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Abstract

The fapbrication of CMUS inteyratea circuits nave now reached
so nigh a level of complexity as to require, not only 1-D, but also
2-D computer simulation of process desiyn, scaliny and optimisation,
A new 2-D simulator called EPIC (Edinburgh Program for Impurity Con-
centrations) nas been developea to model complete fabrication
processes in CMUS technology. The philosophy pehina EPIC lies in a
unigue syneryism of the well-establisned 1-D simulator SUPKEM with’
new 2-D analytical and 2-D numerical process models.

The first simulation of both vertical and lateral effects in a
p-well CMOS process is presented. The formation of source/drain re-
gions in both NMUS and PMUS field-effect transistors is modelled in
2-D to allow prediction of effective channel length, EPIC is also
used to;examine narrow width transistors by simulating impurity
redistribpution during formation of the bird's peak region between
the field and yate oxides. In addition, the first algoritmm capaole
of modelliny tne capacitance of CMUS structures with non-uniform

doping profiles is presented.
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CHAPTER ONE : INTRODUCTION

It is the aim of this introduction to outline the importance
and uses of modelling and simulation in Complementary Metal-Oxide-
Semiconductor (CMUS) Integrated Circuit (IC) technology. The re-
cent surge of interest in the general topic of simulation /1/ has
been stimulated by rapid advances in computer technology which have
allowed complex physical systems such as those encountered in fields
of science and engineering, meteorology, geophysics, etc, to be con-
sidered without over-simplification of the model in order to make
the solution procedure tractable. Although accurate physical
models are important, the sophistication of mathematical analysis
used to solve a problem is usually dictated by the level of computa-
tional ability available. Consequently, it is generally true that
the more comprehensive the computer model is, the more computing
power 1is required. It is interesting to note that integrated cir-
cuit simulation is in a unique position since this very activity
aids "in the development of faster computers which, in turn, offer a

more comprehensive simulation capability.

While computer systems have been usep'to solve problems in
academic subjects and fundamental research for several decades, it
is only recently that the capabilities of such tools have been real-
ised in both light and heavy manufacturing industries. The comput-
er {s now frequently used as a large 'database' in which to store
vast amounts of information in a readily retrievable way. Data can

be collected from the outside world, subsequently processed, and



then, either presented in tabular or graphical form, or transmitted
to another system via a communications network. In particular,
Computer-Aided-Manufacture (CAM) is now widely used in the IC
manufacturing industry to alleviate administrative and inventorial
tasks, and also increase production efficiency. Equally important
is the role of computer simulation in the engineering of semiconduc-
tor products /2,3,4/, and none more sO than in the case of CMOS
technology which has now advanced to such a level of complexity as
to require Computer-Aided-Design (CAD) of both circuit layout and
fabrication process. A review of techniques used to fabricate in-
tegrated circuits which make use of complementary n-channel and p-
channel transistors is given in Chapter 2. Most manufacturers are
either converting existing NMOS designs to CMOS, or designing in
CMOS from the beginning, in order to take advantage of recent ad-
vances in CMOS technology. This progress in itself has provided
the incentive to further enhance circuit design methodology. Simu-
lation provides an aid in the design of a cost-effective CMOS pro-
cess to satisfy an IC market which is continually asking for larger
and faster chips. While NMOS will remain a mainstream technology,
process simulation is a useful tool in the design of a modular pro-
cess architecture in which NMOS wafers are manufactured as a subset

of the CMOS process /5/.

The modelling and simulation of a semiconductor IC is summar-
ised vby the flowchart of figure 1.1, The simulation task is gen-
erally split into a hierarchy of three levels, which are applied

sequentially in the research and development of an IC product. The
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individual roles of process, single device and circuit simulations

are now clarified.

The simulation chain begins with a specification of the de-
tails of the fabrication process. Usually an existing process is
modified, but, less frequently, a novel process must be designed.
The process flow comprises a sequential list of all stages in the
fabrication procedure. A process model is formulated for each type
of proces§ step,eg ion implantation. The process flow and relevant
process measurements are passed as input to a process simulator. In
general the output from a process simulation program consists of the
dopant distribuiions in the silicon, and details of any other ma-
terial layer present, for example, silicon dioxide, polysilicon,
etc. This information is then fed to a devjce simulation progran
which has the capability of modelling the electrical response of
basic circuit elements such as resistors, capacitors and MOS
transistors., Often, additional parameters. for the program are
determined from electrical measurements of test structures which
constitute part of a process control chip. While models for resis-
tors and capacitors are straightforward, accurate MUS transistor
models are relatively sophisticated /6,7/. Results of such simula-
tions are simplified to semi-enpirical forms suitable for incorpora-
tion in a CAD circuit simulation progfam /8/. It is important that-
an automated method exists for extracting parameters for use in such

circuit simulations /9/.

In addition to modellinyg the devices which are designed ex-



plicitly as part of an IC layout, the magnitude of parasitic effects
must Be determined. Examples of unwanted effects include parasitic
MOS transistor action between adjacent diffusion tracks, short and
narrow channel effects at small geometries, interlayer capacitance,
latch-up in CMOS circuits, threshold voltage shifts, etc.  Such
phenomena are sensitive functions of the impurity concentration pro-
files in the silicon. Simulations are required to investigate the
operation of circuit designs both at a functional level, assuming a
given time for each Tlogic transition, and also at the transistor
level, to ensure that ‘rise' and ‘fall' times of nodes are suffi-
ciently fast for reliable circuit operation. From this general dis-
cussion of simulation, it is clear that accurate process modelling

is essential for adequate circuit simulation.

while the present work is concerned with the application of
computer simulation to CMOS processing technology, the drive to
develop process simulators originally came from the requirement in
bipolar technology to fabricate narrow transistor base regions
reproducibly f10/. Demand for simulations of MOS processes grew in
the 1970's, and the first yeneral purpose simulator to be offered to
both academic and commercial semiconductor houses was SUPREM (Stan-
fora University Process Engineering Models) /11/. This program al-
lows modelling of one-dimensional (1-D) impurfty distributions in
silicon and silicon-dioxide, and remains the most widely used pro- -
cess simulator in the semiconductor industry at the present time.
Chapter 4 demonstrates how SUPREM (Version II) can be used to simu-

late a typical CMOS fabrication process.



The main limitation with SUPREM is tnat it can only simulate
profiles in 1-dimension, and therefore it cannot realistically
describe small yeometry MUS structures. 2 or 3-dimensional proyrams
have been written, but they are very slow and of limited accuracy.
A more economical épproacn is therefore necessary. This has leada to
EPIC (Edinburgh Program for Impurity Concentrations), and it is the
major result of this research project. Its structure and capabili-

ties are described in Appendix A and in tne following chapters,

In a semiconductor factory, process monitoring is vitally im-
portant for maximisation of wafer yield and isolation of production
problems. Capacitance-voltage (C-v) measurements of MOS capacitors
on test wafers are routinely carried out to test for contamination
of high temperature furnace tubes. Mobile hetal jons alter the
flat-band capacitance and therefdfé threshold voltage of. MOS
transistors /13/ and are potentially disastrous to MOS processes.
Knowledge of the theoretical C-V curve is required to determire
flat-band capacitance, defined by the shift-betweén ideal and meas-
ured characteristics. A theory for C-V characteristics of non-
uniform doping profiles in NMOS technology /14/ 1is generalised to
accommodate CMOS structures in Chapter 5. A comparison of theoreti-
cal and measured resu}ts provide a check on the accuracy of the 1-v
process model, and exémples of the calculation of flat-band capaci- .

tance are presented.

Process modelling is undoubtedly the weakest 1link 1in the



simulation chain of figure 1.1, and lags behind current IC processes
in production. Most simulation activity in the past has been con-
cerned with only a few sequential process steps, for example, one
ion implantation followed by one subsequent anneal step. The goal
of process simulation must be to offer a predictive capability to
model complete fabrication processes. However, with the advent of
Large-Scale-Integration (LSI) followed by Very-Large-Scale-
Integration (VLSI), the routine fabrication in production of devices
with dimensions approaching one micron has given rise to a need for
two-dimensional (2-D) and three-dimensional (3-D) process simula-
tors. The .lateral effects which could previously be ignored now
have a dominating effect on device characteristics. The MOS
transistor is intrinsically at least a two-dimensional (2-D) device,
since a vertical electric field is used to control current flow in a
lateral direction. Accurate transistor models, therefore require
doping concentration profiles 1in more than one-dimension., 2-D
analytical models for ion implantation and inpurity redistribution

due to diffusion are considered in Chapter 6.

Transient annealing of silicon using electron beam heating as
a promising technique for VLSI technologies. A 3-D model for tem-
perature distribution in a silicon wafer due to a scanninyg electron
beam is presented in the same chapter since the diffusion of heat
energy and the diffusion of impurity species at low concentration

aré described by the same differential equation i.e. Fick's law.

While analytical techniques are suitable for modelling the



diffusion of 1low concenfration impurity profiles in non-oxidizing
furnace amBients, a more sophisticated model is required to simulate
the high concentration profiles in diffused source/drain regions of
the wafer. Chapter 7 describes how such a model can be used to
predict the effective channel length of both n-channel and p-channel

MOS transistors.

A model for simultaneous diffusion and local oxidation of
silicon (LOCOS) has been developed to simulate narrow channel ef-
fects in the MOS transistor. This complex moving boundary diffusion
problem is dealt with in Chapter 8. A precise estimate of effective
channel width is only possible through a combined use of 2-D process
and device simulators. A non-planar device analysis is beyond the
scope‘of this thesis, however it is shown that simulation results
are consistent with MOSFET (Metal-Oxide-Semiconductor Field Effect

Transistor) electrical data.

This brief thesis outline demonstrates many of the proolens
which are inherent in any description of process simulation: indivi-
dual problems are difficult and must pe treated in some deptin, Dut
there is also a complex interaction between process steps. Any sucC-
cessful software packaye must tnerefore be aple to describe indivi-
dual process steps, and a]so'their aggreyation into a complete pro-
cess. The approach whicn has been wused 1in tnis tﬁesis is to
describe the individual topics 1in the followinyg chapters, and to

give an overview of the proyram arcnitecture of EPIC in Appendix A.



CHAPTER TWO : REVIEW OF CMOS TECHNOLOGY

Complementary Metal-Oxide-Semiconductor (CMOS) technology was
first proposed by Sah and Wanlass /12/ in 1963 for circuit applica-
tions which require very low static power consumption. Figure 2.1
shows a static three-input NAND gate in which a p-channel MUS
transistor complements each n-channel M0S transistor. A logic '1°'
is required at all three inputs to give an output of 'O'., Because
no dc path exists to ground, current is only consumed during switch-

ing.

CMUS circuits can be fabricated using either p-wells, n-wells
or both n-wells and p-wells, i.e. twin wells, Early CMOS used a p-
well as shown by figure 2.2 because boron was the only element
available that would form deep but lightly doped tubs. Use of an
n-type starting wafer was compatible with PMUS, the mainstream in-
tegrated MOS technology of that time. In this approach n-channel
transistors are fabricated in the p-well and p-channel transistors
in the n-substrate. A metal gate electrode is deposited and pat-
terned after the source and drain regions have been diffused into
the wafer. To allow for misregistration, which always occurs to
some extent, a large safety margin is used to ensure that the metal
overlaps with the diffusion regions. Only then c;n é complete chan-'
nel form when the gate is appropriately biased, Metal gate CMUS
parts are therefore slow due to a large 'Miller' feedback capaci-

tance between the gate and source/drain regions.



Figure 2.1 : .Three-input CMOS NAND gate

silicon dioxide aluminium

g W J e J G & (e J () @)}

p-well n-substrate

Figure 2.2. : P-well metal gate CMOS cross-section.

-10 -



Throughout the 196U's and early 1970's, static CMUS circuit
designs were wasteful of die area and consequently lagged behind
PMUS and bipolar technologies. However, the advantage of very ]bw
power dissipation allowed CMOS to be used in specialised products
such as calculators, wristwatches and other portable products.
Renewed interest in CMUS was stimulated by more inspired design

practices through the use of clocked circuitry /242/.

Subsequentiy, faster circuits were fabricated using a polycry-
stalline silicon or 'polysi]icbn' gate electrode which allows the
diffused source and drain regions to be formed after polysilicon
deposition and self-aligned to the gate edge as shall be shown in
the description of a silicon-gate CMUS process to follow. RCA

developed closed COS/MUS logic or ‘C2

L CMUS' where the gate of the
MUSFET completely surrounds the drain, This technology was used in
a 1K static random access memory (RAM) /243/ and an 8-bit micropro-

cessor /244/.

By the end of the 1970's, large NMUS cir;uits were dissipating
up to 1 watt of power, which is dangerously close to the limit for
" normal plastic packaging. High temperatures lead to aluminium elec-
tromigration and other reliability problems. Hdwever, CMOS circuits
were not subject to this problem and, 1in addition the p-channel
transistor found uses as an active pull-up device in dynamic circui-
try. The use of twin-wells allowed optimisation of each transistor
typé independently /246, 295/, and the flexibility of CMOS allowed

other types of devices to be fabricated on the same wafer. Hitachi

-1 -



for example used a buried-junction FET of JFET as part of a static
RAM cell and the intrinsic n-p-n bipolar transistor of the p-well
process to boost the current of output buffers /245/. Motorola an-
nounced a high speed CMOS logic family as a low power alternative to
LSTTL /247/. Matsushita /128/ developed an n-well CMUS process
which replaced all furnace doping steps by ion implantation technol-
ogy. The speed, layout density and power dissipation of circuits
could be optimised by designing some sections in NMOS and others in

CMUS on the same die /248, 24Y/.

Since loygic levels swing all the way between the_supply rails,
noise 1immunity is high and CMOS circuits find applications in harsh
environments such as down drilling wells or inside engines /250/. A
high demand for CMOS circuits and advancing fabrication equipment
technology has helped to increase process yields and lower costs so

that CMOS is now often preferred to NMOS /251-254/.

Latest circuits optimise speed and layout density by the use
of CMOS domino logic /255/ which is demonstrated in figure 2.3.
This dynamic technique requires only a single clock signal, and is
particularly effective when the logic gates are complex. When the

clock ¢ is lTow, nodes P1 and P2 are pre-charged to V The inputs

bu*
are then applied, and when g goes high,P1 and then P2 are condition-
ally discharged in a ripple or 'domino' fashion. Domino CMUS has
been successfully used in the Arithmetic Logic Unit (ALU) of a sin-
gle Ehip 32-bit microprocessor /256/ at AT & T Bell Laboratories.

Care must be taken in pipe-lined data paths to avoid 'race condi-

-12 -



Figure 2.3 :
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clock)
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tions' whereby false outputs appear momentarily before a valid logic
level is attained. Instead of using n-channel devices for all logic
blocks, p-logic and n-logic stages can be alternated to give race-
free operation. Although discharge times are longer in the p-logic
blocks, this arrangement offers a higher degree of logic flexibility

and has been termed 'no race' or NORA CMOS /257/.

CMUS is also pervadiny the semiconductor memory market, and
access times of static RAM circuits are reported to be as fast as
NMOS versions /258/ and even bipolar ECL designs /259/, but with
greatly reduced power consumption. N-well CMOS has been used in
preference to p-well for both a dynamic RAM /26U/ and a read-only
memory (ROM) /261/. NMOS dynamic RAM's require a negative back
bias or 'charge-pump' to sweep up injected carriers, however, this
is not necessary in CMOS, and the use of ground potential in a p-

substrate is more effective /283/.

Analogue or linear design in NMUS technology has been made
difficult by the assymetric electrical characteristics of enhance-
ment and depletion transistors. The complementary enhancement
transistors of CMOS are much more suited to such applications and
many analogue CMUS circuits bear a close resemblance to their bipo-
lar equivalents /262/. Efficient CMOS operational amplifiers have
been presented /263, 264/. Switched capacitor filters implemented
in CMOS technology are finding applications in high frequency com-
muni&ation systems /265/ and in speech synthesis. techniques /266/.

The wuse of standard cells greatly reduces the time required to com-

-14 -



blete a circuit design., Both analogue and digital functions can be
designed as blocks and then inserted into a library for use in dif-
ferent systems /267/. Automatic routers are currently being
developed to interconnect 1library cells by optimisation of data

paths which are represented by vectors.

The gate array or uncommitted logic array (ULA) comprises a
collection of functional blocks which are not linked by interéon-
nects until the metallisation stage /298/. Although a high degree
of redundancy is inherent 1in such semiconductor products, a fast
turn-around fime is possible and arrays of 20K gates have been re-
ported /268/. In such temporarily unconmitted designs, the number
of input and output signals ('fan-ins' and ‘fan-outs') is not usual-
ly known. The difficulties encountered in designing ratioed NMUS
circuits to deal with uncertainties in loading between stages are

not nearly so critical in CMUS.

Since a high percentage of die area is occupied by intercon-
nects, a much more dense circuit is possible with the use of multi-
level interconnects /276/. One of the major problems currently be-
ing encountered by the semiconductor industry in the development of
VLSI processes is the fabrication of reliable parts using double-
level aluminium /269, 276, 289/. In the future CMOS wafer topogra-
phy will move further away from the traditional isoplanar structure
and progressively more three-dimensional, hence requiring a more so-

phisticated hierarchical design methodology /270/.

- 15 -



Process simulation is currently struggling to keep pace with
rapidly advancing processing technology. The following 'industry
standard' p-well CMUS process is chosen as the subject for the

present modelling activity.

2.2

A TYPICAL CMOS PROCESS FLOUW

Virtually all silicon for integrated circuit fabrication is
prepared by the C(Czochralski growing technique /271/. This method
allows simultaneous doping of the silicon, but as the silicon cry-
stal grows,.the melt becomes progressively enriched with impurities
due to segregation effects between the liquid and solid phase. As a
result of this, the dopant concentration in the crystal is non-
uniform and when the material is sawn into slices, a variation in
doping level is found not only from wafer to wafer, but also radial-
ly across each wafer. Since all starting wafers show a large toler-
ance in electrical resistivity, implantation of ions into high
resistivity starting material is uséd to dope the silicon surface to

a high degree of precision.

Figures 2.4(a-e) show several key stayes in the fabrication of
a silicon-gate p-well CMOS wafer. In the description to follow, de-
tails of photolithography /273/ are omitted for simplicity. Dopant
concentration 1is fixed in the n-substrate by ion implantation of
phosphorus ions (31P+) followed by a high temperature drive-in cycle
in an oxidising ambient. After photoresist is deposited and pat-

terned, the unprotected regions of oxide are etched in buffered hy-
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Figure 2.4 : Key stages in a typical CMOS process.
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Figure 2.4 (continued) : Key stages in a typical CMOS process
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drofluoric (HF) acid to define the p-well regions. Boron (118+) is
then implanted and diffused into the wafer at high temperature to
form net p-type tubs as shown by figure 2.4(a). An oxide step is
necessary at this stage in the process in order that subsequent
layer masks can be aligned to visible p-well boundariés. For this
reason, photoresist alone cannot be used as a mask against p-well
implantation. This oxide step is often omitted in cross-séctiona]

views,

Next the oxide layer is stripped, and a fresh ‘pad' oxide is
grown on which to deposit a layer of silicon nitride (Si3N4) at low
pressure using chemical vapour deposition LPCVD /197/. Photoresist
is patterned to leave the active device regions covered. The ni-
tride in the field regions is then etched in a plasma /272/ as shown
in figure 2.4(b). The lateral extent of the etch is important be-

cause it influences the final effective channel width of the MUSFET.

With the n-substrate region covered with the photoresist,
boron is implanted into the field regions while the n-channel active
device regions are masked by the nitride layer as in figure 2.4(b).
After a neutral ambient drive-in, the thick field oxide is grown us-
ing local oxidation of silicon (LOCOS) /274, 275/ in burnt hydrogen,
with the addition of HCl1 gas to suppress the occurrence of
oxidation-induced stacking faults and to getter sodium ion contami-
nation /41, 42, 111, 116, 118/. Figure 2.4(c) shows the wafer topog-
raphy after field oxidation, and the situation of the channel stop

(CS) region of boron which suppresses parasitic n-channel MOSFET ac-
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tion in the p-well field region,

An n-type field implant in the n-substrate region is not usu-
ally required since, contrary to the behaviour of boron, phosphorus

tends to pile up at the surface of the silicon.

The stress induced during local oxidation causes the edges of
the nitride layer to bend upwards like a ‘'bird's beak'. Next the
oxynitride, nitride and pad oxide layers are removed and a dry ox-
idising ambient is used to grow the gate oxide., During field oxi-
dation, silicon nitride forms at the Si - SiO2 interface under the
edge of the nitride mask /277/ as shown by the arrows in figure
2.4(c). At this place, growth of the gate oxide is impeded and in-
spection of the wafer through a high power optical microscope re-
veals a 'white ribbon' around the active regions. Such oxides exhi-
bit low breakdown voltages and also give rise to poor subthreshold
device characteristics. This problem is remedied by the use of a
sacrificial gate oxide which is grown and then etched back before a

second and final gate oxide layer is formed /278/.

No threshold adjust implant is required if the source/drain
implant is used to dope the polysilicon. In this approach, the po-
lysilicon is heavily doped n-type (N+) in the p-well regions and
heavily p-type (P+) 1in the n-substrate regions /246/. Judicious
choice of doping level in each region allows NMOS and PMOS threshold
voltages in the ranges 0.6V to 1.0V and -0.6V to -1.0V respectively.

However, polysilicon tracks which cross well boundaries must be

- 20 -



‘boot-strapped® with metal to prevent the formation of rectifying

p-n junctions,

Modern CMOS processes use LPCVD of polysilicon /28U/ which is
then blanket doped with phosphorus by either a high temperature fur-
nace treatment or ion implantation to compensate the part of the
boron source/drain implant which remains in the polysilicon. While
the n-channel MOSFET remains unaltered, the work function in the p-
channel transistor changes such that an extra surface implant is re-
quired to achieve a useful value of threshold voltage. If the con-
centration of phosphorus in the n-substrate region is reduced, the
threshold voltage of the parasitic field MUS transistor becomes
unacceptably low. Hence the n-substrate region is implanted with
boron and the dose of this implant is typically high enough to in-
'veft the surface of the silicon to p-type. When this occurs, the
p-channel MUSFET operates as a buried channel device /27Y/. To
avoid the wuse of an extra masking stage, a non-selective threshold
implant can be used provided the p-well concentration levels are re-
duced to compensate for the addition of more boron later in the pro-

cess flow.

The polysilicon is patterned to define MOS transistor gates
and interconﬁecting tracks as indicated in figure 2.4(d). A high
degree of control in the lateral extent of the etch is necessary to
ensure a low tolerance in the effective channel length of transis-

tors /281/.
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A further masking stage is required for each of the N+ and P+
source/drain implants. If P+ polysilicon is retained in the pro-
cess, a thin layer of oxide is grown on the polysilicon to prevent
counter doping of the gate electrode by the heavily phosphorus-doped
phosphosilicate glass (PSG) which is deposited to jsolate the po-

lysilicon and aluminium layers.

A high temperature treatment follows to repair lattice danage
and decrease sheet resistance in the source/drain regions and also
‘to flow the PSG layer over the surface of the wafer. Contact cuts
are etched through the oxide in preparation for aluminium deposition
by e]ectron;beam evaporation or sputtering /282/. A layer of sili-
con dioxide or silicon nitride is used to passivate and protect the
finished wafer. Only the bonding pad areas remain open at the sur-
face to allow connection of the integrated circuit to a suitable
package. Fiyure 2.4(e) shows the final CMUS wafer cross-section,
where contact cuts and metallisation have been omitted for simplici-

ty.

