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An increasing number of chemical engineers are en­
tering the field of microelectronic materials and 
processing, in part because basic knowledge of this 

fast-growing field lies in chemical engineering. Oxidation of 
silicon, surface reaction chemistry in microfabrication tech­
niques, diffusion of impurities through the films, and effect 
of processing environments (flow rate, temperature, pres­
sure, etc.) on the nature and quality of films are some repre­
sentative example systems_ll ·9l Chemical, material, and elec­
trical engineering principles in the fundamental understand­
ing and design of microelectronics processing are bringing 
about great changes in industrial process control, automotive 
electronics, and other fields in which data acquisition, com­
putation, or controls are necessary. Thus, several chemical 
engineering departments have been either offering courses 
in microelectronic materials and processing or incorporating 
several examples and case studies in core curriculum chemi­
cal engineering courses.re.g .. 101 

A year and a half ago, our department started a dual-level 
class ( offered to graduate and advanced undergraduate stu­
dents) titled "Fundamentals and Design of Microelectronics 
Processing." The objective of this course is to provide par­
ticipants with the basic principles and practical aspects of 
the most advanced state of electronics processing. The em­
phasis of the course is on basic aspects of thin film deposi­
tion, doping, substrate passivation, lithography, and etching 
coupled with chemical kinetics, reactor design, thermody­
namics, optimization, and other engineering concepts as they 
apply to fundamental processes that are useful for feature 
sizes down to the order of about 0.1 µm. 

Last spring, the scope and effectiveness of this course was 
substantially enhanced and augmented with the introduction 
and implementation of web-based semiconductor simulation 
tools. Two simulation tools have been implemented in the 

course so far: ThermoEMP and TSuprem-4. The first (devel­
oped, in part, by our group) tackles the thermodynamics of 
microelectronic materials and their processing as well as the 
a priori predictions of process-properties relationships in 
advanced processes and design of fabrication techniques. fl 11 

The second simulates the processing steps involved in the 
manufacture of silicon integrated circuits, discrete devices , 
and micro-electro-mechanical systems (MEMS)J121 

Several references and relevant journal articles as well as 
case studies based on those semiconductor simulation tools 
were used. In order to maintain the pace needed to cover 
the course outline shown in Table 1, some topics were 
covered in depth . 

• ThermoEMP (Thermodynamics of Electronic 
Materials Processing) 
http://www.uic.edu/classes/che/che494/ 

ThermoEMP is a computer program that calculates 1) the 
chemical equilibrium compositions of microelectronic mate­
rials processing, and 2) the thermodynamic and transport 
properties of the equilibrium mixture (formed after reac­
tion). Results are generated through a procedure that mini­
mizes the Gibbs free energy of the system via a rigorous 
thermodynamic analysis.r 11 1 This approach is useful to de­
scribe chemical equilibrium because it does not require a set 
of reactions to be specified a priori . The variables that must 
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( 
be specified prior to analysis 
are the reacting species, the 
relative amounts of the reac­
tants, and two state functions 
to indicate the thermodynamic 
state of the system. The two 
state functions typically speci­
fied are the system tempera­
ture and pressure. The program 
is capable of handling multiple 
thermodynamic states and in­
puts so that a range of state 
values can be simulated. This 
is particularly convenient if 
calculations are to be obtained 
for a number of initial reactant 
compositions and processing 
environments. This software is 
restricted to students taking the 
class and users authorized by 
the instructor (C.G. Takoudis) . 

The input file consists of two 
main sections: l) identification 
of reactant species and their 
relative amounts, and 2) speci­
fication of process variables 
(e.g., pressure, temperature). 
For each pressure and tempera­
ture, results include the spe­
cies composition obtained at 
equilibrium as well as the ther­
modynamic properties of the 
final system in a tabular form . 

