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CHAPTER 1
| NTRODUCTI ON

1.1 Introduction

One of the nost inportant inventions in the field
of nodern physical sciences is the invention of the
transistor by Shockley, Bardeen and Brattain. This
invention enabled transistors to replace vacuum tubes
which were the nost comonly used devices until then.
Onhe of the «crucial developnents in the field of
el ectronics was the invention of the integrated circuit
by a team of researchers at Texas Instrunents,
| ncorporated. Until this invention, the manufacture of
el ectronic devices was in the form of discrete devices
or individual transistors. This invention showed the
world that it was possible to integrate many devices in
a single chip and hence get nore functionality. This
inventi on happened in the late 1960s. Today, the feature
sizes are down to about 0.35 mcrons, and research is
continuing on reducing feature sizes even nore. At the
present rate of developnment of the integrated circuit
(10 industry, the feature sizes keep reducing at an

average rate of 11% per vyear. The Pentium Pro



manuf actured by Intel Corporation--which is manufactured
on 0.35 mcron technology - has 21 mllion transistors
init.

Today we are in the border between Very Large Scal e
Integration (VLSI) and Utra Large Scale Integration
(ULSlI). The developnment in the sem conductor industry
has not only been in ternms of the nunber of devices that
can be integrated into a single chip, but also, in the
devel opments that have been made in the field of
electronic materials. Wen Shockley invented his
transistor, it was a germanium (CGe) transistor that was
crudely made and difficult to control in terns of
characteristics due to the small energy gap of Ge (0.66
eV). One of the nobst ingenious devel opnments in nodern
times is to make use of silicon (Si) instead of Ge as
the starting material for the manufacture of integrated
circuits. O course, the need here is to use high purity
silicon. The other nmain advantage of silicon over other
materials is that it has a native oxide, SiQ, while the
others do not. Also silicon has a bandgap of 1.1 eV
which is nore suitable for sem conductor mnanufacturing
in terms of control of device characteristics. O course
research has been going on for quite some time to
engi neer conmpound sem conductors which are nulti-
el enent sem conductors like GaAs, InP, etc. One of the
advantages with these semconductors is that one can

tailor the bandgap as desired by varying the conposition



of the elenents involved. The other advantage is due to
the fact that sone of these can be used for manufacture
of photonic devices. In fact, silicon is very
inefficient in producing photons (light) due to its
being an indirect gap sem conductor. Al though conpound
sem conductors have their advantages over silicon

silicon is still wused in 95% of the sem conductor
i ndustry. But, one needs to do continuous research to
cone up with nmethods to inprove the feature dinensions
and control the processes involved. For the |evel of
conplexity involved in the manufacture of integrated
circuits today, one needs to use both experinental and
conputer analysis to have insight into the physical
nmechani sns involved and to analyze the effect of a
particul ar process change or nodi fi cati on. Thi s
definitely nmakes the sem conductor industry nore viable
than otherwi se. Thus the concept of a “virtual fab”

cones i nto being.

1.2 An Exanple of a Basic Conplinentary Metal Oxide
Sem conduct or (CMOS) n-wel |l Process Sequence

A sinple approach to n-well CMOS fabrication
process is to use a p-substrate as the starting nmateri al
and to create a n-well within the p-substrate to form p-
channel devices. The n-channel devices are fornmed on the
native p-substrate. The fabrication steps are divided

into a series of nmasking steps that perform a specific



function in the processing chain. The followi ng sequence

represents a very sinple, basic, fabrication sequence.

* The first mask defines the well - in this case the n-
well. This is where the p-channel transistors are to
be fabricated. lon inplantation or deposition and

diffusion are used to fabricate the wells.
| npl antation is preferred over diffusion because it is
possible to form shallower wells conpatible with the
fine dinension processes. As diffusion occurs
laterally also, it tends to I|imt the feature
dinensions that are possible to achieve. Hence, for
cl osely spaced structures a shallow well is required.

» The next mask is called the “active” mask, because it
defines where the areas of thin oxides are to be grown
to inplement gates and allow p-type or n-type
source/drain diffusions to be forned. Nornmally a thin
| ayer of silicon dioxide (SiQ) is grown and covered
with SIN This is used as a nmasking layer in the
foll ow ng steps.

e The next step is wusually the channel-stop inplant.
Here the areas that do not have transistors are masked
with a photoresist nmask and doped so that the doped
region, in conjunction with the thick field oxide
(grown in the next step) that covers these areas, aids
in preventing conduction between unrelated transistor

sour ce/ dr ai ns.



Following this inplant, the photoresist nmask is
stripped, leaving the active regions. The thick field
oxide is grown. This grows in areas where the SiQ/Si N
sandwi ch is absent. The oxide grows both vertically
and |l aterally under the SiQ/S N sandwi ch. This causes
a slight loss of feature dinensionality.

Next, in nost processes, a “threshold voltage adjust”
step is perforned. This 1is because wusually the
polysilicon which is used as the gate is doped n*. In
nost processes, for normal doping concentrations, this
produces a threshold voltage of ~ 0.5 to 0.7 volts in
the n-transistors and ~ -1.5 to -2.0 volts in the p-
transistors. So, this nmeans that the threshold voltage
of the p-transistors have to be conpensated nore than
their n-doped counterparts. This is done by
selectively introducing a negatively charged | ayer at
the silicon/oxide interface. This noves the channel
from the silicon/oxide interface deeper into the
silicon, creating a “buried channel” device. Follow ng
these two steps, the gate oxide is then grown.
Following this, the surface is covered wth
polysilicon and etched to get the required pattern.
This leads to a “self aligned” gate.

The n* areas of inplantation (to dope the source,
drain, polysilicon and to forma ohmc contact for the

n-well) are then defined and inplanted and anneal ed.



e The conplenent of the n" nmask is used to define the p-
active areas and the p-inplants and anneal s are done.

» Contacts are then defined and etched to the silicon
surface or to the polysilicon regions.

e Metallization is done with Alumnium (A), Tungsten
(W, Platinum (Pt), etc, and selectively etched to
produce circuit interconnections.

 Finally the wafer is passivated to protect the chip
from contam nati on and etched to the contact bond pads
for wire bonding.

The above sequence describes the basic steps
involved in device fabrication. A conplete MXS
fabricati on sequence involves these steps and nmany nore
steps for “fine tuning” that are dependent on the
i ndividual processes leading to a total of around 200
steps by the time the finished wafer cones out of the
fabrication facility. In addition there are also device

characterization techniques that are an integral part of

wafer  fabrication. In fact one of the device
characterization techniques - Secondary lon  Mass
Spectroscopy (SIMS) - was used in this study and is
explained in detail in the next chapter.

