
Equipment Simulation - State of the Art and Future Challenges 
Chr. Werner 

SIEMENS, Corporate Research and Development, 
Application Center Microelectronics, Munich, Germany 

1 Introduction 
Process and device simulation have been used for 
more than a decade now and a number of programs 
have proven their ability to predict doping profiles 
and electrical behaviour prior to manufacturing the 
devices. The aim of equipment simulation is to ex- 
tend the simulation technology also to support the 
design of the reactors used in the manufacturing pro- 
cess of semiconductor devices and to provide a better 
physical and chemical understanding of the parame- 
ters that control the technological processes. 

In this paper we will review the current models for 
heat and mass transport used in the simulations and 
indicate the areas of necessary further developments. 
Actual applications to problems in a submicron man- 
ufacturing environment will illustrate the presenta- 
tion. 

2 Theory 

2.1 Differential equations 
The gas Aow in the reactor is simulated by a nu- 
merical solution of the hydrodynamic transport equa- 
tions in the gas, i.e. the mass-, chemical-species-, 
momentum-, and energy-continuity equations. 
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where p is the density of the mixture, t is time, and 
U is the velocity vector, pm is viscosity of the mix- 
ture, p is pressure, and Ci represents viscous terms 
in addition to  those expressed by pm. H is specific 
enthalpy that is related to the temperature through 
heat capacity C, by dH = C,dT, K, is thermal con- 
ductivity of the mixture, T is temperature, and sh 
is the rate of heat generation per volume. With mi 
we express the mass fraction and with ji the mass 

current density of species ' i ', and Gi is the generai 
tion term in the bulk. The ideal gas law P = pRT 
is included to express the correct relation between 
density, pressure, and temperature. 

In the general case the diffusion current j; is not 
only driven by the concentration gradient of the 
species i but also of all the other species and of the 
temperature 

where Dij and DT are the multicomponent diffusion 
and thermodiffusion coefficients, respectively. 

2.2 Physical models 
2.2.1 Transport parameters 

The transport parameters viscosity p ,  thermal con- 
ductivity K ,  and diffusion coefficients Dij and DT 
are derived from statistical thermodynamics using 
the Lennard-Jones molecular interaction potential. A 
comprehensive description of all the equations and 
transport models used in CVD simulation can be 
found in the new book of Kleijn and Werner [l]. 

New extensions try to extend the applicability of 
flow simulation into the transition regime to free 
molecular flow. This is important for pressures below 
5 Pa as they are used in sputter deposition or plasma 
etching reactors. 

The Direct Simulation Monte Carlo method 
(DSMC) [2] can model that regime with sufficient ac- 
curacy, but because of the high computational effort 
of this method it is still hoped that by the inclusion of 
special slip boundary conditions and modified trans- 
port properties the validity of the hydrodynamic ap- 
proach can be extended at least down to moderately 
low pressures. 

2.2.2 Radiation 

In state of the art processing reactors the tempera- 
ture is fixed on most of the external walls either by 
regulated heating or by water cooling, This can be 
modelled by appropriate Dirichlet boundary condi- 
tions. 

For internal surfaces with absorptivity U(.), emis- 
sivity e(.), and reflectivity ~ ( x )  we have to consider 
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a radiative heat flux of 

q(e) = J a ( e ) ~ ( e ,  e~)e(e9[~(e714del - e(e)[~(e)14 

where the radiative heat exchange matrix R(e, e’) is 
calculated from the view factors A(e ,  e’) by the inte- 
gral equation 

R(e, e’) = A(e ,  2’) + A ( z ,  e”)r(e”)R(e”, e’)de’’ J 
Usually the grey diffusive approximation has been 

used in radiation modeling [3]. which assumes the 
coefficients e, a and r to be independent of radiation 
wavelength, but so far no systematic investigation of 
its validity has been published. Indeed we would sus- 
pect that especially for reactors with lamp heating 
more realistic reflection models might be essential to 
yield accurate simulation results. 

2.2.3 Chemistry 

The chemistry of a CVD process is considered by a 
boundary condition in the mass diffusion equations 
on the reacting wafer surface as 

Mi pmiu-kji = - P d  Rd(T,P,mi,mz,..) 
Md 

where P d ,  Md and Rd are the mass density, the 
molecular weight and the deposition rate of the layer 
to be deposited. 

For most of the CVD processes we have only rudi- 
mentary models concerning the chemical reactions 
[4]. In the simulations usually rough overall reac- 
tions are used, which utilize empirical parameters fit- 
ted to measured deposition rate data. Though the 
simulation programs would allow to handle at least 
half a dozen reactions with a number of intermediate 
species, a bottleneck seems to exist in the experimen- 
tal determination of all the necessary kinetic data. 

