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Process and device modeling, especially in two-dimensions, for the complete 1C

- fabrication process is reported. New understanding of oxidation and diffusion effects in
silicon are reported and new computer tools and techniques are discussed. Device
simulation is coupled to process modeling and new results for both short- and narrow-
channel devices are reported. Non-planar device simulators, both poisson and two-
carrier capabilities, have been developed. New techniques have been developed for

parameter extraction and measurements.
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1. Introduction

This research effort has addressed computer modeling of the complete IC fabrication
process. At the beginning of this contract period the SUPREM I process simulator was
coming into widespread industrial use. As a result of the present activities a complete
st of two-dimensional process and device modeling tools has been developed and
distributed. Applications of these tools include both fundamental studies of impurity
diffusion and oxidation phenomena in two dimensions as well as device studies for scaled
MOSFET technologies. A total of seven new PhD’s have graduated under sponsorship of
this contract as well as three Masters degrees have been granted. In the following
sections specific proposed tasks and research accomplishments of this program are
discussed. The discussion will be focused in two areas—-fundamentals of technology

modeling and tools to couple process and device modeling.

2. Fundamentals of Technology Modeling

In the proposal for this contract, impurity diffusion was cited as a critical dimension-
limiting step in scaling MOSFET's for VLSI. Both the oxide isolation effects as well as
scaling of the intrinsic shallow-junction FET were presented as fundamental concerns.

The objectives cited in this subsection included:

1. Investigation of physical effects for impurity diffusion--especially oxidation
enhancement and local oxidation effects.

2. Development of methods for two-dimensional analysis of these effects.
Accomplishments

Over the period of this contract several major advances were made both in
understanding the kinetics of process models and in developing analysis methods to

support the physical research as well as applications to device design. The

accomplishments can be identified and classified in the following areas:

1. Bulk impurity diffusion and associated point-defect mechanisms [1}
2. Impurity diffusion mechanisms in polycrystalline silicon [2]

3. Hybrid algorithms for simulation of coupled oxidation-diffusion in two
dimensions (3]
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4. Kinetic models and algorithms for two-dimensional oxidation [4).

Each of these accomplishments will now be discussed along with the intermediate results

which have been presented.

At the beginning of this contract we had reported new results concerning two-
dimensional impurity diffusion [5]. These results are widely quoted as the first
quantitative data giving lateral penetration of point defects which alter diffusivity.
Moreover, others have developed analytic models for the phenoinena based solely on this
data [6]. Subsequent to this novel two dimensional work, extensive data was taken and
published on the oxidation rate dependence of diffusivity in one dimension [7].
Simultaneously, careful examination of the ambient dependence of stacking fault growth
and retrogrowth revealed a power law dependence on oxidation rate [8]. This analysis
lead to the development of a comprehensive model for both growth/retrogrowth of
stacking faults as well as impurity diffusion owing to the generation of interstitials at the
silicon dioxide-silicon interface {1]. This work also opened the way for a further study of

defect mechanisms in polysilicon.

During the course of this research it has become clear that diffusion phenomena in
polycrystalline silicon shows fundamentally different properties than in the bulk. The
study of arsenic diffusion in polysilicon by means of Rutherford backscattering provided
the key evidence that both bulk and grain boundary diffusion occur simultaneously and
can be clearly distinguished [9]. These results show clearly that grain boundary diffusion
is four orders of magnitude higher than in the bulk. Subsequent work showed the effects
of dopant segregation at the interfaces--both lateral boundaries as well as at the poly-
bulk interface [2]. In a further study of grain boundary effects related to point defects,
undoped polysilicon was used as a buffer layer to consume defects generated during
oxidation. It was shown by means of marker layers in the bulk that for polysilicon
thicknesses of about 5000A, the grain boundaries consume virtually all defects generated
during oxidation [2]. The parameters for the grain boundary model were extracted based

on use of two-dimensional process simulation {10}.




B ETY

-

Simultaneously with the polycrystalline diffusion modeling discussed above, a model for
change in the poly grain structure itself was being developed [11]. The key feature of
the model is a dopant dependent growth mechanism which accounts for enhanced growth
in n-type doped layers [12]. The combined models for impurity diffusion and grain
growth in polysilicon are now incorporated into the SUPREM Il multilayer process

simulator [13].

The problem of simultaneously modeling oxidation and diffusion in two dimensions has
posed both experimental and numerical difficulties. In the course of this work, advances
in both experimental techniques as well as in modeling have been achieved. The
experimental effort used sidewall capaéitance and breakdown properties of n+ regions
near locally oxidized edges to characterize lateral boron diffusion in the presence of two-
dimensional oxidation [3]. The modeling used was an extension of a purely analytic
technique developed earlier [14]. By combining a set of analytic solutions for
simultaneous oxidation and diffusion with numerical solutions for the case of a fixed
boundary diffusion, a novel simulator was demonstrated [15]. The technique shows
orders of magnitude speed improvement over purely numerical solutions and the

technique has been applied in several device studies [10].

In the process of understanding the process models and their limitations for two-
dimensional oxidation, a new approach is formulated. A novel reduced-grid solution to
the Navier-Stokes hydrodynamics equation was used to model the creeping flow of the
oxide during growth [16]. The numerical algorithm involved an extension of the
boundary-value method developed for efficient device analysis [17]. An interaction
between pressure and velocity is used subject to an artificial compressability condition to
simplify the solution. This assumed decoupling is removed upon convergence of the
algorithm. Using the oxide growth simulator, many properties of locally oxidized
structures were investigated and understood. Simulated results and experiments clearly
show the dependence of pad oxide and nitride layer thicknesses as well as etched surfaces
on bird’s beak shape and encroachment [18]. An extensive set of simulations and

comparison with published stacking fault data showed the direct correlation of stress

conditions during oxide growth with defect generation. In addition, a first order semi-
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analytical formula was developed to model the stress-defect generation dependence [18].
The overall impact of this oxidation modeling effort is two-fold. First, the groundwork is
now laid to develop a more robust coupled oxidation-diffusion solver. Second, the
simulation tool can be used as the basis to go further in understanding the two-
dimensional oxidation kinetics themselves [4]. In fact, both these topics are now being

addressed in the follow-on contract.

3. Coupled Process and Device Modeling Tools

The scaling of devices for VLSI, especially MOSFET'’s requires the judicious trade-off of
_ process variables and device dimensions. Short- and narrow-channel effects can be
3 minimized or can become dominant depending on the design choices to be made. The

; proposed research objectives cited in this subsection of the proposal include:

: 1. The use of two-dimensional tools te characterize performance-limiting effects
y in MOS devices.

2. The investigation of new analysis methods to understand fundamental device /]
limits--especially for short channel devices. ’

Beyond these two specific sets of tasks, it was projected that the coupling of process and
device understanding and the unified model of MOSFET's would be of lasting value for
VLSI development.

L e MR i s el e e s

Accomplishments

During this contract an extraordinarily broad set of accomplishments were realized in
the area of tool development and applications. In the area of analysis of MOS
performance limits, processes at Stanford, Hewlett-Packard, and Texas Instruments were
studied with uniformly good results. In the tool development area, two new process
simulators were created as well as a new two-carrier device simulator. The é.nalysis
methods work produced several new results—-both in terms of device characterization and

parameter extraction. The list of highlight accomplishment includes:

1. Characterization and modeling of subthreshold and punchthrough limits of
! MOSFETs [19]

2. Modeling of narrow-width effects in MOSFET' (20] [21] i
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3. Process modeling for manufacturing including statistical effects [10]

4. Demonstration of a new hybrid analytical/numerical process
simulator--*SUPRA* [10]

5. Demonstration of a new oxidation analysis tool-*SOAP*® [23]

6. Demonstration of a new nonplanar device simulator including mobile
carriers—-*PISCES* [24]

7. Demonstration of an optimized extraction technique for model parameter
determination--SUXES [25)

8. A new s-parameter characterization technique with applications to
large- signal time-domain modeling [26]

9. A new time-domain concept for on-chip signal sampling via optical switches.

Over the contract period two major review articles were written on the subject of
process modeling and they cover many of the topics outlined above [22] [27].