In this study, we concentrate only on the
implantation and annealing steps in the fabrication
sequence. The reason for this is because these are the
mai n net hods for doping a sem conductor and these play a

vital role in controlling the electrical characteristics



of a device. Inplantation as a technique, is used as a
nmeans of introducing controlled anount of dopants into
the wafer. This study concentrates on inpalnts in the
high energy range. Hgh energy inplantations are
especially used in retrograde well manufacture and for
latch-up i munity inprovenent. Retrograde wells are nade
t hrough high energy inplants as this drives the dopants
deeper into the well and so mnimzes the lateral spread
during subsequent annealing. Further, the retrograde
profile also inproves the latch-up imunity by
increasing the conductivity at the bottom of the well,
whi ch decreases well resistance and hence enhances | atch
up resistance. By enploying high energy inpants to
manufacture retrograde wells, the packing density is

i nproved because of the reduction in p"to n* spacing. As

explained in detail in the next chapter, diffusion is
one of the crucial steps in wafer fabrication. Usually
it is preceded in the fabrication sequence by ion
i nplantation that creates a |ot of defects. Diffusion is
“isotropic” in the sense that diffusion takes place both
laterally and vertically in the wafer. So, to control
the l|ayer dinmensions and hence the device perfornance
characteristics, one needs to have as much control and
understanding as possible over diffusion. To achieve
this end, one of the neans of exercising control over
diffusion is to use a reduced thermal budget involving

low annealing times or |ow tenperatures. During these



processes, due to the very high nunber of defects
generated by ion inplantation, the species interact with
the defects and until they return to their equilibrium
val ues, enhanced diffusion that is reflected by an
enhancenment in the diffusivity is seen. Thus, the nane
transient enhanced diffusion (TED). This effect s
crucial as it can alter the junction depths on the order
of a few tenths of a mcron. In the past, this effect
was not of much inportance as the device di nensions were
much larger. Now a-days, wth ever shrinking feature
di nensi ons, and hence shallower junctions, this effect
i s becom ng ever nore inportant.

This research is to study the effect of high energy
inplants on transient enhanced diffusion. As stated
earlier, diffusion is isotropic and, hence, for better
dinension control, inplantation is wused to introduce
dopants into the wafer. Further, through inplantation,
we can also precisely control the dopant concentration
in the regions of the wafer. Nevertheless, a diffusion
step is still required to electrically activate the
dopants and to drive them to the required depths. This
is conmonly referred to as annealing. As explained |ater
in this thesis, the two main paraneters that affect the
enhancenent of transient diffusion are the inplant dose
and the inplant energy. Hgh energy inplants are
becom ng increasingly useful today, especially in the

manuf acture of wells. This is because wells are



typically quite deep and hence need high inplant
energies to attain the required depth. They are also
used to nmake certain structures like retrograde wells,
whi ch are not possible to nake at | ow i npl ant energies.
Before concluding this chapter, it is instructive
to note that while it may seem that wafer fabrication is
just a sequence of repeating a few basic steps, it has
to be appreciated that these steps involve maintaining
feature dinmensions and expected device performance
characteristics of sub - mcron technologies with very

hi gh precision, reliability and repeatability.
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CHAPTER 2
BACKGROUND

2.1 Introduction

This chapter provides the necessary background to
understand this study. The theory behind diffusion and
inmplantation will be presented in sections 2.2 and 2.3.
This study mainly involves inplantation and diffusion
As stated in the previous chapter, inplantation and
diffusion have a nmajor inpact on feature dinension
control and electrical characteristics. As feature sizes
continue to shrink, the junction depths are becom ng
nore shallow. To fabricate shallow junctions, the
thermal budget has to be reduced. But during the tinme
that the species interact with the defects that are
generated by inplantation, enhanced diffusion is seen.
Thi s enhancenent beconmes nore significant in the I|ight
of the reducing feature dinension of today. Wile
review ng diffusion, special enphasis shall be laid on
oxi dati on enhanced diffusion (OED) because CED was the
precursor to transient enhanced diffusion (TED) and

leads easily to wunderstanding TED. For Boron and
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Phosphorus, CED involves injection of interstitials from
the silicon-oxide interface into the bulk, while TED
involves injection of interstitials from the danage
region, deeper into the bulk and towards the surface

CED involves injection of interstitials from a plane,
whereas, TED involves injection of interstitials from
the whole damage region. A brief review of the
literature in the field of transient enhanced diffusion
will be presented in Section 2.4. Finally, any process
anal ysis enploys characterization techniques. In this
study, the characterization technique involed was
Secondary |on Mass Spectroscopy (SIMS) and a theoretical

expl anation of this technique would be presented in

Section 2.5.

2.2. lon Inplantation

lon inplantation is a process by which ions at
desired energies are introduced directly into the
substrate. The concentration depends on the dose while
t he depth depends on the inplant energy. As a technique,
ion inplantation is used in VLSl fabrication to add nore
dopants ions, usually selectively, into the surface of
the silicon wafers. This technique is superior to the
earlier doping nmethods because it offers precise contro
over the dose. This advantage has caused inplantation

doping to becone domnant in a nunber of process
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applications. To achieve this end the species should be
inplanted in the exact quantity specified, at the energy
required to get the required depth and electrically
activated when required. It is also instructive to note
that all this nmust be achieved at as snmall a danage as
possible to the silicon lattice structure.

The ion beam current in inplanters usually ranges

from 10uA to 30nmA, depending on the inplant species,

energy and nodel of the inplanter. The nunber of
inplanted ions per unit area is defined as the dose, ¢.
Typi cal doses range from 10' - 10 atons/cnf. The dose
(in atoms/cnf) is related to the beam current 1(in
anperes), beam area A (in cnf) and the inplantation
duration t(in sec) by:

e=(t) / (o A
where g, is the charge per ion (normally equal to one
el ectronic charge, 1.6 * 10* C.

To control the nunber of inpurities inplanted into
the substrate, it 1is necessary to know where the
inmplanted ions are located after inplantation. In other
words, it nust be possible to predict the depth
distribution or the profile of the as-inplanted atons.
This is necessary to design a new fabrication sequence
or to nodify an existing one. To achieve this end, it is
necessary to nmake predictions based on theoretical
nodels which are based on the energy interaction

nmechani sns between the inpinging ions and the substrate.
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In this regard there are a few definitions that are
associated with ion inplantation profiles. The total
distance that an ion travels before comng to rest is
termed the range, R The projection of this range along
the inplantation direction is <called the projected
range, R, As an ion noves, it transfers energy by
collisions with the target nuclei (nuclear collisions)
and by Coulonbic interaction wth the electrons
(electronic stopping) in the target material until it

finally comes to rest.

2.3 Diffusion

To understand the nechani sm of diffusion of point
defects in silicon, it is inportant to know the process
by which diffusion occurs. The mathematics behind the
di f fusi on phenonmena are based on two |laws. They are as
foll ows:

Fick’s First Law: If there is an inpurity concentration
gradient present o6C/dX, in a finite volume of a
substance, then there wll be a tendency for the

inmpurity material to nove so as to cause a decrease in

the gradient . If the flow persists for a sufficiently
long time, the material wll becone honogeneous and the
net flow of matter will cease. This material flow is

expressed in the one dinensional case, as a flux J,

which is given by:
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J =- D (o0C(x,t) /I X (1)
where D is the constant of proportionality called the
diffusion constant or the diffusivity. The above

equation is called Fick’s First Law

Fick’s Second Law: Here the case of a finite volume of
material in which the inpurity gradient decreases wth
time 1is considered. In this case, the inpurity
concentration is also changing with time. Since this is
a condition frequently encountered during a diffusion
process, Eq. 1 nust be nodified to include this effect.
For exanple, if we consider a bar of cross - sectional
area (fig. 1) wth the x-axis along its center, we
obtain the following: An elenent, Ax thick (that is
assuned to be very snall) along the x-axis has a flux J;
entering on one side and J, |leaving on the other. J, can
be related to J, by the expression:

