of the best agreement with the experimental data, so it should provide 

the best indication of the effectiveness of the rotating power deposition. The period­

averaged ion and metastable number densities are shown throughout the reactor in 
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