Nonetheless, each of the topics cited above is now briefly summarized.

During a previous contract we demonstrated that Poisson analysis can be used to
understand performance limits of MOSFET’s in subthreshold and punchthrough [28].
During this contract we released the *GEMINI* program (29] and used it further to
understand the details of modeling conditions of weak inversion {19], [30]. The GEMINI
tool is now used broadly in the industry and cited throughout the literature in this
regard (i.e. see ref. [21]). In a follow-on investigation the use of Poisson analysis for
narrow width effects [20] proved to be great value and industrial efforts at TI in this
same direction have developed SPICE models based on the GEMINI tool [21].

In the area of two-dimensional process simulation, two major programs have been
developed during this contract. The process simulator SUPRA was demonstrated [15]
and has been broadly distributed in industry. As stated in the previous section, this
tools has been used in several studies to understand physical limits such as boron lateral

diffusion near local oxidation edges [3] and dopant diffusion in grain boundaries of

polysilicon [10]. The SOAP program has provided a breakthrough in process modeling of




oxide growth [23]. Moreover, this program has leveraged fundamental studies of

oxidation kinetics [4].

The further development of device simulation capabilities has focused on nonplanar
analysis including mobile carriers. The PISCES program [24] has provided a powerful
tool for both fundamental and applied studies. Effects such as mobility degredation due
to surface scattering and bulk doping have been modeled physically with PISCES [24]
[30). In collaboration with Hewlett-Packard, the PISCES program is now being used to
model GaAs MESFET's and to help design new processes. In the follow-on activities
funded by ARO, the program has been extended to two-carriers and will be used for

CMOS latch-up modeling as well as to model other bipolar effects.

The extraction of model parameter, both for process models as well as device models in
SPICE, has been a troublesome area for engineers. Obtaining good model fits with
realistic physical parameters can be troublesome and time consuming. The development
of the SUXES program [25] has provided important leverage in overcoming these
problems. The program has been used extensively for SPICE parameter extraction.
More recently it has become clear that the approach is extremely attractive for both
process and device modeling applications. SUXES is already being used for parameter
extraction for complex process models including multiple species effects. Continued work
with regard to device analysis and direct input into SPICE is an attractive extension of

the work completed under this contract.

It was originally proposed that new methods for analysis of transient device effects would
be developed. During this contract two new measurement techniques were developed as
well as an extension of the one-dimensional transient device simulator *SEDAN" [31].
For very fast devices where the transit time is much shorter than typical pulses used in
switching, it was found that by characterizing the device with s-parameters over a large
signal bias range that accurate transient modeling could be achieved based on small
signal parameters [26]. These results were tested for fast GaAs FET’s in collaboration

with Toshiba Corporation. Most recently a new time domain has been developed based

on optical sampling switches. In collaboration with Los Alamos National Laboratory the




technique is now being tested with switches fabricated in bulk silicon. The effort will
continue into the new contract period. This time domain tools should be most useful to
characterize transient charge effects in MOSFETs. A final effort in time-domain
simulation began as a follow-on to earlier work with SEDAN (32] Two novel applications

have been realized:

1. The analysis of bipolar devices, particularly polysilicon emitter structures [33]
and

2. The analysis of latchup phenomena [34]. This latter work in latchup will
continue into the new contract. The two order-of-magnitude computational
efficiency advantage of the approach over a fully two-dimensional analysis
such as with PISCES makes it extremely attractive as an engineering tool.

Conclusions

The preceding two sections have outlined both fundamental advances in two-dimensional
process modeling as well as new CAD tools developed over the past three years of the
contract. Major accomplishments in both oxidation and diffusion studies have resulted
in new understanding of these processes [1} [2] [4). Moreover, new tools for process
analysis-SUPRA and SOAP--have been developed and distributed [15] [23]. Studies
both at Stanford and in industry have shown the relevance of coupled process and device
simulation. The GEMINI and PISCES programs have been shown to be well suited to
these purposes [19] [29] [24). Parameter extraction capabilities as demonstrated with the
SUXES program [25] have assisted in automated and accurate SPICE model fitting.
Finally, new measurement techniques in the frequency and time domain have advanced
the modeling art and provide the capabilities to gather useful data to understand device
limits [35). These measurement techniques now flank the analysis and modeling
capabilities reported earlier [36] as well as new enhancements to the SEDAN program for

transient device analysis [31].

As stated earlier, two major review papers outline many of these accomplishments as
well as establishing the overall framework for process modeling [22] [27]. Appendix I
gives the results presented in the 1981 invited paper [27] while Appendix II summarizes

many of the more recent results given in the 1983 invited paper [22]. Of particular

interest is Figure 20 of Appendix II along with the associated text. The figure reveals
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the interrelationship of the CAD tools developed under ARO sponsorship both in this
program as well as those at Berkeley and CMU.

It should be noted that this program has been exceptionally productive in
communicating results as well as software to the industry. Appendix Il shows the short
course announcements for the annual research review at Stanford as well as the
attendance lists of companies represented. Also listed in Appendix III are the current

statistics on software distribution.

In conclusion, this research program has produced more than half-a-dozen highly skilled
PhD’s as well as several MS degrees. These individuals now work for companies . . as
IBM, Bell Labs, HP, and AMD as well as the Air Force and academic institutior =~ The
output of both research and software is highly visible and well-received througl . the

industry. The follow-on research program will extend many of the most pr » g

results discussed in this report.
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Abstract—This paper reviews the field of computer-aided design as
spplied to process modeling of integrated circuit technology and de-
vices. Device design applications for process modeling are considered
for both bipolar and NMOS technologies. The kinetics of oxidation
and impurity diffusion in silicon are discussed. The numerical solu-
tion of impurity diffusion is considered, including grid and time step
constraints. New efforts in two-dimensional process modeling are
briefly discussed along with test structure work needed for parameter
estimation.

I. INTRODUCTION

4 !I YHE MODELING of fabrication processes for integrated-
circuit (I1C) technology including the simulation of elec-
trical device behavior is now as commonly used as circuit

simulation. The purpose of this paper is to define the general
topic of process simulation, review advances in the field and
outline the frontiers as we now see them. The need for such
modeling and simulation tools can be understood by examin-
ing the metal-oxide~semiconductgpr. (MOS) transistor cross
sections shown in Fig. 1. Fig. 1(a) shows typical MOS device
dimensions circa 1970 and Fig. 1(b) shows those of the cur-
rent state of the art. It can be seen that the vertical dimen-
sions of oxide thickness and junction depth, for example, have
been reduced substantially. More important is the shrinkage
in spacing between the source and drain junction regions—called
the effective channel length. 1t is this shrinkage in channe!
length that has resulted in the astronomical growth in tran-
sistor packing density. However, Fig. 2 shows the effect
that scaling the effective channe! length L ¢ has on the thresh-
old voltage ¥V, —the gate voltage needed to turn on the tran-
sistor, From the figure it is apparent that the threshold
voltage changes with channel length. Moreover, the spread
in measured values increases as dimensions are reduced. The
control of both absolute value and statistical spread of param-
eters are major concerns for scaled-down devices. Because
hundreds of thousands of devices of varying dimensions are
being used on each very-large-scale integration (VLSI) chip,
it is essential that parameter variation should be well under-
stood and controlled. The solid line in Fig. 2 shows the simu-
lated device threshold voltage as a function of device channel
length. The agreement with experiment indicates that device
simulation is a useful tool for understanding the distribution
and control of device parameters,
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Fig. 2. Threshold voltage as a function of effective channel length for a
NMOS process {$9]. Both simulated and measured dats show the
dramatic sensitivity to variations in Legy.