Although MOS technologies have been traditionally referred to
as ‘iso-planar', the wafer topography and doping profiles are clear-
1y 3-D in nature. Adequate representation of cross-sections such as
that depicted in figure 2.4(e) necessitates multi-dimensional pro-
cess modelling. Simulation of lateral effects in wafers is particu--
larly attractive as an engineering tool since no method exists of

experinentally profiling silicon in more than 1-D.
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A variety of fabrication options are cdrrently being investi-
gated to extend CMOS technology through VLSI (Very Large Scale In-
tegration) and into ULSI (Ultra Large Scale Integration) levels of
complexity. Some form of simulation is necessary to aid in the
development of these processes and so a short review of the current
status of advanced CMOS is now presented in order to set a perspec-

tive for simulation effort in the future.

2.3  ADVANCED CMUS TECHNULOGY

It is generally believed in the semiconductor industry that
CMOS will be the dominant VLSI/ULSI technology /322/. However, as
device geometries are shrunk to one micron and below, a variety of
parasitic effects influence device operation.

It has been observed that «-particles from the atmosphere or
the packaging material of the integrated circuit can corrupt data in
dynamic RAM circuits /284/. A single «-particle incident on the
silicon wafer generates several hundred thousand electron-hole
pairs. If enough minority carriers (electrons in p-type silicon)
diffuse into the depletion region of a storage capacitor then a log-
ic '1' can be switched to a logic 'O' which then constitutes an er-
roneous bit of information. If the memory cells are placed in a p-
well, the electrons generated in the n-substrate are repelled by the
bui{t- in potential of the well-substrate p-n junction, and the oc-

currence of a soft error is less likely /285/.
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Despite this advantage, the use of n-wells is ‘now preferred
for several reasons. N-well CMOS uses p-type starting material and
so is compatible with NMOS. Carrier mobility is degraded by the
presence of dopants of either type and is a function of the total
(not net) impurity concentration. Current CMUOS circuit designs
often rely on the faster n-channel transistors to conditionally
digcharge output nodes, and such devices in a p-substrate offer a.

higher gain than those in a p-well.

One of the biggest problems to be overcome in the development
of a VLSI GMOS process is the parasitic bipolar mechanism knoewn as
‘latch-up' /65-68/. With reference to figure 2.4(e), the vertical
n-p-n and Tlateral p-n-p structures in the p-well CM0OS process to-
gether make up a thyristor (p-n-p-n device) which, when appropriate-
ly biased by a noise spike, gives rise to a sustained current
between the positive and negative terminals of the power supply.
The 1latch-up current can only be terminated when the power ‘is
switched off, by which time the circuit is likely to be permanently
damaged., Because the mobility of holes is less than that of elec-
trons, the gain of the vertical p-n-p in an n-well process is less
than the gain of-the vertical n-p-n in a p-well process, and hence
the n-well process is less susceptible to the occurrence of latch-

up.
An increase in the well and substrate concentration levels

reduces the risk of Jlatch-up by decreasing the minority carrier

lifetime in the parasitic bipolar transistor base regions.  Howev-
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er, a larger back-gate bias effect /13/ is induced in the active MUS

transistors.

Other attempts to eliminate latch-up have included the diffu-
sion of gold atoms into the wafer /286/ or the use of internal
gettering /287/ to reduce minority carrier lifetime. The use of
Schottky barriers in a CM0OS process is also reported to solve

latch-up problems /288/.

One of the most effective methods of decreasing the lateral
resistance of the well is to use a heavily doped substrate on which
a near-intrihsic epitaxial layer is grown. From then on, a normal
process flow can be adopted. Both N+ substrates /290, 291, 294/ and
P+ substrates /283, 292/ have been utilised, but fabrication costs
are high and defect density is increased /296/. Figure 2.5 shows a
twin-well CMOS process using N+ starting material. The transition
region between the substrate and the epitaxial layer contains point
defects which help to getter unwanted impurity atoms from the sur-

face of the wafer.

While these processiny techniques reduce the possibility of
latch-up occurring, it is still necessary to take precautions at the
design level, Input and output buffers for example should be com-
pletely surrounded by ‘'guard-rings' which are hardwired to the power

supply to collect any minority carriers in the substrate /258/.

One technology which eliminates latch-up problems is silicon-
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on-sapphire (SOS) by wusing an insulating substrate material /297,
298/. An epitaxial layer of silicon is grown on the sapphire, and
then selectively etched to form islands in which to form n-channel
and p-channel MOSFET's as shown in figure 2.6. Field oxide 1is not
required and the spaciny between transistors is only determined by
how well the epitaxial islands can be defined. Also no separation
is necessary between the diffused N+ and P+ regions on the output
node of an inverter hence allowing a high packing density of
transistors. SUS circuits boast a low susceptibility to radiation
and because the substrate is non-conducting, parasitic capacitances
are low. Using similar design rules,SUS is about twice as fast as
bulk CMOS in‘VLSI /300/. High performance applications justify the
added processing cost and Toshiba manufacture a 16-bit microproces-

sor using SOS technology /301/.

Since the fabrication of CMUS/SUS wafers is made difficult by
the difference in thermal expahsion between sapphire (o - A1203) and
silicon, there is great interest in obtaining an idnsulating sub-
strate by other techniques. High dose oxygen implantation into sil-
icon wafers followed by an anneal treatment gives a buried silicon
dioxide layer with silicon at the surface /302/. Nitrogen can be
implanted to form a silicon nitride 1layer in a similar fashion
/303/. Alternatively, a one-micron thick layer of oxide can be.
grown on the surface of the wafer, and then a layer of polysilicon
is deposited using LPCVD. The grained silicon structure is melted
and grown into a single crystal by thermal radiation from halogen

lamps /304/. Such silicon-on-insulator (SOI) techniques remain
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research topics currently and are not yet feasible for the produc-

tion environment.

As device geometries are shrunk to dimensions below 2 micron
for VLSI, a variety of parasitic effects become important for device
performance /306,309/, and these are collectively known as ‘'short
and narrow channel effects'. The 2-D nature of device structures
can no longer be ignored, and threshold voltayge becomes a function

of device size /305/.

_While the transistors themselves exhibit higher switching
speeds, the maximum operating frequency of VLSI circuits is limited
by the resistance of diffused regions and polysilicon interconnects
which contribute to 1large RC time delays. Refractory metal sili-
cides can be fabricated on the surface of these doped areas in order
to increase their conductivity /253/. Smaller contact openings and
more shallow source/drain junction depths also increase the series
resistance to transistors /306/. The transconductance of devices
with gate oxide thicknesses below 100R degrades since this dimension
is comparable with the thickness of the inversion layer and a large
portion of the applied gate-source voltage appears across the chan-

nel hence decreasing the effective gate capacitance /306/.

Use of the traditional 5V TTL-compatible power supply causes.
problems for VLSI MOS devices. As the transistor channel length is
reduced, the drain depletion region extends to the source giving

rise to unrestricted current flow despite a gate voltage correspond-
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ing to the ‘off' condition /7, 311/. N-channel devices already
require a surface implant of boron to allow the use of an N+ po-
lysilicon gate electrode. To suppress punch-through, an additional
deep implant of boron is required to raise the p-type dopant concen-
tration in the bulk while not contributing appreciably to the thres-
hold voltage. A high lateral electric field gives rise to 'hot'
carriers which are sufficiently energetic to create free electrons
and holes /306/. Substrate currents can initiate parasitic bipolar
mechanisms like latch-up. Another is ‘snap-back' /299/ which is
characterised by a state of negative differential resistance in the
I -V

DS 0s
buried-channel device, careful process design is necessary to ensure

relationship. Since the p-channel MOSFET operates as a
good sub-threshold characteristics /310/.

Despite the above-mentioned complications to basic transistor
operation, a brocess which holds promise for advanced VLSI and ULSI
levels of circuit complexity is retrograde well CMUS. Compared to
conventional bulk CMOS, the main difference of this approach is £Nat
the p-well implant is performed after the active device regions have
been formed. A high energy, typically 400 - 600 keV, is used to ac-
celerate boron ions through the field oxide into the underlying sil-
icon /293, 296/. Only a brief anneal is necessary instead of the
customary long p-well drive-in step. A channel-stop (CS) region is
formed 1in the p-well field area and boron suck-out due to oxidation
is Winimised. The net p-type doping concentration reaches its max-
imum value in the bulk of thé transistor active region and

suppresses drain-source punchthrough., This process has been ex-
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tended to twin retrograde wells /294/, as shown in figure 2.7.
Since the tubs form four distinct regions in the silicon, this tech-

nology is consequently referred to as 'quadruple well CMUS'.

Because changes in processing technology tend to be evolution-
ary rather than revolutionary due to the immense cost of introduciny
changes into a wafer production line, quadruple well CMOS has the
potential to be the dominant VLSI/ULSI circuit technology. Howev-
er, the advancement of this technique to a feasible production pro-
cess is hampered by the lack of a commercially available ion im-
planter which is reliable and capable of the high acceleration vol-

tages necesséry to implant ions through the thick field oxide.

Even more dense circuit layouts are possible by increasing the
level of integration in the vertical direction of the wafer. The
use of triple-level polysilicon permits fabrication of very small
dynamic RAM cells /312/. A further step towards three-dimensional
(3-D) integration is taken by stacked CMOS (ST-CMUS) /313/. In
this sophisticated process flow, p-channel transistors are created
in a laser-recrystallised polysilicon layer and are placed directly

above the n-channel devices.

Since the bird's beak transition region of conventional MOS
technologies is wasteful of die area, several new isolation tech-
.niques have been proposed for advanced processes /50, 51, 314-317/.
The most promising is 'deep-trench' isolation /318/ which has been

used to reduce the separation between n-channel and p-channel
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transistors and also increase latch-up immunity. The deep trenches
are created using reactive ion etching (RIE). The sidewalls are
oxidised and then the pits are filled with polysilicon. The sur-
face of the wafer must be planarised to avoid step coverage problems

when the aluminium layer is deposited.

Powerful single-chip silicon systems can be realised by com-
bining bipolar and MOS é]ements on the same die in a 'BIMUS' pro-
cess. The feasibility of this approach has already been demonstrat-
ed 1in a dynamic RAM design /319/. Fairchild have developed a com-
plex process which combines bipolar, CMOS and high voltage DMOS
transistors ./320/. Most of the large semiconductor manufacturers
are engaged in research to fabricate BIMOS circuits, but since pro-
cess details are proprietary, little published material has yet em-

erged.

It is clear from this review and discussion of CMUS technology
that processing techniques are becoming more complex and consequent-
ly increased use of computer aids is now required. When used in
conjunction with test chip data /321/, computer simulation provides
an aid to understanding phenomena, and offers a valuable tool for

CMOS process development in VLSI/ULSI.
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CHAPTER THREE : REVIEW OF PROCESS SIMULATION ACTIVITY

A large amount of research work on individual process steps,
such as 1ion implantation, diffusion, oxidation, etc., has been re-
ported in the literature. The power of process simulation 1lies in
the combination of models for each fabrication step to allow simula-
tion of complete processes from beginning to end. Several man years
of effort is involved in the development of such a simulation pack-
age. The realisation of such a project calls on a variety of dis-
ciplines including semiconductor physics, processiny knowledge, com-

puter programming and applied numerical analysis.

As well as being important for process development and under-
standing, simulation provides a convenient means of carrying out a
process sensitivity analysis to determine those parameters which
have a critical effect on device characteristics and thus require a
high degree of control on the production line. A process variation
analysis has been undertaken by Aoki et al /241/ with the projram
CASTAM. Herr et al /240/ have reported a statistical modelling ap-
proach to determine best and worst case device parameters for cir-

cuit design,

while simulation of impurity concentration profiles only is
discussed in this thesis, modelling of wafer topography /233/ is
beéoming increasingly important for VLSI. The most advanced general
purpose simulator for dealing with the process steps of lithography,

deposition and etching is SAMPLE /231, 232/.
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The 2-D models of this program have been applied to the pro-
Jection printing of positive photoresist /234/ and negative pho-
toresist /235/, and also to the electron-beam exposure of resist
/236/. Plasma etching of material layers is a critical process step
in MOS technologies. The width of a silicon nitride track defines
the effective channel width of the MOS transistor, and the width of
a polysilicon track defines the effective channel length, assuming
all other offsets are fixed. A high degree of control in etching
characteristics is necessary since any variations in nitride or po-
lysilicon ]inewidthé appear as a tolerance on the electrical charac-
teristics of devices. Optimisation of etched profiles 1is possible
using both vertical aﬁd lateral étch rate components /237/. Deposi-
tion models for electron-beam evaporation or sputtering of aluminium

aid in the reduction of step coverage problems /238/.

Several process simulators which model impurity aistributions
in silicon have been reported in the literature and these are sum-
marised in table 3.1. For comparison, the EPIC program produced in
this project nas also been included, although it is described more
fully later. A 1-D process simulator allows modelling of the impur-
ity profile 1in the vertical direction in the wafer, but if lateral
etfects are also important, for example in the 1length and width -
cross-sections of a small geometry MUS transistor, tnen a 2-U simu-

lator is required.

The complexity of mathematical process models means analytical
methoas can only be applied to certain aspects of the process, and
in general, accurate results are only possible by using a numerical

method.
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*

Process D References Place of Origin Num. Non-Un. | High - Diff, Applications
Simulator Method Mesh Conc. and

Diff. Oxid. |
SUPREM 11 1 1,97 Stanford Univ, FD v v v used extensively
SUPREM 111 1 181, 229 Stanford Univ. FD Y/ Y/ v/ N-well CMOS
ICECREM 1 81, 188 Munich Univ." FD v/ v/ used extensively
SUPRA 2 16, 202 Stanford Univ, FD Y v/ NMOS
FEDSS 2 17, 230 IBM FE " v N-well CMOS
ROMANS 11 2 20-22 Rockwell SD v/ v N-well CMOS
BICEPS 2 27-29 AT & T Bell Labs FD v v NMOS
LADIS 2 25,26, 180 Siemens FD v " NMOS, DIMOS
Taniguchi et al} 2 19 Toshiba FD Y " NMOS
RECIPE 2 198 Rensselaer ? NMOS

Poly. Inst.

EPIC 2 31 Edinburgh Univ. FD v/ v/ v/ P-well CMOS

* FD = Finite Difference; FE = Finite Element; SD = Semi-Discretisation

Table 3.1 :

Review of 1-D and 2-D process simulators




method. Such numerical analyses fall into three categories: the
finite difference (FD) method, the finite element (FE) method and

the semi-discretisation (Sb) method or method of lines.

Advantages are to be gained in the use of a non-uniform mesh
where a fine grid is used to accomnodate rapidly varying impurity
profiles due to ion implantation or thermal oxidation at the surface
of the wafer, and a coarse mesh in the bulk where impurity concen-
tration gradients are not large. It is essential to adopt such an
approach in the simulation of a bulk CMUS process which makes use of
an n-well, p-well or both types of well, in order to reduce computa-

tion times.

High concentration ion implantation and diffusion models are
required to model source/drain regions in MOS processes. The con-
centration dependence of the diffusivity gives rise to non-linear
diffusion, which cannot be modelled analytically. The 1-D programs
SUPREM I1 /11,97/, SUPREM III /181,229/ and ICECREM /81, 188/ solve
for impurity diffusion in inert and oxidising furnace ambients.
However, the diffusion coefficient of species in the oxide is very
Tow, and during a non-oxidising (inert) anneal step in the fabrica-
tion process, the Si - SiO2 interface can be approximated by a re-
flecting boundary. This approach is used by all the 2-D process
simulators reviewed. All these programs use a well established nu-
merical method, except in the case of RECIPE /198/ which uses an
‘incremental solution method'. The mathematical basis of this work

is suspect, and the authors do indeed confess that diffusion results
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could be inaccurate by a factor of 2.

The simulation of impurity diffusion during thermal oxidation
of the silicon wafer is a complex moving boundary probiem. The 1-D
programs of table 3.1 model simultaneous diffusion and oxidation
without the use of any simplifying assumptions. Sinulation of the
transition region between the active and field regions commonly
known as the 'bird's beak' requires a 2-D model. All attempts to
solve this problem so far have been forced to neglect impurity dif-
fusion in the oxide and to model segregation effects purely as an
interfacial flux in the form of a boundary condition. In practical
situations this is a good approximation, as shall be demonstrated in
chapter 8. Instead of a 2-D numerical model, SUPRA /16, 202/ uses a
semi-empirical model which can generate only approximate results in
general situations, and therefore cannot be credited as a realistic
diffusion/oxidation simulator. The model of Taniguchi et al /19/
assumes a bird's beak angle of precisely 45° which rarely occurs in
practical MOS processés. FEDSS /17, 230/ models non-rectangular
structures but completely neglects impurity segregation effects. An
accurate and mathematically valid numerical treatment, however, is
used by the programs ROMANS 11 /20-22/, BICEPS /27-29/ and LADIS
/25, 26, 180/.

The 1-D proygrams SUPREM I1 and ICECREM are available to ahyone
from the authors for merely handling costs, and are consequently
used extensively in the semiconductor industry. SUPREM IIl is capa-

ble of modelling multilayered structures, for example, polysilicon
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and gate oxide in the cross-section through the active device region
of the MOS transistor, and results have been presented for an n-well

CMUS process /229/.

A 1-D process simulator called PROSIM I1 has recently been
reported by Fair et al /239/. Although the program has been used to
predict source/drain junction depths in CMUS, details of the process

models have not yet been presented.

In the field of 2-D process simulation, SUPRA, BICEPS and the
program of Taniguchi et al have been applied to NMOS technology, and

in addition,'LADIS allows simulation of DIMUS transistors /13/.

N-well CMOS processes have been simulated by FEDSS and ROMANS
II and although no simulation results have yet been presented, RU-
MANS II is the only 2-D process simulator capable of modelling im-

purity profiles in silicon-on-sapphire (SUS) CMOS /22/.

From table 3.1, the most popular solution techhique is the
finite difference method. Tne alternative tinite element method has
attractions in that it can use a mesh structure wnicn conforms to
the physical boundaries of the device. However, the resultant ma-
trix structure is less amenable to iterative solution. Finite
difference wmethods have been much more widely used both for device
and process simulation. It was therefore decided to use finite
difference analyses for all the models developed in tne course of

this project.,
Tne proygrans reviewed in table 3.1 provide a gyooa startingy
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point but none of the Z-aimensivnal packages are yet sufficiently
comprenensive to be yenerally usable. Tne main features wnicn were

considered in the definition of EPIC were:

* 2-D representation

* Use or analytical solutions where possibie

* Numerical solution by finite difference metnods
* Executable on a small VAX computer

* Modules to describe single process steps

* Linked modules for wnole fabrication processes

The program architecture is describea in Appendix A, and tne
single process step modules in the followiny Chapters. By usiny
tnis approach, it has been possible to devise a program which is
unique 1in its scope of application, but wnicn remains economical to
use. Tnis tnesis and tne previous work by Buttar et al /31/

comprise tne first 1-D anda 2-D simulation of of a complete p-well

CMUS prdcess, and the program may also be applied to n-well or

twin-well CMOS structures,

Two features have contributed to tne detailed efficiency of

EPIC:

(i) use of SUPREM 1-D proufiles tu detfine initial mesh
conditions for 2-D simulations,
(11) vuse of a non-uniform mesh to yive an economical

representation ot deep non-uniform dopant profiles,

Electron-veam annealiny is a promisiny technique wnich holds
promise for VLSI MUS technologies. A simple annealing model for use
in tne development of scanninyg electron-beam systems is presented in

chapter 6.
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CHAPTER FOUR : 1-D PROCESS SIMULATION

4.1 10N IMPLANTATION

Ion implantation is now the principal doping technique used
in the fabrication of integrated circuits because it offers several
advantages over furnace doping methods. A high deyree of uniformi-
ty and reproducibility is possible by monitoring the ion beam
current. Since the MOSFET is a surface-effect device, the silicon
surface must be  free of contaminants in order to ensure reliable
device operation, Ion implantation can be performed through a pas-
sivating layer of silicon dioxide on the wafer surface. In addi-
tion, photoresist, silicon dioxide and silicon nitride can be used
to mask regions of the silicon from the impinging beam. Implanta-
tion is carried out at low temperatures and so no impurity diffusion
takes place. This is important in MOS technologies because VLSI
devices require highly doped but shallow impurity profiles in
source/drain regions to minimise short channel effects /69-71/. In
addition source/drain regions can ' be self-aligned to polysilicon
gates hence reducing parasitic gate/source and gate/drain capaci-
tances. Short channel (<2um) MOS transistors require a gate adjust
implant to fix the threshold voltage and also a deeper implant to

suppress drain-source punch-through /83,99/.

The theoretical background for ion implantation is due to
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Lindhard, Scharff and Shiott /79/ and this work is known as the LSS
theory. An amorphous target is assumed to provide both electronic
and nuclear stopping of incident ions and the predicted profile

takes the form of a symmetrical Gaussian distribution given by

(x - R )2
N(X) = Q exp {- W—p— } (4-1)
P

R
ﬁ 2R {1 + erf(—E—))

75
2 ARp

where x is distance into the silicon, Q is the implant dose, Rp is
the projected range of the ion in silicon and .ARp'the projected

standard deviation or range straggle. The so-called error function

is defined by X
2
erf(x) = = exp(-y2)d 4.2
= ,//. Y (4.2)
0

The LSS range statistics for Rp and ARp have been computed
as a functi;n of implant energy by Gibbons et al /80/. While LSS
theory considers amorphous targets, silicon wafers are single cry-
stals, and a certain amount of ion channeling always occurs along
major crystallographic directions /85/. lIons which find themselves
channeled between adjacent lattice planes penetrate deeper into the
silicon and give rise to a ‘'tail' on the Gaussian distribution.
The effects of channeling can be reduced, but not eliminated, by
both rotating and tilting the wafer prior to implantation, and also
by wusing a passivating silicon dioxide layer to randomise the ion

directions before they reach the silicon /92/.

If the assymetric nature of the distribution- is not too

-4 -



severe then a good fit to the experimental results is obtained by
using the third moment ratio estimate or ‘'skewness' Y which
characterises the degree of tilt of the profile. In this formula-
tion two half-Gaussian profiles with different range straggles are

Joined at a common range /80,100/.

The best fit to experimental profiles is obtained by consid-
ering, in addition to the skewness Y, the kurtosis 8 which indicates
p,Y
and B are incorporated into a Pearson distribution of type IV de-

flatness at the top of the profile. The four parameters Rp,AR

fined by /81,82,103/

1
fpX) =y [2(x-R)? + by(x-R)) + byl 22

b,
b, * 2a 2by(x - R) + b,
exp { - } arctan { P } (4.3)
Y4bob, - b,? Y4bob, - b, 2 '
where
ARp v(8+ 3)
b1 = a = '-_A—— (4.4)
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2 - 2
T A (4.5)

b, (28 - 3';\’ - 6) (4.6)

>
"

108 - 12y2 - 18 (4.7)

The constant kp is determined from the normalisation integral

/fp (x) dx =1 - (4.8)

0

and the complete ion distribution is given by

N(x) = g fp(x) (4.9)

For a Pearson type IV distribution B must satisfy

3
2
2 2
83 B = 48 + 39y2 4 ¢ (v2 + 4)
32 - y2

(4.10)

Boron profiles in particular are wel] modelled using this distribution

/81,82,92/,

The remainder of this section considers how 1ion implantation

theory may be implemented in process simulation models,
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SUPREM I1 uses joined half-Gaussian distributions for -
phosphorus and arsenic,and Pearson IV distributions for boron, EPIC
uses Pearson ]V distributions for all three elements. The values of

kurtosis 8 are taken from ICECREM /81/ and are

1.5 Bmin y B, P

8 = ) (4.11)

Bmin y As

Implantation of ions is rarely performed into bare silicon in MOS
processes, but wusually through a passivating layer such as silicon
dioxide, The basic LSS theory cannot be applied to multilayered
structures and only two general theories have been developed to
model the range of ions and lattice damage in arbitrary solid tar-

gets.