J, = J, - Ax (&3] dX) (2)

Since the armount of material that entered the
element in unit tine, J,, is different than that which
left J,, the concentration within the el enent nust change

with tine, 0C/dt (assuming that no inpurity nmaterials

are formed or consuned in the matrix). The volune of the
elenent can be expressed as wunit area tines the
t hi ckness, and thus the net increase in matter in the

el ement per unit tinme is given by:
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J, - J,=Ax (dC/ dt) =- Ax ( & | dOX (3)

oC(x,t)/ot = - &3/ dX (4)
Substituting Egq. 1 in Eg.4, Fick’s Second law is
obt ai ned as:

oC (x,t)/ ot = (0/dx) (D dC dX)

(5)
I f the diffusion coefficient is independent of position,
as is the case when the dopant concentrations are |ow,
the Eq. 5 reduces to

3C(x,t) / & = D (&C/ dX) (6)
Eq. 6 is what is commonly referred to as Fick’'s Second

Law.

v
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Fig.2.1: Schematic showing an elenent of volume wth
flux J, entering and J, | eaving

To get the tenperature dependence of the diffusion
coefficient, enpirical neasurenents of the diffusion

coefficient, D, have shown that

D=D exp (-E, / KT) (7)
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where D, and E, nmay vary wth conposition, but are
i ndependent of tenperature. The tenperature T is in °K
This relation is true from thernodynam c theory too. The
nmeasured values for activation energy for diffusing
atons in silicon vary from 0.2 - 2eV for the fast
diffusing elenments (such as He, H, O, Au, Pt, Na, N,
etc.,) and to 3 - 4eV for the substitutional inpurities
( such as B, Ga, P, As and Sb).

The preceding discussion discussed diffusion based
on lunped paraneters. To understand the phenonena of
diffusion we need to consider nodels on an atomstic
scale. A great deal of effort has been expended into
i dentifying these mechani sms.

The presence of an atom at a position other than
its substitutional site in a regular silicon cyrstal
lattice is referred to as an interstitial. The absence
of a silicon atomat its sustitutional site in a regul ar
silicon cyrstal lattice is referred to as a vacancy.
St udi es® have shown that both vacancies and interstitials
play a role in the substitutional inpurity diffusion in
silicon. It has been known that diffusion proceeds by
the direct or by the indirect neans. Those inpurity
atons that do not have a strong bonding interaction wth
Si atons are |located exclusively at the interstices of
the lattice and junp directly between interstices. For

exanple Au® is believed to diffuse in this nmanner.
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Certain dopants like Ge®* and fcc netals* are known
to diffuse by a vacancy mechani sm which need intrinsic
poi nt defects as the diffusion source. It has also been
proposed by Fair® to be the controlling nmechanismin Si
Since this study involves Phosphorus, it is instructive
to note that Phosphorus diffuses predomnantly by an

interstitial nechani sm

2.3.1. The Vacancy Mbdel

The vacancy nodel of Fair® is based on the prenise
that the diffusion coefficient of an inpurity is
domnated by the interaction of the inpurity wth
vacancies. If the inpurity diffusion is domnated by an
acceptor type nonovacancy nechanism the diffusion
coefficient is approximately proportional to the
accept or nonovacancy concentration which is described in
the follow ng equations. In the follow ng equations, the

notations used are as foll ows:

D : Diffusivity

G : Vacancy concentration

o . Extrinsic equilibriumvacancy concentration
'™C” : Intrinsic Equilibriumvacancy concentration
VY : Neutally cahrged Vacancy

\A . Single negatively charged vacancy

= . Energy of the Ferm |eve



E,- . Energy of the single negatively charged

vacancy | evel
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E Energy of the intrinsic |evel

Ec . Energy | evel of the conduction band

k Bol t zman’ s const ant

T Tenperature in °K

Da C, (8)
Assum ng equi librium

G =G (9)
Si nce nonovacancy nechanism alone is assuned to be the
cause of diffusion and from basic Maxwell Boltznman
statistics,

Vi+e oV (10)

C o exp {-(E - E)/KT} (11)

‘"G a exp {-(E - E)/KT} (12)

naexp {-(E - E)/kT} (13)

N o exp {-(E - EJ/KT} (14)
Ther ef or e,

(G1'™CG ) = (n/n) = exp {-(E - E)/KT} (15)
So,

G'='"g  (n/n) (16)

Da (n/n) (17)
Hence,

(DD) = (n/n) (18)
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Si nce the defects, however, can have various charge
st at es, EqQ.8 <can be generalized to include all
conbi nations of point defect interactions® and is given
by:

D=D,+ X (D") [n/n]" + Z(D") [n/n]" (19)
where DY refers to the diffusion coefficient associated
with neutral defects, and D' and D" refer to the
intrinsic diffusion coefficients associated with the

charge state, r, of the defect (r=1,2,3,...,m.

2.3.2. The Interstitial - Vacancy ©Mde

A couple of areas of study have shown that apart
from silicon vacancies, silicon interstitials also play
a role in controlling the diffusion process. These
studies have helped us clarify our understanding of
diffusion phenonena in terns of the nature of point
defects and diffusion processes 1in silicon. These
results have been obtained by the foll owi ng studies:

« from the studies on the effect of oxidation on
stacking fault growth kinetics and diffusion and

« fromthe analysis of Au diffusion in dislocation free
Si.

The st acki ng faul t st udi es showed t hat
interstitials and vacancies coexist in silicon at high
tenmperatures, under thermal equilibrium and also under
oxidizing conditions. The Au diffusion studies showed

that interstitials play a role, and it is possible for
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both interstitials and vacancies to coexist. Tan and
Cosel e’ have given a detailed analysis on the estimation
of the interstitial and vacancy conponent of self-
diffusion in Si based on oxidation enhanced diffusion
and oxidation retarded diffusion of dopants in Si.

From a study of Au diffusion in dislocation- free
Si, it is found that they can be incorporated as either
substi tuti onal inpurities Au, or as interstitial
inmpurities Au,. The incorporation as Au, occurs by the
Frank - Turnbul|l mechani smwhile the incorporation as Au
occurs by the kick - out mechanism |In both these
nmechani sns, the transport of Au atons occurs via the
mgration of Au, which may junp from one interstitial
site to another, or from an interstitial site to a
lattice position, to becone Au..

In the Frank - Turnbull rmechanism the interchange
i nvol ves vacancies in equilibriumand the equilibriumis
gi ven by:

Au, + V. <= Au (20)

s
where V refers to the vacancy.
In the kick-out mechanism the interchange invol ves
interstitials and the equilibrium between the two types
of Au sites is given by:
Au;, = Au, + | (21)
where | refers to the self interstitial

Care has to be taken in interpreting these

equilibrium conditions. If Eg.10 is controlling, it
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neans that vacancies are involved in S self-diffusion,
but there is no inplication regarding the contribution
of interstitials. If Eq.11 is controlling, it means that
interstitials are involved in silicon self-diffusion,
but this again does not inply that vacancies are also
not contributing. The diffusion profile shows an erfc
(error function conplenentary) dependence when only
vacancies are involved in the diffusion process and
interstitials do not play a role. This inplies that the
diffusion coefficient of gold is independent of
concentration.

