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An experimental technique based on the immobilisation of dislocations by segregation of
impurity atoms to the dislocation core (dislocation locking) has been developed and used to
investigate the critical conditions for slip occurrence in Czochralski-grown and nitrogen-
doped floating-zone-grown silicon crystals.

The accumulation of nitrogen and oxygen impurities along a dislocation and the resulting
dislocation locking effect has been investigated in silicon samples subjected to different
annealing conditions. In particular, the stress needed to unlock the dislocations after their
decoration by impurities has been measured as a function of annealing duration and
temperature.

The approach used in this study has allowed the determination of new diffusivity data for
oxygen and nitrogen in silicon in the technologically important range of temperatures 350-
850°C. No other data covering such wide temperature range are available in the literature.

In addition to transport properties, the binding energy of an impurity atom to a dislocation in
silicon has been deduced from the experimental data in the case of oxygen and nitrogen
impurities. A discussion in terms of the impurity species responsible for transport
(monomers or dimers) and dislocation locking is also presented.

The role of oxide precipitates in the generation of glide dislocation loops and the parameters
affecting the occurrence of slip have been investigated in silicon samples containing
precipitates of different sizes and different morphologies.

The fundamental parameters deduced in this work have been used to develop a numerical
model to investigate the effect of different heat treatments on the mechanical properties of
silicon wafers containing a controlled distribution of impurities. This model has then been
used to simulate real wafer processing conditions during device fabrication to show how they
may be modified to increase dislocation locking. It is hoped that these results will have
relevance to how wafers are processed in order to minimise or eliminate dislocation
multiplication and consequent warpage.
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Chapter 1: Introduction and literature survey 2

1. Background

The worldwide semiconductor industry has an enogrimportance in modern society and
in the economy. It is worth reminding the readext tks annual turnover reaches 200 billion
dollars and the average annual growth rate ovetaste30 years is 14% The reason for
this success, particularly in the last ten yeassfaund in the rapid development of
information technology and everyday communicatiespecially the internet and mobile
phones.

Pure single-crystal silicon is the basic matemalrhost electronic devices. However,
silicon crystals used in microelectronics contaxygen and other impurities whose effects,
in many cases, have not been investigated or fuifjerstood. In spite of the strong impact
on society and the economy, the volume of academsearch into silicon processing
technology has been very small compared to stumhiesompound semiconductors. On the
other hand, it is well known that defects and inies in silicon play an important role in
industrial productivity and more coordination between academic univetsityed and
industrial research could lead to better qualifig@n products.

Today, the main challenge in the development dtail crystal growth is the
transition from 200 to 300 mm diameter wafefEhe reasons for this conversion are mainly
economic since it is necessary to reduce the ptmaucost per unit area of wafer. In
commercial silicon wafers, however, thermal andvigational stressés undergone during
the fabrication process induce the generation aadement of dislocations, which in turn
lead to wafer warpage. Since these stresses amadeosbly higher in larger diameter

wafers, the study of the interaction between dafioos and impurities in silicon crystals is
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becoming rather important and the possibility cflatation immobilisation by impurities,
resulting in a reduction of wafer warpage, makéesfibld of investigation very attractive.
Experimental data concerning impurity-dislocatiateractions in silicon are rare and most
of the information contained in the literature islated to the sole effect of oxygen
impurities. Thus, there is a need to investigateenaxtensively the effect of oxygen and/or
other impurities on the mechanical properties offessa and, more particularly, on
dislocation behaviour in silicon crystals.

Recently, nitrogen-doped silicon wafers have becdashnologically interesting
because nitrogen suppresses vacancy related detectsbe used in the formation of
oxynitrides as dielectric layers in metal oxide g@mductors (MOS) and has a strong
immobilisation effect on dislocations.

In this thesis, the onset of dislocation movememt tne interaction of oxygen and
nitrogen impurities with stationary dislocations gilicon is investigated from the
experimental point of view. The evidence that thechanical properties of silicon wafers
during device processing can be significantly inwe after dislocation decoration with
impurities will be shown in the following chapteAthough the original motivation for this
research was to investigate the mechanical efi@cimpurities on silicon wafers during
processing, equally important information has bgaimed about the transport properties of

oxygen and nitrogen in silicon.

2. Silicon growth techniques

Silicon single-crystals used for device fabricatave grown either by the Czochralski (€2)
or the floating-zone (FZ)technique. Cz-grown silicon crystals are preferesd basic

material to fabricate very large-scale integra{ighSl) devices. The reason for this is their
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lower cost compared to the FZ-grown wafers and #isodifferences in their mechanical

strength at high temperatures, as Cz-grown silwafers are less susceptible to slip in
comparison with FZ-grown silicon waférs In addition, Cz wafers are favourite because
their diameter can be larger (up to 300 mm) tha ¢l FZ wafers.