The first method is to solve the Boltzmann Transport Equation
/87/ to obtain the implanted profile in 1-D. No generalisation to
more than one-dimension has yet been reported, so the method has

only Timited use in a VLSI process simulation program.,

The second method relies on a Monte Carlo technique /83-90,
101,102/, which involves the modelling of each scattering event as a
projectile collides with target atoms. Because each ion path must
be simulated, the procedure must be repeated very many times in ord-
er to build up a statistically valid distribution, and so execution

times of Monte Carlo programs are long.



Alternative methods, which are simpler to implement, replace
masking layers by equivalent thicknesses of silicon to allow the use
of LSS data. Sakurai et al /91/, Furukawa and JIshiwara /93/, and
Ryssel and Hoffman /92/ use a density transformation based on the
projected standard deviation, If the thickness of passivating
layer is d1 and the range straggle of the incident ion in this ma-

*
terial is ‘ARpl’ then the effective thickness of silicon d is given

by

d = KP;: d, _ (4.12)
1

EPIC.uses a transformation based on the projected range, as
used by Antoniadis and Dutton in SUPREM II /41, 97/ and Tielert
/94/. If the projected range of the incident ion 1in the masking

layer is Rp1 then the equivalent thickness of silicon is given by

* R A
d = 'R—'E d]_ (4.13)
P1

The implantation of ions through multilayered structures
gives rise to recoil or knock-on implantation of ions /95/. If the
mass of the implanted ions is similar to the mass of the atoms
comprising the masking layer, a large fraction of the energy of the
primary projectiles can be transferred to the atoms of the masking
layer which are themselves implanted into the silicon. Knock-on im-
p]gntation of silicon and oxygen atoms has been observed to occur
during high dose arsenic implantation through oxide into the

source/drain regions of MOS devices. However, experimental results
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show that the free-carrier mobility is not degraded in those regions

/86/.

Sputtering of target atoms occurs for very high implant doses
(>1017 jons cm'z) and Tow energies (K10 keV) /92/, but this effect is

negligible in all practical situations in current MOS processes.

In order to test the accuracy of EPIC in one-dimension, simu-
lation results are compared with Secondary Ion Mass Spectrometry
(SIMS) data /96, 104/ for typical source/drain implants of CMOS
technologies. In the present study, SIMS analysis was obtained com-
mercially through Loughborough Consultants Ltd. EPIC uses the LSS
statistics of Gibbons et al /8U/ in all cases except for the data
of range Rp ?nd standard deviation ARp for boron in silicon. where
the values used are those appearing in the program ICECREM /81/.
Figure 4.1 shows a comparison of LSS data and empirically obtained
ICECREM data for Rp and ARp for a range of implant energies between
10 keV and 200 keV. Figure 4.2 shows SIMS experimental data for a

high dose boron implant through an oxide of thickness 820&.

Dopant concentration is plotted as a function of depth from
the silicon surface, and the concentration of dopant in the oxide

layer is not considered.

SUPREM II fits an exponential tail to the Pearson IV distri-
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bution which overestimates the extent of ion channeling. Also shown
are the simulation results of EPIC using both LSS data and ICECREM
data, of which the latter clearly gives the best agreement with the
SIMS data. The ICECREM data for boron is therefore also wused in

the 2-D implantation models in EPIC.

The SIMS results for a phosphorus implant are shown in figure
4.3. The usé of joined half-Gaussian profiles in SUPREM underesti-
mates both the surface concentration of phosphorus, and the extent
of the distribution tail. EPIC, in contrast, overestimates the
surface concentration and slightly overestimates the Qistribution
tail. The top of the experimentally measured profile is much
flatter than is expected from LSS statistics, and this discrepancy
is attributable to the masking layer of oxide. Both SUPREM and
EPIC assume that masking layers have no effect on fhe r&nge stéag-
gle, however Monte Carlo calculations of phosphorus implanted at 150
keV through a 15008 thick layer of SiU2 predict a flatter peak re-

gion compared with LSS -distributions /98/.

Figure 4.4 shows a comparison of SIMS results for an arsenic
implant with the Jjoined half-Gaussian profiles of SUPREM and the
Pearson IV distribution of EPIC. Conversion of the masking oxide
layer to an equivalent thickness of silicon using the LSS data of
projected standard deviation in (4.12), or range in (4.13), does not
adequately model the stopping power of 3102 for As implantation. In

the present work, LSS statistics for an energy of 80 keV predict a
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greater stopping power than is experimentally observed.

The same

effect is evident in the work of Hirao et al /86/ who present SIMS

results for
the stopping of As in 5102.

equations (4.12) and (4.13) for both energies.

180 keV As implants, but do not consider any model for

Table 4.1 summarises the results using

As implant d1(3) d*(R) d*(i) d*(K)
energy (keV) eq.(4.12) eq.(4.13) exper-
imental
80 705 970 869 530
180 970 1318 1185 955
Table 4.1 : Comparison of modelled and experimental equivalent thicknesses

of Si for As implanted at two different energies

The values of oxide thickness d1 were measured using a Nanometrics
film thickness computer. In each case, the calculated values of

*
equivalent silicon thickness d overestimate the experimentally

determined data.

A1l the As implants dealt with in this thesis are perforned

at 80 keV, and an empirical stopping power is used for SiO2 where

*
d = 0.75d; (As only) (4.14)

Use of this model gives excellent agreement between EPIC simulation
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results and SIMS data as shown in figure 4.4, but its accuracy at

energies other than 80 keV is uncertain.

4.2  THERMAL OXIDATION

Modern integrated circuit technology relies heavily on ther-
mal oxidation of silicon. In fabrication processes, many high tem-
perature operations are carried out with an oxidising ambient in the
furnace tube. MOS technologies require high quality oxides which
must be formed in a controlled and repeatable manner. Silicon diox-
ide 1is used as a mask against ion implantation or diffusion, and
also provides dielectric isolation between adjacent devices or
betweeh different conducting layers such as polysilicon and alumini-

um,

Several techniques are available to form silicon dioxide
/107/, but the method most often used for processing steps in MQS
technology is thermal oxidation because it offers good oxide film

quality and low surface states at the Si-SiU, interface /112/.

2

Either dry oxygen or water vapour, usually produced by burn-
ing hydrogen in oxygen, can be used to form silicon dioxide through

the reactions

Si (solid) + 0, — sio, (solid) (4.15)
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Si (solid) + 2H,0 —» siv, (solid) + 2H, (4.16)

2

Reaction (4.15) is often referred to as 'dry' oxidation and (4.16)
as 'wet' oxidation, and the rate of wet oxidation is substantially

greater than that of dry oxidation /36,42,110,111/.

When oxidation occurs, the Si-SiO2 interface moves into the
silicon with an accompanying volume expansion. One unit of silicon
dioxide is produced by a units of silicon where the constant o is
0.44. The Ueal-Grove law /36/ for oxide growth in 1-D is given by

X2 + Ax_ = B(t + 1)

o 0 (4.17)

where X, is the oxide thickness, t is time, and, B and B/A are the
parabolic and linear rate constants respectively. T is a time

corresponding to an initial oxide thickness X; and is given by

(x,i2 + Axi)

. . - (4.18)

This model is accurate for oxide thicknesses between 200% and
20,0003 over a temperature range 700°¢ - 1300°C /105-107, 110, 111/.
Wet oxide growth below 200R is also well modelled by (4.17), but in

., an accelerated rate is observed for the first

the case of dry 02

200k of oxide growth,
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The mechanisms of thin oxide growth in dry 02 are as yet unc-
ertain. The initial theory of Blanc /1U8/ gives yood agreement with
the data of Irene /1U9/ over the temperature range 780°c to 98u°c.
However the pressure dependence of the reaction rate is nof con-
sistent with the data of Van der Meulen and Ghez /113,114/. Hu
/115/ presents a general model which reduces to the Deal-Grove law
and the Blanc law as two special cases, but this theory has not been

tested experimentally to any great extent.

Since the minimum gate oxide thickness considered in the
present simylation activity is 500R, the details of the thin oxide
regime can be neglected and the simple Deal-Grove model is suffi-
ciently accurate for engineering purposes. The SUPREM II model for
thin oxide growth involves multiplication of the linear rate con-
stant B/A by ngactor of 10 during the first 20UR of oxide growth in

dry 02 N,97/.

In most MOS processes, chloriné-containing gases are intro-
duced into the oxidising ambient to improve both the oxide and
underiying silicon properties. The addition of a few per cent HCI
to a dry oxidising ambient results in a significantly greater oxida-
tion rate /117/. Conversely, HCl gas decreases the oxidation rate
of wet oxygen /118/, which is apparently due to the reduced H20 va-
pour pressure. Similar results are observed with the addition of
trichloroethene (TCE) /119/ to the furnace ambient, but as in the

case of HC1, the mechanisms of the interface reaction are not fully
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understood.

The oxidation reaction rate is very sensitive to the composi-
tion of the oxidising ambient and even trace amounts of HZO’ ey 2U
ppm, rgsult in an accelerated rate in dry 02 /120/. Consequently in
a practical situation, it is difficult to predict oxide thickness as
a function of oxidising time, and for simulation purposes, oxide

growth parameters must be fitted empirically.

High concentration 1levels of dopants enhance oxidation
behaviour /121,122/, but the effect is not important for most
processes because the highly doped source/drain regions of the wafer

are not usually subjected to an oxidising anneal,

The field oxidation step of current bulk MOS processes in
production requires a furnace treatment of many hours at a tempera-
ture of 900°C to 950°C to grow an oxide layer thickness of around
one micron at atmospheric pressure. There is therefore great in-
terest in using high pressure systems to accelerate oxide growth
rates and decrease processing times of wafers /123-125/. High pres-
sures allow the furnace temperature to be reduced so that redistri-
bution of impurities in channel-stop regions between transistors can

be minimized.

The use of polycrystalline silicon or ‘polysilicon' as a gate

material in MOS technologies is now standard practice. Thermal oxi-
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dation of polysilicon layers is used to provide dielectric isolation
for multilayer structures. The grain structure of polysilicon
resﬁlts in a non-uniform oxide layer thickness on the surface of the
polysilicon, and because high doping levels are required for low
sheet resistances, concentration-enhanced oxidation 1is observed
/126/. The oxidation of polysilicon is therefore a complex process

and no good simulation model exists at the present time.

4.3 DIFFUSION

4.3.1 General Discussion of Diffusion

High temperature diffusion of impurity species is fundamental
to the formation of doped regions in silicon wafers. Impurity atoms
can be introduced into silicon using the following methods /127/:
diffusion from the vapour of a chemical source, diffusion from a
doped oxide glass, and diffusion from an ion implanted layer. The
anneal and drive-in of ion implanted profiles is the most important
technique for doping the silicon substrate in modern MUS processes.
It 1is advantageous to have a fully implanted CMOS process for VLSI
/128/, but often a gaseous source is used to saturate the polysili-
con layer with phosphorus. Knowledge of the doping profile in the
polysilicon gate material is required for prediction of the thres-

hold voltage of MOS transistors /129/.
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The subject of solid state diffusion in single crystals is
well studied in the Tliterature. A detailed account of atomistic
diffusion on a microscopic scale is given by several authors, ey Fair
/42/, Rupprecht /130/, Antoniadis /131/ and Tsai /127/, and so only

a brief description is necessary here.

It is believed that both vacancies and self-interstitials are
intrinsic point defects in silicon. A vacancy is created when a
silicon atom gains enough energy to migrate to a position between
planes of lattice atoms in which case the atom is known as a 'self-
interstitial', Similarly, an impurity atom which does not occupy a
substitutionﬁl site is known as an ‘interstitial'. In the past,
elements which diffuse interstitially have been known as ‘fast'
diffusers and those which diffuse substitutionally via vacancies
have been referred to as 'slow' diffusers. Research now indicates
that elements from Groups III and V in the periodic table can mi-
grate using a combination of both vacancy and interstitial mechan-
isms /131, 132/. This microscopic study of diffusion phenomena is
important for the formulation of macroscopic diffusions laws suit-

able for incorporation into a process simulation program,

The diffusion coefficient or diffusivity D for crystals in
'general is a second rank tensor, but since the silicon lattice is
cubic, D reduces to a scalar and the diffusion process is isotropic
/133/. At concentration levels below the intrinsic carrier concen-

tration nys the diffusivity D is a constant and diffusion is



described by Fick's law. However, at high concentration levels D
becomes concentration-dependent. In addition, a fraction of the to-
tal dopant concentration becomes inactive and unable to participate
in the diffusion process. The complexity of high concentration
diffusion rules out an analytical analysis and instead, a numerical

treatment is used.

Thermal oxidation of silicon often occurs sirmultaneously with
high temperature diffusion, and gives rise to a flux of impurity
species across the moving S1'-S1'U2 interface, caused by a difference
in chemical potential across the boundary. Segregation effects for

boron in pariicu]ar have important implications for MOS processes.

Diffusion of impurity species in silicon dioxide is modelled
in SUPREM, but not in EPIC. The diffusivities of B, P and As in
5102 are much less than the diffusivities of these elements 1in Si
/153/, and in the case of As at concentrations above 5 x 1020 cm'3
no diffusion occurs in a dry N2 ambient /154/. An accurate model
for segregation effects at the Si-5102 interface includes diffusion
within the oxide, however, for nost practical purposes migration of

dopants in the oxide can be neglected. An investigation of the

validity of this assumption is postponed until chapter 8.

The above-mentioned effects are included .in general diffusion

models implemented in SUPREM and EPIC as detailed below.
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cients is used extensively in the field of process modelling, and is
therefore used as far as possible in the present work. Figure 4.5
shows an Arrhenius plot of the temperature dependence of the intrin-
sic diffusivity D for boron and arsenic according to SUPREM /97/.
Figure 4.6 shows the temperature dependence of the intrinsic dif-
fusivity D of P according to both SUPREM /97/ and Hill /137/. The
data of Hill is obtained using a best fit to measurements of several
authors, and appears to give better simulation results than the de-
fault SUPREM data for processing steps involving P which are carried
out at the high temperature of 1200°C. This intrinsic diffusion

data is summarised in table 4.2.

2 -1
Element Do(cm s ') EA(eV)
B/97/ 0.555 3.4265
P/97/ 3.85 3.66
P/137/ ' 0.6 3.51
As/97/ 24.0 4.08

Table 4.2 : Intrinsic diffusion data for B, P and As
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4.3.3 Oxidation Enhanced Diffusion

Evidence of oxidation-enhanced diffusion (UED) of impurity
species during thermal oxidation was first observed in high concen-
tration profiles of boron /145/. This enhanced diffusion effect
was subsequently found to bear a close relation to the formation of
oxidation induced stacking faults /41/ which have a detrimental ef-
fect on MOS devices. Further research indicated that OED occurs
for boron, phosphorus and arsenic /146-149, 152/, where boron is af-
fected most, arsenic least and the behaviour of phosphorus lies
between these extremes. The following explanation of these effects

is due to Hu /41/.

Free silicon atoms are generated during thermal oxidation be-

cause of an incomplete chemical reaction at the Si-Si02

Although the proportion of silicon atoms which do not participate in

the reaction is only of the order of 1 in 103, these atoms may dif-

interface,

fusé interstitially into the bulk of the silicon wafer. At non-
planar regions of the Si - S'iO2 interface, such as at the bird's
beak produced by LOCOS in MUS technologies, a regrowth process ex-
ists for excess self-interstitials which form stacking faults in the
silicon. Non-equilibrium interstitial silicon atoms also increase
the diffusion of boron which diffuses via a dual mechanisn involviny
both interstitials and vacancies. Phosphorus is affected in the
same way but to a lesser extent, and the migration of arsenic is

only slightly influenced since this atom diffuses primarily by the



vacancy mechanism,

In a process simulation program, oxidation-enhanced diffusion
can be modelled by adding a factor ADOx to the intrinsic diffusivity

D to obtain a modified diffgsion coefficient Dox where

Dox = D + ADox (4.21)

Hill /137/ presents the model

_ E
8Dox = Fexp (_ "o ) (4.22)

kgT

where the pre-exponential constant F and activation energy Eo are

determined empirically. This is the model which is impleniented in

SUPREM and EPIC. Lin et al /135/ use the model

aAD

ox = F () (4.23)

where F and n are empirically determined constants.

Taniguchi et al /147/ use a synthesis of these two models
with the addition of an exponentially decaying term in distance
which models the capture of self-interstitials by lattice vacancies

in the bulk. In this formulation

dXo n x E
ADOX = F (Ef—) exp ( - EB) exp( - EﬁT) (4.24)
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where LD = 25 micron and represents the characteristic diffusion

length of self-interstitials into the bulk.

Both (4.23) and (4.24) are functions of the oxide growth rate
which 1in turn depends on the furnace ambient, temperature and pres-

sure.

It has been observed that oxidation-enhanced diffusion of im-
purity species is not isotropic. Experiments have indicated that
the vertical diffusion length of self-interstitials generated duriny
oxidation 1is about 25 microns, but the lateral diffusion length is
only 2 microns /151/. MUS transistors with channel widths of a few
microns are now being fabricated in the production environment, but
it is uncertain to what extent this lateral OED effect influences
device characteristics. The 2-D analysis for silicon self-
interstitials of Hamasaki /32/ predicts too large a lateral effect.
This work is improved by Shin and Kim /75/ who have added an annihi-
lation model for excess self-interstitials at the Si-SiO2 interface
to explain the experimental observations of Lin et al /151/. Howev-

er a model to accommodate the moving non-planar Si-SiO2 interface

during formation of the bird's beak has not yet been formulated.

The OED parameters used by SUPREM and EPIC according to
Hi1l's model through equations (4.21) and (4.22) are summarised in
table 4.3 and are plotted in figures 4.5 and 4.6. This model con-

siders sinply the presence, and not the partial pressure of oxidis-
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ing ambient in the furnace tube, and OED effects for arsenic are as-

sumed to be negligible.

Element F (cm25-1) E, (eV)
-8

B 9.17 x 10 1.69

p 3.08 3.66

As 0 4.08

Table 4.3 : OED data /97/ to be used in equation (4.22)
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4.3.4 Segregation

During thermal oxidation, a redistribution of dopant species
occurs on each side of the Si-SiU2 interface until the chemical po-
tential of the dopants are the same on each side of the interface

/155, 156/. The equilibrium segregation coefficient k is defined by

L Si - Si0, interface (4.25)

where Nox and N are the impurity concentration levels on the oxide
and silicon sides of the interface respectively. The redistribution
arising from segregation effects depends on the diffusivities in the
silicon and the oxide, and also the oxide growth rate /155/. It is
very fmportant to model segregation effects in MUS‘ technology be-
cause device performance is sensitive to changes in impurity concen-

tration at the silicon surface.

Boron tends to be sucked from the silicon surface during
thermal oxidation, while phosphorus and arsenic pile up in the sili-
con, The segregation coefficient of boron is a function of crystal

orientation /157/, ambient composition /158/, and temperature ac-

cording to
) Ek
k = ko eXp(' @) (4.26)

- 68 -



values of kg = 4,52 x 1()'4

and Ek = 0,96 eV give good results
for (100) silicon in either dry or wet oxidising conditions /{1, Y7/.
For phosphorus and arsenic the segregation coefficient is assumed to
be independent of temperature and takes a value of k = 0.1 /11,97/.
Figure 4.7 indicates the temperature dependence of k for all three

elements. This data for segregation is also implemented in EPIC.

Impurity redistribution during thermal oxidation coupled with
the impurity flux due to segregation at the moving Si-SiU2 interface
is a conplex problem to solve. Av-Ron et al /159/ describe an
analytical treatment which allows simulation of the impurity redis-
tribution occurring during the oxidation of a uniformly doped wafer.
However, this method is not applicable in most practical situations
in MOS technology since impurity profiles are non-unifori, Huang
and Welliver /160/ approximate the one-dimensional profile after
thermal oxidation by adding an empirical correction factor to the
profile generated assuming inert drive-in conditions. Modifications
of this work are detailed by Lee et al /162/, but the accuracy of

this analysis is uncertain in general situations.

The only reliable way of modelling impurity diffusion and
segregation 1is to wuse a numerical treatment. The work of An-
toniadis et al /161/ forms the basis for SUPREM /11,97/ which uses
the finite difference method. EPIC also uses the finite difference

method but extends the simulation capability to two-dimensions.
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In order to ascertain the accuracy of the oxidation, diffu-
sion and segregation models already described it is necessary to
compare SUPREM simulation results with experimentally determined im-

purity profiles.

4.3.5 Measurement of Doping Profiles by the Deep

Depletion C-V Method

The use of differential capacitance-voltage (C-V) measure-
ments to determine impurity doping profiles in semiconductors is
well establ{shed. This technique can be applied to a metallic
Schottky barrier diode or an abrupt p-n junction where the impurity
concentration is very high on one side of the junction and 1low on
the other side /163-166/. The same analysis can also be used for
the MOS capacitor /169/, in which case the experimentally measured

profile provides a check on the accuracy of 1-D process models.

In the method, the MUS capacitor is biased into depletion
and the depletion-layer approximation /168/ is assumed to hold.
This is equivalent to the assumption of a vanishingly small Debye
screening length at the depletion edge. In the notation to follow,
capacitance is denoted C(V) to avoid confusion with chemical concen-
tration of dopant C. By pulsing the silicon into depletion and tak-
ing'a capacitance measurement in a total time less than the minority
carrier generation time, no inversion region forms at the silicon

surface. The doping concentration N at the depletion edge is given
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by /169/

d
S e }, (4.27)

Nw) = 2 q €

- . o |
N () R . ' (4.28)

In these equations, V is bias voltage, q is the electronic charge

and Eg is the permittivity of silicon,

Expression (4.27) is only valid where the impurity profile does not
vary appreciably over a distance of a few extrinsic Debye lengths

/168/, where one extrinsic Debye length LD is defined by
kBTeS

by = v o0 (4.29)

and T is absolute temperature,

Measurement of rapidly varying profiles characteristic of
implanted ions /167/ requires a correction procedure to achieve

accurate results /170, 172/.

The minority carrier lifetime is important for MUS dynamic
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random-access memory technology since it affects cell refresh time
/174/. This parameter can be measured simultaneously with the dop-
ing profiie using a double sweep technique /173/. As in the present
work, the top electrode of the capacitor is usually formed by depo-
sition of aluminium or doped polysilicon, however this extra pro-
cessing step is not required if a mercury probe is contacted direct-

ly with the capacitor dielectric /171/.