At this point it is also worthwhile to nmention
certain anonal ous diffusion effects in silicon though
there are other anonal ous diffusion effects that are not
central to the understanding of this study. One anong
these is the diffusion that occurs under an oxidizing
anbient. As stated earlier the study of oxidation under
an oxidizing anbient is the precursor to transient
enhanced diffusion (TED) and its study leads quite
easily into understandi ng transi ent enhanced diffusion.

2.3.3. Diffusion under an Oxidi zi ng Anbi ent

Hu®  has proposed that both  vacancies and
interstitials coexist as intrinsic point defects 1in
silicon and play an equally inportant role. He also
proposed that the diffusion of substitutional inpurities
in silicon occurs through a dual vacancy - interstitial

mechanism He also stated that the contribution of the
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interstitial mechanism as a fraction of the total
diffusivity varies wth the inpurity species. For
exanple, in Boron it is around 0.8 and for Phosphorus it
is close to 1. He arrived at this conclusion from an
anal ysi s of enhanced diffusion of certain inpurities and
the formation of stacking faults during thermal
oxi dation of silicon and analyzing their comon features
like the crystal orientation and oxidizing anbients. The
other inportant proposition was that thermal oxidation
is a surface process that generates excess silicon
interstitials. This proposition was essential to explain
observation of oxidation enhanced diffusion (CED) in
sone species and oxidation retarded diffusion (ORD) in
ot hers.

Studi es® have observed that, in oxidizing
anbients, the diffusion rate varies with the orientation
of the crystal lattice. The diffusion rate varies in
i ncreasing order as follows: {100} > {110} > {111}. This
was because of oxidation enhanced diffusion (CED), an
effect that varies with surface orientation. Al so, the
di ffusion enhancenent is nore under wet oxidation than
under dry oxidation. Another phenonenon that has been
shown by sone authors'”?* is that thermal oxidation of
silicon leads to the formation of oxidation stacking
faults (OSF). The growmh rate is also dependent on the
crystallographic orientation in the order as {100} >

{110} > {111}. The growth rate for this phenonmenon too
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is nore for wet oxidation than for dry oxidation
Connecting CED to OSF, l|eads us to understanding the
nature of diffusion in silicon. TEM studies®®? have
shown that OSF in siliconis of the interstitial type.

The ot her phenonenon that |eads us to believe that
OSF growh is due to interstitials is the precipitation
of oxygen in silicon. Wen interstitially dissolved
oxygen atons agglonerate into a SiQ precipitate, then a
unit volume of silicon is converted into 2.25 wunit
vol unes? of SiQ incurring a large strain energy. One way
to reduce the strain energy due to localized expansion
is to provide the necessary volume by em ssion of self -
interstitials or absorption of vacancies. This neans
that there will be a supersaturation of interstitials or
undersaturation of vacancies. The supersaturation of
interstitials due to oxygen precipitation has been shown
by Hu* and Rogers et al.® to feed the growh of pre-
exi sting OSF.

There was anot her observation by Mzuo and H guchi %
and Antoni adis and Mbskowi t z¥ that diffusion of antinony
is retarded under oxidizing conditions. This is terned
oxidation retarded diffusion (ORD). So, this neans that
antinmony diffusion in silicon is mediated predom nantly
by the vacancies. Hu? has also argued this effect in
terms of the elastic interaction between a point defect
and substitutional atom being dom nated by the m snmatch

inthe lattice sizes between them He says that a |arger
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substitutional atomis attracted to the vacancy while a

smaller atomis attracted to a self - interstitial
A conplinmentary phenonenon was observed in
studi es®3 involving thermal nitridation of silicon

where the opposite effects are observed. The diffusion
of phosphorus is retarded while the diffusion of
antinmony is enhanced. So, nitridation generates excess
vacanci es.

Hence, to point out the salient features of this
di scussion on CED, the formation of OSF indicates that
there is a supersaturation of interstitials and an
undersaturation of vacancies during thermal oxidation.
This effect is manifested by the diffusion enhancenent
observed in boron and phosphorus and the diffusion
retardation observed in antinony. The fact that CED
occurs for antinmony under thermal nitridation indicates
that nitridation generates excess vacancies. So, from
the observation that phosphorus diffusion is retarded
under thermal nitridation, we can conclude that the
vehicle of phosphorus diffusion is predomnantly the
self-interstitial, whose concentration is reduced by
anni hilation with the excess vacancies generated during

thermal nitridation.

2.4 Brief Literature Survey of Transi ent Enhanced
D ffusion
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Since phosphorus diffuses predomnantly by an
interstitial mechanisni®®*, it is of interest to quote a
few references on the properties of interstitials.

One of the first papers to suggest that gold
diffuses by an interstitial mnmechanism and thus enable
one of the neans of study of the silicon interstitials
was the paper by Cosele, et al®*,. which showed that the
vacancy or the Frank - Turnbull mechani sm cannot account

for the fact that Au diffuses in S as C™ a Vvt as

suggested in the literature. But, they were able to
account for this relationship through the interstitial
mechani sm

Bronner and Plummer® have proposed that hi gh
concentration phosphorus diffusion, argon - i on
i npl antati on and nechani cal damage of a silicon surface
all act as sources of interstitials. They proposed this
theory based on gettering experinents. In their
experinment, the front and back of the wafers were
inplanted with gold and annealed for three hours in a
nitrogen anbient. These sanples were chemcally etched
to renove any surface gold pile up. In some of their
sanples, the back of their wafers were inplanted wth
argon at 10'° atons/cnf at an energy of 500KeV. This was
followed by gettering in a nitrogen anbient for 30m n.
at tenperatures varied from 600 - 1000°C. The other
sanples were danaged with a rotating wheel for about

10pum deep. These were then gettered in a nitrogen
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anbi ent. Bronner and Plumer observed that nore gold is
gettered at the back than at the front. They reasoned
that this was because the backsurface gettering region
changes the point defect equilibria near the back so
that nore gold is interstitial and so diffuse faster.
Zi mrer man and Ryssel %, have al so conducted experinments
that are in tandem with the findings of Bronner and
Pl ummer .

Coffa, et al.*, have proposed that the kinetics of
the gettering process of Pt in S is driven by the
di ssolution of inmbile substitutional Pt atoms into
interstitial sites that is helped by the S self -
interstitials thenselves. They have <calculated an
activation energy of 0.4 eV.

Now that some of the literature behind the
properties of Si interstitials have been presented,
albeit very briefly, a brief survey of the previous
experiments linked to transient enhanced diffusion of
dopants woul d be present ed.

For around the past fifteen \years, vari ous

aut hor s°-%°

have reported anonmalous dopant diffusion
behavior in their experinents. One of the experinents
performed by Hodgson et al*. reported enhanced Boron
diffusion in the tail region that was independent of
anneal tenperature, when they anneal ed inplanted Boron
at tenperatures ranging from 900°C - 1250°C. Wile

anal yzi ng the above nentioned results, Hodgeson et al.*
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assurmed that the atons in the tail of the Boron profile
consisted nostly of channeled atons. Channeled atons
have a high probability of comng to rest on an
interstitial site. The transient diffusion was expl ai ned
by a fast initial diffusion of the interstitial atons
until they are trapped to reconbine with a vacancy.
Once the excess interstitials are renoved in this
manner, only norrmal Boron diffusion occurs. Hopkins et
al.*, used nmany anneals and etches to strengthen this
position. In their experinment Boron was inplanted into
Si. Then, sonme of the sanples were etched so as to
renove the high damage area leaving only the inplant
tail. After their anneals, they found that all the
sanpl es irrespective of whether they were etched or not,
showed the sane enhanced tail diffusion when they
anal yzed the sl opes of the annealed tail profiles. Thus,
t hey concluded that danmage did not play a large role in
the transient diffusion effect.

