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The task of predicting the effects of a series of process steps in the Very Large Scale
Integration (VLSI) technology is extremely complex. The published literature about the
commercial codes is affected by proprietary considerations, which often result in
omission of many details. The aim of this work is to develop simple methodology for the
simulation of the VLSI processes. This is done by considering the different models used
in the simulation with all their related parameters. Thermal oxidation of silicon was
modeled using the Deal-Grove model with dry or wet ambient. Using proper kinetic rate
constants, the different parameters affecting oxidation process, namely, temperature,
orientation, pressure, doping type and concentration, halogen additions, and traces of
water could be properly simulated. Models concerned with Low Pressure CVD (LPCVD) of
silicon oxide and silicon nitride were treated. Plasma etch rate for F-atom etching of Si
and SiO2, and Cl - atom etching of Si are simulated. For Cl-atom etching, pronounced
crystallographic effects as well as large doping effect were characterized.
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1. Introduction

Very Large Scale Integration (VLSI)
technology consists of many steps and each
step may be repeated many times while
processing  the integrated circuit (IC).
Regardless of the different mechanisms and
processes involved, these processes are done
not only once but many times in a certain
repetitive way according to the device under
consideration. The task of predicting the
effects of a series of process steps, is
extremely complex. For this reason computer
simulation was developed during the 1970s
and now virtually all aspects of VLSI design
and manufacture can be simulated [1]. VLSI
process simulation is also important since
new design features with higher packing
densities require simulation of the process to
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be able to estimate results before the process
is carried out.

The most widely used process modeling
program, SUPREM III, had its inception at
Stanford’s Integrated Circuits Laboratory in
1971 with SUPREM 1 [2]. Since that time,
many process simulation-modeling programs
have been developed. Roughly speaking, there
are 5 codes for one-dimensional simulation
(including SUPREM), 17 codes for 2
dimensional simulation, and 2 codes for three-
dimensional simulation [2]. These codes use
different methods for the simulation of
integrated circuits including finite element,
finite difference, and finite volume as well as
Monte Carlo methods [2]. In addition to
research in universities, simulation programs
were developed at most large semiconductor
companies. It is obvious that these codes are
commercial ones and in many times, their
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published literature is affected by proprietary
considerations, which often result in omission
of many details [2]. Even when any of these
codes can be acquired, fundamental
understanding of the different processes
involved in the VLSI technology is a must for
the proper and efficient use of these codes.

The aim of this work is to develop simple
methodology for the simulation of the VLSI
process. This is done by compiling the
different models used in the simulation with
all their related parameters. Putting these
models in one simple computer code is an
essential initial step in developing VLSI
process simulation capabilities, which can
only be found in commercial codes.

This work treats three processes:
(1) Thermal oxidation of silicon, where Deal-
Grove model was used to determine the
oxidation rates with dry or wet ambient.
Dependence of oxidation rate on: (a)
Temperature, (b) Pressure, (3) Crystal
orientation, (4) Doping level, and (5) Role of
additives was considered. @ The important
phenomenon of enhanced oxidation rate with
dry oxidation at small oxide thickness was
also taken into consideration.
(2) Chemical Vapor Deposition (CVD), where
models have been used for the deposition rate
of epitaxial layers, polysilicon, SiOz,and SizN4
films. The effect of temperature, pressure,
and doping levels were also considered.
(3) Plasma etching, where etching of Si and
SiO; by Fluorine and Chlorine atoms as well
as CF4 + O, were considered. The effects of
temperature, crystal orientation, doping and
loading were also treated.

2. Thermal oxidation of silicon

Where thick oxides (i.e., > 0.5 pm) are
desired, steam (i.e., wet oxidation) is used (= 1
atm or an elevated pressure of up to 25 atm).
Higher pressure allows thick oxide growth to
be achieved at moderate temperatures in
reasonable amounts of time. Typical oxidation
temperatures range from 800 to 1200 °C and
should be held within +1 °C to ensure
uniformity [3]. Oxide grows at a (typical rate)
of the order of 0.1 pm/h at 1000 °C in dry
oxygen and ata somewhat higher rate in wet

oxygen [4]. The time needed to grow a filin 1
pm thick is of the order of 10 h [4].