To understand the full implication of Fig. 2 it is necessary
to turn to the schematic presentation of the fabrication se-
quence shown in Fig. 3. Shown in this figure are three aspects
of the fabrication sequence used to create an MOS device:
1) a patterning mask is defined, 2) the gate region is etched,

ri
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Fig. 3. Schematic cross-section of an NMOS transistor with variations
in patterning mask (ALmack), etched polysilicon gate (ALu‘e) and
diffused junction depth (Axjunction) as shown. All contribute to the
final effective electrical channel tength.

and 3) the junction impurities are introduced into the silicon.
Because all changes directly alter Lgg, and thus impact the
electrical threshold parameter as shown in Fig. 2, it is apparent
that an understanding of the various fabrication steps is
crucial to predicting device performance. The modeling of
the fabrication steps depicted in Fig. 3—as well as all others
needed to create working IC devices—has come to be known
as process modeling. The impact of process modeling is re-
flected primarily via its application in device modeling. The
results shown in Fig. 2 reflect the essential coupling of process
modeling and device analysis—that is, the underlying physical
process variations control the observed electrical variations.

It is important to define the parameters involved in both
process and device modeling. A simple statement of the prob-
lem suggests that there are 1) fundamental physical constants
such as mobility and diffusivity, and 2) process-controlled
parameters such as gate etch rate and source ion implantation
dose. Unfortunately, the present understanding and modeling
of these parameters is neither concise nor exact. First, the
physical constants depend on fabrication conditions and
device topologies. Second, the process parameters frequently
depend on equipment and experimental conditions. Despite
these obstacles, much progress has been made in quantifying
both the physical constants and the parameters which depend
on processing techniques. Both aspects of the parameters
involved in process modeling and device simulation are dis-
cussed in subsequent sections.

As a final matter for consideration it is useful to define the
context in which modeling and simulation are used. Device
design is the dominant motivation for, and application of,
process modeling and device simulation. There are a number
of aspects of device design, including 1) physical constraints,
2) design tradeoffs, and 3) optimization of a given technology.
The physical constraints involved in device design include both
the fundamental constants and practical fabrication conditions.
For example, the tradeoff between a surface channel or buried
channel MOS device involves both the carrier mobility and the
ion implantation used to create the channel region. Hence, at
all times the designer wishes to determine the physical dis-
tribution of impurities and the implication of these impurities
and applied bias conditions on the electrical device behavior.
The tradeofts of physical constraints with desired performance
objectives constitute the design process. Design can frequently
involve much trial and error; it is the objective of process
modeling and device simulation to reduce the design time and
simultaneously increase the success rate in achieving well-
designed processes. The relative time and cost for simulation
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makes it highly useful since many fabrication runs and device
topologies can be considered in the time it takes to create the
first working device. The ability to make variations (or “run
splits™) is highly desirable both for optimizing designs and for
targeting initial choices of experiments to be performed.

This paper traces the organization of the process modeling
field. In Section II the understanding of process physics for
electrical structures fabricated in the bulk silicon technology
is reviewed. Section III describes the practical considerations
in creating a process simulator to account for such effects.
In Section IV the applications for process simulation in the
context of a normal process design and control environment
are discussed. In addition to the device engineering applica-
tions, it is clear that res.carchers with interests in material
physics are using process simulation in developing their phys-
ical understanding. Section V opens the discussion of pro-
cess modeling to a broader range of topics, including two-
dimensional considerations. In Section VI the new modeling
efforts in multidimensions are briefly introduced. Section
VII gives a summary and conclusion.

II. PROCESS MODELS FOR DOPANT-RELATED
PHENOMENON

Oxidation and diffusion in silicon are the essential fabrica-
tion steps needed to form IC devices. Hence the study and
modeling of these phenomenon date to the early days of
transistor design [1]-[6]. Since that time there have been
continued investigations, extensive collection of data and the
development of models to represent .the physical effects.
Recent reviews give extensive documentation of the results
[7}-19]. In order to explain process simulation it is use-
ful to review the basic features of modeling oxidation and
diffusion—the key steps in IC fabrication technology.

The oxidation of silicon proceeds by diffusion of oxygen to
the silicon interface where the oxidizing reaction occurs [4].
In the process of the reaction there is a motion of the inter-
face by an amount Ax,, and a swelling of the oxide layer by
an amount 1/a, where a is the ratio in density between the
silicon and silicon dioxide. The first-order model for oxida-

tion predicts
A t+T
Xox = —]1/14 -1 )
*= 2NV T ayas

where B/A and B are exponentially activated growth coeffi-
cients—the so-called linear and parabolic terms {S]. These
coefficients, in addition to their temperature dependence,
are dependent on parameters such as silicon crystalline orien-
tation, substrate impurity concentration and ambient condi-
tions [9]. From the perspective of process modeling, the
moving boundary created by the oxidation requires careful
consideration [10]. At present, the coupling of oxidation
with other process physics can be stated as a d:terministic
set of independent boundary conditions at the respective
interfaces. Hence there is no need to simultancously solve
for boundary motion along with diffusion. The decoupling
of oxidation from diffusion provides substantial simplificati..n
from that of a free-boundary problem, a typical occurrence
in many physical problems [11). In Section 111, the numerical
means for simulating oxide growth are discussed.

The diffusion of impurities in silicon is directly correlated
with the motion of point defects—vacancies and most prob-
ably interstitials as well {3], (7). The motion of each impurity
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Fig. 4. Simulated profiles for (a) arsenic and (b) phosphorus impurities
under both intrinsic and high concentration conditions. The intrinsic
diffusion profiles match Gaussian analytical solutions. The high con-
centration profiles show effects of clustering (i.e., the dashed curve in
(a) as given by (6)) and vacancy-enhanced diffusion (i.e., the “*kink’’
effect in (b) as calculated using a modified form of (5)).

obeys a continuity equation subject to local dependence of
the diffusivity on point defect concentrations and the electro-
static potential. The continuity equation for each impurity
species in one dimension has the form

' ac ) C ~ 0
—=——09—zii(oc—¢i) @
' ot Ix ax kT ox ox
' where C and ¢ are the total and electrically active concentra-
‘ tions (the plus sign applies for acceptors and the minus sign
X for donors) and ¢ is the electrostatic potential given by
kT n
¢=—In— (3)
q n;

where n and n; are the actual and (at the diffusion tempera-
ture) intrinsic electron concentrations. Under conditions of
high impurity concentrations, the diffusivity is substantially
changed. The simplest formulation for the changed diffusivity

is given by
_ 1 + B(n/n;)
D'D‘( 1+8 ) “
i for donor impurities and
1+ B(ny/n)
1 enf2)

for acceptors, where D; is the intrinsic diffusivity and § is
an empirical coefficient. There are more complicated formula-
tions which consider the charge state of the point defects.
For example, using a vacancy model [7] the diffusivity can
be written as

D=D+ o(%) .- (,T':) . ("l’)z

where the superscripts denote the charge state of the point
defects associated with each contributing portion of diffusivity

(5

and the factors involving either n;/n or n/n; estimate the nor-
malized equilibrium concentrations of each defect species.
For the simplified forms given in (4), the empirical coefficients
are given by §= D7/D® for donors and § = D*/D° for acceptors.
Unfortunately, experimental results are not yet available to
resolve the details of individual defect contributions to (5),
although in the case of phosphorus the shape of the profile
under high concentration conditions shows three distinct
regions which have been interpreted using this model [7].
The determination of the exact point defect kinetics involved
in impurity diffusion is a topic of extreme importance in the
further development of process modeling.

Under conditions of high concentration there can be cluster-
ing and precipitation of impurities which result in electrical
inactivity [12]-{14]. A typical example of this effect can be
given for arsenic where the relationship between total and
electrically active concentration is

Cc=C +nkC" (6)
where n is the number of atoms in a cluster and k is the equi-
librium constant which is temperature dependent. Although
it is possible to model this process dynamically [13], at
present the data suggests this is not necessary for practical
conditions. Mathematically, a dynamic model would require
coupled continuity equations with an associated rate constant
to describe the coupling between the two states. Although
there is some data concerning these rates {13] the computa-
tional overhead of modeling two species and the associated
restrictions conceming time steps for simulation do not
warrant such model complexity. Hence, in present process
simulators an equilibrium model such as that given by (6)
is used.