But, interestingly, there was another experinment
conducted by Cho et al.* that reported another
conclusion that was contrary to that presented by
Hopkins et al**. In the experiment of Cho et al.*, they
anal yzed transient enhanced diffusion through multiple
inmplants of B and MB. They first inplanted B and then
anneal ed those sanples for times greater than the |l ength
of the transient diffusion. Then they inplanted those

sanples with °B. If the B profile showed any transient
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effect, then this could be concluded as due to the
danage. If, on the other hand, there was no transient
diffusion seen, then one could attribute it to the
interstitial Boron in the tail of the profile. They
showed that there was a transient diffusion of the "B
profile and thus concluded that inplant damage did play
arole in transient enhanced diffusion.

In another experiment to determne the depth
dependence of transient enhanced diffusion, Servidori et
al.*, did a series of experinents in which they changed
the depth of the damage and dopant profiles independent
of each other. Shall ow and deep dopant profiles of B, P,
As, Sb were created through a series of predepositions
and anneal steps. Then #Si inplants were used to create
shal | ow and deep danage profiles for each of the doping
conditions. The inplant conditions were such that both
the shallow and the deep damage profiles created an
anor phous region at the surface. These sanples were then
annealed at 700°C to 900°C and analyzed the resulting
profile. They reported that the shallow region showed
retarded diffusion while +the deep profile showed
enhanced diffusion. They correlated these results wth
strain profiles obtained from X-Ray diffraction
neasurenents. These strain profiles showed a shallow
region with negative strain and a deep region wth
positive strain. They theorized that the region of

negative strain was rich in vacancies, while the region
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of positive strain was rich in interstitials. Since it
is well known that Boron diffuses predomnantly by an
interstitial mechanism the inplantation creates a near
surface region rich in vacancies with the deeper region
being rich in interstitials. This was one of the first
experiments to show that inplantation creates vacancy
excess in the near surface region with a vacancy rich
region deeper in the substrate. But, it should also be
noted that they were not able to show simlar results in
their Phosphorus sanples even though Phosphorus too
diffuses alnost conpletely through an interstitial
nmechani sm

Mchael et al*®®, studied the effects of anneal
times and tenperatures on the transient enhanced
di ffusion of Boron. The annealed their inplanted sanples
at tenperatures between 800°C - 1000°C. They determ ned
that the decay tinmes were approximately 45 mn at 800°C
and in the order of a second at 1000°C As the
tenmperatures were decreased, less transient diffusion
was observed. They argued that this was because of the
reconbination rate of excess defects being |ower at
| ower tenperatures. But, it should also be pointed out
that their peak Boron concentrations were extrinsic at
the anneal tenperatures used. Since extrinsic diffusion
has certain anomal ous effects of its own, interpretation

of the above effects tend to becone difficult.
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One of the early experinments to determne the tine
dependence of the transient diffusion was conducted by
Myake et al.*. They inplanted Boron and anneal ed for
various tines for tenperatures ranging from 800°C to
1000°C. using a Gaussian approximation, the diffusion
coefficient was calculated as a function of tine. Boron
di ffusion was nodel ed as foll ows:

D(t) = D + D, exp(-t/1)

where D is the intrinsic diffusivity, D, is the enhanced

Boron diffusivity at tinme t= 0 and Tt is the tine
constant for the transient diffusivity. Using this
schene they fit their experinental data and cal cul ated

activation energies of -1.1eV for D, and 1.6eV for 1. By

relating these values to the formation energy of
vacancies and the magration energies of the boron -
vacancy pairs, they conclude that the point defect
causing the transient Boron diffusion is the vacancy.
But, this argunment relies heavily on the prem se that
intrinsic Boron diffusion is caused mainly by a vacancy
mechanism This is contrary to nost of the experinental
results to date.

In the experinments by Sedgwi ck et al.”, the effects
of surface anorphization on the transient diffusion was
observed. They inplanted Boron at high doses into both
crystalline and anorphous silicon. In the case of the
anor phi zed sanples, no transient diffusion was observed.

They explained this as follows: |In the case of
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crystalline sanples, a very high concentration of point
defects was generated. Until these defect concentrations
returned to their equilibrium values, enhanced Boron
diffusion can be seen. But in the case of the anorphous
sanpl es, the anorphous region very quickly regrows -
typically in the order of a few mlliseconds - into a
single crystal, elimnating all the point defects that
were created by the inplant. Thus no transient diffusion
was observed. The interstitials generated by the inplant
beyond the anorphous - crystalline interface are not
able to cone up to the surface due to dislocation |oops
bei ng present at the boundary. These dislocation |oops
act as sinks of the point defects. The other observation
- that could not be explained - that was made by the
authors of this paper was that at high Boron
concentrations, Boron appeared to precipitate in the
anor phous sanpl es but not in the crystalline sanples.
Packan and Plumer®, have studied the effects of
transi ent diffusion of |ow concentration Boron in Si due
to #®Si  inplantation damage. They used |ow doses of 1 *
10" jons/cnf to 1 * 10% ions/cnt and |low energies of
160KeV. They observed that the transient novenent is the
|argest for the highest dose and the |owest anneal
tenmperature. They also observed that doubling the
i npl ant dose did not double the diffusion coefficient.
The authors acknow edged that they could not propose a

nmechani smto explain this observation at that tinme.
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G|l es®, investigated the transi ent enhanced
di ffusi on of phosphorus in silicon at doses and energies
bel ow t he anorphi zati on threshold and has shown that the
transient diffusion occurs in both the conventional and
RTA furnaces. Further, he has also shown that the

junction depth increases by 0.1 - 0.2 um over the

conventional diffusion nodels. He has also proposed a
guantitative nodel of danmage annealing that describes
t he poi nt defect enhancenment of dopant diffusion.

Eagl esham et al.>’, have reported that the source of
the interstitials that cause the transient diffusion in
Boron and Phosphorus are the {311} defects only. These
defects are rodlike in structure which run along the
<110> directions. But it has to be noted that though
their experinents were of a simlar dose as used in this
study (5 * 10" ions / «c¢nf), their inplant energies
(40KeV) were much below than that used in this study. So
their data cannot be extrapol ated per se into the regine
of the high energy (1 MeV) as used in this study.

Poate et al.®®, have proposed a nodel for transient
enhanced diffusion. They state like in the previous
reference that the <311> defects are the source of
interstitials. They also have developed a “+1.4” nodel
whi ch neans that there are 1.4 interstitials created for
every ion inplanted. This agrees very well wth the
canoni cal “+1” nodel that has been in vogue for quite

soneti ne now.
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Cheng et al.*, have identified that extended
defects are induced in Silicon by high energy
i mpl ant ati ons. They used Phosphorus inplants of 1.5 MV
and 2.6 MeV and investigated the defects formed by plan
view and cross - sectional TEM and found them to be
t hreadi ng di sl ocations that were inclined dislocations -
sone of which grew all the way to the surface. They al so
made a conparison between the difference in dislocation
density in the Czochral ski sanples and the epi - grown
sanples and attributed these to be due to the strong
pinning effect of Oxygen atons imobilizing the
di sl ocations in the Czochral ski substrates.