• TSuprem-4 (Two­
Dimensional Process­
Simulation Program) 
http://www.uic.edu/ 
classes/che/che494 

TSuprem-4 (licensed from 
Technology Modeling Asso-

Crystal Growth 

TAB LE 1 
Course Outline 

Bas ics of Crystal Growth Processes 
Heat and Mass Transfer, Thermodynamics 
Doping, Design of Crystal Growth Processes 
Modeling and Simulation, Examples 

Chemical Vapor Deposition (CVD) 
Thermodynamics 
A Priori Process-Property Relationships 
ThermoEMP Case Studies 
Chemical Kinetics-Transport Phenomena 
Reactor Design, Modeling and Simulation 
Doping, Thin Film Characterization-Yield 
Plasma-Assisted/Enhanced CVD 
ThermoEMP and TSuprem-4 Case Studies 

Physical Vapor Depositio11 (PVD) 
Elements of Vacuum Systems-Process considerations 
Molecular Beam Epitaxy 
Systems Design 

Three-Dimensional Jntegratio11 
A Priori Prediction of Process-Property Relationships 
Reactor Analys is and Design 
Selecti ve Epitax ial Growth-Other Silicon-on-Insulator Technique 
Three-Dimensional Integration and Microfabrication 
ThennoEMP and TSuprem-4 Case Studies 
Degradation and Characteri zation of Dielectric Thin Films 
ThermoEMP Case Studies 

Ion lmpla11tatio11 
Fundamentals-Kinetic Considerations 
Design and Process Considerations 
Analys is and Design of Masking Films for Ion Implantation 
TSuprem-4 and ThermoEMP Case Studies 

Advanced Lithography 
Chemistry and Physics of Lithographic Materials 
Fundamentals of Surface Preparation 
Resists-Multi-Level Resists 
Design and Control of Lithographic Processes 
Advanced Lift-Off Techniques, Problem Areas 
ThermoEMP and TSuprem-4 Case Studies 

Dry Etching 
Low-Pressure Discharges, Physical and Chemical Phenomena 
Selecti vity-Feature and Pattern Size Control 
Fundamentals of Dry Etching 
Design and Process Considerations 
ThermoEMP and TSuprem-4 Case Studies 

Graduate Education ) 

lation tools has been developed 
and introduced for the first time 
to advanced-level courses in mi­
croelectronic materials and their 
processing for better understand­
ing of the basic principles and 
practical aspects of the most ad­
vanced state of the processes and 
design of microfabrication tech­
niques. 

INTEGRATION OF THE 
SEMICONDUCTOR 
SIMULATION TOOLS INTO 
THE COURSE 

The simulation tools were used 
in a manner that the scope and 
instruction effectiveness would 
be enhanced and augmented in 
the classroom. There was one 
lecture for each of these two 
semiconductor simulation tools 
with step-by-step explanations 
and several examples done in the 
classroom through a live com­
puter connection and projection 
onto a screen. This was particu­
larly important for the students 
to understand the basics and all 
important aspects of these tools. 

Table 1 shows the use of these 
semiconductor simulation codes 
throughout the syllabus of the 
course. After covering a particu­
lar topic, students were assigned 
a homework problem set, the first 
part of which included problems 
to be solved without the use of 
any simulation tools. This was 
deemed important so that they 

ciates, Inc.) is a computer program for simulating the pro­
cessing steps involved in the manufacture of silicon inte­
grated circuits, discrete devices, and MEMS. 11 21 A wide range 
of processing steps can be modeled by this program. Ex­
amples are ion implantation, inert ambient drive-in , silicon 
and polysilicon oxidation and silicidation, epitaxial growth, 
low temperature deposition , and etching of various materi­
als . For each such process, plots can be easily obtained for 
many variables (e.g., dopant concentration profiles). This 
software is restricted to authorized users only. 

would understand the basics of 
the topic before investigating case studies that would make 
use of semiconductor simulation codes. The second part of 
the homework set consisted of case studies requiring simula­
tion tools. In this fashion , the students had to understand and 
comprehend basic concepts as well as work with sophisti­
cated case studies based on advanced computational soft­
ware. Occasionally (e.g. , after ion implantation), case stud­
ies were based on an interplay ofTSuprem-4 and ThermoEMP 
as applied to multiple microelectronic processes already cov­
ered in the course up to that time (since ThermoEMP alone, 
for instance, would be of no value to ion implantation alone). A tandem and organized use of both semiconductor simu-
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TABLE2 
Case Studies (in part based on TSupreme-4) 

#/cm3 vs. distance into the substrate on the same set of axes. Are there any p-n 
junction(s)? If yes, how far are they from the surface? 