In the present work, capacitance readings are taken and sub-
sequently processed numerically using the Hewlett-Packard 4061 Au-
tomatic Data Acquisition System. The silicon is repeatedly pulsed
from a voltage VaCC in accumulation to a measurement voltage V,
after which a 'settle-in' time ensures steady state conditions be-
fore the capacitance measurement is taken, as in figure 4.8, Dif-
ferential capacitance methods are sensitive to noise and the doping
profile is calculated from an average over five voltage scans. Fig-
ures 4.9-4.11 show experimental results for the active regions of
three PMOS transistors each having a different level of n-type dop-
ing. Also shown are SUPREM simulation results using both the de-
fault SUPREM model and the model due to Hill for diffusion of phos-
phorus as shown in table 4.2. The doping level in the n-substrate
region is predominantly due to the furnace conditions of the p-well
drive-in step performed at 1200°C and lasting 725 mins. Use of
Hill's diffusion data /137/ for phosphorus at this temperature
results in good agreement between simulation results and the experi-
mental profile at the surface of the silicon. The agreement is not

so good into the silicon bulk, since the measurements are af-
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fected by stray capacitances and MUS chip capacitances which are not
part of the gate oxide region., Figures 4.12 and 4.13 show the
corresponding results for the active regions of two NMUS transistors
fabricated in wafers with a different level of p-well doping, but
the same n-type phosphorus profile. Again, Hill's diffusion data
for phosphorus appears to be more accurate than the data used by
SUPREM, and is therefore used for diffusion at temperatures greater

than or equal to 1200°C in all subsequent simulation examples.

4.3.6 High Concentration Diffusion

Fick's law of diffusion is only accurate for low impurity
concentrations in silicon i.e.!mérH. The high concentration levels
typical of source/drain diffused regions in MOS wafers require a
generalisation of this basic model. A non-uniform doping profile
gives rise to an internal electric field which enhances 1ion diffu-
sion /175/. An additional increase in diffusion is caused by in-
teraction of impurity ions with interstitials and vacancies which
can accept or lose electrons to become electrically charged /176/.
The concentration of these point defects in a given charge state can
be determined from statistical thermodynamics /130, 177/, A dif-
fusivity for each charge state can be calculated, but for most prac-

tical purposes it is necessary to consider interaction of impurities

with only neutral and singly-charged point defects /11,97/.

It can be shown /27/ that the transport equation for one im-
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purity species can be written as
*
5t = V-(DWN) (4.30)

where the active or mobile impurity concentration N is some fraction

of the total or chemical concentration C. The effective diffusion
*

coefficient D 1is given by

*

D = hyheD (4.31)

where the point defect enhancenent factor hv is given by

n
(1+8.—)
-(-1—5’— ; donors
he = + 6 (4.32)
n.
1
(1 +¢ n—)

T3 3 acceptors

and the electric field enhancement factor hF is given by

-3

_ N N
hF = 1 + '2n—1 {1 «+ (Fi.)z} (4.33)

The constant & in (4.32) is the ratio of the diffusivity of impuri-
ties via singly-charged point defects to that via neutral point de-
fects. This parameter is chosen emnpirically and is different for

each element, as summarised in table 4.4,
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Element §

B 3
P 1
As 100

Table 4.4 : Vvalues of point defect enhancement parameter &
for B, P and As/11,97/.
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Hu and Schmidt /178/ were the first to consider the coupled
diffusion of two species, boron and arsenic, at high concentration
levels in the fabrication of a bipolar transistor. Their assumption
of quasi-neutrality everywhere in the wafer is not justified because
of the existence of a p-n junction. A correct treatment of this
problem should involve the simultaneous solution of a transport
equation for each impurity species, and Poisson's equation for po-
tential/179/. . However, several authors /18, 29, 180, 181/ tacitly
assume quasi-neutrality in coupled diffusion problems with apparent-
ly good agreement between simulation results and experiment, This
erroneous idea is not implemented in EPIC or ROMANS Il, the program

of Maldonado-et al j20-22/.

SUPREM I1 /8, 97/ uses the transport equation

(- %]
(qp]

= vz (D'N) (4.34)

[+5
(o

which only reduces to (4.30) if the term ‘70* is negligible. This
form may not be accurate in certain cases but the revised version of
the program SUPREM III /181/ is reported to use the correct equation
(4.30).

Any model of high concentration diffusion requires an expres-
sion for the intrinsic carrier concentration nye SUPREM uses the

expression of Morin and Maita /183/ given by

E
ni® = np = CT exp(- EET) (4.35)
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where C is a constant and E. is the minimum difference in energy

G
between the conduction and valence bands in silicon. However theory
and measurements have established that the bandgap and therefore in-
trinsic number are functions of temperature and high concentration
levels /184/, but no reliable data is available for temperatures
greater than .450°C. Although optical absorption measurements sug-
gest a value of EG = 1.21 eV /184/, electrical measurements of sem-
iconductor devices at room temperature (30UK) suggest a value of EG

10 cn

= 1.12 eV and n, = 1.45 x 10 1'3 /13/. In EPIC, to be consistent

with room temperature conditions, equation (4.35) is used with E

-~ G )
31 ;=6 -3

1.12eV and C = 5.10 x 10 K ~, at all temperatures and doping

levels.

High concentration levels result in immobile clusters of
dopants which do not participate in the diffusion process. Because
the concentration gradient of mobile atoms is small, the field
enhancement of diffusion is reduced. The details of the physical
mechanisms responsible for inactive dopants are as yet uncertain,
but it is believed that at high concentrations the dopant either

precipitates or forms a compound with silicon /81/.

A simple model for immobile complexes assumes that all atoms
are active up to a certain critical concentration value Nm, the
solid solubility limit, beyond which all additional atoms form part
of a cluster. Figures 4.14 and 4.15 show the temperature dependence

of the solid solubility of B /182/, P /187/ and As /182/ as used by
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SUPREM. Research by Ryssel et al /185, 188/ indicates that the
solubility 1imit for B s much lower than originally thought and
figure . 4.14 shows a quadratic polynomial fit to data presented for

‘the temperatures of 800°C, 900°C and 1000°C.

As a test for the high concentration diffusion models, the
implanted profiles of figures 4.2, 4.3 and 4.4 were subjected to a
typical source/drain anneal treatment. After 1loading the furnace
tube at 900°C, the wafers are ramped linearly with time to a tem-
perafure of 1000°C over a period of 14 mins. and then maintained at
1000°C for 30 mins. Figures 4.17, 4.18 and 4.19 show the SIMS data
for each diffused implant. Figure 4.17 shows the simulation results
of SUPREM and also those of EPIC using the solid solubility model of
Ryssel et al. The immobile peak shown by the SIMS results is not
predicted by either of these models, indicating that clustering ef-
fects must occur at lower concentration levels. A better fit to the
experimental data is obtained by using in EPIC a solubility limit of

8 x 1019 ¢

m'3 as shown in figure 4.14 and also multiplying the dif-
fusion coefficient by a factor of 0.8. From figure 4.18, the inac-
tive boron is modelled at least qualitatively, and the extent of the
distribution tail should allow a reasonable estimation of

source/drain junction depth in the PMOS transistor.

Diffusion of phosphorus in silicon is complex and not clearly
understood /189/. The implementation of the phenomenological model

due to Fair and Tsai /140/ in SUPREM is discussed in detail by An-
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Figure 4.18 : PHOSPHORUS SOURCE/DRAIN IMPLANT ANNEALED
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Figure 4.19 : ARSENIC SOURCE/DRAIN IMPLANT ANNEALED
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toniadis and Dutton /11/ and so is not reiterated here. Figure 4.18
shows a comparison of SUPREM and EPIC simulation results with exper-
imental data. Use of the more complicated diffusion model by SUPREM
does not seem justified,.and is therefore not implemented in EPIC.
EPIC is likely to predict junction depths in phosphorus source/drain

regions more accurately than SUPREM.

A more sopﬁisticated model has been developed for the clus-
tering of arsenic. For most practical processing situations, diffu-
sion temperatures are greater than 900°C and anneal times are longer
than 2U min, 1in which case dynamic clustering and declusteriny of
dopants is not significant /185, 186/. At equilibrium, the total
impurity concentration C is the sum of atoms on substitutional sites
N and atoms in clusters to give

N m
C =N+ mcC (E*) (4.36)

- *
where m is the number of atoms in the cluster and C characterises
the concentration value where significant clustering starts /81/.

Equation (4.36) is sometimes written in the form
C = N + E‘ k N (4.37)

where keq’ the equilibrium clustering coefficient, is given by

. 1-m

keq = (C) (4.38)
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Since the clustering relation (4.37) is difficult to imple-
ment numerically, Tielert /94/ uses an empirical fit to this form
through the expression

1
a

N = C [1+ (ﬁ—)“]- - (4.39)

m

where o is an enpirically-determined parameter. Using this ap-
proach, figure 4,16 shows a fit to the data of Schwenker et al

/190/ with N, = 2.5 x lu21 cm'3 and a= 0,7, Also shown is a fit to

20 3 and a=

the data of Fair and Weber /1Y1/ where N, = 1.5 x 1
1.2. Tielert claims that the results of Schwenker et al should be
used for di}fusion simulation in preference to the data of Fair and
Weber since Schwenker et al quenched their wafers quickly enough
after the furnace treatment for the state of clustering not to

change.

It is clear from the SIMS results of figure 4.19 that an
inactive portion of arsenic atoms exitts at the silicon surface,.and
so clustering beyins at a concentration level much lower than that
claimed by Schwenker et al. Figure 4,19 shows EPIC simulation
results using the data of Fair and Weber. Further reduction of the
20 a

solubility limit to Nm =1x 10 m'3 gives a better fit to exper-

iment, and is the value used for all simulations of arsenic in EPIC.

It has been suggested that arsenic clusters, despite being

immobile at high temperature, are electrically charged /186, 192/,
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in which case the free electron concentration is changed. Clusters

are assumed to have zero net charge in EPIC.

The comparisons of experimental SIMS data with simulation
results indicate that physical models for high concentration diffu-
sion require to be refined, particularly for short anneal times.
However, the models in EPIC give a reasonable estimate of the extent

of the diffused profiles in the vertical direction in the wafer.

4.3.7 Diffusion in Polysilicon

The doping of polysilicon is important for MUS technologies
since this material is used for the gate electrode. A high but uni-
form doping level is required in this layer to ensure a low sheet
resistance and therefore low RC time delays in circuits. Dopant
atoms are introduced into polysilicon by diffusion from a doped ox-

ide source, from a chemical source or by ion implantation.

The diffusivity in a polysilicon film depends on the grain
structure, which in turn depends on the deposition temperature, rate
of deposition and thickness of film /193/. The diffusivity of im-
purities along grain boundaries is observed to be enhanced by a fac-
tor of about 10U compared to that in a single crystal. Arsenic and
phosphorus segregate in grain boundaries while boron does not /194/.

The furnace doping of polysilicon does not introduce any impurities
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into the silicon of the substrate, and so can be treated as an inert

anneal step by EPIC.

4.4 MATERIAL DEPOSITION AND ETCHING

Epitaxial growth is now becoming important for VLSI CMUS
technology since this processing technique offers a means to guard
against latch-up. Near-intrinsic silicon is grown on a heavily
doped substrate, and thereafter process steps are similar to conven-
tional bulk CMOS. Impurity redistribution occurring during épitax-
ial growth is modelled by SUPREM II /11,97/ and to an improved level

in SUPREM III /181/.

Modelling of epitaxial growth is not required for the p-well
CMOS process under study 1in this thesis, however this subject is

discussed, for example, by Reif et al /195, 1Y6/.

Other processing steps such as chemical vapour deposition
(Cvb) /197/ of phosphosilicate glass (PSG), silicon nitride and po-
lysilicon, and deposition of aluminium using electron-beam evapora-
tion or sputtering are all low temperature processes and give rise

to no impurity distribution.

Material removal by wet chemical or plasma etching is also

carried out at low temperature. Changes in boundary position caused
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by etching are relatively easily accommodated by both 1-D and 2-D

simulators,

4.5 1-D SUPREM SIMULATION OF A P-WELL CMUS PROCESS

Using the process models already described, the SUPREM simu-
lation program can be used to generate the 1-D impurity profiles for
each of the six important cross sections in the p-well CMOS process
/5/ as shown by figure 4.20. These cross-sections are only
representative of the true doping profile in regions where complete
symmetry in the lateral direction can be assumed. Qutwith these re-
gions, a 2-D simulation effort is required to accommodate lateral
variations in wafer structure. Figures 4.20 to 4.25 show the 1-U
doping profiles in each region at the end of the CMOS process flow
described 1in chapter 2, using the process parameters of table 4.5.
The temperature ramps used in the furnace treatments are included in
this sinulation example, but these are omitted from table 4.5 for
reasons of brevity. Details of photolithographic stages are also

not included in the process flow.
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12 2 31+

(1) n-substrate implant 2.1 x 10 P at 125 keV

(2) n-substrate drive-in 110 mins at 1000°C in wet 02

13 072 Mg* 4t 60 kev

(3) p-well implant 1.8 x 10
(4) p-well drive-in 800 mins at 1200°C in dry 02
(5) oxide strip, pad oxide growth, nitride deposition and etch

13 cm2 Mg+ at 35 kev

(6) p-well field implant 1.1 x 10
(7) field implant drive-in 500 mins at 1025°C in dry 02
(8) field oxidation (1.25um) 1160 mins at 900°C in wet 0,
(9) nitroxide, nitride, oxide removal

(10)  sacrifical gate oxide growth and removal

(11)  gate oxidation (730A) 24 mins at 1050°C in dry 0,

(12)  gate oxide anneal 60 mins at 1050°C in N,
15 2 115+

(13)  n-substrate threshold adjust implant 5 x 10 B* at 45
ke

(14)  poly deposition and etch

(15)  poly doping 85 mins at 900°C with POC]3

(16)  n-substrate source/drain implant 5 x 1015 K 11B+ at 35 kev

(17)  p-well source/drain implant 5 x 1015 -2 31p+ at 85 keV

(18) source/drain and PSG anneal 30 mins at 1000°C in N2

Table 4.5 : CMOS process parameters for SUPREM simulation

- 98 -



-66—

Figure 4.21 : N-SUBSTRATE FIELD REGION
wafer c2#19

-
~
o
o

N-type Si at surface

(cm-3)

16.00

|SRALL

15.00

LR LLL

14.00 _

L ERELLAALL

Log Concentration

13.00 4

LR

12.00 1 1 1 1 i 1 ] 1 1
0.00 0.50 1.00 1.50 X10

—h

Depth (microns)



- 0oL -

Figure 4,22 :
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Figure 4.23 : N-SUBSTRATE ACTIVE REGION
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Figure 4.26 : P-WELL ACTIVE REGION
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CHAPTER FIVE : MOS CAPACITANCE-VOLTAGE CHARACTERISTICS

5.1 USES AND TYPES OF C-V MEASUREMENTS

Capacitance-Voltage (C-V) measurements of MUS structures are
routinely carried out on the semiconductor production line in order
to monito; the fabrication process /217-219/. Contamination of fur-
nace tubes and malfunction of ion implantation equipment can be di-
agnosed through inspection of C(-V data. Since computer-aided
manufacture (CAM) 1is now important for the semiconductor industry
/ 4./, a computer controlled C-V characterisation system is required
to store data for later examination and to maximise wafer throughput

/220/.

Mobile metal ions such as Na' are potentially disastrous for
MOS processes and such contamination can be detected in oxide layers
by heating the wafer to a temperature of around 200°C /220/.. An ap-
plied bias causes the metal ions to migrate at this temperature, and
if a positive voltage is applied to the gate electrode with respect
to the substrate, the ions ﬁoliect at the silicon-silicon dioxide
interface. Subsequent low or high frequency C-V measurements show
the existence of such contaminants through a shift in the flat-band
capacitance CFB’ A simulation of MOS capacitance is required to’
determine CFB by a comparison of measured C-V data with the ideal
C-V curve which neglects effects due to interface states and a non-

zero work function difference between the gate material and the sil-

jcon substrate. The gate voltayge at which the flat-band condition
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occurs is known as the flat-band voltage VFB’ and any MOS transistor
model requires this parameter for an accurate determination of

threshold voltage VT /6,7,13/.

The flatband voltages of n-channel and p-channel devices in a
CMOS process are difficult to model from processing information
since they depend on many factors including impurity concentration
in the polysilicon gate, surface state density, oxide thickness,
work function in the silicon bulk, and the impurity concentration at
the surface of the source/drain regions where. contacts ‘to the
aluminium are made /224/. Consequently it is probably more accurate
to determiné flat-band capacitance by electrical measurements for

use in any device simulation,

Figure 5.1 shows an MOS capacitor structure, where the
dielectric material on the wafer is usually silicon dioxide, and the
gate electrode is typically conposed of n-type or p-type heavily

doped polysilicon, or aluminium,

C-V measurement techniques fall into three main cateyories:
low frequency or quasi-static, high frequency and deep depletion.
Deep depletion C-V measurements can be used to extract the 1-D dop-
ing profile at the surface of the silicon as already demonstrated in
Chapter 4. Low frequency C-V measurements, where the minority car-
riers in inversion can follow the applied ac signal, must be carried
out at frequencies lower than 10 Hz /227/, and metal shielding of

the sample and connections is required to reduce noise levels /226/.
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Figure 5.1 : MOS capacitor for C-V simulation
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If a high frequency ac signal is used, the minority carriers
in the inversion layer respond only slightly to the applied modula-
tion and therefofe contribute marginally to the capacitance of the
silicon /216/., This type of C-V measurement is carried out most
often, and a frequency of 1 MHz is usually chosen to minimise the
effect of fast surface states at the Si - 5102 interface. While
only ideal C-V characteristics are given theoretical consideration

here, non-ideal effects are discussed in detail elsewhere /13, 226/.

5.2 UNIFORM DOPING PROFILES

Lindner /214/ was the first to simulate MUS capacitance under
both 1low and high frequency bias conditions for a uniformly doped
semiconductor. Baccarani and Severi /215/ refined the high frequen-
cy model to accommodate minority carrier rearrangement in the inver-
sion layer. Since this analysis involves the solution of an
integro-differential equation, Brews /221/ has proposed a simplifi-
cation to use for practical purposes where an empirical fit is used
for the part of the high frequency curve in inversion. In the
range of doping concentrations of practical interest, this formula
is accurate to within 1.5% of the more complicated treatment of Bac-

carani and Severi.

Assuming a uniform p-type doping concentration of N = 1015

cm'3, a gate oxide thickness of d = 800R and a flat-band voltage
VFB of 0V, figure 5.2 shows the ideal low frequency C-V curve ac-

cording to Lindner /214/, and a comparison of the high frequency C-V
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models due to Lindner /214/ and Brews /221/. The region of posi-
tive voltage is expanded in figure 5.3 to clarify the difference
between the high frequency models, but the separation of the three

curves in inversion is negligible for most practical purposes.

5.3  NON-UNIFORM DOPING PROFILES

In typical MUS processes, the impurity concentration at the
surface of the silicon wafer is not constant and capacitance simula-
tions of non-uniform doping profiles are required. Jaeger et al
/223/ have proposed an elegant MOS capacitance algorithm for use in
NMOS technology. These authors consider a temperature range of 50 -
350K, and also the energy dependence of interface state density. A
generalisation of this methbd is necessary to allow simulation of
CMOS structures, where the electric field in the vertical direction
may never disappear as in the case of a p-well or n-well, A less
restrictive boundary condition must be used at the point where the
simulation mesh terminates in the silicon bulk. This modification
is implemented 1in EPCAP (Edinburgh Program for Capacitance of MOS
Structures), and the case considered by Jaeger et al /223/ is a spe-

cial case of the algorithm now presented.
The total capacitance C(V) of the MUS structure is given by

the series combination of the capacitance of the oxide cox and the

space-charge capacitance of the silicon CS through
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c(v) = t—___°" > (5.1)
ox"‘cs
where
E
- _S .
Cox T d (5.2)

A1l capacitances are assumed to be for unit area, e€_ is the permit-

3
tivity of silicon and d is the oxide thickness.

For convenience the quasi-static capacitance of the silicon
will be derived first, and the cases of high frequency and deep de-
pletion will be considered in retrospect as was done by Jaeger et al

/223/. The differential capacitance of the silicon is defined by
c. = — (5.3)

where QS is the total silicon charge per unit area and ¢S is the
surface potential. Following Nicollian and Brews /226/, the term
‘flat-band' is retained even although the energy bands are not flat
by virtue of the non-uniform doping in the silicon. In this context

a reference to 'flat-band' corresponds to the condition of zero

charge density everywhere in the silicon region of interest.

As is usual in semiconductor device simulation activity, po-
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tential y is defined as /7, 228/
4 1 (5.4)
q

where EF is the Fermi energy, Ei is the intrinsic energy level and g

is the modulus of the electronic charge.

The total charge in the silicon Qs is given by

@
QS = f D(X) dx (5.5)

where p 1is the charge density. Substitution of (5.5) in (5.3)

gives

- 3p 3
¢ - f 3w, (5.6)

Steady-state conditions are described by Poisson's equation
which is

3%y (x)
W - =

€ (5.7)

where the charge density is

- N3 -



p(x) = alp-n+ Ny *. NA')

(5.8)

Here ND+ is the density of ionised donors, NA is the density of

ionised acceptors,and the electron concentration n and hole concen-

tration p are given by

3
fl

n; exp (8y) (5.9)

©
]

n; exp (-gy) (5.10)

The parameter B is defined by

B = FST- (5.11)

The approximation that all donors and acceptors are ionised
is assumed, and the net concentration of either n-type or p-type
silicon is represented by N. Equation (5.7) is an elliptic partial

differential equation subject to boundary conditions

voo= ¥ 3 x=0 (5.12)
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B N
q Tn ﬁ;' , donors
¥y = =
- B . N
—_ In — , acceptors
L. 9 n, P

where, from figure 5.1, the bulk boundary at x = x, is chosen to be

M
well outside the region of accumulation or depletion at the surface

of the silicon.

Jaeger et al /223/ assume that electric field vanishes in the

bulk through

PoX = Xy (5.14)

However this is not true in CMUS structures by virtue of the built-
in potential. The homogeneous Neumann- type boundary condition
(5.14) corresponds to a special case of the Dirichlet boundary con-

dition (5.13) when the concentration N is invariant in the region of

The finite difference method is used to solve for potential
in Poisson's equation (5.7) /222/. Central differences are used to

approximate the second order derivative term through

3%y

2%y 2 R SR b ) Viag  (5.15)
ax* h TR+ el Pi-1 B i Relhy e Ry

[}
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where ¢i = w(xi) and the distances hL and hR relative to the i'th

grid node are defined in figure 5.1. Boundary conditions (5.12) and

(5.13) are discretised to

Yo = Vg (5.16)
kT N(x,,)
- In M , donors
. g n;
o (5.17)
k,T N(x,,)
B . M
- — "1n .
q n. acceptors

The discretised form of Poisson's equation 1is written in

homogeneous form to give

ZhR Zh

.. = - L
I e A N R aea w IR

thhR
+ :, [N + n, {exp(-awi) - exp(8y;)}1 =0
+ donors . ‘
vy T =1 (1)M- (5.18)
- acceptors

where a total of (M + 1) grid points are used. Equation (5.18) can

be written in vector form as

Lo (5.19)
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where

(5.20)

i = [‘1’1 wz .......... R U)M_1] (5.21)

Equation (5.19) represents a non-linear system of (M - 1) unknowns,
corresponding to the value of potential at each internal grid point.
Linearisation is accomplished using Newton's method /78/ where a

correction vector Ay is added to an initial guess for v.

Floraw = fW+dme=0 (5.22)
Explicitly,

— — — — S —
af, of, af,

m m ...... . awM-1 Awl fl
of, of, af ,

.a_w_l m ....... 3"UM_1 A‘l’.z fz'
of of, of, .