In 1958, Dastf developed a special pulling technique to obtaisiodation free
crystals using the Cz method with the introductdra crystal neck. The experimental set-
up for the pulling of single crystals by this methis illustrated in Fig. 1-1. Polycrystalline
silicon is held in a silica (Si§) crucible and is heated up to the melting pointsiAgle
crystal seed is first dipped into the melt andlevgy withdrawn vertically, whereby the
liquid silicon crystallises around the seed. Durthgs process, oxygen atoms can diffuse
from the silica crucible to the melt. For that masin Cz-silicon crystals oxygen is always
present as an interstitial impurity in concentrasiof about 18 — 10® cm®, whereas the
concentration of carbon (<10cm®) or other non-intentionally introduced impuritiés

usually below the detection limit.
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Figure 1-1: Czochralski method for pulling silicon single-craist @fter Borghesy).
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At temperatures typical to device processing (fbasm 1200°C), oxygen in Cz-silicon is a
supersaturated solid solution. In fact, as is shawhkig. 1-2, at temperatures lower than
1400°C the equilibrium state of the Si-O systemreémched by means of oxygen
precipitation, i.e., formation of Siparticles (oxide precipitates) in the silicon ¢aysThe

processing temperature, together with other pammmetuch as thermal history and initial
oxygen concentration, plays an essential role iterdening the formation and the

morphology of oxide precipitates.
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Figure 1-2: Partial phase diagram of the Si-O systaifitef Borghesf).

The presence of oxygen and associated precipitatgSz-silicon wafers induces both
beneficial and detrimental effects on wafer yi€éldr example, it is known that under certain
conditions, dislocation decoration with oxygen asoran improve the mechanical properties
of wafers at high temperatufésOn the other hand, while oxide precipitates fit@n bulk
act like gettering centres for metallic impuriti@strinsic or internal gettering) and hence
are required to fabricate high-purity active regidior the integrated circuits, the same
precipitates behave as dislocation sources undapplied stress. In turn, this can lead to

wafer warpage and a reduction in device yreld
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Zone refining of crystals has been known for mb@nt50 years as a method to increase the
purity of the crystals. The purification methomsed on the segregation of most impurities
to the liquid phase during the liquid/solid tramsit Many different purification techniques
exist, but the most interesting is the FZ refinimgthod, where the floating zone is
suspended between the melting and the freezingfanes (Fig. 1-3). FZechnology has
been improved especially for the growth of siliceingle-crystals. During the FZ
purification process, most of the impurities ifligoresent in a silicon crystal segregate to
the end of the ingot and remain confined in thaaalince the zone is free to float with no
contact with crucibles and other possible contamntinsources, it is possible to grow
monocrystalline silicon with the highest purity.i$'s important for a number of electronic
and optoelectronic applications such as high efficy solar celf§, photodetector, high

resistivity silicon for radio frequency devices amdicro-electro-mechanical systems

(MEMS)™.
Gas inlet (inert)
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Polyerystalline L . _
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Figure 1-3.Schematic representations of Float-Zone growthriecie (sourcewww.usna.edu
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FZ technology represents the best method for higitypcrystal growth and silicon ingots
obtained with this technique have unique properiidsch cannot be found in silicon
materials grown with other methods. For examplesHi£on can be grown with resistivity
exceeding 10Q-cm because of the intrinsic process purity. Thecentrations of oxygen
and carbon in FZ wafers can be well below the dietedimit (<10 cm®) with Fourier-
Transform Infra-Red spectroscopy (FT-IR). Howewtie main drawback for FZ-grown
silicon is represented by the elevated productmst,avhich is much larger than that of Cz-
grown materials. Moreover, the absence of oxygegipitation in bulk FZ-silicon imposes
the application of other methods for impurity gettg (extrinsic gettering) during device
processing. The important disadvantage is the teydef FZ wafers to warp during thermal
processing. As mentioned before, FZ-silicon crgstate generally more susceptible to
plastic deformation than Cz-silicon crystals whebjscted to high temperature treatments

and this is attributed to the low oxygen conceitrain FZ material¥.

3. Oxygen impurities in silicon

3.1 Different species and anomalous diffusion of oxygen

Since the 1950s, many studies have been performedeobehaviour of oxygen in silicon,
but many aspects remain unclear. It is widely atefhat isolated oxygen atoms dissolved
in silicon are most stable at interstitial sitesl @ne covalently bonded to two neighbouring
silicon atom$’ as shown in Fig. 1-4. However, there is stronglentce for oxygen-oxygen
interaction aff<500°C with the formation of fast diffusing,@imers®. These observations

have led to significant advances in understandieggrowth and structure of small oxygen
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clusters, identified with the so-called thermal dodefects. It is known that electrical and
transport properties of oxygen dimers are rathi#ergint from those of oxygen monomers,
therefore it is important to determine which spsegedominant in the particular temperature
range investigated. Theoretical studies showedahaiw temperatures oxygen dimers can
also form complexes. For example, a proposed streidor an interstitial-@ complex® is

shown in Fig. 1-5.