I. A p-njunction is formed by implanting 100 keV As through an opening in a 
layer of thermal Si 0

2
• If a dose of 5 x I 015 ions/cm2 is used and a background 

concentration of I x I 015 cm·3 exists in the substrate, calculate the depth of the 
junction. Assume a Gaussian distibution for the implanted dose. Sketch the 
junction. (HINT: R =0.06 µm , and D.R =0.021 µm for 100 keV As.) 

2. Use TSuprem-4 to ;imulate the proces: run that had the implantations and 
oxidations as listed below (show your "program" output). 

3. A bird 's peak-shaped structure can be formed by the following processing steps: 
(i) deposit 0.03-µm-thick silicon dioxide; (ii) deposit 0.1-µm-thick silicon 
nitride; (iii) etch one-sixth of the nitride laterally from one side; (iv) oxidize at 
1000°C for 100 min in wet 0 , ambience. Use TSuprem-4 to simulate these steps. 
In the final structure formed, show the regions under compression and those 
under tension, besides giving the numerical values of stress in each of the cases 
at different points. Also, give reason(s) for the formation of the bird's peak. (Use 
1.5 µm as the lateral dimension for the structure.) 

N-type (100) wafer, phosphorous doped N
0
=4 x 1014/cm3 

(a) Boron ion implantation at 80 keV and a dose of 6 x 1012/cm2
• Plot the 

LOG 10 of #/cm3 vs distance into the substrate. What is the junction depth? 
(b) 1100°C anneal for 15 min in N

2
• Plot the LOG

10 
of #/cm3 vs . distance into 

the substrate, before and after annealing, on the same plot as (a). (i) What is the 
junction depth? (ii) What is the approximate peak doping concentration? 
(c) After parts (a) and (b), an additional arsenic ion implantation at 60 keV 
with a dose of 5 x I 014/cm2 is applied and then annealed at I 050°C for 8 min in 
N2. Plot the LOG 

10 
of boron, phosphorus, and arsenic as well as the net doping 

4. Use TSuprem-4 to plot the impurity distribution profile (LOG
10 

of boron, 
antimony and arsenic concentration versus thickness from the top) in a bipolar 
transistor formed after the following processing steps on a B-doped substrate 
with a background concentration of lxl0 15/cm3

: (i) Grow an oxide (for masking 
of the buried layer) at 1150°C for 120 min in steam ambience; (ii) Etch the 
oxide; (iii) Implant antimony at 75 keV with a dose of lxl0 15/cm2; (iv) Oxidize 
in dry 0 2 ambience at l 150°C for 30 min; (v) Anneal at l 150°C and 360 min; 
(vi) Etch the oxide; (vii) Grow 1.8-µm-thick As-doped epitaxial layer at I 050°C 
for 6 min with an As concentration of 5xl015/cm2

; (viii) Grow a pad oxide at 
1050°C for 30 min in dry 0

2
; (ix) Deposit a 0.12-µm-thick nitride layer. 

One example, based in part on TSuprem-4, is presented in Table 2. 
These were parts of assignments given to the students after the topic of 
'ion implantation' had been taught in the class. The first problem in­
cludes questions about the junction depth and a sketch of the junction for 
a particular processing environment. The second problem includes mul­
tiple ion implantation processes coupled with an annealing step; such 
realistic situations require numerical calculations that a sophisticated 
simulation tool (TSuprem-4 in this case) should be able to take care of. 
After this stage, students were asked to investigate and explore the 
effects of varying system parameters along with possible additional 
processing steps through the use ofTSuprem-4. At this point, the simula­
tion tools ' ease of use and the ability to give fast results were found to be 
very helpful. Figures 1 and 2 show results from the Case Studies #3 and 
#4 of this Table, respectively. 