AL AL Il 5 I B ¢
V1 V2 3VM-1 M-1 M-1

(5.23)
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where the elements of the Jacobian matrix‘g are obtained by analyti-

cal differentiation of (5.18) /223/.

Convergence is achieved through successive linearisation, and
the (k+1)th approximation to the solution is obtained from the pre-
vious approximation, the kth, through

w(k+1) . E(k) + ﬂ(k) (5.24)

where éy(k) is the solution of (5.23) at the kth iteration. The
Jacobéan matrix 1is sparse and tridiagonal in nature, so the matrix
equation at each iteration can easily be solved using a direct tech-
nique /23/. In practice, only a few iterations are necessary for
the solution to converge to a small limit. For Digital Equipnent

6 V is suitable,

Corporation VAX machines, a tolerance limit of 10~
Once the steady-state potential solution has been obtained,

the silicon capacitance C. is determined by numerical integration of

S
equation (5.6) using Simpson's rule /78/. The grid points used for
the integration are chosen to be identical to those used in the fin-

ite difference discretisation. The integrand at the 1i'th node is

given by
YT
30 3V - % (x.) _aﬂ (5.25)
i \ps i oY 1 11’5
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Now 293p/3y 1is obtained by differentation of (5.8) analytically,

however a first order perturbation approach is required to evaluate

awi/aws for each i. The surface potential

finitesimal amount dv.,
all other node points is represented by the unknown
Equation (5.22) is essentially a first order Taylor expansion,

which, in the limit |Ay| - 0,

as
of 'R
= + J =
Bws -~ a\ps
where
of o [ffi Efi
aws aws aws
and
L) - [?_1 _:E
aws ws ws
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vector

can be written in differential

s is perturbed by an in-

and the resulting change in potential at

(5.26)

(5.27)

(5.28)

v .

form



The components of the vector (5.28) are precisely those re-
quired for numerical integration in (5.25). The entries of the
Jacobian matrix J are evaluated analytically as before, and the com-
ponents of vector (5.27) are evaluated from the perturbed form of
equation (5.18). Since f) is the only difference equation involv-
ing wo = u;s, the partial derivative of f1 is the only non-zero con-

ponent. In detail,

2h
3_‘ s L R (5.29)
%
S
0 s 1=2(1)M-1

Following solution of the matrix equation (5.26), the silicon
capacitance is evaluated from (5.6) and then substituted in (5.1) to
give the total low frequency or quasi-static capacitance of the MOS

structure,

To simulate high frequency C-V characteristics, Poisson's
equation is solved as before, but for the calculation of capacitance
the minority carriers are omitted from the charge density in (5.18).
For pulsed or deep-depletion C-V simulation, it is necessary to re-
move the minority carrier terms from both Poisson's equation in the
solution for potential and the subsequent calculation of capacitance

/223/.
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5.4 EPCAP SIMULATION RESULTS AND DETERMINATION OF

FLATBAND VOLTAGE

The so-called ‘flat-band' condition occurs when a state of

zero charge density occurs 1in the silicon, Assuming quasi-
neutrality, this corresponds to a surface potential ws = wFB de-
fined by
kT _
-%—- In N(::;O) ; donors
Vg = (- ! (5.30)
kT
B N(x=0)
- —— ] ]
a n n. acceptors

While this assumption is directly applicable to all typical
p-well (MOS dmpurity profiles, this is not possible in the n-
substrate region by virtue of the p-type surface implant as shown in
figure 4.23. When a p-n junction exists close to the silicon sur-
face, the depletion region precludes use of the quasi-neutrality ap-

proximation,

It is well known in the semiconductor industry that implanted
samples of silicon like this show a curious dip in the high frequen-
cy curve at the onset of inversion., This phenomenon provides an

easy test on the production line to determine whether a wafer has
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been implanted or not. Fang /225/ discusses this observation, and
the effect of a surface implant on the threshold voltage of the
PMUSFET. However, no capacitance model of such devices exists at the

present time,

P-channel MOSFET's with threshold voltages in the range -1.0V
to -0.5V can be fabricated as part of a p-well CMOS process with no
threshold adjust implant provided that heavily p-type doped (P+) po-
lysilicon is used for the gate material. For such a process, equa-
tion (5.30) can be épp]ied to both the n-substrate and p-well re-

gions.

Figure 5.4 shows the non-uniform n-type doping profile
characteristic of the active region of a p-channei MOSFET with a P+
polysilicon gate and a gate oxide thickness of 8403. A comparison
of EPCAP simulation results for an ideal MOS capacitor with this
dopiny profile in the silicon substrate and measured high frequency
(1 MHz) data from the real capacitor is shown in figure 5.5. The
measured and simulated values of minimum capacitance in the inver-
sion region are reasonably coqsistent. The displacement of the
graphs along the voltage axis corresponds to the flat-band voltage
VFB of the real MOS capacitor. This parameter should be measured at
the flat-band capacitance CFB as shown in the diagram, In this
particular case Cp, = 32.2 nF en?  and Veg = 1.0V, Also plotted

are the simulation results for low frequency (quasi-static) and deep

depletion cases.
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Figure 5.6 shows a typical p-well profile ana the measured
and simulated C-V characteristics are shown in figure 5,7. The
agreement between the high frequency curves in the inversion region

2

is very good, and it is found that C_, = 35.6 nF cm - and V

FB FB -

-1.5V.

The MUS capacitance simulations provide an additional check
on the accuracy of the 1-D process simulations, and the method al-
lows determination of flat-band capacitance for MOS device simula-

tion purposes,
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CHAPTER SIX : ANALYTICAL PROCESS MODELS

6.1 THE REDISTRIBUTION OF IMPURITIES NEAR MASK EDGES

Simulation of ion implantation of impurity species and subse-
quent redistribution due to diffusion at high temperatures is well
established for the one-dimensional case /13,52/. While one-
dimensional process models continue to be important for the vertical
direction, the small size of MUS devices now fabricated means that
lateral effects must also be considered. Two-dimensional (2-D) and
three-dimensional (3-D) models are required to simulate VLSI
processes. Analytical models are particularly useful because they
allow impurity doping profiles to be specified in closed form for

fast execution speeds in a computer_ program,

Analytical solution of the diffusion equation requires the
assumption of a constant diffusivity D in order that well-
established solution techniques /56/ can be used. Diffusion is in-
dependent of dopant concentration N provided N < Nys where n; is the
intrinsic carrier concentration. The enhancement of diffusion at
higher concentration 1levels due to the existence of defects and a
local electric field has already been discussed in chapter 4. How-

ever, at very high concentration levels typical of source/drain re-

- 128 -



gions, impurity clustering reduces the local electric field, and so
a simple-minded analytical treatment assuming no diffusion enhance-
ment is found to be more accurate than is initially expected. In
addition, approximate simulation results are useful before a full
numerical treatrient is undertaken to accommodate a concentration-

dependent diffusivity as discussed in Chapter 7.

Kennedy and 0'Brien /57/ consider the diffusion of impurities
under mask edges during the fabrication of planar p-n junctions.
They deal with two cases: in the first, a constant impurity atom
concentration is maintained at the surface, and in the second, the

total number of atoms involved in the diffusion process is fixed.

Modern MOS processes make full use of ion implantation and so
require simulations of the redistribution of Gaussian implanted pro-
files. Krusius et al /58/ apply analytical models to diffused re-
gions in a metal-semiconductor field effect transistor (MESFET).
However, their method suffers from the disadvantage that a linearly
varying mask edge must be approximated by a 'staircase’ function,
and contributions from many steps must be summed to obtain an ade-

quate representation of the final profile.

The model presented here clarifies the work of Lee and Dutton
/15/ but considers a more general masking layer structure. Figure
6.1 shows the geometry considered by these authors. Ion implanta-
tion is performed into bare silicon on the left side of the simula-

tion area and the right side is masked by a material 1layer whose |
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Figure 6.1 : Mask geometry considered by Lee and Dutton /15/.
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Figure 6.2 : Mask geometry considered by EPIC.
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thickness is a 1linear function of the lateral distance z. The
stopping power of the masking material is assumed to be the same as
that for silicon. Figure 6.2 shows the structure acconmodated by
the new model implemented in EPIC. In a practical situation layers
1 and 2 could be silicon dioxide and silicon nitride respectively.
This case arises at the field implantation step prior to field oxi-
dation and is discussed in Chapter 8. In the example to follow,
layer 1 is silicon dioxide and layer 2 is polysilicon which masks
the active device region of the MUS transistor from the source/drain
implant. The shape of the mask edge is important for VLSI devices
since lateral extension of the dopant under the polysilicon gate in-
fluences the effective channel length of the MOS transistor. A dif-
ferent thickness of oxide is assumed on each half of the simulation
area because when the material of layer 2 is etched to define the
open regions, a small amount of layer 1 can be removed in the left
half due to a non-infinite etch selectivity between the two materi-
als. ‘'Over-etching' occurs because the etch time is usually extend-
ed to allow an adequate safety margin. Incomplete material removal
in the open regions can have disastrous consequences for device

operation.

6.1.2 lon Implantation at a Non-Vertical Mask Edge

Following Furukawa et al /53/ the probability f that an ion

impinging on a target at point (g,n,v) will come to rest at a point
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(x, y, z) is given by

f(x,y,z) = 37 1 exp[- (x - £)2 - (.y - n)a - (z - Y)ZJ
(2n)® 2R, avaz 20R )2 2ay2 2a72
(6.1)

where Rp is the projected range of the ion in silicon, ARp is the
projected standard deviation, and AY and AZ are the lateral stan-
dard deviations which are identical assuming isotropy. Furukawa et
al /53/ assume a vertical mask edge, but Runge generalises the

analysis to deal with arbitrarily shaped mask profiles /54/.

The oxide layer is converted to equivalent thicknesses of

* *
silicon in each side, d and d, in the left and right halves

L R
respectively, according to
d” % d | (6.2)
s 5 6.2
L . Rp‘l L
o . S d
= (6.3
R Rp1 R )

where Rpl is the projected range of the implanted ion in layer 1.

*
Similarly the mask angle ¢ scales to an effective angle 6 defined by

* p
= tan o = - tan e (6.4)

where sz is the projected range in layer 2.
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The surface of the effective layer of silicon dm* is there-

fore defined by

(6.5)

In the formulation due to Runge /54/ the implanted distribu-

tion at the point (x, y, z) is given by . o o
(x,y,2) = —— 8¢ - d*(v))
(2n)’ ARp AYAZ
(X = £E- R )2 - 2 - 2 -
cexpl - —ppy—P - gyz n)® . gzz Y2y “dg dn dy  (6.6)
P

where Q is the ion dose and 6 is the Dirac delta function /55/.

Equation (6.6) becomes

*
- - 2
. I(X,Z) = Imx exp [ - (X 222 :Y) RP) - (Z - Y)z ] dY
2 A2 P 2 aZ2
(6.7)
where
Tax = - < R (6.8)
J; Ry {1+ erf (—2—)
/?ARP
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which is the maximum concentration well to the left of the mask edge

i.e., z KU,

Evaluation of (6.7) gives the final implanted profile as

Ix,2) = I (x,2) + Ip (x,2) (6.9)
where
I (x +d  -R)?
x+d -
I (x,2) = gmx exp [ - L P_ 3 erfc [ —2— 3
L )y - 2 AR, 2 V2 aZ
(6.10)
and
AR (x +d * R )2
+ + a Z -
Ip (x,2) = — exp[ - gD m Py,
2vD_ 0
0
ZARa-u(x+d*-R AZ2
[1+erf [ ER ’{' R o z] (6.11)
p 4 V2D,
The constant DO is given by
Do = ARPZ + um2 AZ2 (6.12)

The reason for splitting the implanted distribution iﬁto two
parts is that IL corresponds to the ions due to a vertical mask edyge
and infinite mask thickness on the right side of the simulation -

domain, and I, is the contribution due to the wedge-shaped part of

R
the mask on the right side but with an infinite thickness of masking
material in the left half. This becomes clear in the plots to fol-

Tow.
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Ion Implantation Parameters

element : boron

dose : 5 x 10%%cm®

energy : 70 keV

layer 1 material : silicon dioxide

d 2004

L

d 300A

R
layer 2 material : polysilicon

mask angle 6 = 60°

Diffusion Parameters

1000°C

temperature T

diffusivity D 9.09 x 10" % um2 min ?

tim t = 30 mins

Table 6.1 : Ion Implantation and Diffusion Parameters
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a 1 x 10*% cm 3
b 1 x 10** cm 3
c 1 x 1025 cm 2
d 1 x 1026 cm 3
e 1 x 107 cm 3
f 1 x 10*% cm 3
g 1 x 101° cm 3
h 2.5 x 10*° cm ®
i ‘ 5 x 10'° cm 3
i 7.5 x 10*° cm 3
k 1 x 102° cm 3
] 1.25 x 102° cm™3
) m 1.5 x 102° cm?
n 1.75 x 102° cm?
0 2 x 10%° ¢m 3
p 2.25 x 102° cm ?
q 2.5 x 10%° cm 3
r 2.75 x 102° ¢cm 3.
s 3 x 102° cm 3

Table 6.2 : Key to equidensity contour values for figures 6.3, 6.5,

6.7, 6.9, 6.11 and 6.13.
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Figure 6.3 : Implanted profile IL(x,z) at vertical mask edge.

-137 -



log concentration (cm~3)

Q ooooooooooooooooooooooooooooooooo

0000
ettty

K KKK

0000000000000000
0000000000000000
5 ooooooooooo.oooooooooooooo QOOOX)

0000000000000

z (um)

: Implanted profile I, (x,z) at vertical
mask edge. L

Figure 6.4

- 138 -



poly-Si

kjihg f edcba ’T

$i0,

Si

1

Y

x (um)

Figure 6.5 :

= 2(um)

Implanted profile IR(x,z) at wedge-shaped mask

opening.

- 139 -



.n

CSCTS e
SIS S S QAR
P e s S S NN
SCTSCTS An%w%%%%% )

00000000
OO

00000090

SO0
XXX

N T A

O

.

o
5 30
R
T T et
A S ettt

00000090
I??P??

O

SABOAAAA0
av?w?q?w?wwqqqeqeqqquqquqqqa
AN

e

OO0
SO0

OOttty
K AN
ettty
ettt
ettt
ettt
ittt
et
e
AR
A BAABBAOIBOO0
OO0
BB
AL
oot
BB
ettt
BOAABANNN0
ety
OBBAOONOEEN0
B
SOOOSEAON00
SOBASAGONN)
SO
2000000000
QOVOOCO0
SO
QOO0
QOO0
SO
0000
000

QOO0

o

log concentration (em™3)

S0
000
5 e
BSOSO\~
OSSO0
KRR
OSSN
IR
S AUBASAOSBO00
< HI00000000000000
SOBSSBONNG
S OO0
‘o............... SOA0H
<)
.A.........."."....... SN0
e
)
SAAAA00
QR
S ..ar@??a.
ottt e
XK XK KK XORXRY)
QR0
00
0L XKXXN)
)
&
)
SN
OO
0

OO0
.......q. o

x (um)

%
%
)

O

9000

-

Q

&)
QOO0 ..“.s.....
AN

W

SEAESAEE000
ABASBAAOO00
RN
3OO0

¢
0000

QO
A%%QQQQQ%KKQ
%QQQ%ﬁﬁﬁﬁ
00000000

O

oé?

200000000
BB

SO0
SN
SO0
SR
SUUUN
SO0
Q00
OO0

QOO —

(um)

Zz

."n"wanuJp:p?ppppppp@?%ﬁﬁ%%&bppr
A0

le IR(x,z) at wedge-shaped mask

]
o
<
—
Mot
Y= '
[}
| 8
a.
=)
[+}] Y
2 O
cc
[+ Bl
~—~
Qe
EQ
- O
(Vo)
.
(Ve
[J]
|
3
o
—
[T



poly-Si

—> z(um)

D oTOLD -Hh QT

1

x(um)

Figure 6.7 :

Implanted profile 1(x,z) at sloping mask edge.
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An example of the effect of a sloping mask edge is now
presented using the ion implantation parameters of table 6.1. Fig-
ure 6.3 shows a 2-D equidensity contour plot of the implanted pro-
file IL due to a vertical mask edge. The key to the contour values
is shown in table 6.2. A surface plot of the same profile is shown
in figure 6.4. The profile IR due to the ions reaching the silicon
through the wedge-shaped part of the mask is shown in figures 6.5
and 6.6. The total implanted profile I is given by the sum of the
distributions in figures 6.3 and 6.5 and is shown in figures 6.7 and
6.8. On comparing figures 6.3 and 6.7, it is clear that the sloping
mask edge allows the implanted ions to scatter further under the

mask edge.

After the ions are implanted they are subjected to a high

temperature anneal.

6.1.3 Diffusion Under a Non-Vertical Mask Edge

The redistribution of the implanted impurity profile due to
diffusion at high temperature in a furnace tube is described by

Fick's Law of diffusion in two dimensions i.e.
aN  _ 92N 32N .
7 - Ve * ) (6.13)

which is subject to a reflecting boundary at the silicon surface x =

0. The solution of (6.13) for a unit contribution of impurities at

- 143 -



the point (x',z') is

AN = H!rt.[exp {-(_xa.th_')z} + exp {- (X +tX')2}] ,
exp [ - Lzzéfillzj (6.14)

which is the Green's function solution of this initial-boundary
value problem. The implanted profile becomes the initial condition

over which (6.14) is integrated to give the diffused profile N as

N(x,z,t) AN (IL + IR) dx' dz' (6.15)

or

NX2Z,t) = N (x,2,8) + No(x,2,t) (6.16)

Hence N is composed of two components, N, and N which correspond

L R?
to the independent diffusion of the implanted components IL and IR
respectively. These are given by
I AR
N (x,2,t) = X __P___ [ a(x,t) + a(-x, t)].
L 4 /20t + &R ? » 1]
4
erfc [ ] (6.17)

4Dt + 2472
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(x +x')2

_ Imax _x - x ')z

NR (x,z,t) = ——E [exp { } + exp {- -——zﬁf———J ]
4vn0D, /7DD, t
(0.2 +x' +d, - R.)2 (x' +d * R)D
. exp {- -2 D R Py erfc (-1 R p_* 93 dx'
! V2 DoD,D,
(6.18)
where
* *
(x+dL -Rp)"’. Rp-dL +rx

R(x,t) = exp {- DT+ T) [1 +erf{ } ] (6.19)

v2(1 + r) ARD

2

AR

r = m,;L : (6.20)

D, = Do + 2 ®Dt (6.21)
D, = 20t + D, %gfy (6.22)
p

In the paper due to Lee and button /15/, equation 9 is incorrect and
should be replaced by (6.18) above. The integral in equation (6.18)
is evaluated using Simpson's rule /78/ in EPIC. An example of dif-
fusion using this model is presented using the parameters of table
6.1. Figures 6.9 and 6,10 show a‘contour plot and surface plot of
the profile N due to a vertical mask edge. Figures 6.11 and 6.12

L

show the profile N, due to a wedge-shaped mask and figures 6.13 and

R
6.14 depict the final diffused profile N obtained by sumuing the
distributions of figures 6.9 and 6.11. The lateral extension of the
profile under the mask edge is greater in figure 6.13 for a siopiny
mask edge compared to figure 6.9 for a vertical mask edge. Because

the shape of the mask influences the 1lateral distribution of
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Figure 6.10 : Diffused profile NL(x,z) at vertical mask edge.

- 147 -




poly=-Si

0 . " jihg f edcba o

v

510,

Si

(

x (um)

Figure 6.11 : Diffused profile NR(x,z) at wedge-shaped mask

opening.

- 148 -

== z(um)



log concentration em™3)

GO0
O ABEKY

z (um)

Diffused profile NR(x,z) at wedge-shaped mask

opening.

Figure 6.12

- 149 -



poly-Si
-1 0 1
0 y — 3 z(um)
jj Si0,

n
]m .
k
J.

1

h Si

g ~
f

e

d

c

b :

a

1

Y

x (um)

Figure 6.13 : Diffused profile N(x,z) at sloping mask edge.

- 150 -



log concentration (cm~3)

S
oS
3

O
u::.‘
00
OO
.0
S
I
O
SSSSS
SIS
—
SIS
SIS
-~
S
S

15 SESESGEELHTS
SOOI HC I
CICICICICISL
2G2SCIEEILITHTHTS
OIS P > ' 2
QS2SEOCILECSCICIC I D
SO S SLEOLSCT I G I I D -
QSOOI I I IO IO
OIS SLIC I I 2L
CSCSCICSLICICICICIC I ICD
- R SOGESESLSEGEEESIELHTIS SIS
LSOOI I D LR IC IS
. L O O O O O O O O O O 0o CHCICICI0TS
OSSO I I I DD COSD
SO S I I 2l OO
&GS SLEESCICIC I I I I ..
SISO G I I I S I ) OO
COCSCICEESLICHC I ICIC IO D CICIC I
SO SCOCOCSLICICIC I I ICICD GG IC IS
ESICSCGESLSLICHCICICICIC I ICD IO I IC IS
OGRS GC SIS LICICIC IC I FC IS I I8 E025L
OO OLGLIEGLIESCSESLSLICICICICTICICICIC I IC I ICIGL
ORI GISLIEGEIEGESLICITICICICIC I IC I I I I P02
2SS SLOESCIEEESEEIETILICICIC I I I A I ICICICLSES
IS GESEELIRLSEGEGESEICTITICICIC I IC > 3 2 2 PP FL
SIS ELELSLELICICITICHCIC I ICICICICICEEL
PO SIS IR SEICITICICTICICIC o I IC I ICITSL
PSSO ITSEEESEILILICICICICIC I > I P3G
OGSO GESESEICICIC I I I I I IC D CHCICICY
GGG SCELELILICICTICICIC R I M 2 2K G2
ZSCSCOCSLICELICHLILICICICICICICHICICIC I I D)
S5 SCICSEECSEOCSLILELICICICICIC I IC I I 2>
S SIS SLSCEL ST IC I IC I ICIC I I I IS
SOCICECSESESLILHICICITICICIC I I I 20
S ICOLSCICILICICITICIC I I IC I I )
PSS OE SISO ICICTICICIC I IC)
OGS ICSEOICICICICICICIC I 2 ) o
. OO SEHLICICICICICICIC I I )
PSS SLSEOLICHICTICHICTICIC I IC)
SO OCSCELSIICTICHICICHICIC I )
PO ECIEILICHICHICICHICHCIC)
PSS SLSICICICIC I IC)
EOCSCOLHCICICHCICIC I
QICTITICICICICICICIC)
Sete; .0.0.0.0’0.0
"ESCSLICHITICS

0
5
A
O
"
)
x
——
[ =
3
S

¢

Figure 6.14 : Diffused profile N(x,z) at sloping mask edge.
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dopants, a greater degree of control is required on photolithograph-

ic and etching stages in VLSI fabrication processes.

One aspect of present day bulk CMUS technology which fs
wasteful of wafer area is the lateral diffusion of the p-well. It
is important to determine the offset ALw between the mask edge and
. the final position of the p-n junction between the p-well and the
n-substrate. Knowledge of ALw aids estimation of important design
rules for a CMUS process, for example, the minimum spacing between
NMOS and PMOS transistors. Each transistor must be placed fa}
enough away from the p-n Jjunction to avoid a reduction in the
modulus of the threshold voltage caused by the compensating effect
of the boron and phosphorus dopants in this region of the wafer. In
VLSI processes a larger minimum separation of NMOS and PMOS devices
may be appropriate to avoid the parasitic bipolar action known as

‘latch-up' /65-68/.