2.1. The Deal-Grove model [5]

Deal-Grove’s model for the thermal
oxidation process was used in this work [5]. It
is the classical model used for describing the
kinetics of silicon thermal oxidation [4]. Even
in the most widely used process-modeling
program, SUPREM III, this model is used [2].
The model is generally valid for temperatures
between 700 and 1300°C, partial pressure of
0.1-1.0 atm and oxide thickness of 300-20000
A® for both oxygen and water oxidants [5].

At steady state, rate of oxide growth is
represented by the following equation [5]:

dXot) / dt = B/(2Xo + A), (1)

where Xo is the total oxide thickness. Itis
taken to consist of two parts: an initial layer of
oxide Xi that might have been present on the
silicon prior to the oxidation step under
consideration (typically about 20 A thick [4]),
and the additional thickness grown during the
oxidation step under consideration. B and
B/A are the parabolic rate and the linear rate
constants [3,4,6].

Eq. (1) is an essential part of the
calculations. Attention is directed to have the
accurate values of rate constants that depend
on many parameters [7]. There is some
variations of the published rate data that can
not be attributed to a single cause. These
variations are due to a lack of sufficient data
for accurate curve fitting, existence of data in
inappropriate thickness ranges, and trace
impurity effects [8]. It is also important to
consider rate constants to be dependent on
oxide thickness [9]. This dependence was
found to separate the behavior into two
regimes and it will affect values of B and B/A
[9]. The two regimes are [4]:

(1) An initial oxidation regime, beginning
with the thin native oxide layer, in which
oxidation does not follow the Deal-Grove
model. Oxidation is quite rapid in that region.
(2) Beyond the initial oxidation regime, the
Deal-Grove model can describe the data, and
it is possible to provide physically meaningful
interpretations of the coefficients of the model.
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2.2. Modeling initial rapid growth of oxide film
in dry thermal oxidation

Deal-Grove’s simple model for thermal
silicon oxidation provides excellent agreement
with various normalized experimental data for
both wet and dry oxidation [3]. However, the
model couldn’t account for thin oxide growth,
since it was found that nearly an oxide film of
300 A° thickness is rapidly formed with dry
oxidation. For wet oxidation, that film
thickness is reduced to 25 A°.

Massoud [10, 11] have introduced a
mathematical model built on analysis of
experimental results by adding two new terms
to the right hand side of eq. (1), accounting for
the initial regime. One term for the initial
phase extending to ~ 50 A° and the other for
intermediate phase extending to the point of
the onset of linear — parabolic model, that is:

X, (t)/dt =B/(2Xo+A )+ Cj e Xo/LI
+ Cy eXo/ L2 2)

where, C1,2 = C°,2 e 2ECL2/KT ], is called the

characteristic length. Values for C;, Cy, Ly, L2
are given in table 1 below.

Table 1

2.3. Parametric study of dry oxidation rate

In the following section, the different
parameters affecting oxidation rates will be
considered. The impact of each parameter is
incorporated into the oxidation rate
calculations by simply modifying the linear
and parabolic rate parameters, B/A and B
respectively. This is shown for some
parameters; namely temperature and crystal
orientation; in table 1 before.

2.3.1. Temperature effects

It is known that oxide density increases,
as the oxidation temperature is reduced [3].
Using the proper kinetic rate constants for the
initial oxide regime and thick oxide region,
oxidation rate dependence on temperature in
the temperature range 900-1200 °C was
calculated and is presented in fig. 1.