Table 3 includes some of the case studies assigned as homework, all of 
which make use of ThermoEMP. It can be easily seen that the case 
studies are based on state-of-the-art technologies and concepts in the 
microelectronics industry. For example, the first problem requires the 
determination of the minimum temperature above which oxide-free sili­
con growth (a very important requirement in the microelectronics indus­
try) can take place; the solution of this Case Study is presented in Table 
4. Next, oxide-free silicon carbide growth is investigated in specific 
reaction environments. The last problem is based on the effects of 
dichlorosilane flow rate and temperature on the selective epitaxial growth 
of silicon. A remarkable aspect of these case studies is that students 
experience some of the key issues in real-life problems and they have the 
opportunity to see that solutions may be obtained, in some cases at least, 
within a very short period of time without doing any experiments (e.g., 
from fundamental knowledge-driven simulation tools)! On the other 
hand, it should be noted that ThermoEMP is based on the chemical 
equilibrium of a system; hence, if a system is at conditions where 
kinetics becomes a dominating factor, chemical equilibrium-based re­
sults should be viewed in the context of the usefulness of such results in 
situations of interest. In any case, however, thermodynamics would 
244 
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Figure 1. Contours of hydrostatic pressure of a substrate 
subjected to 0.03 µm oxide deposition, 0.10 µm nitride 
deposition , nitride etching, and wet oxidation at 1000°C 
for 100 min (solution to Case Study#3, Table 2). 
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Figure 2. Impurity distribution in a bipolar structure 
after steam oxidation of B-doped substrate at 1150°Cfor 
120 min. , etching, antimony implantation at 75 ke V, dry 
oxidation at 1150°C for 360 min. , etching, As-doped 
epitaxy at 10so°C, dry oxidation at 1oso°C for 30 min, 
and 0.12 µm silicon nitride deposition (solution to Case 
Study#4, Table 2). 
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( ____________________________ G_n_oo_u_a_t_e_E_d_u_c_a_n_·o_n____,) 

result in the regions within which materials or processes of 
interest would be possible (or not). 

In the near future, our plan is 1) to add more simulation 
tools for microelectronic materials and their processing, and 
2) to introduce one (or two) term project(s) per student on 
the design and fabrication of an integrated circuit, a discrete 
device, or a MEM system. In such term projects, ThermoEMP 
would be used for a priori design of the processing steps 
involved. These steps could then be studied with TSuprem-4 
(and/or further simulation tools to be added), after which the 
final structure characteristics could be determined and com­
pared with the desired ones. 

TAB LE3 
Case Studies: Homework Problems (based on ThermoEMP) 

I. Determine the minimum temperature above which oxide-free 
si licon growth can take place from a mixture of 45 slm hydrogen , 
0.1 S slm DCS, 0.1, I, and IO ppm of water vapor, at a total 
pressure of 0.00 I, 0.1 , I 0, and 760 Torr. 

2. Determine the minimum temperature above which oxide-free 
silicon carbide growth can take place from a mixture of 45 slm 
hydrogen, 0.15 slm DCS , 0.05 slm C

3
H

8
, 0.1, I, and 10 ppm of 

water vapor, at a total pressure of 0.00 I, 0.1 , LO, and 760 Torr. 
3. Use ThermoEMP for the following parts. Please include the plots 

and a print of the output data for each question. 
For Selective Epitaxial Growth (SEG) of silicon and for Epitaxial 
Lateral Overgrowth (ELO), the temperature range is typically from 
600°C to 1000°C. In the reactor we use 60 slm of f1i and 0.22 slm 
of SiH,Cl, (DCS) with 0.66 slm of HCI added to the system. The 
system-pressure is 40 Torr. 
(a) Plot on a semi-log scale the steady-state mole fractions of the 

main gases in the system over the temperature range of 600°C 
to 1000°C; also include Si(s). Plot, on the same axis, only 
those that are greater than 10·1• Explain why the HCl and SiC1i 
are increasing with increasing temperature and the DCS is 
NOT. 