2.2.4 Plasma modeling 

In plasma enhanced deposition or etch processes the 
activation energy for the chemical reactions is pro- 
vided via a highly non-equilibrium process, in which 
a low density of free electrons is excited by an RF field 
to energies much higher than the ambient tempera 
ture. Modeling the plasma with sufficient accuracy 
requires enormous computer resources and has been 
performed so far only for 1-D geometry [SI. Inclu- 
sions of plasma properties into realistic reactor mod- 
eling so far have used highly simplifying assumptions 
concerning the electronic energy distribution function 
and the chemical reactions involved in the deposition 

[6, 71. More work is definitely necessary to provide a 
reliable plasma simulation capability with affordable 
computer resources. 

3 Applications 
A commercial fluid flow simulator [8] was utilised to 
solve the transport equations in 3 dimensions after 
appropriate subroutines had been added to describe 
the physical and chemical properties of the respective 
processes. Typical calulation times of about 1 h on 
an Apollo 10000 workstation have been needed for a 
geometry with 3000 gridpoints. 

In this paper we will show a variety of examples 
from the industrial application, which we had to solve 
in a manufacturing environment for submicron silicon 
devices for our memory and logic products of the 16 
M and 64 M generations. 

3.1 Temperature distribution in a 
RTP reactor 

A very important question in RTP reactor optimiza 
tion is the temperature profile at  the substrate, which 
can sensitively influence the deposition homogeneity. 
We have performed a simulation study of a RTP-CVD 
reactor for Si/Ge epitaxy, where the substrate is held 
on small quartz pins and is heated from below by rib 
diation through a quartz window [9]. The measured 
temperature profile across the substrate exhibits a 
strong decrease at the edges due to enhanced energy 
losses in that regions, which could be very well repro- 
duced by simulation. 
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Fig. 1: Optimization of the temperature profile 
an RTP reactor 
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Fig. 2: Velocity of gas flow and pressure contours inside the CVD reactor. A significant pressure drop can 
be seen where the gas streams upwards to the outlet port. 

We have performed a careful optimization using 
the simulation, where both the geometry of the re- 
actor chamber and the reflectivity of the inner walls 
have been changed to compensate for the heat loss 
at  the edge of the substrate. The results of this op- 
timization is depicted in Fig.1 which shows a factor 
4 homogeneity improvement over the original reactor 
design. 

3.2 Chemical Vapor deposition of 
tungsten films 

In Figure 2 we show the gas flow and the pressure dis- 
tribution in a cold wall, single wafer, tungsten CVD 
reactor based on the reduction of tungsten hexafluo- 
ride by silane. 

In the reactor simulated, the wafer is placed on a 
hot susceptor at  the bottom of the reaction chamber. 
The gases are introduced through a broad shower- 
head inlet above the wafer and are extracted at the 
top of the reactor. A typical application for reactor 
optimization is shown in Figure 3, where we plot the 
tungsten deposition rate along the wafer radius for 
different spacings between the showerhead and the 
susceptor. At smaller spacings we have a larger pres- 
sure drop across the wafer radius, which leads to a 
higher deposition nonuniformity. 

3.3 Sputtering reactor for titanium 
deposition 

Sputter reactors operate at a pressure below 1 Pascal, 
where the mean free path of the molecules is compa- 
rable to the dimensions of the reactor. The gas flow 
in these reactors can be described by the Direct Sim- 

ulation Monte Carlo (DSMC) method, in which the 
motion of a representative set of molecules is simu- 
lated directly. The method was applied to simulate a 
titanium deposition process in a state-of-the-art sput- 
ter reactor for 8” wafers [9]. 

Fig.4 shows the molar concentration of titanium in 
a sputter reactor without collimator at  0.13 Pascal. 
The top wall is the target, the bottom wall the sub- 
strate. In Fig.5 the deposition rate profiles at  the 
substrate are depicted for different reactor configura- 
tions. 
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Fig. 3: Deposition rate uniformity for a tungsten 
cold-wall CVD reactor for different reactor geome- 
tries. Numbers denote the showerhead diameter and 
chamber height. 



Fig. 4: Distribution of titanium concentration in the sputtering reactor calculated with the Direct Simulation 
Monte Carlo method. 

4 Conclusions 
In comparison with the better established topics of 
process and device simulation, equipment simulation 
can be regarded to be still in its beginning. Nev- 
ertheless, a number of groups at universities and in 
industry are actively working to improve the physi- 
cal and chemical models used in the simulation and 
to develop user friendly simulation tools. 

From the results obtained so far we can expect, 
that equipment simulation can be utilized as efi- 
ciently for the development of future manufacturing 
equipment as process and device simulation has been 
used for transistor optimization already for more than 
a decade. 
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Fig.5: Deposition rate profiles along a radius across 
the substrate for different working conditions: a)-c) 
without collimator: a) 0.13 Pa, TSub = 250°C, b) 
0.13 Pa, TSua = 50°C, c) 0.7 Pa, TSub = 50°C d)- 
f) collimators with different aspect ratios, 0.13 Pa, 

, 

Tsub = 250°C. 

9 