Figure 1-4 Interstitial position of an oxygen atom in silictattice covalently bonded with two
neighbouring silicon atoms. The equivalent intéiedtpositions are indicatecfter Borghest).

. Silicon atom

(O Oxygen atom

Figure 1-5.Proposed structure of the I-@omplex for the core of thermal donor centreshwit
unperturbed lattice positions marked by small ogiesies @fter Corbett').
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The magnitude of oxygen diffusivity affects the geal behaviour of oxygen in silicon at
different temperatures. For example, the diffusioefficient largely controls the kinetics of
oxygen precipitation. For this reason, it is impattto study and understand the mechanism
of oxygen diffusion at different temperatures andfopresence of other defects in silicon
crystals. In general, the temperature dependentediffusion coefficienD of an impurity

in silicon is expected to have the fdfm

= _E
D=D, ex;{ ij (1.1)

where Dy is the pre-factorEp is the activation energy of the diffusion proceksis
Boltzmann’s constant and is the absolute temperature. Several techniques sach a
secondary-ion-mass-spectrometry (SIMS), chargeticfgactivation analysis (CPAA) and
X-ray diffraction have been used to study oxygefusivity in the high-temperature range
(700-1200°C), whereas infrared (IR) spectroscopy been used to measure the oxygen
diffusivity in the low-temperature range (220-3601y means of stress-induced dichroism
data. For temperatures lower than 400°C it was dotlvat oxygen mass transport is by
single atomic hops with an activation energy ofwlb5 eV (Fig. 1-6). The same activation
energy was measured at temperatures higher th&tC7@8owever, the oxygen diffusivity
at temperatures in the range 400-700°C is not &asyeasure and therefore data in the
literature are scarce and deduced from indirecemasion. At these temperatures, several
experiments indicate that the rate of oxygen trartsg anomalous (Fig. 1-7) and deviates
from expected behaviour of single atomic juftg§®**

It has been observed that the high nucleation ocht@xygen precipitates and
unexpected long range out-diffusion of oxygen fraafer surfaces at lower temperatures
cannot be explained with normal oxygen diffusivdigta extrapolated from high temperature
measurements. One of the earliest indications @ Hehaviour was thermal donor

formation.
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Thermal donors are oxygen-containing electricadiyva clusters formed in the temperature
range of about 350-550°C. The rates of thermal ddaomation, corresponding to an
activation energy of about 1.7-1.8 eV, are mucbdathan those expected from diffusion by
single atomic jumpS. Therefore it is necessary to invoke mechanisnsiragg fast
diffusing oxygen containing species to explain Kneetics of thermal donors. Enhanced
oxygen diffusivity in the middle range 400-650°CsHaeen attributed to different species
such as interactions of oxygen atoms with selfrgtigals (I atoms), lattice vacancies (V
“atoms”), a second oxygen atom (to form @mers), fast diffusing metallic contaminants,
carbon, nitrogen or hydrogen impuriiésAlthough the techniques used to determine the
oxygen diffusivity at high temperatures are notahle for low temperature measurements,
in this thesis the oxygen diffusion coefficientditicon has been deduced between 350°C

and 700°C by using a novel technique which willdlescribed in detail in Chapter 2.

3.2 Oxygen precipitation

As mentioned before in Section 2, precipitationogygen in silicon wafers has become a
technologically important process since it provities so-called internal gettering by which
it is possible to remove the fast diffusing metailnpurities from the active regions of
devices.

The first stage of oxygen precipitation in silicennucleation, a process leading to
the formation of aggregates of a few oxygen atdhesso-called “nuclei”, within the silicon
lattice. Once formed, precipitate nuclei can grawoioxide precipitates or dissolve,
depending on various crystal parameters and thertredtments performed. The
fundamental parameter for nucleation (and, theegfprecipitation) is the ratio between the
concentration of interstitial oxygen present in #iécon crystal and the oxygen solubility

limit (which is a function of temperature, as shown Fig. 1-2). Another important
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parameter for nucleation is the critical radigsdistinguishing the nuclei which grow further

(r>r¢) from those which are going to dissolv&r() upon thermal treatment. The critical

radius ro for oxygen in silicon depends on self-interstit@hd vacancy concentration,

impurity type and content, elastic properties agwohgerature. In the case of oxygen, the
typical size of a precipitate nucleus is less thamt®,