If the segregation effects of the boron at the surface of the
silicon wafer are neglected, the analytical model of this chapter

can be applied to determine the parameter AL The n-substrate re-

N.
gion 1is modelled using the SUPREM results of figure 4.21 since no
variation of phosphorus concentration exists in the lateral direc-
tions. To this profile, EPIC adds the 2-D boron distribution con-

stituting a p-well using the process parameters of Table 6.3.
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implant - element : boron
dose Q : 1.8 x 1013 em~2

energy £ : 60 keV

drive-in temperature T : 1200°C
time t : 725 mins

ambient : inert

Table 6.3 : Process parameters for p-well formation

Subsequent process steps use short times and/or low temperatures
compared to the p-well drive-in stage, and so give rise to a negli-
gible amount of impurity redistribution in the bulk. Figures 6.15
and 6.16 show contour and surface representations of the net impuri-
ty profile. The parameter characteristic of the 1lateral extension
of the p-well 1is found to be ALw = 4,9 micron, and should be ac-
counted for in the 'sizing' procedure prior to maskmaking. It is
interesting to note from figure 6.15 that the lateral extension of
the p-well in the bulk is greater than that at the silicon surface,
This 1is caused by the increase in phosphorus concentration towards

the surface of the wafer,
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6.2  TEMPERATURE MODELLING FOR TRANSIENT ANNEALING

6.2.1 Uses of Transient Annealing in MOS Processing

Research activity into the transient annealing of silicon has
increased markedly in recent years because heat sources such as
lasers, electron beams and arc discharge lamps offer several advan-
tages over conventional high temperature furnace treatments /60,
62/. The source/drain regions of MUS wafers receive high dose im-

16 ions per cm2. The implanted ions cause

plants of the order of 10
considerable lattice damage in the surface of the silicon wafer, and
consequently. Some form of heat treatment is required to repair the
disorder and activate the implanted species. Furnace annealing
causes significant redistribution of impurity species at high tem-
perature, as has already been discussed in Chapter 4. High p-n
Junction depths 1in MOS devices give rise to short channel effects
/69-71/, and lateral diffusion under the polysilicon gate reduces

the effective channel length and increases parasitic gate/drain and

gate/source capacitance.

Transient annealing, however, offers reduced impurity redis-
tribution after ion 1mp1antatibn, a high degree of impurity activa-
tion, and Tow contact resistances /73/. The fraction of dopants
which can take up substitutional sites in the silicon lattice is not
limited by the solid solubility limit occurring in conventional fur-
nace operations /60, 62/. In addition electron beams can be used to

recrystallise and improve conductivity of polycrystalline films /62,
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77/ or form refractory metal silicides /72/. Since the properties
of a semiconducting material are critically dependent on the tem-
perature of the anneal, it is important to model heat transport and

hence optimise annealing parameters as shown by Buttar et al /76/.

6.2.2 Review of Temperature Models for Electron-Beam Annealing

Energy is coupled from the electrons of the beam to the sili-
con lattice by way of either nuclear or electronic collisions /61/.
Nuclear collisions are essentially elastic and merely change the
direction of the electron. Electronic collisions are inelastic and
gradually slow down the beam electrons due to the absorption of en-
ergy for both static excitations and secondary electrons. In addi-
tion, a proportion of the electrons are backscattered /61/. Monte
Carlo studies of electron paths in the silicon indicate that energy
equidensity surfaces form tear-drop shapes /64/. In a practical
situation, beam energies must be kept below about 30 keV to avoid
damage in material layers, eg. silicon dioxide, below the one to be
annealed /73/. In this case, most of the beam energy is deposited
within the first micron of silicon at the wafer surface /64/. ' Ex-
isting temperature models /63, 64/ assume that all the beam energy
is deposited at the surface, and, since both the number and energy
of backscattered electrons, and also radiation losses are difficult
to model quantitatively /61/, all the energy impinging on the sili-
con is assumed to remain there. The thermal diffusivity of silicon

is found to vary with temperature /59/, but 1is approximated by a
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constant to simplify the analysis. In using these approximations,
analytical temperature models provide an initial estimate for the
annealing parameters, such as beam energy, radius, scan speed, etc.
required to achieve a given temperature at the front surface of a

bare silicon wafer.

Pittaway /63/ treats the case of a Gaussian electron beam
scanning across a thin foil and a semi-infinite target. Neukermans
and Superstein /64/ extend this model to include volume heating ef-
fects for a stationary Gaussian beam impinging on a silicon slice of
finite thickness. Buttar et al /76/ extend the analysis to the case
of a scannjng electron beam as described'below, and the model is
used to determine scan pitch for a practical electron-beam annealing

system /77/.

6.2.3 Tenperature Model for a Scanning Electron-Beam

As in the case of impurity diffusion, heat transport is

described by Fick's Law in the form

oT
5% = eveT - (6.23)

where T is temperature, t is time and a is the thermal diffusivity,

taken to be 1.37 x 107> m? s™! which is appropriate for a tempera-

ture of 1000°C /59/.
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The distribution of power E in a beam of total power E0 and
radius (standard deviation) Sp as @ function of radial distance s

from the centre of the beam is given by

2
E(s) = F, exp(- %;r) (6.24)
where
_ 0
Fo = End (6.25)

Extending the work of Pittaway /63/ and Neukermans and Saperstein
/64/, the temperature rise induced in the silicon by a scanning beam
is ' t,

AT(X,y i°t ty) Fo%' (“;é dt
s Y s&stll,y L2 = - T
Ko (tz - t)2 (s 2 + 4a(t, - t))

t=0
X _ (x - 2d)? (y - vt;)2 + 22
e Cne=o!r O rng-gll e Corrge=yn)
0<{x<d, ~ogySm,-o€z¢o; t130, tydt, (6.26) .

The co-ordinate system is defined in figure 6.17, where x, y and z
refer to position in a wafer of thickness d and infinite extent in
the y and z-directions. The beam heats the wafer from time t = 0 to

t = t., and is scanned in the y-direction with speed v. The beam

1
is turned off at t = t1 and the silicon is allowed to cool until t =

t2. When no cooling occurs ie t2 = tl’ the integral of (6.26) is
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Figure 6.17 : Co-ordinate system for temperature modelling during
electron-beam anneal.
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'improper' /78/ and requires the change of variable

y = (t; - t;é (6.27)

to allow the use of Simpson's rule on the result (6.28).

1
t,”
2F s 2 Y
bT(x,y,z; = 2 g)” ‘ .
(x,y,23t; 5 1) ) / T2+ Tav))
1

(t,-t,)%

lexp (- 721 + exp (- %?;jﬁf}] exp [ - Wt vlts - y))E ez

S < + H
o 4ay

0<x<d, ~oyge, -=gz<=; t120, ta)t, (6.28)

This model neglects residual heating effects due to previous scans.

6.2.4 Application to Determine Scan Pitch

In a practical annealing system /77/, it is wuseful to know
the approximate positions for the controls before the beam is ap-

plied to the sample.

Knowledge of the peak temperature and also the lateral extent
of the temperature distribution at the silicon surface is required

to ensure a uniform anneal in a raster scan system. A general model
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for activation of impurity species during a non-equilibrium tran-
sient heat treatment has never been formulated. A simple criterion
is therefore adopted whereby all points in the silicon which attain
a temperature of 1000°C or greater are assumed to be annealed. As
an example, table 6.4 shows a set of typical scanning electron-bean

parameters /76/.

wafer thickness d = 500 um
beam energy Eo = 23W

beam radius s0 = 250um
scan speed v = 1cms!
chuck temperature TC = 400°C

Table 6.4 Typical scanning electron-beam parameters,

The wafer is held on a heated chuck and is assumed to be at a
uniform temperature Tc before the anneal begins. Figures 6.18 and
6.19 show contour and surface plots respectively of the temperature
T at the surface of the wafer after time t = 1s, when steady state
conditions have been reached with respect to the frame of reference
of the beam. Using the anneal criterion defined above, a strip of
width wa = 500 ym is annealed. To ensure uniformity of the anneal,
a scan pitch, or distance between adjacent scans, of less than wa.

must be used.

The local heating effect at the beam centre relaxes quickly

when the beam is turned off. Figures 6.20 and 6.21 show plots of
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Figure 6.18 : Temperature distribution at the surface of

the wafer during a transient anneal.

- 163 -



temperature (°C)

1400 — - 1400
1200 — _ - 1200
1000 — - 1000
8OO - - 800
600 Z ~ 600
-1.25 B.75
0 10
z (mm) y (mm)

/ 1.25 41.25

Figure 6.19 : Temperature distribution at the surface
of the wafer during a transient anneal.
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Figure 6.20 : Temperature distribution at the surface of the wafer
10 ms after beam turned off
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Figure 6.21 : Temperature distribution at the surface of the
wafer 10 ms after beam turned off.
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the temperature distribution at the wafer surface after a cooling
time of 10 ms ie t1 = 1s and tz = 1.01s. In this short time, the

peak temperature drops by more than 600°C.

Despite the use of many simplifying approximations, this tem-
perature model determines the 3-D temperature distribution in sili-
con at least qualitatively, and is a useful tool for the development

of experimental electron-beam annealiny systems /76,77/.
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CHAPTER SEVEN : 2-D SIMULATION OF HIGH CONCENTRATION PROFILES

7.1 OFFSETS WHICH INFLUENCE EFFECTIVE CHANNEL LENGTH

A photolithographic step is used to define the polysilicon
layer after deposition and doping. A high degree of control is im-
perative for the patterning of polysilicon tracks, because, as well
as providing an interconnect level on the wafer, this layer defines
the channel length of the MOS transistor. However, the final effec-
tive channel length is offset from the mask dimension and must be
compensated‘in a procedure known as ‘sizing' before maskmaking.
Figure 7.1 illustrates the cause of this offset in a practical si-
tuation. Photolithography and etching results in an offset ALmk
between the mask dimension and polysilicon track width. The
source/drain implant is self-aligned to the polysilicon gate,
although a small amount of lateral scattering occurs. When the
source/drain regions and the phosphosilicate glass are annealed, the
implanted regions diffuse both vertically and laterally in the sili-
- con., The overall offset ALmk between the mask dimension Lmk and

the final effective channel length Leff is given by

eff (7.1) -

Alternatively, in terms of successive offsets
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AL, = oL + Al | (7.2)

mk-p P

It is shown later that the offsetALmk can be determined from
electrical measurements of transistor characteristics, however in
order to predict the magnitude of this offset, a 2-D process simula-
tor capable of modelling high concentration profiles is required.
Simulation results for the NMOS and PMOS transistors of a p-well
CMUS process are presented below. The ion implantation model uses a
Pearson IV distribution for the vertical profile of Dboth
source/drain 1implants and threshold adjust implants in the gate re-
gions. While the threshold adjust implant is characterised by Tow
concentrations and can therefore diffuse according to Fick's law,
the source/drain regions are doped to high concentration levels and
exhibit non-linear diffusion due to several effects as discussed in
Chapter 4. From considerations of symmetry, it is only necessary to

model impurity redistribution at one edge of the polysilicon gate.

7.2 CURRENT STATUS OF 2-D

HIGH CONCENTRATION PROFILE

MODELL ING

In order to define the initial condition for a model of
source/drain diffusion, a 2-D implanted ion profile must be generat-
ed. The analytical model of chapter 6 assumes a Gaussian profile in
the vertical direction however in order to accurately predict the
position of the source/drain junction depth it is necessary to model

the channelling tail of the distribution. A Pearson IV profile is
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used for the vertical direction into the wafer coupled with a Gaus-
sian probability distribution in the lateral direction. Such im-
planted distributions can be generated in a simulation program rela-
tively easily, however, subsequent redistribution of impurities at
high concentration levels exhibits a high degree of non-linearity

and only a fully numerical treatment can give accurate results.

The program RECIPE /198/ uses Pearson IV implanted profiles
for boron and joined half-Gaussian profiles for arsenic and phos-
phorus as in SUPREM. Diffusion is modelled uéing what the authors
describe as an 'incremental' technique, the mathematical details of
which are not presented. This program has been used to determine
the effective channel length of NMOS transistors, but the accuracy

of this method appears to be suspect,

The finite element method offers the advantage of a non-
uniform mesh and examples of high concentration diffusion have been

shown for NMOS technology /199/ and n-well CMOS /17/.

The finite difference method has been used to simulate
source/arain regions in NMOS /15,16,29/ and also coupled diffusion
(using the incorrect assumption of local charge neutrality) in a DI-

MOS transistor /26,180/.
The method of lines has been wused in ROMANSII /20-22/ to

simulate an n-well CMOS process, but only Gaussian distributions and

not_Pearson 1V distributions are used for the vertical cross-section
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of the implanted profile.

To date, 2-D simulation results of diffused source/drain re-
gions 1in a p-well CMOS process have never been presented. The pro-
gram EPIC boasts this capability and also allows determination of
effective channel length in small geometry MOS transistors. 1In the
following, simulation results are compared with electrical measure-

ments of devices.

7.3 2-D 10N IMPLANTATION USING THE PEARSON IV

DISTRIBUTION

Runge's integral (6.6) for implanted profiles at an arbi-
trarily shaped mask edge can be generalised to include the Pearson

IV distribution for the vertical direction through

o«

N(x,z) = -3 f(x-d (y)-R 2 ¥4y (0.3
&?AZ/p(x m (¥) - R) expl =T Jdy  (7.3)

If a wafer geometry with vertical mask edges similar to that
of figure 7.2 is assumed, the masking materials on each side of the

*
mask edge can be converted to equivalent thicknesses of silicon, dL

*
and dp s according to the density transformation of equations (6.2)

and (6.3). Equation (7.3) then reduces to
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-z d 0 i z_
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X

* *
dL and dR are effective thicknesses of silicon

Fiqure 7.2 : Coordinate system, differential equation and boundary
conditions for diffusion simulation.

-173 -



=0 * z *
‘N(X’Z) =3 [fylx+d - R,) erfc( s AZ) + folx+dp - R)(1 + erf( f’? AZ))]

(7.4)

where the Pearson IV distribution fp is defined by (4.3). This
equation provides the initial condition for a general high concen-

tration diffusion problem,

7.4 NUMERICAL MUDELS FOR 2-U DIFFUSION

7.4.1 Diffusion of Threshold Adjust Implants

The low doses characteristic of threshold adjust implants al-
low the use of a constant diffusi&ity D in the general diffusion
4éhuation. The numerical solution of Fick's law, equation (6.13),
subject to homogeneous Neumann type boundary conditions (7.5) -
(7.8), is well studied in basic texts on numerical analysis /23, 24,

35, 200, 201/.

(7.5)

X ’ X = Xm (7.6)

m (7.7)

2z -0 3oz o= 2 (7.8)
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The use of an explicit difference scheme to solve the para-
bolic diffusion equation requires utilisation of small time steps in
order to ensure numerical stability /23, 35/. Larger time steps and
shorter execution times are possible with the use of an implicit
difference scheme, but these methods require solution of a matrix

equation.

The Crank-Nicolson method /203/ is unconditionally stable for
arbitrary choice of time step and has been used by Tielert /25, 26,
180/ in the program LADIS. A further speed advantage in the solu-
tion of 2-D diffusion problems can be gained by wusing the
alternating-direction-implicit (ADI) method of Peaceman and Rachford
/204/. Buonomo and C. Di Dello /207/ have already used this tech-

nique to solve problems of gaseous predeposition, where the impurity

_concentration on the surface of the silicon wafer is kept constant,

and drive-in, where the initial distribution is characterised by an
impulse and the integrated impurity concentration is iﬁvariant dur-
ing the diffusion process. EPIC uses the ADI method to model the
diffusion of 2-D ion implanted profiles, and in addition, allows the

use of a non-uniform mesh.

Figure 7.3 defines the five-point finite difference star used
for discretisation. In the ADI approach, an implicit discretisation
approximation is used for the x direction and an explicit difference-
approximation for the z-direction during one time step. The pro-
cedure is alternated in the following time step so that the differ-

ence approximation is then explicit in x but implicit in z. The re-
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petitive use of either of these solution procedures on its own
results in an uncontrollable growth of numerical errors., However,
if the direction of implicitness is alternated for each step solu-
tion and the time step remains unchanged within a pair of time solu-
tions, then the method is unconditionally stabie for arbitrary size

of time step /204/.

In order to advance from the nth to the (n+l)th time Tlevel,

it is necessary to solve

Mii3umet ” Misgon
6t

1 1 1
D . . - -
B Mistanet TR E Misdanet *ORTR TR Niet,gone

1 B 1
* Rt + ) Mug-tun T Fghr Mg YRR TR MLgetand

i=0 ()M, j=0¢() S (7.9a)

where &t is the time step.

Subsequently, the solution at the (n+2)th level is given by
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NiLine2 ™ Ni5net

6t
1 1 |
PR R Mistganet T R Mdanet * R TR Mietgned

1 K 1 ,
Y Rgthg ) M-tz T RgRr Migne2 * rlhg + Ayl Mi,jet,ne2) 3

i=0()M j=0(1)S | (7.9b)
Boundary conditions are represented by virtual nodes outside

the simulation area and equations (7.5) - (7.8) are discretised us-

ing central differences to give (7.10) - (7.13) respectively.

Ny gn = Mg 3 §=0(DS (7.10)
NMet, 3, M-1,5n 3 3 =0 (1) s | (7.11)
Ny cpn = Niqn 5 -0 (1) M (7.12)
Nivsian = Nisoqn 3 T = 0 (DM (7.13)

In the discretised boundary conditions, the subscript n
refers to a general time Tlevel and can therefore be replacea by

(n+1), (n+2), etc.

Equation (7.9a) represents (S+1) independent linear systems
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of equations where each system contains (M+l) unknowns. Similarly
equation (7.9b) represents (M+1l) independent linear systems of equa-
tions, where each system contains (S+1) unknowns. Each linear sys-
tem can be written in matrix form and solved directly using the

highly efficient 'tridiagonal algorithm' /23/.

7.4.2

Diffusion of Source/Drain Regions

High concentration diffusion is non-linear and requires a
full 2-D numerical treatment in order to model both the vertical and
lateral extent of dopant profiles. The diffusion equation (4.30) is
written in its 2-D form assuming isotropy to give

aC ]

aC _ * 3N 3 * 3N

*
where the effective diffusivity D is concentration dependent
through (4.31). A distinction must be made between the active im-

purity concentration N and the total or chemical concentration C.

This second order partial differential equation is subject to

initial condition (7.4) and boundary conditions (7.15) - (7.18).

aC _
x - 0 3 x=0 (7.15)
o, .
X ’ X =X, (7.16)
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aC

37 = 0 : | Z = -zm (7.17)
aC
E = 0 s Z = zm (7-18)

Several mathematical treatises on the ADI method /205, 206,
208/ suggest that this method should be applicable to the solution
of (7.14). In practice this did not prove feasible, and consequent-
ly, in EPIC only low concentration diffusion problems are solved us-

ing the ADI method.

A difference scheme between two time levels can in general be
written in the form
c

- -C. .
1,J,n+1 1,J,n  _
- 8t = Ti.5,n (7.19)

where the parameter n defines the time discretisation.

Boundary conditions (7.15) - (7.18) are discretised to

Cidm = C5m 3 3=0(1s (7.20)
CMet,ion = Cuetjn 3 3=0(1)S (7.21) -
Civ-tan = Ciqn 3 T=0(1) M (7.22)

| Ciseton = Cis-t,n 3 1=0(N)M (7.23)
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Using central differences with the star of figure 7.3, the

spatial discretisation is given by

* *
T - = ! [ (Di-1'j»a+Disj’ﬁ)(Ni'1'jaa-Nivj'ﬁ
i,Js0 (EL +‘hR) hL
* *4 ) .
+ (D i’jsﬁ * Di"" ’j'ﬁ)(Ni"isjsﬁ - Ni ’jsn)]
MR
* *

AR PRRCE I SRR PR A S Ml PO

(hB + hT) hB

* *
5t e, Mg T Mgty
b ]
Oy
i = 0()M j=0(1)S ' (7.24)

The time level n is given by a weighted average of conditions
at the nth (known) and (n+l)th (unknown) time levels according to
equations (7.25) and (7.26) (similar expressions hold at all adja-
cent nodes, however for brevity only the (i,j)th node is considered

here).

- = (1-8)N. . .
iguan = INisn ¥ ® Midinet 5 =0 ()M 5=0(1)s

(7.25)
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)+ 8D (C.

- *
o= -8G5, fhganet) 3

i=0(1)M j=0(01)S
(7.26)

The parameter € must be chosen such that 0< 8 € 1 and in
" practical situations, it assumes the value 0, 1/2 or 1. If 6=0,
then i = n and the difference scheme is explicit. As already dis-
cussed, explicit methods are subject to numerical instability if &t
is too large. A fully implicit method resuits if & = 1, which is
equivalent to the statement n = n+l, If 8 = 1/2 then n = n+1/2 and
the spatial discretisation is an arithmetic avefage of conditions at
the known and unknown time levels. This choice of @ gives second
order accuracy in time step 6t and also ensures numerical stability.
This approach is known as the Crank-Nicolson method or Euler's
method and is used by Tielert /25,26,180/ and Penumalli /27-29/ for
discretisation on a uniform rectangular mesh. The analysis is ex-~

tended to non-uniform rectangular grids in EPIC.

When the Crank-Nicolson method is applied, the discretised

transport equation can be written in homogeneous form to give

C. . - C. .
i,5,n+1 i,J,n . .
Tiduned ~ i L1 - 0 i=0 (MM J=0(1)sS
(7.27)
Alternatively, and more concisely,
LA (7.28)
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where
f. = [f0 f1 f2 ceevenen fh] (7.29)

is a non-linear vector function with Q = (M+1)(S+1) components, and

T

€ =06 € Cuveeenen €y (7.30)

is a vector whose components comprise the concentration values at
each of the Q mesh points in the simulation domain (for convenience
only a single subscript is used to refer to a specific mesh point

and the time level subscript n+l is assumed).

Equation (7.24) 1is repeatedly 1linearised using Newton's

method /78/ through

30) 0 ack) =orck)y 5 owoa, 2, 3., (7.31)

where the correction vector QLg(k) at iteration k is given by

=1,2,3.... (7.32)
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The concentration values at time level n are used for the initial

guess C(o) and the Jacobian matrix J is defined by

Q(E) = ;;2 ;Cfg ...... . E_;g
0 1 3%
of,  of, of
TCO ?CT ) : E'CE
C (7.33)
Mg Mo ... ¥
aCO ECT BCQ

The entries of the Jacobean matrix are evaluated by analyti-
cal partial differentation of the components of f in equation
(7.29). Fortunately most of the elements are zero and the matrix is
said to be 'sparse'. Equation (7.31) defines a large sparse linear
system which is solved iteratively using the successive over-

relaxation (SOR) technique for diagonally dominant matrices /23,35/.

In a practical situation, only a few Newton iterations are
required for convergence to a safe tolerance limit, but the use of
two nested iteration levels in this solution procedure results in

lony execution times.