2.3.2. Pressure effects

At high pressures, kinetic rate-constants
were found to be enhanced linearly with
pressure, as shown in table 2 [12,13]. For
pressures below atmospheric pressure, it was
found that the same relationship still holds
[12]. Fig. 2 shows the time needed to reach a

Characteristic values for the enhancement of initial rapid thermal growth in dry oxidation

process [10,11]

Values of second term

Temp. Values of first term
=00 & C,’ =0.051 ym/h (100) C3 =39.43 * 107 um/h (100)
C =0.026 pm/h (111) C3 =35.22 * 107 um/h (111)
AEc; = 0 (100) AEc; = 2.37 eV (100)
AEc; =0 (111) AEcz =2.32 eV (111)
T > 900 °C

C, =18.24 * 107 pm/h (100)

C/ =29.22*10° ym/h (111)
1
AEc) = 2.24 eV (100)

AEc; = 2.80 eV(111)
L1 (100)
= 7.7 * 10 um (800 °C)
= 12.4 * 10- pm (1000 °C)
L (111)
=10.9 * 10-* um (800 °C)
=17.1 * 10 pm (1000 °C)

L2 =69 * 10 um (100)

L, =78 * 10 um (111)
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certain oxide thickness; namely 1 pm as
calculated taking into consideration the effect
of pressure for (111) orientation.

2.3.3. Dependence on crystal orientation

Experiments have indicated that the
oxidation kinetics is a function of the
crystallographic orientation of the silicon
surface [3,14]. The (B/A) constant is

orientation dependent while the (B) constant is
independent of orientation, since it is diffusion
limited [3,14]. Taking the orientation
dependence of the rate constants intro
consideration, as shown in table 1, oxidation
rate dependence on crystal orientation is
elaborated in fig. 3 as calculated using kinetic
rate constants that are orientation dependent.

Table 2

2.3.4. Effects of substrate doping type and
concentration

It was found that heavily doped silicon
oxidizes at a faster rate than lightly doped
silicon [3,6,15,16,17]. Detailed studies on
boron and phosphorus doped silicon
substrates have shown considerable
differences in oxide growth behavior.
Generally speaking, oxidation rate
enhancement with boron - doped silicon is
generally no greater than 20% over the
undoped silicon material (i.e., intrinsic) [8].
Thus, we can roughly suggest that an increase
in B for heavily doped silicon by a factor 0.2 at
temperature higher than 1000°C, and no
variation in B/A value as shown in table 3
below. The calculated effect of oxidation rate
dependence on substrate boron-doping level is
introduced in fig. 4.

High pressure effects on kinetic rate constants for wet and dry
oxidation [12, 13]. The pressure is in units of atm

Wet oxidation

B(P,T)=B(latm,T)PHU
2

B/A(P,T)=B/A(1atmT) P

H,0

Dry oxidation

B(P,T)=B(latm,T)P01

B/A (P,T) = B/A (1 atm,T) szs

1.E+02
—900 C
1.LE+01 o 950 C
& s 1000 C
oy » 1100C
3 1EH0 LEas
3 .
.
e \
1.E-02 ety
1.E-03 .
0 0.2 0.4 0.6 0.8 1 1.2

Oxide thickness (i)

Fig. 1. Calculated oxidation dependence on temperature in the range 900-1200 C.
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Fig. 2. Calculated time needed to grow certain oxide thickness as a function of pressure in the range 1-20 atm.
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Fig. 3. Calculated oxide rate vs. oxide thickness as a function of Si orientation.