If the conditions are favourable for nuclei growtixygen precipitation takes place
during further annealing. As a consequence, smxallegparticles (SiQ, with 1< x <2) form
within the silicon crystal, normally with unifornpatial distribution. It is largely accepted
that precipitation is driven by diffusion kineticwer a wide temperature range. Harim
1958 published a general theory to explain thetkiaeof precipitation in a supersaturated
solution by considering the phenomenon as diffusiimited. The validity of the model has
been verified by different authors and experiméyntdnfirmed for silicon in the range from
650 to 1050°€°. Starting with some basic hypotheses (defect-feegstal, regular
distribution of precipitates, etc.) and solving thowing Fick’s equation (with appropriate
boundary conditions),

aC,,(r.t)
ot

=D O%C,(r.t) (1.2)

where D is the oxygen diffusion coefficient, Ham’s theaaljows the calculation of the
oxygen concentration profil€u(r, t) as a function of the timeand distance from the
centre of the precipitate. The small oxide parsicenerated by using a specific heat
treatment can grow during further annealing ofceili crystals at high temperatures. The
temporal evolution of the oxide precipitate radinf§ can also be deduced from Ham's
calculation in the case of spherical precipitated, aaccording to this theory, at the early
stage of precipitatiom increases as”?. Similarly, the major semi-axia(t) can also be

predicted in the case of spheroid precipitate gnomtiere the aspect ratio of the precipitates

is known.
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The morphology of precipitates depends mainly am dhnealing temperature and
can be justified on the basis of thermodynamicssitering the different contributions to
the total free energW\Gi: associated with the oxygen precipitation procesd their
dependence on precipitate shape, annealing tindeteamperature. The total free energy will
contain terms associated with the phase chandeeatilicon/precipitate interfacdGg, the
free energy contribution related to the oxygenspamtAGg, the interface energhG, the
strain energy\G,, and the formation energy for interstitial poimtfelctsAG, . Each of these
terms can be plotted as a function of the aspéict ohthe precipitate. The dominant energy
terms among those listed above will control theialcshape of the precipitates (disk, sphere,
needle, etc.) at different temperatures. A detaldisdussion about the role of these various
contributions to the total free energy can be foundef. [9]. At low temperatures (about
400-650°C) the strain-energy contributid®, and term associated with the creation of an
interface energyAG, dominate and thus precipitates grow reeedlesin this temperature
range. At intermediate temperatures (650-950%A3, decreases as the strain-relieving
processes (interstitial and dislocation generatlmgome important, whereéd$s, andAG,
increasesuch thatdisk-shapedprecipitates (orplatelet Fig. 1-8) are typical. At high
temperature (over 950°C) strain is completely i#eélaand the precipitates take the
preferential shape of treectahedronwith eight equivalent {111} faces (the surface rgyeof
silicon is minimum in these planes) instead of #sipderical shape (Fig. 1-8). Truncated
octahedral shapes are also possible at high tetapesaThis trend has been confirmed by
many direct TEM observations from different authargl is in good agreement with the

theory of diffusion limited oxygen precipitation silicor™.
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Figure 1-8. Shape of oxide precipitates as a function of anmgakmperature
and supersaturation leveiffer Fujimori®?)

For every two oxygen atoms that are added to aptate, the ejection of one interstitial
atom (l-atom) is required to accommodate the ldoetease in volunté. Therefore, in
parallel with oxygen diffusion there is also anda diffusion leading to the clustering of I-
atoms. Diffusion and aggregation of the generatatbins together with the local build-up
of stress lead to the formation of small punchetlebsiocation loops adjacent to the $iO
precipitates. This kind of defect will be describedection 6.1.

The precipitation process is reversible to somerdgxthus there is partial dissolution
of existing SiQ particles during a second anneal at a higher testyer. It has been noted
that extended anneals lead to continued growthheflarger precipitate particles and a
progressive loss of the smaller particles due éir tissolution (Ostwald ripenind)

Recent experimental and theoretical studies ondiesity of precipitates in Cz-grown
silicon®® have shown a good agreement of predicted valwesi@ing to the classical theory
of nucleation) with the experimentally measured hamof precipitates, at nucleation

temperatures above 630 Below this temperature, however, serious disagents
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between the calculated and experimental data adergv The explanation could be found in
the previously mentioned enhanced diffusion of @y@t temperatures below 680 In
fact, because the nucleation rate is proportiomathie atomic mobility, an enhanced
diffusion would give a larger nucleation rate amhgequently increase precipitate density
over that calculated assuming normal oxygen diffiusi

Enhanced oxygen precipitation has recently becommatter of debate. The interest
in this topic is due to the fact that future inttgd circuit production will require
temperatures below 630 because of the smaller feature sizes. On ther dthed, a
satisfactory level of oxygen precipitation, evenl@av temperature, is necessary to trap
diffusing metallic contaminants. Recent work provdtt carbon atoms can actively
participate in oxygen precipitatidh In analogy with carbon (but technologically more
interesting), other studies have shown that nimedgped Cz-silicon crystals show
enhanced oxygen precipitation at temperatures 18@®°C’. In fact, nitrogen increases the
number of oxide precipitate nuclei that are stadtiehigh temperature compared to the
number of precipitates in conventional (not N dgp€&zx- silicon crystals, as will be
explained in the following section.