7.5 SIMULATION RESULTS FOR A P-WELL CMOS PROCESS

The 2-D ion implantation and diffusion models in EPIC can be
used to simulate impurity redistribution at the polysilicon gate

edge of both NMOS and PMUS transistors. Table 7.1 defines the p--
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n-substrate implant 2.1 x 10%? em 23" at 125 keV
p-well implant 1 x 1013 cm 2 21BY at 60 keV
gate oxide growth 500;

n-substrate gate adjust implant

6 x 101! cm 2 11BY at 45 keV
polysilicon doping 85 mins at 900°C

n-substrate source/drain implant

5 x 1015 em 2 BY at 35 keV

p-well source/drain implant

either 1 x 108 em 2 75As” at 80 keV

+

or 5 x 1015 cm 2 3p” at 85 keV
PSG anneal 14 mins ramp 900 - 1000°C
30 mins at 1000°C
Table 7.1 : CMOS process parameters for EPIC simulation
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well CMOS parameters for the simulation examples to follow. Only
the parameters different from those in table 4.5 are shown 1in

order to avoid duplication,

SUPREM is used to simulate the p-well and n-substrate regions
until after gate oxidation. EPIC is used to model subsequent pro-
cess steps. Only the PMOS transistor receives a threshold adjust
jmplant. A source/drain implant of boron 1is used for the PMOS
transistor, and either phosphorus or arsenic is used for the
source/drain regions of the NMOS transistor. .The doping profile for

each transistor is now considered.

Figure 7.4 shows an equidensity contour plot of the threshold
adjust implant of boron which is carried out through the gate oxide.
The same distribution is shown as a surface plot in figure 7.5. The
diffusion of this implant during the polysilicon doping step is
modelled by EPIC and added to the SUPREM results for the phosphorus
of the n-substrate region. Figure 7.6 and 7.7 shoﬁ the net concen-
tration in the active device region of the PMOS transistor and also
the existence of a p-n junction. The source/drain implant of boron
is shown by figures 7.8 and 7.9. The polysilicon gate is thick
enough to prevent most of the boron reaching the active device re-
gion. The boron of the source/drain implant 1is combined with the
threshold adjust implant in the n-substrate and subjected to the fi-

nal high temperature anneal in the process.

Figures 7.10 and 7.11 show the final net concentration in the
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Figure 7.4 : Boron threshold adjust implant

6 x 1021 em 2 11B% at 45 keV
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Figure 7.5 : Boron threshold adjust implant
6 x 101! cm 2 11B* at 45 keV.
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gate oxide : 5003 <§> polysilicon : 4500;
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Figure 7.8 : Boron source/drain implant

5 x 1025 em™2 218% at 35 kev
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Figure 7.10 : Net profile of PMOSFET after PSG
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30 mins at 1000°C
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PMOS transistor. The p-n junction does not terminate at the silicon
surface due to the existence of the net p-type layer under the po-
lysilicon gate. The inactive boron at the surface of the
source/drain region is clearly shown by figure 7.11. The contour
plot of figure 7.10 allows an estimate of the lateral diffusion of
the source/drain implant under the polysilicon gate. This offset
of the profile from the polysilicon edge also appears at the other

end of the transistor gate and, using the notation of figure 7.1

ALp‘ = 1.40 um (PMOS : B source/drain) (7.34)

EPIC is also capable of simulating the doping profile in the
NMOS transistor, which in contrast to the PMOS device, does not re-
quire a threshold adjust implant. Figures 7.12 and 7.13 show plots

of the phosphorus source/drain implant.

As in the case of boron, a small proportion of the implanted
phosphorus penetrates the polysilicon gate and underlyinyg gate oxide
to reach the active device region of the NMOS transistor, The use
of phosphorus for the source/drain implant can result in a distribu-
tion of threshold voltages for NMOS transistors on the same silicon
wafer /209/. Tnis effect is caused by the random orientation of po-
lysilicon grains in the gate electrode of small geometry devices.
Whenever the 100 direction of a grain lines up with the direction of

the implanted ions, an increased degree of channeling occurs and
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S

z(um) 0.8

IIIIIT7 77777 777

4t20 ))
1820

1E19

118 |

1E17

1E16

1E15

1E14

x(um)

silicon

0.8

Figure 7.12 : Phosphorus source/drain implant

5 x 1015 cm™2 31p* at B5 keV
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Figure 7.13: Phosphorus source/drain implant

5 x 1015 cm 2 21p* at 85 keV
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more phosphorus can penetrate through the gate into the silicon,

This random effect is not modelled by EPIC.

After the PSG anneal, the phosphorus distribution is added to
the SUPREM results for the p-well to give the final profile of the

NMOS transistor as in figures 7.14 and 7.15.

The solid solubility of phosphorus is much higher than that
of boron, and so no inactive dopant appears at the peak of the dis-
tribution. Instead,the enhanced diffusion in this region gives rise
to a plateau near the silicon surface. From figure 7.14, the

offset ALp is found to be

ALp = 1.55 um (NMOS : P source/drain) (7.35)

The use of arsenic for source/drain regions in NMOS transis-
tors is now preferred to phosphorus in order to reduce junction
depths and minimise short channel effects /69-71/. Figure 7.16
shows the arsenic profile after source/drain implantation at the po-
lysilicon mask edge. The fraction of ions penetrating the polysili-
con gate into the active device region is negligible for the same
polysilicon layer thickness as was assumed for the boron and phos-
phorus implants. The subsequent diffusion of the arsenic profile is
simulated by EPIC and combined with the SUPREM results for the p-

well to give the net profile of figures 7.18 and 7.19. The peak of

- 198 -



gate oxide : 500A polysilicon : 4500A

- ALp

T /[//////////7////]////////////7/]/////]

7.5E19 8E15
1E16
1um 6E19
4E19 1.3E16
1E19

1E18
1E16 1.5E16

silicon

Z Tum

Figure 7.14: Net profile of NMOSFET (P source/drains) after PSG
anneal
14 mins ramp 900 - 1000°C

30 mins at 1000°C
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Figure 7.16 : Arsenic source/drain implant

1 x 1028 em 2 7SAs® at 80 keV
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Figure 7.17 : Arsenic source/drain implant

1 x 102 cm 2 75As* at 80 keV
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the distribution shows evidence of inactive arsenic, but the profile
changes less abruptly in this region compared with the boron profile
of figure 7.11. This difference is due to the fact that the tran-
sition from activity to inactivity,as the impurity concentration is
increased,is less sudden in the case of arsenic compared to boron,

From figure 7.18, the offset ALp is found to be

ALp = 0.55 um (NMOS : As source/drain) (7.36)

The values of ALp for each type of MOS transistor are now compared

with electrical measurements of devices.

7.6  MEASUREMENT OF EFFECTIVE CHANNEL LENGTH

Several methods of extracting MUSFET channel 1length from
electrical measurements of such devices have been proposed /210-
213/. The method of Takacs et al /44/ is easily incorporated into
an automated parameter extraction algorithm, and is therefore the
one chosen for measurements of effective channel length in this

thesis.

The linear region of transistor operation is given by /13/

1 weff

DS - T uCox (Vgs = VilVps 3 Vpg K Vgg =V (7.37)

eff

where IUS is drain-source current, VGS is gate-source voltage, VUS
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is drain-source voltage, 4 is mobility, Neff is the effective
channel width, Leff is the effective channel length and COX is the

oxide capacitance per unit area.

Using (7.1), (7.37) can be written

B
1 =

where the parameter B is given by

B = uCy, Wopp (Vgs = VplVpg (7.39)

If the quantity B is a constant, then measurements of re-

-1
DS

mk ® but the same width wmk,

give a straight line plot with intercept ALmk on the Lmk axis. In

ciprocal drain source current | for a variety of transistors,

each with a different length L should

practice, even if VGS and VDS are kept constant between measure-
ments, the parameter B is found to vary because the threshold vol-
tage VT is a function of the transistor length at small geometries
/43, 71/. Figure 7.20 shows how measurements of vT for the
transistors used in the simulation examples of this chapter depend
on channel 1length. The modulus of - threshold voltage |VT[

decreases with decreasing channel length Lmk‘
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This difficulty is overcome by considering, instead of IDS’

the transconductance 9 defined by

(7.40)

It is well established that /13, 44/ the point of maximum transcon-

ductance I max scales with vT
»

-1
m,max

line as shown in figure 7.21. A least squares fit to the data for

, SO that a plot of reciprocal peak
transconductance g against mask dimension gives a straight
each transistor type gives the offset ALy (measured) as summarised

in table 7.2. The offset ALmk was found to be negligible and so

=P
from (7.2)

ALmk = AL (7.41)

which allows calculation of the simulated values of ALmk in table

7.2.

Within experimental error, the simulated and measured values
for ALmk agree, 1in the case of the PMOS transistor and the NMOS
transistor with arsenic source/drains. However this cannot Be said
for the NMOS transistor with phosphorus source/drains which is due
to the inadequacy of the ion implantation and diffusion models for
phosphorus. From the 1-D diffused profile of figure 4.18 it is
clear that EPIC underestimates the extent of the tail of the distri-

bution. The predicted values of vertical junctibn depth are too low
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MOSFET ALmk(sim.) AL mk(meas.)
' (pm) (um)
PMOS : B 1.40 1.20+0.2
NMOS : P 1.45 1.89+0.2
NMOS : As 0.55 0.60+0.2

Table 7.2 : Comparison of simulated and measured values
of subdiffusion ALmk in MOSFETs.
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and, since diffusion is assumed to be isotropic, the simulated la-
teral junction position is also underestimated. While EPIC is capa-
ble of predicting the effective channel length due to subdiffusion
of boron and arsenic, a more sophisticated model for phosphorus is

required for simulation purposes.
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CHAPTER EIGHT : 2-D SIMULATION OF SIMULTANEUUS

DIFFUSION AND OXIDATION

8.1 OFFSETS WHICH INFLUENCE EFFECTIVE CHANNEL WIDTH

While Chaptef 7 deals with effective channel length Leff’ an
equally important parameter for circuit design is the effective
channel width weff which, like Leff’ directly affects drain-source
current IDS and transconductance 9, of the MOS transistor. In a
practical situation the final effective channel width is not the
same as the dimension defined by the chrome pattern on the mask by
virtue of several offsets occurring throughout the process flow.
Figure 8.1 shows the main process offsets which affect weff.

AW represents the offset between the mask dimension and the

mk-PR

photoresist dimension, and AW the offset between the photoresist

PR=-N
dimension and the patterned silicon nitride track width. Subsequent
offsets due to thermal steps, most notably field oxidation, are
represented collectively by ANN. The aim of this chapter is to
present simulation results for the impurity profile at the end of

each process step after the nitride layer is defined. The effective

width is therefore given by

eff mk ~ Wk (8.1)

where A%nk represents the net offset in MUOS transistor width, and
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Figure 8.1 : Process offsets which influence weff.
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with reference to figure 8.1

AM“k = Awmk-PR + AwPR-N + AwN (ﬁ_g) .

A1l linear dimensions must be offset by the gquantity Awmk in the
‘sizing' procedure carried out pefore maskmaking in order that the
widths of transistors specified by the design engineer in a circuit
are accurately reproduced on the silicon wafer. Awmk can be deter-
mined from electrical measurements of MOS transistors. However, in
order to predict this offset, a 2-D process simulation is required
to model both field oxide growth and impurity redistribution during
Local Oxidation of Silicon (LOCOS). The program'EPIC is capable of
modelling simultaneous diffusion and oxidation, and results are

presented below for a p-well CMOS process /31/.

8.2 CURRENT STATUS OF 2-D SIMULTANEUUS DIFFUSION

AND OXIDATION MODELLING

Simulation of width effects in MOS devices has been treated
by several authors. While ion implantation steps can be simulated
ré]atively easily, any model of the impurity redistribution which
takes place during field oxidation 1is complicated by the moving

silicon-silicon dioxide interface.
In the program SUPRA Lee and Dutton /15/ and Chin et al /16/

extend the 1-D profile generated by SUPREM in the field region to

2-D assuming that the lateral diffusion of the field implant is both
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independent of impurity segregation at the silicon-oxide boundary
and identical to that occurring during a non-oxidising anneal. The
mathematical validity of this approach is highly questionable, and
in addition, the thermal steps subsequent to field oxidation are to-
tally ignored. Consequently simulation results obtained using this
method can be expected to achieve only qualitative accuracy at best
in practical situations. Nevertheless examples of NMUS process

modelling have been presented /15,16/.

Salsburg and Hansen in FEDSS /17/ use the finite element
method to model the diffusion of the boron channel-stop implant dur-
ing oxidation. While the eléments can be stretched to accomnodate
the moving non-rectangular geometry of the silicon as more oxide is
formed, segregation effects of impurities across the oxide-silicon
';nterface are completely neglected. This program has been used in
the simulation of a proposed n-well CMUS process at IBM /17/.
Although no simulator using finite elements to model impurity redis-

tribution throughout a complete fabrication process has yet been re-

ported, recent work /18/ holds promise for the future.

Taniguchi et al of Toshiba /19/ have used a finite difference
method to model impurity redistribution during field oxidation.
However, the analysis neglects a component of the impurity ‘flux at
the moving oxide-silicon interface, and only accommodates a bird's
beak slope of precisely 45° in order to simplify the discretisation
procedure. These approximations mean that this method has limited

applications for general MUS processes using LOCOS isolation, but
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the results generated have been fed to a device simulator to calcu-

late diffused line capacitance.

The most productive method to date has been to apply a time-
dependent co-ordinate transformation which maps the real diffusion-
oxidation solution domain onto a new area which is both rectangular
and stationary. The diffusion equation becomes more complicated on
transformation, but is more amenable to solution using a discretisa-
tion procedure. Maldonado et al /20,22/ use the method of lines
/23/ whereby all inaependent variables except one are discretised to
give a system of ordinary differential equations in time which is
solved using previously developed and efficient routines /24/.
Results from the program ROMANS II have been presented for a 2 mi-

cron n-well CMUS process under development at Rockwell /21,22/.

Other authors using a grid transformation but with a full
finite difference discretisation method have included Tielert
/25,26/ in Siemens and Penumalli /27-29/ in AT&T Bell Laboratories
using the programs LADIS and BICEPS respectively. Also, Seidl /30/
has used a multigrid method to solve the diffusion equation. Each
of these authors has presented simulation results of width effects

in NMOS technology.

The EPIC program has been used to present the first simula-
tion results of lateral effects in both n-channel and p-channel MOS
transistors of a p-well CMUS process /31/. The finite difference

method is applied to a transformed system as described above. The
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authors reviewed have used a uniform rectangular discretisation grid
to model the redistribution of the channel-stop implant through the
steps of either an NMOS or n-well CMOS fabrication process. This
approach is not tractable in the case of a p-well CMOS process. In
this case a non-uniform rectangular mesh must be used to accomnmodate
not only the boron of the field implant, but also the extent of the
p-well in the vertical direction as seen from figure 6.16. In addi-
tion all previous simulation activity has included the use of a
concentration-dependent diffusion coefficient, which, for the low
concentration values typical of both field and threshold tailoring
implants, requires unnecessary calculation of both field-enhancement
and vacancy-enhancement factors. It is therefore justjfied to as-
sume a constant diffusivity D (including the effects of OED) to
model width effects in MOS transistors. A more accurate treatment
would involve first solving the diffusion equation for silicon
self-interstitials generated during oxidation, then calculating a
spatially dependent OED factor to use in the solution of dopant dif-

fusion /26,32,75/.

8.3 A 2-D MODEL FOR DIFFUSION DURING OXIDATION

The physical models used for the diffusion and oxidation
steps in EPIC are the same as those used by SUPREM II, but extendea
to 2-D assuming isotropy. Because doping levels are low, a constant
diffusion coefficient D, accounting for OED is assumed., The par-
tial differential equation (PDE) representing Fick's Law of Diffu-

sion (8.3) must be solved subject to an initial condition given by
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the doping profile at the end of the last process step, and boundary
conditions (BC's) (8.4) - (8.7) where figure 8.2 defines the co-

ordinate system used.

oN

-a—f = D V2N ) (803)
T
N o= Ny : x = x + X(y,t) (8.5)
N .
ay = 9 y = -ym (8.6)
aN .
ay - 0 Y=y, | (8.7)

The segregation coefficient k, given by

N
K = 9X

N X = X(y’t) . (8-8)
relates the concentration of the impurity N on the silicon side of
the moving interface x = X(y,t)ito that on the side of the oxide
Nox' a is the amount of silicon consumed to produce one unit of

silicon dioxide, n denotes distance normal to the interface, xn is
the velocity of the interface in the normal direction, and NSub is
the concentration of the dopant in the startiny material. The in-
homogeneous Neumann boundary condition (8.4) quantifies the impurity
flux normal to the moving silicon-dioxide interface. Seidl /33/
gives a lucid mathematical derivation of this equation which assumes

that impurity diffusion in the oxide can be neglected, The validi-

ty of this simplification has not been tested in the literature, so,
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as a preliminary check, the results of EPIC in 1-D are coﬁpared with
the results of SUPREM below. The boundary condition (8.5) ensures
that the doping level remains fixed in the bulk of the wafer and the
value of NSub is deduced from electrical resistivity measurements of
the starting material /13/. Reflecting boundary conditions (8.6),

(8.7) are assumed in the lateral directions.

A co-ordinate transformation /27/

E = x - X(y,t) (8.9a)
no o=y (8.9b)
o=t (8.§c)

is applied to map the real co-ordinate system (x,y,t) onto a new
system ( &,n,T) in which the solution domain is now rectangular and
time-invariant, as shown by figure 8.3. The transformed diffusion

equation is given by /31/

aN y ay N . 32N
T (X-DX)a—g-*fD {1 + (X')2} 32

32N ' 32N

and the corresponding boundary conditions are

k _ il aN . , aN .
N(; 1) X—D[B—E{MX)Z}-X B_n] ;3 £=0 (8.11)
Vo= Ny ; £= g (8.12)
N _ )
n : n=o-n (8.13)
AN o . . )
an = ’ n = nm (8.14)

- 221 -



y - ax ' - ax n - azx
where X = 37 ° X' = n and X" = el
Equations (8.10) - (8.14) constitute an initial-boundary

value problem which 1is discretised using the finite difference
method with a non-uniform mesh as shown in figure 8.4. Difference
approximations to the partial derivatives are based on first order
Taylor expansions applied to the nine point star of figure 8.5,
which shows the (i,j)th node and its eight nearest neighbours. Nine
points are required as opposed to the more usual five because of the
existence of a second order mixed derivative term in (8.10). As in
the high concentration diffusion model of Chapter 7, central differ-

ences are used for the diffusive terms,

Tieleft /26/ has used central differences for the advective
terms also, but in EPIC this approach was found to be inadequate.
One-sided 'upwind' differences are imperative in order that numeri-
cal disturbances, which are bound to occur due to round-off errors,
flow only in the direction of the advective velocity i.e. 'down-
stream'/31/. Roache refers to this condition as the ‘transportative
property' /34/ in his discussion of the vorticity transport equation

of fluid dynamics. Gauss' divergence theorem can be used to prove

that upwind differencing is in fact conservative /34/.

The full spatial discretisation at the (i, j)th node is given

by /31/
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where the subscript n refers to a specific time level, Equation
(8.15a) uses a forward difference for the advective term while
(8.15b) uses a backward difference. The Dirichlet type boundary
condition (8.12) undergoes trivial discretisation to become (8.17).
The Neumann type boundary conditions (8.11), (8.13), (8.14) are
discretised to A(8.16), (8.18), (8.19) respectively using virtual

nodes outside the simulation area.

(h, + h,) k .
g T Mg T g {1L+ (x: 2 Mo,5n fa 1) Xy on
+ DK N°'5*’zga-+Ng;§"'") }si= 0(1)S  (8.16)
M,gun Nsub s 3 =0(1)s (8.17)
N, ot = Mg s i=0(1)s (8.18)
Niseton = Nisoq,n 3 1 =001)S (8.19)

Initial attempts  to extend the Crank-Nicolson method (us+
édjin chapter' 7)to the simultaneous diffusion and oxidation problem
proved to be only partially su;cessful. A Gauss-Seidl iterative
scheme /23,35/ was used to solve the resulting matrix equatjon, but
convergence to the solution was found to be too slow for practical
purposes. Over-relaxation of the residual did not result in ac-
celerated convergence. Therefore, efficient use of the Crank-
Nicolson method to solve this problem requires a more detailed study
of techniques to solve large sparse linear systems. Instead an ex-

plicit difference scheme was used in EPIC for all diffusion simula-
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tions in the transformed system /31/. The discretised transport

equation becomes

N. . - N. .
i,j,n+1 i,j,n _
i = Ty (8.20)

To avoid numerical instability, the time step &t must be limited to
some critical value which is difficult to estimate from theoretical

considerations, and best found by trial and error.

In order to test the accuracy of the diffusion-oxidation
model, comparisons are made in 1-D with results generated by SUPREM.
In the examples presented, EPIC assumes complete symmetry in the la-
teral direction in the wafer,ie no variation in oxide thickness or
impurity concentration in the y-direction. 1In each case a silicon

wafer with a uniform doping concentration of 108° 3

is oxidised
assuming the SUPREM default models for both diffusion and oxidation,
While EPIC neglects diffusion of impurity species in the oxide, dif-

fusion in both oxide and silicon is modelled by SUPREM.

Figures 8.6 and 8.7 show a comparison of results at a tem-
perature of QUUOC for oxidation times of 20 mins and 3 hrs respec-
tively. Boron is segregated into the oxide, depleting the reyion of
silicon near the surface of the wafer. The depth axis is refer-
enced to the oxide-silicon interface. The corresponding comparisons
at the higher temperature of 1100°C are shown in figures 8.8 and
8.9. The agreement between EPIC and SUPREM is clearly good at both
diffusion temperatures. Boron can be adequately simulated at 900°c

using a minimum mesh spacing of about 0.01 micron at the silicon
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surface. However, it is found that in the case of phosphorus which
tends to pile up in the silicon during oxidation, a mesh spacing of
the oraer of U.001 micron or 108 is required to properly accommodate
the rapidly-varying impurity profile as shown by figures 8.10 and

8.11.

Although this comparison is only one-dimensional, the good
agreement between the two simulators means that the EPIC model can
be confidently used in its two-dimensional form, provided the
discretisation mesh is sufficiently fine to accommodate the concen-
tration gradients. Simulation results of width effects throughout a

complete p~-well CMOS process are now presented /31/.

8.4 SIMULATION RESULTS FOR A P-WELL CMOS PROCESS

Table 8.1 shows the process flow of the p-well CMUS process
under consideration. Steps like source/drain implantation which do
not influence the doping profile in this part of the wafer are omit-

ted.

Taking advantage of symmetry in the y-direction, SUPREM is
used to simulate the process in 1-D until after nitride layer depo-
sition, Figure 8.12 shows the diffused p-well region in the n-
substrate. The first two-dimensional process step consists of the
boron field implant which is performed through the pad oxide layer
of thickness Xp into the p-well field region, the active device re-

gion being partially masked by the patterned silicon nitride layer.
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Figure 8.13 shows an equidensity plot of the boron concentration
where the scale bars in both x and y directions indicate a distance
of 1 micron., The diffusion of boron and phOSphofus is assuned to be
independent, and so only the boron in the p-well will be considered
initially. In the plots to follow, only the surface portion of sil-
jcon is shown because the doping profiles in the bulk of the simula-
tion area do not exhibit any lateral variation. Where the contour
lines are straight lines, the profile is essentially one-dimensional

and can therefore be adequately modelled by SUPREM.

The diffusion of the field or channel-stop implant'during the
inert drive-in step performed at 1025°C for 500 mins is modelled us-
ing the analytical method of Chapter 6. Because the low concentra-
tion diffusion equation (8.3) is linear, the diffusion of the field
implant can be modelled separately from the rest of the p-well which
can be modelled by SUPREM because of the symmetry in the y-
direction. The total profile is simply the sum of the two parts as
shown by figure 8.14. A synthesis of solutions in this manner
avoids a full 2-D numerical treatment at this poiht in the process,
and hence reduces execution times /31/. As well as diffusing furth-
er into the bulk, the boron extends further under the masking ni-

tride edge into the active device region.