To summarize the preceding discussion of impurity dif-
fusion, Fig. 4 shows the simulated profiles for arsenic and
phosphorus, each diffused for equivalent times under con-
ditions of both low and high concentration. For the low
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Fig. §. Cross-section of an NMOS transistor during the fabrication
sequence to illustrate the dominant role of oxidation and impurity
redistribution including the two-dimensional effects of topography.
(3) Implantation of boron and the local oxidation to isolate trans-

sistors. (b) Implantation of arsenic to form source and drsin along
with the additional topography changes due to oxidation.

concentration results, where the maximum concentration
is less than n;, the profile is nearly Gaussian in shape as would
be expected from classical theory for constant diffusivity
[4]). The high concentration profile for arsenic shows the
effects of enhanced diffusivity and clustering. The specific
details of the models used in these simulations are described
eisewhere [15). There are several recent discussions of process
modeling including diffusivity, high concentration and cluster-
ing effects, as summarized in the preceding [16], [14].

The preceding discussion has emphasized the individual
effects of oxidation and diffusion. In IC technology, where
impurities are diffused during oxidation, the two effects are
intimately coupled in device fabrication. In addition, there
are frequently multiple layers of material involved in a prac-
tical device structure. For example, portions of the fabrica-
tion of an NMOS device are shown in Fig. 5 with schematic
cross sections. The first step shown is the patterned ion-
implantation of boron and subsequent local oxidation to
form the so-called field regions which isolate the devices.
The important aspects of these steps include masking proper-
ties of the silicon-nitride/silicon-dioxide layer (both for
implantation and oxidation) and the oxidation/redistribution
of boron during the field oxidation process itself. The second
section in Fig. 5 shows the patterned polysilicon region which
masks the source-drain ion implantation. Subsequent oxida-
tion will change its thickness, doping concentration and topog-
raphy. It is apparent that the oxidation of all silicon surfaces
is a major factor in device technology. The consideration of
two-dimensional effects for both patterning and oxidation/
diffusion are considered in Section VI.

The presently accepted statement of the moving boundary
problem for silicon oxidation involves a deterministic motion
of the interface as described earlier. The impurities are re-
distributed in concert with this convective boundary motion
via the thermodynamic segregation properties between the
materials. There is a flux from material 1 to 2 given by

Ca
F,-,=h(c,-——) M

where F is the flux from region 1 to 2, A is a velocity which
accounts for the equilibration rate of the segregation process
and m is the segregation coefficient. This flux is then included
as a boundary condition for the diffusion in each layer. The
segregation properties of impurities in the silicon/silicon-

dioxide system favor boron in the oxide and phosphorus
and arsenic in the silicon {4]. The physics of this redistribu-
tion are still being studied and coefficients presently used for
process modeling represent the results of data analysis based
on equilibrium kinetics (i.e., 4 has a large value). The presence
of multiple layers, such as the gate region shown in Fig. 5,
requires the proper application of the diffusion equations in
all regions with appropriate boundary fluxes used at each
interface. The numerical implications and implementation
of these equations are discussed in Section III.

As a final point with regard to the physics of moving
boundaries for one-dimensional process simulation it is im-
portant to consider the models for deposition and etching.
In principle, the models appear to have the same basic form
as does oxidation of silicon. However, the kinetics of both
chemical vapor deposition and plasma or reactive ion etching
involve more complicated Kkinetics—even for first-order model-
ing. In the case of epitaxial deposition it has been demon-
strated that the transient properties of both the silicon deposi-
tion and the dopant incorporation must be considered [17] -
[19]. The modeling of one-dimensional etching to date has
been of an empirical nature {20]. In addition, there are
system dependencies including partial pressures and bias/
loading effects. Nonetheless, it appears that kinetic models
will soon be developed [21}.

IIl. COMPUTER IMPLEMENTATION

The computer implementation of process models for IC
fabrication dates from the mid-1960°s and is based on work
at a number of industrial laboratories [22]-[24]. It was
clear at that time that a numerical solution of the oxidation/
diffusion problem, even in two dimensions [25], was not a
major problem. The lack of suitable kinetic models, however,
was a major obstacle—the emphasis on phosphorus-diffused
bipolar technology at that time created a special problem due
to the complicated diffusion characteristics of phosphorus.
Another problem, probably as important as the lack of accu-
rate kinetic models, was the need for an engineering-oriented
tool that utilized the available process models. In the 1970%,
circuit simulation became solidly established [26], providing
a practical example for developments in related disciplines.
As early as 1971, a process-oriented device simulator demon-
strated the concepts of using a process description as a user
input format [27]. Building on the previously reported

.
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modeling approaches and experience from circuit simulation,
process simulation has now become a useable engineering
tool [28], [29]).

In summary, the factors which have influenced the devel-
opment of process simulation have been primarily the lack
of both accurate kinetic models and a viable user interface.
Numerical implementation, while it does not critically limit
the development of process simulation, poses an interesting
challenge in implementing kinetic models. Some of the
choices made in implementing process models for oxidation
and diffusion are reviewed later.

A. Numerical Versus Analytical Computer Solutions

In order to accurately model the processing of IC devices,
numerical and analytical techniques have been considered
[30], [31]). While analytical solutions exist for expressing
an impurity profile using processing information, they are
usually derived either from a simplified physical model or
from a functional fit to empirical data. These approaches
tend to be valid only for a restricted set of processing con-
ditions. On the other hand, the analytical techniques provide
excellent insight and efficiency—-independent of their use-
ability for complex kinetics or multistep processes. Numerical
methods allow a more exact modeling of the physics involved
during the various sequential processing steps. In addition,
they tend to be more accurate and are applicable over a much
wider range of processing conditions.

Impurity redistribution during thermal cycling is an impor-
tant and useful example to consider in discussing the choice of
either analytical or numerical solutions. For impurities whose
peak impurity concentration is below n;, the intrinsic carrier
concentration at the diffusion temperature, simple analytical
solutions fitting the impurity profiles to Gaussian or comple-
mentary error functions have been widely used {4]. At high
concentration levels, greater than n;, diffusivity becomes a
function of distance as shown in Fig. 4(a). This invalidates
a key assumption used in deriving these simple solutions.
Several analytical approaches have been reported [32])-(34],
based on polynomial curve fits to empirical data for arsenic
or boron diffusion at high peak impurity concentrations.
These models become inaccurate as the peak concentration
approaches n; because of model assumptions. In addition, no
satisfactory analytical model exists for phosphorus profiles at
high peak concen!:itions. The most serious shortcoming of the
analytical solutious results from the fact that the physical char-
acteristics of the system are changing in both time and space
during the processing step. For example, boron diffusivity
may be enhanced due to its own high concentration or self-
induced electric fields. It may be substantially altered by the
presence of significant concentrations of n-type impurities.
In turn, the presence of boron in high concentrations may
influence the diffusivity of other impurities or it can affect
the oxidation rate of silicon.

The accuracy and generality obtained by using the more
physical models which must be solved numerically is obtained
at the expense of increasing complexity. The device cross
section, whether it is one- or two-dimensional, must be dis-
cretized in space—represented as a collection of small cells.
The processing time, for example, the time of an oxidation
step, must also be discretized. This discretization of time

and space allows the important assumption to be made that
the concentrations of the various impurities present are
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constant over each individual cell during the time increment,
as are the diffusivity and other physical parameters.

B. Numerical Implementation

Having explored briefly the comparison of numerical and
analytical approaches to process modeling, this subsection
gives a description of the numerical approach. It is necessary
to create a spatial grid on which one solves for the concen-
tration of impurities as a function of time. The grid spacing
must be sufficiently dense so that all profile features are accu-
rately represented. On the other hand, since numerical solu-
tions can be time consuming, it is important not to use an
excessive number of grid points for the solution. In a similar
way, the increments of time used for process simulation must
be short enough to not “‘step-over” important effects—thereby
causing errors. But if the time increments are too small the
simulation time becomes excessive, Moreover, for shallow
profiles as used in VLSI devices, the proper control of time
increments is reflected directly in junction depths which
control, for example, simulated channel lengths in MOS
devices. The time step constraints are especially important
since the objectives of a simulator for complete process
modeling require numerical solutions over many process
steps and, frequently long periods of time.