From a mechanical point of view, oxygen precipitathas a detrimental effect on
silicon wafers. It is known empirically that theegence of oxide precipitates in the silicon
lattice strongly affects the mechanical stabilifytioe crystal’ at high temperatures. The
misfit stress generated at the precipitate/matnberface (Fig 1-9) is responsible for the
formation of dislocation loops which in turn camadeto wafer warpage under certain stress
and temperature conditions. However, the dependeifcéhis process on precipitate
parameters (size, density, shape) has not beemnhapvestigated and the mechanism of
dislocation generation is not fully understood. sTlstudy is important since in VLSI
technology the requirement is to find an appropr@infiguration for the oxide precipitates

in silicon wafers by which precipitates do not ese dislocations whilst remaining effective
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gettering centres for impurities, as may be thee aalsvery small oxide particles in the

silicon matrix.
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Figure 1-9.Variation of the lattice strain as a function of tiistance from the precipitate/matrix
interface in the case of the measured directiorvéafical to the flat plane of the platelet, (b)
parallel to the flat plane of the platelet. Theastrwas measured by using CBED on a precipitate

with size 50 nmdfter Sueokd?).
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4. Nitrogen impurities in silicon

4.1 Overview of nitrogen incorporation in silicon

Doping silicon with nitrogen impurities has recgritecome attractive because nitrogen can
suppress the generation of oxygen-related déharsd enhance oxygen precipitation for
intrinsic getterind’. Void defects in Cz-grown silicon are known to uee the yield and
reliability of VLSI device&". Recently, nitrogen was found to suppress the rgéina of
such void defects and to improve the gate oxidegiity (GOI) of device¥. In addition,

,44,45,46 and

nitrogen allows a significant increase in the medte stability of wafer
reduces wafer warpage, especially when oxygen tspnesent in high concentratidis
(below 167 cmi®). Therefore, nitrogen-doped Cz-silicon is expedtetle a key material in
the VLSI device industry in the future.

It is known that interstitial nitrogen is electrigainactive in silicorf® (although it
becomes active when it forms complexes) and hasoags capability for immobilizing
dislocations even at very low concentrations. Tmispgen could be used as a dopant in
FZ-silicon to reduce wafer warpage during devicecpssing. Moreover, nitrogen-doped
FZ-silicon represents a relatively simple system irtwestigate, whereas complicated
nitrogen-oxygen interactions are usually presef@arsilicon.

Quantitative data of the chemical and physical progs of nitrogen in silicon are
rare, although nitrogen in silicon was detectedr @@ years ad8. This is partly because
nitrogen has a low solubility in silicon and measuents become difficult at very low
concentrations. The solubility of nitrogen in maltsilicorr® was determined to be about
6x10"® cmi®, whereas the concentration in solid silicon atrifedting point is dependent on
the growth velocity of the crystal. This is dueweak nitrogen incorporation caused by a

very small segregation coefficient, approximately1@®, which is defined as the

equilibrium concentration ratio between solid aiggit®’. The solid solubility at the melting
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point was deduced to be (450)x10° cmi® by extrapolation to zero growth velocity. This
value is much smaller than solid solubility valuescarbon and oxygen or other group V
elements.

In high-purity FZ-silicon crystals, nitrogen can beorporated as strongly bound
nitrogen pairs, single interstitial atoms, substioal atoms and as complexes with
interstitials or vacancies. Early theoretical sastfi suggested that nitrogen molecules are
the more stable species: nitrogen molecules caacb@mmodated in a tetrahedral interstice
since their molecular length is 2.2 A, whereasdiaeneter of tetrahedral interstice in silicon
is 2.34 A. More recentlyab initio calculations have shown that in oxygen-free silicon
crystals the dominant species is the nitrogen gair dimer, N,) consisting of two
neighbouring(100) oriented nitrogen-silicon split interstitidlsior monomersN;) arranged
in an antiparallel configuration as shown in Figld where the four N-Si bonds form a

square lying on {011}.