Rafferty et al.®, studied the transient enhanced
diffusion at high energies. In their experinment, they
used a Boron marker inplanted and annealed to renove its
self - TED. Then Si atons were inplanted at energies
from 40 KeV to 500 KeV. They then anneal ed the sanples
at 800°C and studied the boron depth distribution
profiles using SIMs. They observed that the amount of
broadening does not increase in proportion to the
i npl ant energy. The other interesting note about this
paper was that they correlated these results to actual
devi ce characteristics.

Most authors believe that the transient diffusion
ef fects observed during post inplant are a result of the
danage created by the inplant. For |ower doses, the

danage is in the form of point defects, while for the
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hi gh dose inplants, extended defects are also created
If the dose is sufficiently high, anorphization occurs.
It is the interactions of the point defects, extended
defects and the anorphized regions that determne the
concentrations of the point defects during the high
tenperature anneals. The interaction of the dopant atons
with these point defects cause transient enhanced
di f f usi on.

H gh dose inplants raise a nunber of inportant
i ssues. First, they create extended defects |Iike
di sl ocation |loops and stacking faults. These extended
def ects i nteract and drastically af f ect t he
concentrations of interstitials and vacancies and give
rise to different diffusion rates in different regions
of the profile* ., Next, they can also create anorphous
regions in the sanple. These anorphous regions regrow in
a nmatter of a few mlliseconds affecting the

concentrations of the point defects drastically.

2.5 Secondary |on Mass Spectroscopy (S| MB)

SIMS technique is one of the lon beam techniques
for conpositional analysis. lon beam bonbardnent is
significantly different from bonbardnent with el ectrons.
In contrast to electrons/x-ray based techniques which
rely only on the electronic structures of each elenent

for identification, ion beam techniques identify the
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constitutional elements through their atomc nass
values. Sone of the ion beam techniques are SIN,
Rutherford Backscattering (RBS), Laser | on Mass
Spectroscpy, etc,. Since only the SIM5 technique was
used for conpositional analysis in this study, this
t echni que al one woul d be di scussed here.

In the SIM5S technique, the energetic bonbardnent
of the material with energies from 1 - 20KeV cause
collisions wth the surface Ileading to ejection
(sputtering) of the material. Due to the energy transfer
i nvol ved, a small nunber of atons that are ejected |eave
as positively or negatively charged ions. These
sputtered or ejected ions are collected by a nmass
spectroneter for mass to charge separation and
detection. The nunber of ions collected can be counted
digitally to produce quantitative data on the
concentration and the conposition. In fact, this
technique is mainly used to get the concentration of the
inmpurity ions as a function of depth - or in other words
termed as the depth “profile”. This is a destructive
technique unlike certain others |like Auger E ectron
Spectroscopy(AES) which analyzes the atomc |ayers
closest to the surface wthout substantial | ayer
renoval .

In order to nmaximze sensitivity, oxygen atons are
used for sputtering and exciting the electropositive

elements like Na, A, etc., while Cesium (Cs) atons are
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used to produce electronegative elenents |ike P, As,
etc,. The beamchoice is quite inportant. Wth Cesium it
is around O.lppna. The sputtering process continuously
renoves the surface atons. Hence the shallow anal yti cal
depth region is advanced further into the sanple as a
function of time. Usually the ion beamis focussed over
a small area of the surface to create a crater with an
alnost flat bottom Mass separation analysis is
performed only on those ions that are sputtered from the
center of the crater.

SIMS has many unique capabilities that make it
highly useful for VLSl characterization. The follow ng
are sone of the capabilities that make it highly
suitable for VLSl applications:

e It is capable of detecting all the elements present in
t he sanpl e

e It can identify elenents present in extrenely |ow
concentrati ons as i's conmonl y encount er ed in
sem conduct or devi ces

e It is especially sensitive to elenents with very |ow
ioni zation potentials like Na, K

The above reasons make it clear as to why SIMS is
the nost preferred technique when it cones to
conposi tional characterization.

But 1like all other techniques SIMs has its

drawbacks. One has to be aware of its drawbacks to
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exploit its advantages to the nmaxinum possible limt.

Sone of its drawbacks are as foll ows:

e First the width of the beam decides the sensitivity.
Usual ly the beam widths are 1.0 - 200p in dianeter.
The maxi num sensitivity is achieved wth a wi der beam
This is because when the beam is focussed onto a
smaller spot, the nunber of atons sputtered also
correspondi ngly reduces, | eadi ng to r educed
sensitivity. It is true that this technique is limted
in sensitivity when analyzing very small regions on
VLS| devi ces.

e SIMS suffers from the problem of secondary nass
interference. For exanple, if the sanple contains two
species of conparable nasses, then it becones
difficult to distinguish themusing SINS.

e« SIMSis locally destructive.

Apart from the fact that it is a destructive
techni que, one of the ways to overcone these drawbacks
is to use higher system vacuuns, higher resolution
detectors. But of course these would result in higher

cost to the anal ysis.
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CHAPTER 3
EXPERI MENTAL RESULTS

3.1 Introduction

Transient Enhanced Diffusion (TED) has been the
primary nodeling challenge of the process sinulation
community. As was seen in the last chapter, inplantation

is a precise technique for incorporation of dopants in
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the wafers. For low inplant doses, nost of the danage
results in the generation of point defects. However, as
the dose is increased, these point defects interact with
each other leading to formation of extended defects. At
hi gh enough inplant doses, the nunber of point defects
created is so high that the lattice is no |[|onger
crystalline and becones anorphous. For  Phosphorus
inmplant, this occurs around a dose of 2*10% atons/cnf.
By annealing at high tenperature, nost of the inplant
danage can be repaired. Both point defects and extended
defects can be renoved by these anneals. During these
anneals, the interstitials and vacancies reconbine wth
each other or diffuse to the surface which serves as
reconbi nati on sites. However , unti | t he def ect
concentrations return to their equilibrium values,
anomal ous dopant diffusion can occur which is manifested
by an increase in the diffusivity constant from their
equi | i bri um val ues.

This work is relevant because as stated in Chapter

1, MeV  inplantations are i ncreasi ngly used in
sem conduct or manufacturing - especially in well
manuf acture technology. Section 3.2 shall give a

description of the experinental setup. First a flow
chart shall be presented followed by a detailed
description of the experinent. The raw data shall be
presented in Section 3.3. Section 3.4 presents and

di scusses the plots of the diffusivity enhancenent at
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the doses and tenperatures used in this study. Finally
Section 3.5 contains a discussion on the inplications of
the results presented.

As stated in Section 2.4 in the last chapter, high
dose inplants present the problem of formation of
extended defects like dislocation |oops and stacking
faults. These defects interact changing the point defect
concentrations drastically. Further, there is also the
problem of crystal anorphization and regrowth. Under
hi gh doping cases, the doping nay also be extrinsic at
the anneal tenperatures wused Ileading to anonal ous
diffusion effects. To resolve these problens, it was
deci ded to concentrate on two doses. A dose of 5*10% was
chosen so as not to expect anorphization while another
dose of 2*10" was chosen so as to be around the
anor phi zation threshold. O course, the main thene of
this study was to analyze the effects high inplant
energies had on the transient diffusion of dopants. The

speci es used in this study was Phosphorus.