The schematic operation of process simulation is illustrated
in Fig. 6(a). For each step in the sequence which describes
integrated circuit fabrication—for example ion implantation
followed by diffusion and oxidation—the physical and chem-
ical changes in the one-dimensional slice are simulated on a
spatial grid by means of incrementing time and solving the
diffusion equations for all impurities, Time is advanced and
the process is repeated until the final specified time for that
step is completed. Then the next step is considered and the
inner simulation loop is again activated. Fig. 6(b) shows a
typical input specification for a three-step process used to
create the so-called boron channel-stop rrofile under the field
oxide which isolates neighboring devices. The first step is a
boron ion implantation which takes no looping in time to
simulate—simply a lookup table of values for the profile spatial
distribution [35]. The subsequent oxidation steps each re-
quire inner simulation loops in discrete time as shown in Fig.
6(a). The input format of each step uses keywords to identify
needed parameters and simulation control. For example, the
MODEL card specifies the physical coefficients used to model
diffusion and oxidation, while the STEP card gives the process
dependent information such as times and temperatures. The
physical change shown in Fig. 6(a) corresponds to added thick-
ness of the oxide layer (see (1)). The chemical change is the
redistribution of boron by thermal diffusion (see equation (2))
and segregation into the oxide (see (7)). These equations are
evaluated at each time step and, in the case of the diffusion
equation, all grid points are solved simultaneously by means
of standard matrix inversion techniques [36]. Fig. 6(c) shows
the impurity profiles of the boron in both the silicon and
oxide at the end of each of the steps. Although the simula-
tion grid is not shown, there is grid allocated both in the
oxide and in the silicon. For the case of boron diffusion and
segregation, a major fraction of the dopant ends up in the
oxide, The interface plays a dominant role in this process—
both physically and numerically. Let us consider the problem
of grid allocation in a two-layer system including the effects
of segregation. Following this discussion we will return to the
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Fig. 6. The schematic representation of process simulation as a sequence
of steps and an example. (a) Flowchart showing outer-looping on
steps and time increments involving numerical simulation on 8 grid
structure. (b) A typical input specification for a process sequence
{15]. (c) Output plots of boron in the oxide and in the silicon for
the steps listed in (b).

problem of diffusion including grid and time constraints as
they affect the numerical simulation.

One implementation {15) of the spatial discretization of the
silicon/silicon-dioxide structure fo: a one-dimensional process
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Fig. 7. Schematic representation of a spatial grid structures. (a) An
abrupt interface model. (b) An interface of finite thickness.

simulation is shown in Fig. 7(a), where a section around an
interface between two layers of material is shown. The thick-
ness of the cells representing the materials on either side of the
interface is shown to be constant within a particular layer.
A nonuniform spacing may result if the two materials have
different densities (i.e., silicon and silicon dioxide) in which
case the movement of the interface will cause the grid on either
side of the moving boundary to become nonuniform.

The flux of impurities across the interface is determined by
the segregation flux as described in (7). When there is move-
ment of the interface, an additional motion-induced flux

F=-pox(@Cy_y - Cp) (8)

is needed when the interface crosses a cell boundary to account
for the relative expansion of the oxide layer due to the differ-
ence in density [10]. Although this approach is adequate for
long diffusion times, recent experimental results have sug-
gested that the preceding modeling of the interfacial region is
insufficient [37]-{38]. The transition region from one ma-
terial to another has a region of finite thickness that acts as a
trap for the impurities present near the interface. To more
accurately model the effects of the interface, a modified grid
structure, shown in Fig. 7(b), replaces the abrupt interface
with an interfacial cell of finite thickness. The motion-induced
boundary flux is unaffected by this change, but the segrega-
tion flux across the abrupt boundary is replaced by two similar
equations describing the flux across the boundaries of the
interfacial cell. These two fluxes are

C
Fop=h (C, - ’”) (9a)
Mm
and
<
Fon=h{Cr.y - — (9b)
n
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where F,, is the flux between the interface cell and the layer
below it, F, is the flux between the layer above and the inter-
face cell, and m,, and m, are the corresponding segregation
coefficients, The effects modeled by the inclusion of this
interfacial cell are most significant for the shallow junction
depths and short diffusion times needed in VLSI technology.
The thermal redistribution of impurities between the cells not
at the interface is due to diffusive fluxes which are calculated
using (2).

As mentioned in Section II, the oxidation of silicon to form
silicon dioxide can be described by (1). However, this ror-
mulation assumes that the parabolic and linear growth rate
coefficients B and B/A are constant over the duration of the
oxidation step, an assumption that is not valid as the concen-
tration in the silicon at the interface exceeds n;. Thus (1) is
recast in the incremental form

- (Qxgx + A+ V(2xgy +A) +4BAT  (10)

and the values of B and B/A are recalculated at the beginning
of each time increment At

The spacing of the grid on which the physical system is simu-
lated is of critical importance. The most obvious consideration
in choosing the grid spacing involves the need to accurately
represent the distribution of impurities. The accuracy of the
physical representation is the most important consideration,
but this choice also affects the accuracy of the numerical
solution. Depending on the error terms of the numerical
method used, the time step must decrease as the grid spacing
decreases.

The constraints on both grid spacing and time increments are
illustrated by the following example. For the diffusive fluxes,
ignoring all second-order effects, the change in impurity doping
in a volume changes with time in a manner described by Fick’s

second law
aC d ac
—=—|D . (1)

Bxpx =

(SR

a  oax| ax

In order to solve this problem over the spatially discretized
system, a matrix equation of the form
¢ -
— = A(C (12)
ot

is needed, where C is the concentration vector

r(', T
G2
C=| -
Cm -1
The matrix 4 is defined as
Ay A 0 A
Ay An - Agn
A= . . . (14)
Ami Amz " Amn

R . ot -
TSSO AT I . SO
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where
2D; .

—t=l =i

hi-y(h; _y +h)

Wy, 2D, -

hi oy *h)  hilhi oy +hy)
A=

ij -
0,

—_— =i+
hilhi -y +hy) !

0 j<i-lorj>i+1. (15)

v

D; is the diffusion coefficient and h; is the grid spacing be-
tween grid cells j and { + 1,
From [36], the solution to (12) can be represented in terms
of matrix exponentials (i.e.,e? = Z7_o (1/n1) 47)
City = A1) (16)

where C(0) is the initial concentration vector. Defi~ {liscrete
times f,,. {,; 4y such that ¢, ., =1, + Ar and the concentration
at each time step can be written

"= Clp)
=41 0) (17
(‘.nn =(:“nﬂ)
=" o)
=(.AA’(,‘4"1(‘~(0)
= oABICN (18)
Combining (17) and (18) yields
(*.nol_(".n:““;AAr; (4'"”. (19)

Schemes yielding first- and second-order accuracy in time
are obtained by using first- and second-order approximations,
respectively . to (/ - ¢ “A31) 0 (19)

For a first-order solution,

- 1 1
[-e 480 = —[l -AAr+ :Mm)’ - (—(AAr)’w‘ - ]
- 0

= AAt + €, (AAD) (20)
where
€ < %—' | max l4;il. (2n
Ignoring the error term, equation (19) becomes
Cr*l- (M= 4A1C"", (22)
This can be rewritten as
(A— —'—1)6"*'=--"", (23)
At At

From (21), the maximum relative error at point i can be
approximated by [(At/2) A;l. To keep the relative error
below € at each point, At should satisfy

max
IKi<N

At
"2- A” <e (24)
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which yields a limit on the time step of