A

Figure 1-1Q The antiparallel model for N-pair defect in silic @fter Jones™).
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Although substitutional nitrogen, SN is a rare defect, it has been detected by electro
paramagnetic-resonance (EPRand localized vibrational mode (LVM) spectrosctpy
However, both experimental and theoretical dataagjnat the nitrogen pair configuration is
significantly more stable than single interstitiar substitutional nitrogen at low
temperature$>> In addition, the presence of nitrogen as paitdccexplain the electrical
inactivity of nitrogen in silicon. Nitrogen dimeis, will partially dissociate into nitrogen
monomers N upon increasing temperature. The dissociationti@ador nitrogen dimers

can be written as:

[N, N[N (1.3)

and the dissociation constant is given by:

k, = % = exp(%j (1.4)

where AG is the free energy change associated with fornthey dimer from single
interstitial atoms.

The central question concerning the nitrogen spegisgicon is which state (Nor
N;) prevails in certain relevant temperature rangegsh as at the melting point, when
nitrogen affects the incorporation of vacancies aeti-interstitials®. In turn, transport
properties of nitrogen strongly depend on the damimitrogen species in the particular
temperature range of interest. The first-principédcalations for the binding energy of
nitrogen dimers, as reported in the literature, sirengly scattered: from 4.3 &Vdown to
1.7 e\P®. The former energy would imply that the dimer stitestable up to the melting
point. The latter energy would imply a strong disatien of nitrogen pairs above a certain
temperature. However, the more recent studies fatlmunitrogen pair being the dominant

species even near the melting temperafure
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Isolated nitrogen monomers have been observed thogen-implanted silicon,
although they lie below the detection limit in ddpas-grown material. Moreover,
monomers are mobile and diffuse very quickly durammealing of silicon crystals at high
temperatures, thus rapid cooling is necessaryhfoirtcorporation of nitrogen in the form of
the monomer rather than forming other defect corgsfé Recent theoretical investigations
have suggested the formation of nitrogen complextsvacancies (B and NV») instead
of simple nitrogen pairs. In fact, it is known thatitrogen-doped FZ-grown (NFZ) silicon
wafers, nitrogen can suppress interstitials andavey related micro-defects even at very
low concentratiorf8, with a significant improvement of the wafer deferee area and
device yield. The dominant reaction for the suppoesef vacancies in FZ-grown silicon is
suggested to 5& N, +V < N,V (1.5)
whereas the reaction for the interstitial aggregats:

NV +1 o N, (1.6)
It was demonstrated by first principle calculatighat the nitrogen pair can indeed form
stable NV and NV, complexes, the latter being more stable due targef formation

enthalpy? (Fig. 1-11).

Figure 1-11. Atomic configurations for (a) the defect complexnmfeed by one silicon vacancy
and two N atoms and (b) that constructed with twov&ancies and two N atomsafier
Kageshim&?).
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While nitrogen in FZ wafers inhibits the generatiohvacancy-related defects, in
nitrogen-doped Cz-grown silicon crystals, the oxygentent favours the formation of N-O
complexes at high temperatures:

N, +20. < 2NO (1.7)

Thus, no Nis available for the reaction with vacancies areldbsirable defect suppression
effect is reduced. However, at lower temperatutresequilibrium of the reaction (1.7) shifts
to the left-hand side and,M complexes can form again, suppressing the vaeaacsncy
aggregatioff. Depending on the temperature at which an appstecidh concentration
builds up, the aggregation temperature of vacaremeshence the density/size distribution
of voids varies. In fact, it was demonstréfethat nitrogen has a notable effect on the
density/size distribution of vacancy aggregates: higher the nitrogen concentration the
higher the defect density, but the lower the defgze. The increase of free vacancy
concentration and then the increase of stable gitat? nuclei at high temperature gives rise
to an enhanced oxygen precipitation in nitrogenediopz-grown silico?#®* This behaviour
could be important in order to improve the gettgraificiency of metallic contaminants in
low thermal budget processes. The small size dgein atoms suggests that the Si-Si bonds
along [011] are dilated, and are therefore sitegravfoxygen atoms would preferentially
precipitate. Studies using IR-absorption suggesbedexistence of NNO compleXeg®

which is shown in Fig. 1-12.