3.2 Description of Experinent

The following figure represents a flow chart of the

experinment done in this study.
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Starting wafers

P IMeV 5E13 P 1MeV 2E14

Annealsat 700 & 800°C

SIMS (Evans)

Figure 3.1: Flow chart describing the flow of the
experimental set up

The wafers wused in this study had a crystalline
orientation of <100>. They were grown by the Czochral ski
nmet hod. There are different nethods by which the wafers
could be grown. The main et hods of growh are:

(1) Czochral ski method of growth (C2)
(1'l') Float Zone growth technique (F2)

The main difference between the CZ and the FZ
nmet hods of growh is that the CZ wafers have a higher
concentration of xygen atons since they are grown from
a silica crucible. The typical concentrations are in the

order of 10' oxygen atoms/cc. Since CZ wafers are used
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predomnantly in the industry, they were used in this
study al so.
The dianeter of the wafers was eight inches. These

wafers were inplanted with 0° tilt wi th Phosphorus at the

doses of 5 * 10" and 2 * 10™ ions/cnt and an energy of

IMeV (MIllion elctron volts). The inplants were done at
Eaton Corporation. After dicing, the wafers were
annealed at 700°C and 800°C at various times. The
annealing times at 700°C were 20 mnutes, 40 mnutes, 1
hour, 2 hours, 4 hours and 6 hours. For the anneals at
800°C the annealing times were 15 mnutes, 30 mnutes, 60
mnutes, 90 mnutes and 2 hours. These times were
sel ected based on what was to be expected from a study
of low energy inplants. The furnace wused was a
conventional furnace. After the desired tenperature was
reached, the wafers were | oaded onto the center zone of
the furnace. Fast push and pulls were used. The anbient
under which the experinments were done was Form ng gas
(90% N, and 10% H,). Care was taken to see that the
furnace was calibrated and that the flow and the
tenperatures renmined steady at the desired values for
the duration of the tinme of the experinents.

After the sanples were successfully anneal ed, they
were sent for Secondary lon Mass Spectroscopy (SIM)
analysis to Evans East Corporation who are specialists
in materials characterization. The SIMS profiles of

these sanples were then taken and fit to sinulated
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profiles. The simulator used for this purpose was the
Florida bject Oiented FLOOPS Simulator (FLOOPS)

Diffusivity enhancenent data was extracted from the
sinulated and experinmental profiles and the data

anal yzed as described in the next chapter.

3.3 Raw Data

The figures 3.2 (a)-3.2 (l) represent the raw data
i.e., the profiles at the conditions as indicated on the
figures. The profile after annealing at the shortest
ti mes show very margi nal enhancenent as expected. W
al so note that the profile has not noved nuch within the
tenperatures and the tines for which the experinent was

done.
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Paul Packan® and ot her sources in the l|iterature®®

have studi ed transi ent enhanced diffusion resulting from
sub 200 KeV inplants quite extensively. But these
results cannot be extrapolated into the high energy
regime wthout further investigation. This is because
different danmage structures mght be affecting the

transient diffusion at these high energy ranges.

3.3.1 Fitting to Experinental Profiles

The experinental set-up was as described in Section
3.2. The experinental (SIM5) profiles were fit with the
simulated profiles to extract the diffusivity. Figure
3.3 shows the fits for one of the sanples - this
particular case being for 700°C, 5 * 10%, 20 nminutes
anneal time. As can be seen in this figure, the X-axis
isin mcrons and the Y- axis is the concentration on a
logarithmc scale with units of ions/cc. Wth reference
to Figure 3.3, the profile with a continuous line is the
experi nment al (SI MV5) profile. The profile as an
alternately dashed line is the fit for the front (closer
to the surface than R,) of the profile. The profile with
a regular dashed line 1is the fit for the back (farther
away from the profile than R) of the profile. From
Figure 3.3, it is clear that while the profile fit for

the front, fits the front of the profile very well, it
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does not fit well for the back of the profile. The
converse is true for the profile fit for the back of the
experimental profile. For exanple, the fit for the front
is off by around 1500 angstrons at the back. This neans
that there is a difference in the diffusivity between

the front and the back of the profile.
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Figure 3.3: Fit for the front and back side of the
profile for 5E13, 700°C, 20 m nutes

From Figures 3.2 (a) - (I) we see that the profile
depths are very deep--around 2 mcrons. In shallow

inplant profiles, the depths are in the range of only a
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few thousands of angstrons. One may suspect that the
differential enhancenent as nentioned above mght be a
SIMS artifact due to roughening beyond the normal range
(around 50 angstrons) as associated with SI VB
experiments. Even if there was sufficient SI VB
rougheni ng, t he as-i npl ant ed profiles and t he
experimental profiles should have the same error. This
would tend to cancel when the diffusivity enhancenent
(D)D) value is extracted. It was al so observed that the
as-inplanted profiles were the shallowest in depth and
that the profiles increased in depth consistently wth
time. This consistency would not be expected if the
observations were a SIMS error.

W also note fromfigures 3.4 - 3.7, that there is
a shift in the range of the profile. This is due to an
error in the SIM5 neasurenent. The percent variation of
the range is a maxinmum of 5% in the 5E13 sanples and
around 0.5% in the 2E14 sanples. W note that while the
shift in the range is negligible for the 2E14 sanples,
it is quite significant for the 5E13 sanples. Hence
range normalizati on was done for the 5E13 sanples only.

Further, the SIMS technician who performed the SIM
al so concurred that though the SIM5 roughening could be
greater than 50 angstrons due to the depths of the
profiles involved, it still would not be on the order of

a 1500 angstrons.
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3.3.2 Diffusivity Enhancenent (D D) Plots

Figures 3.8 - 3.11 show the diffusivity enhancenent
at the various doses and tenperatures used in this
study. Since there is differential enhancenment between
the front and the back there are two (2) curves - one
for the front of the profile and another for the back of
the profile as marked . The detectability limt was also
plotted assumng that the m nimum observable notion of
the profile was 100 angstrons. From these curves, we
observe that the enhancenment in diffusivity is nore
pronounced at the back of the profile than it is at the
front. W also note that the differential enhancenent is
greater than the error bars. Hence, there is a
differential enhancenent taking place.

Wth reference to Figure 3.10, we note that there
is alnmst no diffusivity enhancenent except at 20
mnutes and at 6 hours. The extent of differential
diffusivity is not as pronounced in Figure 3.11

The saturation tinmes are expected to follow an

exp(-t/t1) characteristic as reported elsewhere in the

literature®. Figure 3.8 shows such a characteristic. In
this figure, the diffusivity enhancenent of the front is
bel ow t he detectability level for nost of the tine range
of the experinment. In the plots of Figures 3.9, during
the tine range of the experinment, the decay in

diffusivity enhancenent is about a factor of 4 at the
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back and a factor of 5 at the front. The decay is not as
steep as what one would expect from | ow energy studies.
Packan® has reported a saturation tine of 45 minutes at
800°C for a conparable dose. Figure 3.11 shows that the
enhancenment is alnost flat over the time range of the
experi ment.