2
At ——m (23)
max IA“I
1ISiSN

i4;;| is approximately 2D;/h} so

h?
Aty < min [——L] €. (26)
1<i< N LD
For a second-order solution
N LH
Aty < min |—| V3e . QN
1<i<N D

The significance of (26) and (27) can be seen in Figs. 8 and 9.
Fig. 8 is a plot of the error term € versus At for both first- and
second-order solution methods and for several values of 4.
Fig. 9 shows the results of a high temperature, high concen-
tration deposition simulation using a first-order solution
method for several values of e. From Fig. 8 it can be seen that
the size of the allowable error in the solution will have a sig-
nificant effect on the total time to achieve a solution, and in
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the absence of other considerations will determine the order
of the solution method used. The results of Fig. 9 indicate
that truncation error bounds less than the cross-over value of
€ =3 are needed, favoring the second-order solution method.
The second-order method is also prefered due to consideration
of overall accuracy and speed of convergence, but requires
greater programming overhead and calculations per At. To
stay within the € =1 error bound shown in Fig. 9, several
hundred At’s were needed, even though the total time simu-
lated was only 15 min. Because the number of iterations grow
rapidly with greater accuracy of solution, care must be taken
so as not to specify unnecessarily restrictive error bounds. The
tradeoff of accuracy versus time of solution is emphasized here
since most processing sequences have at least one step requir-
ing an accuracy obtainable only through truncation error
bounds less than 3. In fact, for today’s VLSI structures, simu-
lations using error bounds greater than 3 will result in erro-
neous device performance predictions.

To summarize this section, several final observations are
helpful. Analytical techniques generally give good results for
a minimal computational effort. However, when a range of
sequential processing steps must be modeled, more physical
models utilizing numerical techniques are required to achieve
an accurate solution. The numerical solution technique used,
the accuracy required, and the maximum acceptable time of
solution, all affect the decisions made in designing and using
a numerical process modeling program.

IV. COMPUTER PROCESS SIMULATION FOR
STUDYING PHYSICAL EFFECTS

The users of process modeling can be divided into two
groups. One group contains process engineers who view model-
ing as a tool in the design and refinement of processing se-
quences. The other group uses process modeling to better
understand the physics involved, which leads to better process
models.

A major advantage of the numerical process simulation
approach is that sequential processes can be modeled over a
wide range of processing steps and conditions. It is this capa-
bility that brings process modeling out of the realm of research
and allows it to be used as an engineering tool. The typical
process involves a dozen or more processing steps, each of
which depends on the preceding steps. To a process engineer,
this ability to model a series of sequential processing steps is
crucial.

One important consideration in designing a new process, or
in modifying an existing one, is the calculation of sensitivities
to fluctuations in the individual steps that are used. Because
the final structure depends upon a linear sequence of steps, a
minor variation in a step early in the process may be amplified
during subsequent processing. For example, minor variations
in processing temperature or implant energy can have a signifi-
cant effect on the junction depth and oxide thickness. This
is especially true in the state-of-the-art device processes that
depend upon very shallow junctions and thin oxides. Identify-
ing those steps in a process where fine control is needed to
avoid unacceptable variations in device performance is a
widely used application of process simulators.

The modeling of diffusion, oxidation, and segregation in the
processing of semiconductor devices is complicated by many
interacting physical mechanisms. Process modeling provides
the capability to separate out the effects of various mecha-
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nisms, and thereby provides an effective tool for understand-
ing and development of physical models. It is indeed difficult
to extract parameters from experimental data; however, the
use of computer simulation in conjunction with experimental
data, makes parameter determination more tractable [39].

To illustrate the leverage of simulation, consider the oxida-
tion enhancement of diffusion (OED), where one has available
only the initial and final oxide thickness and impurity profile,
along with the processing conditions used. The factors that
influence OED, the oxidation rate and the impurity fluxes,
change significantly during the processing step. Extracting
accurate values for the OED coefficients requires a large
amount of experimental data. However, if a process simulator
is used to model the coupled effects of oxidation and segrega-
tion, the OED coefficients can be determined more accurately
and with far fewer experimental runs [39]. The interdepen-
dence of effects will become even more critical when extract-
ing coefficients for models where the driving mechanisms are
varying rapidly with time, as is typical for shallow junction,
low temperature processes, and short process times.

The primary result when simulating a sequence of process-
ing steps is the impurity distribution versus distance. When
extracting data from a process, one usually obtains electrical
characteristics rather than directly observing the impurity
distribution. A common measurement is the sheet resistance
Rg of a layer, defined as Rg = p/x, where p is the resistivity
of the layer and x is its thickness. The sheet conductivity,
which is the reciprocal of the sheet resistance, can be calcu-
lated from

x,;
Gs = f q(ppn + upp) dx (28)
x

where n and p are the electron and hole concentrations and
M, and yp are the mobilities of electrons and holes {40]. This
expression can be simplified when considering a layer where
either holes or electrons dominate, which is most often the
case, For a p-type layer, such as a boron diffusion, equation
(28) would simplify to

X3
Gs = f qupp dx. (29)
X

This integral is complicated by the fact that the mobility Mp
is concentration dependent, as shown in Fig. 10(aj, and,
therefore, varies with distance. For certain impurity distribu-
tions, where approximations by Gaussian or certain other
distributions are valid and where peak concentrations are such
that an effective constant mobility can be assumed, analytical
expressions exist for calculating the sheet resistance with
acceptable accuracy. However, by using numerical integration
techniques the sheet resistance of arbitrary layers can be easily
determined. At present the primary limitation in accuracy
of simulated sheet resistance calculations is the availability
of reliable mobility data and models. Fig. 10(b) indicates
the complex interaction of the concentration dependent
mobility and the phosphorus diffusion model [41]. Both
the simulated junction depth and sheet resistance are shown
as a function of phosphorus surface concentration for a fixed
deposition time at 850°C in a phosphine partial pressure [41].
As surface concentration increases up to n;, the junction depth
increases and the sheet resistance decreases. However, above
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Fig. 10. (a) Plot of electron and hole mobilities in silicon versus impur-
ity concentration. (b) Variations in junction depth and sheet resistance
for a simulated phosphorus deposition at 850°C versus the surface
concentration of phosphorus.

a concentration of about 1 X 10¥/cm?, two effects become
apparent. First, the mobility decreases rapidly as shown in
Fig. 10(a). Second, the bandgap narrowing effects of the
phosphorus model {7] become significant and the junction
depth falls off. Both effects combine to give the results
shown. This example clearly indicates the complexity of inter-
action of physical models and parameters such as mobility.
Sheet resistance is a valuable parameter in checking the
status of the wafers while in process as well as determining
aspects of the eventual device performance. The extraction
of detailed impurity profile information requires much more
time. For example, incremental sheet resistance measure-
ments, where layers are sequentially removed, take several
minutes per layer and the data becomes noisy for deep junc-
tions and low concentrations [41]. On the other hand,
spreading resistance is frequently used to obtain profiles,
and data can be determined in less than an hour. In this case
the data must be numerically corrected to obtain profile infor-
mation [42]. Both incremental sheet resistance and spreading
resistance, while useful are not routinely used in process con-
trol. The prediction and measurement of sheet resistance, on
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the other hand, is invaluable. For this reason the capability
to predict the sheet resistance and certain other electrical
characteristics is an important addition to process modeling
programs.

V. DEVICE APPLICATIONS FOR COMPLETE
PROCESS MODELING

In the previous sections both the physical and numerical
aspects of process modeling have been considered for the one-
dimensional case—namely a vertical slice into the silicon wafer.
Based on the availability of one-dimensional process simulation
it is possible to consider a number of device applications. In
this section a few of these applications are discussed in light
of practical device structures. While the dominant emphasis to
this point has been one-dimensional process effects, it will be-
come clear from the examples that understanding the two-
dimensional process- effects is critical—especially for scaled-
down MOS devices. In fact, this section will discuss MOS
examples which motivate the further discussion of two-dimen-
sional process modeling in Section VI.