Figure 1-12. Structure of the nitrogen-pair oxygen defect shawthe (110) mirror plane of the
defect afterRasmussefi).
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4.2 Nitrogen diffusivity in silicon

Diffusion of impurities in silicon is usually detemed by measuring the depth profile of the
free carrier concentration or of radio-isotopesastegement of nitrogen diffusion in silicon

is difficult because of its limited electrical agty and absence of suitable radioactive
isotopes. The diffusion coefficient of substitutibnégrogen atoms was first determined by
Clark et al®’. They implanted nitrogen atoms in 1@0cm p-type silicon and annealed at
different temperatures up to 1200°C. The diffusivitygs obtained from the dependence of
the p-n junction depth on the annealing time, whwhs caused by diffusion of the

electrically active nitrogen species. The expreseiatiffusivity given by Clark is:
DI 087exp( ﬁ)evj cnfs? (1.8)

However, this expression is considered not veryuiate and probably refers to those
nitrogen complexes which are electrically activem&thod to measure the diffusivity of
nitrogen pairs based on the irradiative activabbmitrogen was suggested by Denis@ta

al.’®. The following expression for the diffusivity ofitrogen pairs was deduced from

conductivity measurements in conjunction with etghiechniques:
D{Pe"*o? =3x107 exr{ —evj cnfs? (1.9)

More recently, Itoh and ASédetermined the diffusion coefficient from the measnent of

out-diffusion profiles in FZ-crystals doped withtnogen during crystal growth. The
annealing temperature range was 800-1200°C and nitregen concentration was
determined by using secondary ion mass spectror(feliyS). The diffusivity expression in

this case was found to be

D"t°h)—27><103exp( —evj cnfs? (1.10)
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The expression (1.10) is widely considered the mel&ible! " for nitrogen diffusivity and
the values are about five orders of magnitude higtan previous results (Fig. 1-13). These
values were partly confirmed by H&da single data point) during his experiments with

electrically active nitrogen-oxygen complexes in@awn silicon.
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Figure 1-13.Diffusion coefficient of nitrogen measured by Clgd®68), Denisova (1975) and
Itoh (1988) represented within the respective taatpee range of investigation.

It is interesting noting that the nitrogen diffusigoefficient is three orders of magnitude
larger than the value of oxygen at 1100°C (see F#). The authofs justified these results
considering nitrogen dimers as the very fast diffgspecies, although there was no direct
evidence. However, it is not trivial to associateell defined nitrogen species responsible
for transport (monomer, dimer) to the expressiandiffusivity (1.10) deduced by Itoh in
the temperature range 800-1200°C. Hocletttal”> observed anomalous diffusion in
nitrogen ion implanted samples and suggested tmatrésults cannot be explained by
considering the nitrogen dimers as the only spe@sponsible for nitrogen transport. The

anomalous behaviour of nitrogen during diffusiorpesments was also confirmed by
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Mannino et al’? but in this case it was suggested that nitrogemamers have high
diffusivity, whereas nitrogen dimers are practigathmobile. This conclusion is obviously
in contrast with that proposed by Itoh. Hockett &tahnino found diffusion profiles which
show two peaks (Fig. 1-14): the stationary pealssociated with dimers which are the
dominant species (this peak is always at the samegwthdfor all the temperatures
investigated) and the other is due to fast diffgsimonomers or nitrogen-oxygen complexes
(spreading peak).

In this work, new data regarding nitrogen transgwave been produced and the

results will be presented and discussed in Ch&pter
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Figure 1-14. SIMS depth profiles of nitrogen implanted in Cz-gro silicon
before and after RTA (30s). Some of the curves stvaavpeaks due to diffusion
of different nitrogen speciesafter Mannind?. Similar data obtained using
nitrogen implanted FZ-grown silicon can be foundeh [71].
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5. Mechanical stresses during wafer processing

Warpage of silicon wafers is caused, broadly spegkeither by thermal or gravitational
stresses undergone during device fabrication &t Iegnperatures. Thermal stresses are
produced by a non-uniform temperature distributauring the heating or cooling of
wafers®. In order to calculate the stress due to therraghtions in silicon wafers, consider
a thin circular wafer of radiuR and thicknes$ << R, where the temperature difference
between the wafer eddke and the wafer centr& is AT =T,-T,. It is assumed that the

temperature is uniform throughout the thickneswvafier. If the temperature distribution on

the wafer surfaceT(r) follows the relationshipT(r) =T, +AT(r*/R’) and the stress
component normal to the wafer surface is neglecteen the radial stresg. and the

tangential stress, can be written d8

1 r2
o (r)=—aEAT|1-— 1.11a
©=Laear(-T) w110
and
1 32
o,(r)==aEAT|1-— 1.11b
(1= ( sz (111b)

where a is the linear thermal expansion coefficient @ads the Young’'s modulus for
silicon. Dislocations are usually generated inglbépheral regions of silicon wafers during
the insertion or withdrawal of wafers from the face. For these regions U R) the

equation (1.11b) becomes
1
o,(r)= —EaEAT (1.12)

where AT can be up to 180°C considering an insertion rafissa&cm/min when using 6-inch
wafers for a normal furnafe According to equation (1.12), this (high) valueimsertion