(b) Repeat part (a) with the DCS flow rate being tripled, with all 
other flow rates being held constant. 

(c) Repeat parts (a) and (b) at 150 Torr. 

ppm of8i0in 
the system 

0.J 

1.0 

10.0 

Fa/11998 

T A B LE4 
Solution to Case Study #1, Table 3 

Pressure 

(Torr) 

0.001 
0.1 

10.0 
760.0 

0.001 
0.1 

10.0 
760.0 

0.001 
0.1 

10.0 
760.0 

Minimum Temperature above which 
Si01-free Silicon CVD Takes Place 

(OC) 

561 
646 
749 
864 

601 
695 
8 10 
946 

646 
749 
880 

1037 

STUDENT FEEDBACK AND EVALUATIONS 

The feedback and written evaluations of the students on 
the scope and instructional effectiveness of the web-based 
semiconductor simulation tools were overwhelmingly posi­
tive: students strongly agreed that it was easy to figure out 
how to use the simulation tools; they strongly agreed that the 
overall class experience was enhanced by the use of the soft­
ware; they strongly agreed that it was convenient to have 
universal access to programs via the web; and they would like/ 
have liked to use the simulation tools in other classes also. 

ACKNOWLEDGMENTS 

Numerous helpful discussions with Professors Gerold 
Neudeck and Mark Lundstrom from the School of Electrical 
and Computational Engineering at Purdue University are 
gratefully acknowledged. Also, the tremendous help ofNirav 
H. Kapadia, Joseph P. Geisler, and Jay R. Hamilton from 
that same school is greatly appreciated, as are the contribu­
tions to the development of the current state of ThermoEMP 
by several past students of C.G. Takoudis. C.G. Takoudis is 
especially thankful to Avant! Corporation (TMA, Inc.) for 
licensing TSuprem-4 for classroom use. Partial financial 
support provided by the National Science Foundation (ENG/ 
EEC/CRCD) is also gratefully acknowledged. 

REFERENCES 
1. Lee, H.H ., Fundamentals of Microelectronics Processing, 

McGraw-Hill, New York, NY (1990) 
2. Middleman, S., and A.K. Hochberg, Process Engineering 

Analysis in Semiconductor Device Fabrication, McGraw­
Hill, New York, NY (1993) 

3. Ruska, S.W., Microelectronic Processing, McGraw-Hill , New 
York, NY (1987) 

4. Wolf, S., and R.N. Tauber, Silicon Processing for the VLSI 
Era. Vol.I, Process Technology, Lattice Press (1986) 

5. Sze, S.M., VLSI Technology, McGraw-Hill, New York (1988) 
6. Ghandi, S.K., VLSI Fabrication Principles, Wiley 

Interscience (1990) 
7. Campbell, S.A., The Science and Engineering of Microelec­

tronic Fabrication, Oxford University Press (1996) 
8. Madou, M., Fundamentals of Microfabrication, CRC Press 

(1997) 
9. Kovacs, G.T.A. , Micromachined Transducers Sourcebook, 

McGraw-Hill, New York, NY (1998) 
10. Special section on Electronic Materials Processing, Chem. 

Eng. Ed., 24, 26 (1990) 
11. For example: (a) Gordon, S., and B.J. McBride, Tech. Rpt. 

SP-273, NASA, NASA Lewis Research Center (1971); (b) 
Gaynor, W.H., "Applicability of Thermodynamic Calcula­
tions on the Prediction of Chemical Vapor Deposition Reac­
tor Performance and Process-Property Relationships," BS 
Thesis, School of Chemical Engineering, Purdue University 
(1989); (c) I.M. Lee, A. Jansons, and C.G. Takoudis, "Effects 
of Water Vapor and Chlorine on the Epitaxial Growth of 
SiGe Films by Chemical Vapor Deposition; Thermodynamic 
Analysis," J . Vac. Sci. Tech., B 15,880 (1997) and references 
therein 

12. TSuprem-4: User's Manual, Version 6.4, Technology Model­
ing Associates, Inc., Sunnyvale, CA, October (1996) 0 

245 