A. Physical Dimension Control for Devices

For many applications, and as a practical matter of process
control, the accurate knowledge of physical dimensions of
devices is a major concern. In bipolar technology the epitaxial
layer thickness and base width are two specific examples where
dimensional control directly couples with electrical and process
control factors. The modeling of these factors has been con-
sidered using analytical approximations [43], yet the advent
of more accurate means to simulate impurity diffusion including
the coupling of diffusing species now makes the correlation
between process specification and resulting physically observ-
able parameters a viable and valuable design tool. Fig. 11 shows
the result of simulated and measured base-emitter profiles across
a test wafer for a gas-phase predeposited phosphorus emitter
bipolar process. In this case the process shows aratherextreme
sensitivity to temperature gradients across the wafer because the
deposition conditions are near a knee in the solid solubility
curve [44). Further investigation and experimentation revealed
that ion-implanted emitters provide superior profile control as
might be expected [45]. This basic approach has been demon-
strated for other bipolar technologies {46]. Although bipolar
technology has been scrutinized most carefully from the per-
spective of profile control, scaled MOS technologies have also
become dominated by the need for strict dimensional control
of impurities, For example, the double-diffused MOS (DMOS)
technology, while not a contender per se for VLSI status, illus-
trates specifically the factors of junction depth and profile con-
trol as they affect device performance [47], [48). Inaddition,
as will be pointed out shortly, the source/drain junction depth
of MOS devices directly impacts parameters such as threshold
voltage and breakdown properties [49]. In a manner very
similar to emitter junction depth control for bipolar, the con-
trol of shallow n* junctions as correlated to key process vari-
ables is a very important factor in NMOS design.

B. Process Dependence and Control of Electrical
Parameters—One-Dimensional

There is a wealth of electrical parameters that can be con-
trolled given an understanding of the one-dimensional impurity
profiles. The most obvious parameters of concern to device
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Fig. 11. Measured and simulated impurity profiles for a double-diffused
phosphorus emitter bipolar process. (a) Corrected spreading resistance
profiles across a quarter-wafer test chip. (b) Simulated profiles for
the corresponding conditions and assumed process variations [44].

designers include sheet resistance, junction capacitance, thresh-
old voltage and gate capacitance for MOS devices. In addition
to the parameters listed in the preceding, the dc components
of current transport and recombination for bipolar devices are
essential. Fig. 12 illustrates the physical relationship of the
sheet resistance and junction capacitance to the doping profile
for a double-diffused structure. The solution of Poisson’s equa-
tion is used to determine depletion edges, both for zero bias
and other conditions. This approach is sufficient to establish
boundary conditions for either 1) integrating the active charge
to obtain sheet resistance (perpendicular to the one-dimensional
impurity slice, or 2) using total depletion layer width to extract
capacitance.

In the case of MOS devices, the relationship of channel im-
plant profile and threshold control has been carefully considered

.
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profiles as they control sheet resistance and junction capacitance.

[50). The development of more complex channel doping
schemes has continued and the need will be increased for
tools to predict threshold sensitivities of more aggressive tech-
nology. Fig. 13 illustrates several implanted boron profiles
used to obtain nominally the same threshold voltage. The
primary difference between the approaches is the reduced sub-
threshold current obtained using the deeper implanted profile.
Although the subthreshold characteristics involve two-dimen-
sional effects, the clear dependence of electrical properties on
the one-dimensional profile is an important aspect of the design
process. In fact, the characterization of the boron profile using
large geometry gate capacitance and MOS devices is a standard
tool in process design.

As a final point, it should be reemphasized that many factors
involving bipolar current transport can be characterized to first
order based on one-dimensional approximations {51], [52].
As an important historical note it should be stated clearly that
one-dimensional bipolar device analysis has been considered
extensively [53}-[57]. Moreover, the direct coupling of pro-
cess and device analysis was demonstrated using simplified ana-
lytical and numerical techniques [27]. Nonetheless, the
process understanding and modeling during earlier investigations
was not sufficiently accurate to match experimental results.
Even now, the understanding of minority carrier and contact
effects at a physical level limits our ability to model bipolar
devices accurately. It is clear, however, that the coupling of
one-dimensional process and device analysis for evaluation of
transport and minority carrier currents in bipolar devices is a
valuable tool in technology development [58]).

C. MOS Device Parameters—The Two-Dimensional
Modeling Frontier

As a final point for consideration, the problems of scaled-
down MOS devices provide a focal point for applications of
process modeling. As stated in Section I, the scaling of channel
length causes two-dimensional effects to become dominant.
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Fig. 13. Technology tradeoffs in choosing a channel implant for setting
threshold in an NMOS device. (a) Several choices of implant dose and
range conditions. (b) The resulting punchthrough curves of channel
current with implant as a parameter.

The cross sections shown in Figs. 3 and § illustrate the role of
topography in controlling the dimensions and lateral profile
shapes in scaled NMOS. It is well known that the channel dop-
ing profile directly affects threshold voltage, subthreshold be-
havior and punchthrough {59]. The example given in Fig. 2
shows the role ot two-dimensional field effects on threshold.
Namely, as the channel length becomes shorter, the two-
dimensional field-effects from source and drain and their sensi-
tivity to channel length dominate the threshold behavior.

The results presented in Fig. 13 have illustrated the profile
effects on bulk punchthrough due to channel profile control.
To illustrate the two-dimensional nature of profile sensitivities
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a short-channel device under punchthrough crnditions as a function
of source-drain junction depth [59].

for punchthrough, Fig. 14 shows results of varying junction
depth for a nominal one-micrometer channel length device. As
stated in Fig. 3, the junction depth has a direct correlation with
changes in effective channel length. The semilog plot of cur-
rent versus voltage shows shifts of the order of hundreds of
millivolts which correspond to order-of-magnitude shifts in
current for a fixed gate voltage. These intreased subthreshold
currents are critical to the performance of dynamic circuits
since storage is directly degraded by such leakage.

As a final illustration of impurity and topography sensitivities
of scaled MOS devices, Fig. 15 shows the cross section, poten-
tial contours and calculated gate capacitance for a state-of-the-
art NMOS device. It is clear from the device cross section and
potential contours that it is impossible to describe the device
adequately using a gradual channel approximation. Hence, the
gate topology and junction profiles are intimately coupled to
the device characteristics. Asa result, the computed gate capaci-
tance differs substantially from the idealized structure with a
planar gate overlapping the source/drain regions. It is clear
from this example that state-of-the-art MOS devices are highly
two-dimensional and topography plays a dominant role in
determining device characteristics. At this point it is appro-
priate to turn to the final section of this paper, the issues of
multidimensional process modeling.

V1. MULTIDIMENSIONAL PROCESS MODELING

The preceding sections have placed emphasis on one-dimen-
sional process modeling and application to device structures
including highly two-dimensional field-effect devices. Indeed,
the MOSFET threshold calculations involve Poisson solutions
where the potential contour lines show that the classical gradual
channel approximation is violated nearly everywhere. In addi-
tion to the two-dimensional device effects, the associated im-
purity profiles and topography of scaled-down devices are
quickly becoming controlling factors. While it is feasible to
extend one-dimensional process models to approximate some
two-dimensional effects [59], [60], it is clear that for many
general conditions of device fabrication, as reflected in Fig. S,
flexible and general tools for two-dimensional process modeling
are required. The purpose of this section is to briefly review
the status of two-dimensional modeling. The reader should be
warned that this section in particular reflects an area which is
rapidly changing.
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The device sections shown in Fig. 5 represent two aspects of
two-dimensional process modeling—aside from the device
analysis considerations discussed above. Topography and its
modeling is essential for understanding a variety of fabrication
limits including lithography, patterning, and step coverage. The
advent of simulation tools in this area began in the late 1970’s
[61] and has quickly evolved into a major tool in process
development—especially in the area of choosing equipment for
lithography. Although it is beyond the scope of this paper to
explore the variety of models and simulation techniques used
for modeling topography, the reader is referred to several recent
publications on this subject {62]-{64]. It isimportant to note
the controlling influence of topography on both electrical and
physical parameters of VLSI devices. One point to emphasize
concerning topography modeling is the key algorithm used to
model a moving interface. The string model represents a moving
interface as a connected set of line segments(a “*string”), which
moves essentially as a Huygen wavefront throughout the process
step—for all steps including development of photoresist, etch-
ing or deposition of layers and other steps which change topog-
raphy. The beauty of this interface model is that it can be
explicity moved to model a diversity of conditions, almost
independently of the internal physics of the layer itself. How-
ever, redistribution within the layer or kinetics of interfaces are
not explicitly handled by this approach at present.