The above discusion is an interesting observation
conpared to the | ow energy cases because this shows that
the saturation times are nuch |onger than expected for
| ow energies. The examnation of the plots of Figures
3.8 - 3.11, show that wthin the tine range of the
experiments, the saturation tinmes are very far off from
the tinmes for which the experinents were done. The tines
for the experiments were set up based on a know edge of
the saturation tines for the low energy (sub 200keV)
cases. Since the experimental tines are much shorter
than the saturation times as argued above, it is not
possible to say from the plots of Figures 3.8-3.11, if
there is a difference in the saturation tinmes between
the front and the back of the profile.

The inert diffusivities wused in the error
calculation and the fits were the default values in
FLOOPS. They are as foll ows:

D (700°C) 8*10°*° cnf/ sec

D (800°C) 3.8*10 " cnf/ sec
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Figure 3.8: D ffusivity enhancenent on sem logarithmc

scal e for 5E13, 700°C
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3.4 D scussion

From exam ning the above figures, it can be seen
that there is a difference in notion of the diffusion
front between the plots for the various conbinations of
the doses and tenperatures wused in this study. For
exanple, on an examnation of Figure 3.8, it is quite
clear that there is a notion nore than an order of
magni tude at the back of the profile than that at the
front of the profile even for short tinmes. Wth
reference to Figure 3.11, within the times for which the
anneals were done, the diffusion front is alnost flat
indicating that the experinental tinmes were well below
the saturation tines.

Further, we also note that the anount of transient
diffusion is around 10 percent in relation to the total
junction depth. This is evident from Figure 3.3. Here
for exanple, the fit for the front is off by around 1500
to 2000 angstroms which accounts for around 10% of the
junction depth.

In this study we note that there is differential
enhancenent and that the decay times are nuch |onger
than the Ilow energy cases. A speculation of the
mechanism is proposed here. One of the reasons for the
differential enhancenment could be that there is a
vacancy supersaturation at the surface while there is

only an equilibrium concentration of vacancies with a
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supersaturation of interstitials in the bulk as pointed
out by Servidori, et.al*. This would nean that due to
vacancy supersat uration at t he surf ace, t he
interstitials introduced due to inplantation damage in
this region would anni hilate much nore than those at the
bul k where a nmuch |esser concentration of vacancies is
present. This argunment would then inply a differential
di ffusivity enhancenent.

Anot her expl anati on for t he differential
enhancenent could be that bulk reconbination alone is
not enough to support the annihilation of interstitials.
Because, had bul k reconbi nati on al one been responsi bl e,
one could argue that we should not have seen
differential enhancenment of diffusivity. But, clearly,
this is not the case. So, though we create an excess of
interstitials, we do not have enough vacancies to
annihilate the excess interstitials. Hence the surface
could play a role in the annihilation of the excess
interstitials. Due to the depth of the profiles
involved, there is a finite anount of tine needed for
the excess interstitials to reach the surface and be
anni hilated leading to longer saturation tines. |Infact,
if this were the case, one can speculate that those
interstitials before the inplant peak, reach the surface
qui cker and hence have shorter decay tines, while those
beyond the peak take a longer time to reach the surface

and have longer decay times. O course, from the plots



67

of Figures 3.8 - 3.11, this is not evident as the
saturation times are nmuch larger than the times for
whi ch the experinment was perforned.

There is also a possibility that secondary defects
are formed and these influence the diffusion in sone
way. Shreutel kanp, et. al.,® have argued that the
secondary defect formation depends critically on the
nunber of silicon atons ejected from their lattice
positions and not on the dose. They suggest a value of
(5-6)*10%* displaced silicon atons/cnf for the formation
of secondary defects in Phosphorus doped wafers after
anneal ing at 900°C for 15 mnutes. This translates into a
dose of |ess than 5*10% Phosphorus ions/cnf at an energy
of 1MeV. So, even at the |owest dose of the experinent,
there may be sone secondary defects forned, at |east at
the higher tine regimes. These defects may influence the
di ffusion coefficient enhancenment val ues. But a point of

caution here is that what is suggested is specul ative at

this point and needs further investigation.
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CHAPTER 4
CONCLUSI ONS

From the preceding discussion it is clear t hat
there is a differential diffusivity between the front
and the back of the profile and that the diffusivity
enhancenent is nore at the back that it is at the front.
Considerable differential diffusivity enhancenent has
been observed even at short tines. Wile the extent of
addi tional profile notion is around a 1500 angstrons and
this mght not be significant froma circuit or a device
point of view, still, this study is significant from a
physi cal viewpoint since it leads to a  better
understanding of transient diffusion. It also leads to a
better understanding of the energy dependence of
transi ent diffusion which was the goal of this study.

Further, the decay tines are also nuch |onger
conpared to the low energy inplant cases. This is
i nteresting, because the anneal times for t he
experiments were set up based on the saturation tines
required for anneals at low energy inplants at
conpar abl e doses and tenperatures. But we observed that
the saturation times were nuch | onger than those for the

| ow energy i nplants.
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These observations Ilead to sonme interesting
specul ations of the mechanism as described in Chapter
3.4. The enhancenent of diffusivity was found to be
greater at the back of the profile than at the front of
the profile. Further, the saturation times were also
larger than those of the low energy inplant cases. As
stated in Chapter 3, in Section 3.4, these observations
indicate that there could be a vacancy supersaturation
at the surface leading to differential enhancenent of
diffusivity or that the surface could act as a
reconbi nation site leading to enhanced diffusion until
the interstitials are able to reach the surface and be
anni hilated eventually returning to their equilibrium
concentration. This could explain the |onger saturation
ti mes observed. The above nentioned observations could
also be due to sone extended defects being forned near
the peak of the damage region and these could alter the
diffusion kinetics in sone way at the doses and anneal
tenperatures at which this study was done.

Further work based on this thesis could be to do a
cross-sectional transm ssion electron mcroscopy (XTEM
analysis of the annealed wafers and investigate the
nmechani sm based on the defects forned.

The ot her possible continuation of this work could
be to see how the enhancenent values scale w th energy
for a given species. Paul Packan®, for exanple, has

pl otted diffusion enhancenent vs. energy upto 200KeV for
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S inplants onto Si. A simlar plot could be done for
Phosphorus over a magnitude range in energy, say from
100KeV to 1MeV. Al so, one could go over the energy range
over a magnitude, say from 100KeV to 1MeV and note when
the differential enhancenents start to occur and become
“real” i.e. beyond the experinental error range of the
experiment. Also to gain absolute confidence in the
val ues presented, the experinment could be repeated for a
hi gher energy dose, say 3MeV, and see if the sane
effects are observed and if there are any differences,
then investigate as to why they are so. A so, the SIM
could be performed by changing a few of the SIM
analysis conditions. O course, the trade-off here is
cost. It has to be borne in mnd that to perform SIM it
costs around $350/ hour and hence repeating the SINMS
experiment at additional conditions is proportionately
going to scal e-up the cost of the experinent.

Further, these effects could also be nodeled in
process simulators |ike FLOOPS and maybe even naeke it as
a package where all the user needs to do is just type in
t he dose, energy, species, tenperatures and anneal tine
and the enhanced diffusivity values pop up. If the user
exceeds a energy and dose range, where differentia
enhancenent starts to occur, then the differentia
enhancenent values also should be generated. But, of
course, this devel opnment cannot be nade possible before

t he nechanism by which these effects occur and at what
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energy and dose ranges these effects occur are

i nvesti gat ed.
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