2.0E-02
1.6E-02 ! — Intrinsic |—
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Fig. 4. Calculated rate-thickness relationship for dry oxidation of Si as a function of boron doping level.
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Table 3
Enhancement factors for boron doped substrate [8]

Temperature <1000°C Temperature >1000°C

(B)ga = (B)i (B)sa = (B)i *(1+f), f=0.2

(B/A)sa = (B/A) (B/A)sa ~ (B/A)

Where Bd = Boron doped, i = intrinsic material

2.3.5. The role additives to
oxidation ambient

From data presented in [18] the following
modifications of the rate constants could be

reached,

of halogen

Ber =B (l+f), and
(B/A)c1 = (B/A)i (1+g) , (3)

where i refer to the initial case of pure dry
oxidation and f and g are enhancement
factors, which have the values shown in table
4 below. Enhancement factors for HCI
addition are also listed in the same table
below. It should be mentioned that these
values are simplified and there is no analytical
treatment available. The calculated effect of
oxidation rate-dependence on Cl addition; for
1 and 3% Cl; is shown in fig. 5.

2.3.6. The effect of the trace amount of water
in dry oxidation

It was found that the addition of an
amount of H>O to dry oxidation ambient
results in great enhancement in both linear
and parabolic rate constants [19,20,21]. The
modified value of the parabolic rate-constant
(B)* was found to be [22]:

B* =a By, + (1-a)B, . (1)

Where: a is the mole fraction of H,0, (1- ¢) is
the mole fraction of Oz, B, ,and B, are the

parabolic  rate-constants at atmospheric
pressure for wet and dry oxidation
respectively. A similar equation can be

written for the modefied linear rate-constant
(B/A)* [22]; :

(B/A)* = a (B/A)Hz() +(1- o) (B/A)()2 i (5)

where (B/A)y o and (B/A), are the linear

rate-constants at atmospheric pressure for
wet and dry oxidation respectively. The
calculated effect of oxidation rate dependence
on trace amount of water addition is shown in
fig. 6 for water additions in the range of 1 to 5
%.

Table 4
Enhancement factors for Cl addition
Cl concentration B/A (g value) B (f value)
1% 0.25 0.5
3% 0.6 0.6
3.0E-02
1.5E-02

—e- Pure
—e—1% C1

- +- 3%Cl

L.SE-02

20802 -
Y
A A

Rate (wh)

1L.OE-02

S.0E-03

0.0E+00 o

0.6 0.8 1 1.2

Oxide thickness (j1)

Fig. 5. Calculated effect of Cl addition on dry oxidation.
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3. Chemical vapor deposition (CVD)

Chemical vapor deposition (CVD) is a
technique for synthesizing materials in which
chemical components in vapor phase react to
form a solid film at some surface. Ability to
control the components of the gas phase and
the physical conditions of the gas phase, the
solid surface, and the envelope that surrounds
them, determines the capability to control the
properties of thin films that are produced.

In this work, models concerned with Low
Pressure CVD (LPCVD) of silicon dioxide and
silicon nitride were treated.

3.1. CVD of SiO2

Silicon dioxide can be deposited on
substrates at 600-800 °C using SiH4/O2 or
TEOS (tetraethoxysilane)/O; feedstock gases,
and can be grown at still lower temperatures,
100-300 °C using Plasma Enhanced CVD with
the same feedstock [23]. Haupfear, et al. [24]
introduced a model for the deposition rate of
SiO; films from the thermal decomposition of
TEOS in a cold wall reactor. That model was
found to fit better with experimental results
and has the ability to account for the
inhibition effect of CoH4 (a byproduct of TEOS)
on growth rate. The conversion rate for CoHq
was found to be so small, and using a simple
model for SiO; deposition rate may be
sufficient. The experimental result suggests
that overall reaction rate (in mol/area.time)
can be adequately described by the following
simple first order rate expression having
Arrhenius temperature dependence [24]:

R=K; Preos . (6)
Where,

-E
Ki = Ko exp[ —~] . 7
1 = Kio exp| RT] (7)

S

Kio is a pre-exponential factor, E; is apparent
activation energy, and Preos is the partial
pressure of TEOS. By fitting eq. (7) to
experimental data, it was concluded that:
Ki0=1.7 x 10-3 mol /cm?2. s. Torr

= 27,000 pm /min.Torr

S.A. Agamy et al./ VLSI process simulation

E; = 20.9 kcal/mol

The above model is valid for pressures of
0.001 to 0.1 Torr or higher and for
temperatures of 750 to 950°C. The reason for
the above model not to be valid at higher
temperature is due to transformation of the
rate-limiting step from kinetic to flux
dependence [24]. Also at high pressure, the
C2Hs emission is increased and C;H4 was
found to compete with TEOS adsorption sites
decreasing the deposition rate.