We now turn to the more specific problems of modeling oxi-
dation and impurity redistribution in two dimensions, as
depicted in Fig. 5. Clearly the initial conditions for such a
modeling problem are intimately related to topography. How-
ever, a more tightly coupled pioblem is involved because motion
of the interface substantially affects the substrate redistribution
of impurities. Moreover, the motion of the oxide interface de-
pends strongly on both the interface doping and oxide shape.
Although the effects of multispecies both in the oxide and in the
bulk should be considered in the general case in fact there is
no serious attempt reported to date where such an approach is
being considered. The problems with such an approach are in-
deed much more complex than simply the number of variables—
the understanding of two-dimensional kinetics is & totally new
field. Figs. 16(a)~(c) show a number of recently reported
methods for modeling the silicon/silicon-dioxide system in two
dimensions. Each is now reviewed briefly.

Fig. 16(a) shows the conceptually simplest approach and
also the most efficient method to model two-dimensional
oxidation and impurity redistribution. Analytic solutions for
low-concentration impurity redistribution under oxidizing
conditions are well understood in one dimension (301, [65)
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Fig. 16. Cross-sectional views of three representations for two-dimen-
sional process modeling. (a) Analytic solutions have no grid but cor-
rections for local axidation are handled via superposition of slice-by-
slice corrections [71]. (b) Numerical solution on a fixed substrate
grid with analytical specification of oxidation and grid removal {67].
(c) Numerical solution on a transformed grid in the bulk where the
interface is specified to be stationary [69]).

and have been extended to two dimensions based on the
superposition of infinitesimally thin vertical slices of impurity
profiles and the subsequent redistribution under oxidizing
conditions {31],[{66]. The oxide correction is applied at each
point x along the surface direction using basically a one-
dimensional formulation for redistribution. In the analytical
approach, as well as the numerical techniques which will be
discussed next, the oxide shape and interface location is not
simulated, but is instead specified based on measurements.
For constant impurity diffusivity the analytic calculations agree
well with numerically simulated results while computation time
is nearly an order of magnitude less than for numerical simula-
tion. It should be clearly pointed out that analytic solutions
require no grid and directly calculate a final impurity distribu-
tion. On the other hand, the numerical techniques discussed
later require allocation of grid points everywhere in space, and
numerical computations with time increments sufficiently
small so as to contro] the numerical errors.

Fig. 16(b) shows the grid used for a typical numerical simu-
lation (67]. In this case a square grid is used and the interface
between oxide and silicon is moved deterministically as dis-
cussed earlier. The grid motion is assumed to be vertical and
diffusion in the oxide is neglected. The iterative solution
method of Stone was used, similar to the case of device analysis

1317

[68). There have been other numerical solutions of the more
restrictive case of two-dimensional diffusion without a moving
boundary [14], [16]. These last two numerical methods use a
direct solution of the finite difference equations. The exact
nature of the solution method is of less importance than the
approximation of the oxide interface as being stationary with
a fixed silicon spatial grid. These approaches are contrasted
with the method discussed next.

Fig. 16(c) shows the transformed grid used to simulate local
oxidation and impurity redistribution where the oxide-bulk
interface is assumed to be stationary [69]. As discussed in all
preceding methods, the oxide growth is a deterministic function
based on experiments. The details of transformations and
numerical methods are discussed elsewhere (69], [70]. The
key difference between the approaches depicted in Figs. 16(b)
and (c) is the added complexity in difference equations used
for the transformation, whereas the interface specification
becomes much easier. There is certainly great latitude to con-
sider the most appropriate choice of analysis methods for two-
dimensional process modeling.

In summary, the present status of two-dimensional process
modeling is revealed schematically in Figs. 16(a)-(c). Both
analytical and numerical techniques are actively being investi-
gated, as are hybrid approaches [71]. It is too early to assess
the impact of any particular methodology in the context of
applications. However, it is useful to point out that two-
dimensional profile determination is even more primitive than
the simulation results discussed above. To conclude this section,
a few experiments in two-dimensional profile measurement
techniques are summarized.

The idea of test structures, especially for device modeling
applications, is an old concept and IC manufacturers all use a
variety of such devices. Many electrical test structures now
can measure physical effect including layer-to-layer mask align-
ment [72]) and doping effects in the bulk silicon {73}, [74],
to name just a few. Yet an even more specific set of test struc-
tures is now needed to characterize two-dimensional impurity
profiles in a quantitative sense. A set of experiments which
exploit threshold variations in the lateral dimension of narrow
width (and long channel length) MOSFET’s have been used to
determine details of lateral surface profiles [66]. The technique
was extended for a case where the narrow width controlling
boron profile was moved by different mask distances away from
the nitride LOCOS mask edge. Fig. 17(a) shows the cross sec-
tion of the width dimension of such a patterned MOSFET with
the channel dimension perpendicular to the paper. The Ax
dimension was varied and the effective junction encroachment
was measured electrically using the variable threshold method
reported previously {75]. The rather surprising result shown
in Fig. 17(b) is the fact that the boron diffusivity increases as
the Ax dimension shrinks—bringing the local oxidation edge
closer to the boron junction profile {75]. The result is consis-
tent with independent physical measurements of junction depth
as shown in Fig. 17(c). Here, a variable width nitride mask is
used over a uniformly doped boron layer. Oxidation occurs
between the masked regions, giving rise to the deeper junction
depths as predicted based on oxidation-enhanced diffusion
[76]. It is important to note that as the nitride pattern width
shrinks, the enhancement under the nitride-covered regions
increases, thereby indicating that indeed Iateral effects of oxida-
tion change junction depth. This is consistent with the results
presented in Fig. 17(b). The overall impact of these results is
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{ Fig. 17. Test structure results to confirm the lateral dependence of
boron diffusion under local oxidation conditions [75]. (a) The

cross-section of a narrow-width NMOS device and the Ax,,; dimen-
sion is the separation between the boron implant edge and the local
oxidation mask edge. (b) Extracted boron profiles as a function of
lateral distance and using Ax,, as a parameter. (c) Stained junction
depth for boron profiles both under a nitride mask and in a 100-um

oxidstion window [76].

crucial from g device point of view. The characteristic dimen-
sion for these lateral effects is a few micrometers—yet this is
exactly the dimersion of current state-of-the-art VLSI devices,
Hence, in fabricating and modeling device behavior, the detailed
lateral profile effects must be carefully modeled and measured,

The preceding test structure approach uses threshold measure-
ments which characterize surface profiles. A new set of results
using junction capacitance and breakdown measurements of
n® junctions near locally oxidized regions now reveals more
explicit bulk effects of two-dimensional profiles on test struc-
ture results [71]. Fig. 18(a) shows the cross-section of a single
finger of a junction capacitance structure which has been repli-
cated many times laterally (with a 100-um dimension into the
paper) to form an array of junctions. Also shown on the plot
are the depletion edges under breakdown conditions and the
field lines with boxes denoting the actual breakdown points.
Fig. 18(b) shows the one-dimensional slice of the impurity
profile along the critical field line from Fig. 18(a). It is impor-
tant to note that the breakdown point occurs when the deple-
tion edge extends well past the region where the doping profile
is linearly graded—thus invalidating simple analytic solutions
of the problem. Fig. 18(c) shows the simulation and measure-

ments of breakdown as a function of boron dose in the field
region. The predicted and 