An empirical fit is used to model the position of the inter-
face x = XF(y,t) between the field oxide and silicon, Following

Penumalli /27,28/ the functional form of (8.21) is used in EPIC.

To(t) 5
- _f 2y
XF(y,t) = —2— erfc {'F]T;(-{-)- } (8.21)
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Here TF is the maximum thickness of silicon consumea during field

oxide growth and, using the bDeal-Grove law /36/, is found to be

-Ror * 4 AOFZ + 4 B0 P -y 1

2 p
;0 <ttt (8.22)

T+ A X 74 A X

where BOF/AOF and B, are the linear and parabolic rate constants

OF
and tF is the total time for the field oxidation step. The top sur-

face of the oxide layer is defined by x = XF'(y,t) where

' - ooy - (1. ,
Xe'(yat) = = X5 = (G- DXely,t) 5 0<t<t (8.23)

The fitting parameter k] is a measure of the 1lateral extension of
the bjrd's beak region and 1is best determined from a Scanniny
Electron-beam Microscope (SEM) study as shown in figure 8.15. In
this particular case k] = 2.3, and the time evolution of the f%e]d
oxide, beginning from the pad oxide and finishing with 1.25 micron
at the thickest part, is shown in figure 8.16. Recently attempts
have been made to model numerically field oxide growth as a result
of a given pad oxide and nitride thickness by solving for pressure

in the Navier-Stokes equation /37-39/.

However, this approach is not valid for temperatures below
950°C at which point silicon dioxide ceases to exhibit viscous flow
/40/. In production MUS processes, the field oxidation step is usu-
ally carried out at or below a temperature of 950°C (with the addi-

tion of a chlorine-bearing gas to the furnace ambient) in order to

- 45?§:g3
o )
)
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suppress the occurence of oxidation-induced stacking faults /41,42/
which degrade die yield. The LOCOS step of the p-well CMOS process
in the present study uses a temperature of 900°C and so use of the

Navier-Stokes equation is not valid.

The partial derivatives X' and X'' are evaluated by twice
differentiating (8.20) and X is approximated by a finite difference

between time levels,

Figure 8.17 shows the redistribution of boron after field ox-
idation. Because the segregation coefficient of boron is k = 6 at
900°C, the surface of the silicon is severely depleted of dopant
after a time tF = 1160 mins in the furnace tube, as is evident from
the closely spaced contours characteristic of a steep concentration
gradient, Indeed the sucking effect is so severe that even a por-
tion of the active device region is depleted. As shall be shown by
later plots, this effect has consequences for the dopant profile
under the gate oxide of the n-channel MOS transistor even at the end
of the fabrication process. The reason for using a field implant in
the p-well region now becomes clear. Even although the surface con-
centration of boron is undesirably low at this stage in the process,
enough of the field implant remains to fill the sucked out region by
diffusion during subsequent high temperature cycles. The conse-
quences of omittiny the field implant from the process flow are
shown by figure 8.18 where it is clear that the depleted region

under the field oxide can only be filled slowly with diffusing boron

atoms. The end results would be the occurrence of parasitic
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transistor action between adjacent N+ diffused regions due to a low

transistor threshold voltage in the field region.

Next the nitride and pad oxide layers are removed to leave
bare silicon in the active region. Although the oxide-silicon in-
terface is still described by x = XF(y,tF), etching alters the posi-

tion of the top oxide surface to x = XE‘(y) where

X' () = = (- 1) Xe(y,tp) (8.24)

Plasma and wet chemical etchiny are carried out at low temperature
and so give rise to no impurity redistribution. Gate oxidation is
simulated using a quasi-2-D model whereby the increase 1in oxide
thickness at a given point y in the lateral direction is dictated
— -only by the initial thickness in the x-direction at that point.
This approximation neglects any lateral oxidation effect, and is
valid so long as the final gate oxide thickness is much less than
the field oxide thickness, whiﬁh is in fact the case in all current
MOS processes. Thus, during gate oxidation, the position of the

oxide-silicon interface is given by x = XG(y,t) where

1, 2 2 2
XG(y,t) = 3 { aAOG + /ézAOG + 4a BOG t+ 4XF(y,tF) + 4aAOGXF(y,tF)]

3 0 <ttt (8.25)
where AUG and BUG are the oxide growth parameters for this step and
tG is the total gate oxidation time. The top oxide surface is de-

fined by x = XG‘(y,t) where

' _ 1
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The final oxide shape 1is shown in figure 8.19, and the
resulting boron profile is shown in figure 8.20. While the boron of
the field implant diffuses into the silicon surface region under the
field oxide, more boron is removed from the active device region as
gate oxidation proceeds. Next the gate oxide 1is annealed in a
non-oxidising ambient to give the profile of figure 8.21, and this
is followed by an anneal to activate the source/drain implant and
flow the phosphosilicate glass (PSG) to give the final boron profile

in the p-well as shown in figure 8.22.

In order to arrive at the net dopant concentration in the p-
well, the pﬁosphorus profile must be modelled also. However, as al-
ready discussed, a mesh spacing of the order of 10} is required to
model this 1impurity species accurately at the surface of the sili-
con. Such a fine mesh requires so small a time step to guarantee
numerical stability of the explicit difference scheme that execution
times prove to be prohibitively long. Instead of a numerical treat-
ment, a semi-enipirical model 1is used whereby the 1-D profile ob-
tained from the active device region is simply extended across into
the field region /31/ as shown in figure 8.23. Some idea of the ac-
curacy of this approach can be obtained by comparing the 1-D cross-
section at the Tleft-hand side of this plot with the corresponding
results of SUPREM from the field region'of the wafer. The SUPREM
and EPIC results are compared in figure 8.24 where it can be seen
that this simplistic method of modelling phosphorus is accurate in
the bulk and not more than 10% inaccurate near the silicon surface,

which is good enough for all practical purposes. The boron of fig-

- 248 -



-
$i0,
fum
b
: >,
h
9
+ .
3 Si
/
d
a
(d
a 2 x 10*¢cm 3
b 2.5 x 10%%cm 3
c 3 x 10%cm 3
b d 3 5—x—toem 2
e 4 x 101%cm 3
f 4.5 x 10*¢cm ®
g 5 x 10¢cm 3
a R 5.5 x 10 °cm °
j 6 x 10%%cm 3
L. 1um S—

r )

Figure 8.21 : Boron profile after gate oxide anneal: 60 mins at
1050°C in N,.

- 249 -

0O



Tum

S @ Ho > -~

540,

Si

S

2 x
2.5
3 x

101%cm 3
x 103%cm 3
1016cm 3

3.5
4 x
4.5
5 x

x 10°°cm °
10%%cm 3
x 10*%cm ®
101%cm 3

lQ -Hh ©O A O O o

-de

5.5
6 x

x 10%¢cm 3
102¢cm 3

Figure 8.22 :

L

fum

—

Boron profile after PSG anneal 30 mins at 1000°C

in N,.

- 250 -



T
Tum $i0,
1 // e
Si
T C
a 2 x 10%5cm ?
b 3 x 105cm 3
c 4 x 10%5cm 3
d 5 x 10%5cm 3
a e b6 x 10i>cm 3
PR 1 —

Figure 8.23 : Approximation to phosphorus profile after PSG anneal.

- 251 -



- 292 -

FIGURE 8.24 : SUPREM—-EPIC Comparison
Phosphorus in p-well field region

™ 17.00 pP-type Si at surface
£ :
L C
c |
~ 16.00 _L SUPREM
5 L
b B
C -
Q
0 |
G
S 15.00 +
o -
o N
_—l -
14.00 1 1 1 1 = 1 1 1 1 % I 1 L 1 ;1]
0.00 .50 1.00 1.50 X10

Depth (microns)



Tum 5
L C
K
S
f 55
e
I
d a 1.5 x 10%¢cm 3
b 2 x 103%cm 3
c 2.5 x 10%%cm 3
d 3 x 10%cm 3
C e 3.5 x 10 %cm °
f 4 x 10%%cm @
g 4.5 x 10*%cm ®
h 5 x 10%%cm 3
b
Qa
. tum .

Figure 8.25 : Final net profile in p-well.

- 253 -



ure 8.22 is compensated with the phosphorus of figure 8.23, and the
net acceptor profile for the n-channel MOS device is shown by figure
8.25. The most notable feature of this plot is the slight dip in
the concentration values at the edge of the active device region,
which 1is a consequence of the severe segregation behaviour of boron

during the field oxidation step.

Now consider the profile of the p-channel MUS transistor in
the n-substrate regjon. The threshold voltage vT must be increased
by a boron implant to allow use of heavily doped n-type polysilicon
as a gate electrode. The accelerated ions impinge on both field and
gate oxides as shown in figure 8.26. The resulting profile in the
silicon is modelled using a similar approach to Chin et al /16/,
where Runge's integral (6.6) is evaluated using a quadrature type of
integration rule. The oxide layer is converted to an equivalent .

layer of silicon using the density transformation of (4.13).

The smooth top surface of the resulting effective silicon
layer 1is approximated by a series of horizontal steps, one of which
is shown in figure 8.26. The total implanted profile I(x,y) is ob-
tained by summing the contributions from all sections to obtain

- +

y - Yj + 5?5 y - yj - 6yj
vz et ()

I(x,y) = Imax { erf (
—

o R R
x-gs Xa'lypetg) + (ﬁa - DXglystg) = R ) 2

. exp[ P e ] (8.27)
. _
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where I__ is given by (6.8), R _, is the projected range of the ele-

pl
ment 1in silicon dioxide and (syj' + Gyj+) is the width of the j'th
section. The summation must be extended outside the simulation
domain by several Rp to account for those ions which are scattered
into the area of interest. Maldonado /22/ uses sloping steps to ap-
proximate the top oxide surface, but the additional accuracy gained

is only marginal for typical slowly varying oxide profiles used in

MOS technologies at the present time.

Figure 8.27 shows a contour plot of the boron implant used to
tailor the threshold voltage of the p-channel MOS transistor. The
profile is subjected to the gate oxide anneal and PSG anneal at the
end of the process, and is then combined with the phosphorus profile
of figure 8.23 to give the net concentration of figure 8,28, The

Hgose of the boron implant is high enough to invert the silicon type
at the surface of the p-channel device as already seen in Chapter 4.
Figures 8.25 and 8.28 represent the first simulation of n-channel
and p-channel MUS transistors of a p-well CMOS process in the width

direction /31/.

8.5 MEASUREMENT OF EFFECTIVE CHANNEL WIDTH

Determination of the effective channel width we of both n-~

ff
channel and p-channel MUS transistors is important for the design of
CMOS integrated circuits. An accurate prediction of effective chan-
nel width wusing the 2-D impurity profiles presented in section 8.4

would require the use of a 2-D non-planar device simulator /6, 74/,
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which 1is beyond the scope of this thesis. However it is shown that
measurements of Neff are consistent with the process simulation

results already presented,

Most attempts to determine Neff have been based on the linear
regime of transistor operation where the drain-source current IUS is

given by /13/

weff

I

Using (8.1) this becomes
IDS = A (Nmk - Awmk) (8.29)

where the parameter A.is given by

pC_ . (Ve = Vo) V
A = ox ES T DS (8. 30)
eff
If the quantity A is a constant, then measurements of IDS for
a variety of transistors, each with a different width W but the

mk®
same length, should give a straight line plot with intercept Awmk on

the wmk axis. The channel mobility u is effectively constant since
it depends only weakly on channel width for low values of VDS /43/.
In practice, even if VGS and VDS are kept constant for each measure-
ment, the parame;er A is found to vary because the threshold vdltage
VT is a function of the transistor width at small geometries

/46,47/. Figure 8.29 shows how the modulus of V. i.e. |V{|increases

with decreasing channel width according to the mask for both NMUS
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and PMOS transistors which have large geometry threshold voltages of

0.6V and -0.6V respectively.

Despite the fact that VT is not constant, Awmk can be meas-
ured in either of the limiting cases of low VGs /44/ or high V
/45/.

GS

(a) Measurement of Width Offset for Low Gate-Source Voltage

This method of determining Awmk is based on measurements of

the transconductance g, as a function of V.. for each transistor as

GS
shown in figure 8.30 for the PMUS transistor, It is well esta-
b]ished. /13, 44/ that the point of maximum transconductance gm,max
scales with VT’ so that a plot of this quantity against the mask di-
mension gives a straight line as shown in fiyure 8.31 for both NMUS
and PMOS transistors. This procedure is repeated for a different
set of NMUS and PMUS transistors which have large geometry threshold
voltages of 1.0V and -1.0V respectively, as shown by figure 8.32.
The 1least squares fit to determine Awmk’ is shown in fiyure 8.33.

In each case it is found that

MM (Tow IVGSI) = (2.3 20.2) um (8.31)

(b) Measurement of Width Offset for High Gate-Source Voltage

Variations in vT between transistors of different widths can

be reduced by taking measurements of IDS at high VGS ie VGS > VT
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/45/, in which case a plot of IDS against wmk for several different
transistors gives a straight line plot with intercept Awmk. This
method is shown in figures 8.34 and 8.35 using the same CMUS wafers
as in method (a) above. Two values of VGS (VGS = 6V and VGS =
8V) are considered in order to test the consistency of this ap-

proach, In each case the result is
Awmk (high |VGS| ) = (2.2 £0.2) um (8.32)
which is consistent with the result of method (a).

Since Awmk is more or less the same for both wafers, the ef-
fective channel:'width is dominated by the shape of the: bird's beak re-
gion, and it is clear that doping level in the channel region does

not influence weff within experimental error.

The simulation results generated by EPIC are now shown to obe
consistent with this experimental data. From measurements of mask
dimensions and patterned nitride tracks usiny both a Vickers image-
splitting microscope and a Nanometrics Nanoline critical dimension

computer, the offset between the mask dimension W and the pat-

mk
terned nitride track width NN is found to be
BWok-N = Wppr * BMpp_y = 0.2um (8.33)
If wmk = 4,2 micron, then NN = 4,0 micron and weff - (1.920.2) mi-

cron. This value of effective channel width is indicated on figure
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8.36 where the plof of figure 8.25 has been reflected to show the
full width of the NMOS transistor, and a polysilicon gate electrode
has been added, Figure 8,37 shows the width profile of the PMOS
transistor, The measured values of effective channel width are con-
sistent with the extent of the gafe oxide before it widens into

field oxide /31/.

Such simulation results are useful in the estimation of cer-
tain design rules, for example, the minimum separation required to
isolate adjacent transistors /48,49/. A conclusion of this study is
that the boron channel-stop implant does not have an appreciable ef-
fect on the NMUS transistor channel width., Since the bird's beak of
current MOS processes is wasteful of wafer area, there is great in-
terest in using a more abruptly changing oxide profile -to improve
packing density of VLSI circuits /50,51/. The analysis outlined in
this chapter could be used to optimise dopant distribution _and
determine effective channel width of transistors which use novel

isolation techniques.

- 27 -



CHAPTER NINE : CONCLUSIUNS

The importance of'computer simulation in semiconductor process
technology has been discussed. CMUS technology in particular has
been reviewed since it is the subject of the present simulation ef-
fort and shall be increasingly important in future years, A
comprenensive study of past and current process simulation activity
has been presented. A thorough simulation of a p-well CMOS process

nas been chosen for this thesis.

The accuracy of the 1-D programme 'SUPREM' (version 1II) has
been evaluated and results are mostiy consistent with deep-depletion
C-V and SIMS measurements. A method for modelling C-V characteris-
tics of MOS capacitors in CMUS wafers has been developed to accommo-
date non-uniform doping profiles generated by SUPREM. Furtnermore,
determination of flat-band voltage for both n-type and p-type doped
silicon is possible wusing tne proyram 'EPCAP'. However, the
mathematical formalism must be extended to allow simulation of typi-
cal p-channel capacitors in modern CMUS processes, since tnhe ex-
istence of a p-n junction near the silicon surface complicates the
analysis. oUne possible solution is to extend the finite difference

mesh to cover the oxide of the capacitor dielectric.

Since lateral effects in MUS processes are now important, a
2-D process simulator ‘EPIC' has been developed in FORTRAN77 to run
on a Digital Equipment Corporation VAX 11/750 computer system run-

ning under the UNIX operating system. This unique simulation pro-
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gram combines both analytical and numerical models to al]ow model -
1ing of complete fabrication processes. A non-uniform discretisa-
tion mesh offers efficient representation of deep wells of dopants.
EPIC has been used to generate the first 2-D simulation results for

a p-well CMUS process.

The SUPREM models nave been retained wnerever possible in
EPIC. The ion implantation models were found to be accurate,
although, particularly in the case of arsenic, more work is required
for multilayer targets. The diffusion of dopants at low concentra-
tion levels is well modelled in both inert and oxidising ambients.
However, physical models for high concentration diffusion require
refinement in order that source/drain regions may be represented
more accurately. A detailed simulation of oxide growth using fur-
nace conditions alone has not been attempted in the present  work,
however such analyses become increasingly important as both gate and

field.oxide thicknesses are scaled for VLSI.

An approximate model for temperature during a transient anneal
by an electron-beam has been develouped using an analytical method to
allow rapid computation of results. Possible extensions to this
work include tne use of a temperature-dependent tnermal conductivity
and specific heat capacity. A more sophisticated model for the beam
energy coupling to the silicon is required. Such a general model
would require the use of a finite difference or finite element
metnod, Since annealing conditions are not known for situations

where thermal equilibrium does not hold, transient annealing is not
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modelled by EPIC. In addition to consideriny rapid annealiny, it
would also be useful to simulate the phase formation of novel ma-

terials such as refractory metal silicides.

No 2-D simulator has yet been reported that models both wafer
topography during material deposition or etchinyg, and doping level
in the silicon, Such a simulator will be of prime importance in
the future since is critically dependent on mask edge profile during
ion implantation at small geometries. This also implies that simu-

lation of photolithographic techniques is equally important.

Recent advances in technology provide motivation for an in-
creased simulation effort. An extension of the present work would
be to use EPIC to simulate a twin-well CMOS process. Process simula-
tion can indicate how far existing processes can be scaled, as reso-
lution limits improve. Simulations can aid optimisation as well
dopinyg levels, and determine how close to well boundaries transis-
tors can be placed. The conventional LOCUS method of growing the
field oxide will eventually be replaced by another isolation tech-
nique. Cnarge redistribution during oxide formation can have impor-
tant implications for device operation. The development of trench
isolation, for example could benefit from a gyeneral 2-D oxidation
and diffusion simulation, While EPIC contains sophisticated numeri-
cal models for impurity redistribution, the program uses an implicit
finite difference method on a non-uniform mesh for diffusion in a
non-oxidising ambient only. An implicit method for problems of

simultaneous oxidation and impurity diffusion would allow more effi-
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cient computation of results. This approach requires the solution
of a matrix equation for each time step, however larger time steps

are possible without inducing numerical instability.

It is evident that processing technology is advancing more ra-
pidly than the subject of process simulation. However, improved
processing equipment offers a higher degree of control and hence,
less statistical variation in wafer characteristics and so allows

more effective research into basic physical and chemical mechanisms.

The step forward to 3-D simulation of processes is too demand-
ing of current computer systems. The 2-D analytical method for
modelling ion implantation and subseyuent diffusion of 1impurities
could be extended to simulate, for example, CMUS wells in 3-D.
However, faster computers and an increased use of parallel process-
ing for matrix operations will eventually allow a 3-D numerical
treatment of general dopiny profiles. It is estimated that ' 3-D
analyses of wafer topography and structure will become important for

wafer dimensions below 0.5 micron.

The combined use of process and device simulators is becominy
increasingly 1mbortant to minimise process design time. Such tools
allow tailoring of active transistor characteristics and also racil-
itate reduction of parasitic effects. A good example to which this
philosophy can now be applied is tne composite bipolar - MOS or 'BI-
MOS' technology. It can therefore be concluded that process simula-
tion nas a significant role to play in the advancement of semicon-

ductor tecnnologyy.
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APPENDIX A : EPIC Program Structure

EPIC is a 2-D process simulator written in tne FORTRAN77 pro-
gramming language. While the software has been developed on a Digi-
tal Equipment Corporation VAX 11/750 computer system running under
the Berkeley UNIX operating system, it can be transferred, with only
minor modifications, to other systems supporting a FUORTRAN77 com-

piler. Program structure is summarised by figure A-1.

The process parameters are entered interactively and then the
fabrication steps are simulated sequentially. The inodels used for

each step are summarised below.

(i) 1Ion Implantation

o a Pearson IV profile is assumed for the vertical direction,
except for tne analytical model and implantation through a

“non-planar surface, which uses a Gaussian profile,

e a Gaussian distribution of ions is assumed for the lateral

direction,

(ii) Diffusion

e an analytical method is used for the aiffusion of waussian im-

planted profiles assuming a contant diffusivity U.
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(i11)

(iv)

the ADI method is used for diffusion of arbitrary initial pro-

files of low concentration.

the implicit Crank-Nicolson method is used for high concentra-

tion profiles.

an explicit finite difference method is used for tne moving

boundary problem of simultaneous diffusion and oxidation.

Oxidation

the Deal-Grove model is used for oxide yrowtn in tne vertical

direction.

an empirical fit based on SEM measurements is used for the la-

teral variation.

Etching and Deposition

a simple model based on experimental measurements is used to
track the wafer surface during material removal and deposi-

tion.

only low temperatures are used so no impurity redistribution

takes place.

Photolitnoyraphy is not simulated by EPIC, however the offsets
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occuring between tne cnrome mask and tine wafer pattern are accounted

for.

1-D simulation results generated by SUPREM can be added to the
EPIC simulation grid using cubic spline interpolation and repeated
througnout the 2-0 array. In this way, SUPREM becomes a subset of
the EPIC simulator. 1-D impurity profiles can also be fed to the

program EPCAP for capacitance modelling.

Wafer measurements are carried out by a variety of experimen-

tal techniques as summarised in table A-1l.

Simulation results and experimental measurements are stored in
a central database and can be extracted for display on a grapnics
terminal or hardcopy plotter. 2-D distributions of 1mpurities can
be represented by contour plots or 3-D isometric views. Contour
plots are useful for quantitative analysis of impurity brofi]es, but -
isometric views show minima and maxima in distributions more clear-

ly.

Execution times of simulation runs depend on the number and
complexity of process steps, and also on the number of grid points
usea, The analytical model for ion implantation ana diffusion re-
quires less than one minute of CPU time. However, the simulation of
a complete fabrication process in 2-D requires several hours of CPU
time. On the other hand, the faorication»of CMUS wafers normally

takes at least three weeks and may disrupt production flow witn
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Measurements

System

1-D Impurity Profile

Film thickness

Linewidth

-2-D Wafer Cross-Section

MOSFET Electrical Data

SIMS (Loughborough Consultants Ltd)
Hewlett-Packard HP4061 deep depletion C-V

Nanometrics Film Thickness Computer
Hewlett-Packard HP4061 high frequency C-V

Nanometrics Critical Dimension Computer
Vickers Image Splitting Microscope

Cambridge Instruments SEM

Keithley S300 Parametric

TABLE A-1 : Measurement Systems for Wafer Analysis




non-standard process steps.

The integration of both process simulator and wafer measure-

ment equipment as part of a Computer-Aided-Engineering (CAE) data-

base system is important for production efficiency in VLSI.
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