For higher pressures and temperatures
that lead to high compression factor for CoHg,
the following model can be used to account for
its inhabitation effect:

and,

KiPT 0S
KR i
where,
K; =K, exp[ﬁl, (9)
RT

S
with, Kz = 0.00848 torr-!
and, E; =-20.3 kcal/mol

and Ko, Ei, and Prgos have the same values
as before. Pcans is the partial pressure of
C,Ha.

The calculated effect of TEOS pressure on
silicon dioxide deposition rate at 750 °C is
shown in fig. 7. Temperature dependence is
also calculated in fig. 8 at a pressure of 0.005
torr.

3.2. CVD of silicon nitride

Among the commonly wused LPCVD
processes in semiconductor manufacture is
the deposition of silicon nitride films from the
reaction of ammonia (NH3) and dichlorosilane
SiClaHz, (DCS) [25]. Roenigk and Jensen have
introduced a model for silicon nitride growth
rate, which was found to agree well with
experimental results [26]. The following
growth rate expression was found to fit better
with experimental result [26]:

KsPDCSPNH3

= (10)
1+ K Bogait KzPNH3
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Where each of the above constants have
Arrhenius temperature dependence and the
relevant constants are given in table 5 below.
Ppcs and Pnus are the partial pressures of DCS
and NHj respectively. The rate expression was

0.14

chosen based on preliminary fits of model
predictions to the experimental data for
different surface reaction mechanisms. The
model is valid within 0.1- 10 torr pressure
range, and 700 — 900°C temperature range.

0.12

— 0% H20
—— 1% H10

—=—1% H10
—=-3% H20

—=— 4% H20
——$% H20

Oxidation rate (um/h)

04

0.6
Thickness (mm)

0.8 1

1.2

Fig. 6. Calculated effect of water additions on oxide rate thickness for dry oxidation.

Table 5
Summary of constants used in Roenigk and Jensen model for silicon nitride
growth rate [26]
Kso (mol/m? - atm?-s) 0.96 x 108
Es * (kcal / mol) 0.83
Kio (atm!) 4.59
E:1 (kcal/mol) -34.82
K20 (atm!) 0.13 x 10?0
E2 (kcal / mol) 65.88
e Activation energies are expressed in units of kcal/mol.
0.10
0.08 //
i 0.06 /
5 oo —
0.02 /
0.00 .
0 0.02 0.04 0.06 0.08 0.1 0.12
Pressure (Torr)

Fig. 7. Calculated effect of TEOS pressure on silicon dioxide deposition rate at 750 C.
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(1) Pure chemical F-atom etching of Siand
SiOa.
(2) Pure Cl - atom etching of Si

4.1. Pure chemical F-atom etching

The etch rate have been measured to have
roughly an Arrhenius form over a wide range
of temperatures and to depend linearly on the
gas phase of F atom density near the surface
up to densities as high as 5x10!5 cm3[23].
For undoped silicon and for thermally grown
silicon dioxide, the etch rates are [23]:

Esi (A° / min) = 2.86 x 10-12 ngs T% € ~1248/T, (11)
Esio2(A°/min) = 0.61 x 10-12 ng, T% e -1892/T. (12)

where nrs (cm-3) is the F-atom density near
the surface and T(K) is the surface
temperature. Thus, at room temperature (300
°K), and for a typical F atom density of 3x1014
cm3, Egi=230 A/min, E sjo2 = 5.9 A/min, the
silicon to silicon dioxide etch rates, i.e.
selectivity (S), is = 40 [23]. The Arrehnuis
form of etch rate temperature dependence was
also suggested by others [31,32,36].
Using egs. 11 and 12,
dependence on temperature;
calculated as shown in fig.

etch rate
in °K; was
10 for Si and

concentration (nrs), was also calculated at 400
K and shown in fig. 11.

4.2. Pure chemical Cl-atom etching

The etch rate fits a generalized Arrhenius
form [23];
[Esi (A® / min) = Aty T% e-B/T],  (13)
where nvqs is the surface concentration of Ci
a'toms and the parameters A, B and y are
given in table 6 below. The activatigp energy
Ea = kB/e ~ 0.19V is roughly indepcagent of
the doping level and crystallogreapic
orientation,

Table 6.
Coefﬁcient's of the modified Arehenius form for the Cl
atom etching of n-type silicon [23]

Crystallographic A (A° cm 3*3% / min.K'/?) B (K) vy
orientation

Polysilicon 4x10-18 2365 0.39
< 100 > 1.1x10-V7 2139 0.29
<111 > 1.6x10-3! 2084 1.03
Calculated etch rate dependence on
substrate doping level (np) and crystal

orientat?on for Cl atom etching at 400 °K is
shown in fig. 12. This is done for nvys, i.ce.,

silicon dioxide. Dependence on etchants chiorinai EESIERNENNE SRR
atoms/cm?2.
3.0E+04
pa
2.5E+04 R /
_ LO0E+04 - Sio2 /
‘g 1L.SE+04 /
3 1.0E+04 /
S.0E+03 /
0.0E+00
00 300 400 S0 600 700 80 900 1000 1100
Temperature

Fig. 10. Calculated etch rate dependence on temperatﬁre; in K; for silicon and silicon dioxide.
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1L.8E+05

i

L.6E+0S

1.4E+08 —— Etch rate (Si) /
126408 = = = Etch rate (SiO2) /
1.OE+0S /

8.0E+04 /

6.0E+04 /

4.0E+04 /

2.0E+04 /

Etch rate (A/min)

0.0E+00 agno k
0.0E+00 20E+1S 4.0E+1S 6.0E+1S 8.0E+15 LOE+16 L2E+16

F-atom Concetration (cm-3)

Fig. 11. Calculated etch rate dependence on etchants
concentration (nrs), for silicon and silicon dioxide at 400
K.

3.0E+03

1.5E+03

i /
20E+03 ———] ...... i (100)
1.5E+03 /
1.0E+03 /

S.0E+02

Etch rate (A/min)

1.0E-03 o
L] 2E+16 4E+16 6E+16 BE+16 1E+17 1.2E+17

Dopant concentration (cm-3)

Fig. 12. Calculated etch rate dependence on substrate
doping level (np) and crystal orientation for Cl atom
etching at 400 K and chlorine atoms on the surface of
10!3 atoms/cm?.

5. Conclusions

(1)Deal and Grove model provides reasonable
basis for thermal oxidation simulation of
the VLSI.

(2)Modeling of the initial rapid oxide growth
is an important phenomenon especially for
the ULSI. This can be done by properly
accounting for the changes in kinetic rate
constants.

(3)Using proper kinetic rate constants, the
different parameters affecting oxidation
process, namely, temperature, orientation,
pressure, doping type and concentration,

halogen additions, and traces of water can
be properly simulated.

(4)Many parameters involved in the etching
process should be taken into account to
properly account for the process. Some
parameters are related to the reactor used
for etching. Others are linked to the gas-
surface  parameters. Thus, modeling
plasma-etching process suffers from the
lack of many related physical constants.

(5) F-atom etching of silicon is experimentally
the most well-characterized surface etch
process and is often used as a paradigm
for describing plasma etch processes [2].

(6) Pronounced crystallographic effects as well
as large doping effect characterize chlorine
atom etching.
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