rate can produce a tangential stress near the adggproximately 70 MPa, which would
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have a catastrophic effect on the mechanical gtabil wafers at high temperatures. The
sign of stresses (tensile or compressive) accortdirguations (1.11) are represented in Fig.
1-15 which shows the radial and tangential stréstsiloution as a function of the radiusn

the case of insertion withT =10°C. During wafer withdrawal, the wafers are sghgd to a
compressive stress in the central region and aleéessess in the outer region due to
temperature gradients generated during cooling. sitess can be relieved by creation of
dislocations in preferred glide-systems provided thsolved shear stress overcomes the
critical stress (CRSS) for dislocation generatiord anotion. The temperature gradient
across the wafer and hence the thermal stressbdisbn can be modified by changing the

furnace design and/or by changing the placemetiteofvafers.

Radial

Thermal stress [MPa]
~
-
aAIssaidwo)

Radius [cm]

Figure 1-15.Calculated radial and tangential thermal stressildigion for
a 300 mm wafer wheAT = 10°C (during insertion).

With increasing wafer diameter, gravitational stessbecome importanin a vertical-type
furnace, for example, the circular wafers are seizbntally on a supporting jig with either
three-point, four-point or ring-like contacts. Atgh temperatures, the wafers can bow
elastically because of the gravitational stress wu¢heir weight. This stress potentially
activates nucleation sites for dislocation loopsl gromotes the collective motion of

dislocations. It is worth noting that the area @00 mm wafer is 2.25 times larger than a
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200 mm wafer, but its thickness (~7@0) is only 7% greater. This produces a significant
increase of the gravitational bending stress geéeerduring processing. The calculated
gravitational resolved shear stress for 200 mm 20@ mm wafers are shown in Table 1
where different geometries of support are consitfére

The design and production of harder and mechagistdible silicon single-crystals
is of crucial importance in the transition from 2@0300 mm wafers since the risk of wafer
warpage increases significantly when the stressesn@ from temperature gradients
become larger due to increasing wafer size. Howdvem Fig. 1-15 and from Table 1 it
can be seen that both thermal and gravitationaks#s are usually not very large (of the
order of a few MPa or less) and their magnitudeoimiparable to that of stresses opposing
the dislocation motion arising from the interactibetween dislocations and impurity
atom$’. Hence, an appropriate use of the interaction éetwdifferent defects could lead to

a reduction of slip and thus to improved mecharst&ngth of wafers at high temperatures.

Wafer Support Gravitational
diameter design stress [MPa]
200 (mm) Ring at the edge —0.07

Ring at 0.7 R —0.03
Symmetrical 3-point edge —1.01
Symmetrical inner (0.7 R) 3-point —0.49
Symmetrical 4-point edge —-0.70
Symmetrical inner (0.7 R) 4-point —0.34
300 mm Ring at the edge —0.14
Ring at 0.7 R —0.07
Symmetrical 3-point edge —2.12
Symmetrical inner (0.7 R) 3-point —1.04
Symmetrical 4-point edge —1.46
Symmetrical inner (0.7 R) 4-point —0.72

Table 1. Gravitational resolved shear stress calculatediififerent geometries of
wafer supportdfter Fischer’).
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6. Dislocations in silicon

6.1 Overview

The role of dislocations in semiconductor technglagd in particular their effect on wafers
processing is briefly discussed in this sectiom.&general review of dislocations in crystals
see the work of Hirtff or Nabarrd’. Recently, Sumind has also published a work specific
to the behaviour of dislocations in semiconductdrs.the last century, the study of
dislocations in metals and related plastic defoiomaled to the fabrication of harder alloys
and innovative materials for industry. More recgntiwith the development of
semiconductor technology and integrated circuitgjas found that dislocations give rise to
important effects in electronic devices. Some @istheffects are beneficial and others are
detrimental for integrated circuits. The concepgeftering® (the removal of impurities and
defects from junction regions of the crystal) igywenportant in order to control leakage
current for very shallow junctions in very-largeakeintegration (VLSI) application. Many
devices, for example dynamic random access mem@b&AM), require low junction
leakage currents, but in many cases it is not easfylfil such a requirement because
metallic impurities in silicon can precipitate imetform of electrically conductive silicides
that act like shorts (pipes) along the junction.

Oxygen precipitates and associated defects, sushaeking faults and dislocations,
play an important role in gettering impurities fraime active region of devices because
dislocated areas represent favourable trapping dite fast diffusing transition metal
species. In fact, the strained region close tosbodation has higher energy than the perfect
lattice. Therefore, diffusing impurity atoms preter reside in such a region because this
allows the reduction of the lattice strain and mmises the total energy of the crystal. The
impurities trapped at the dislocation line are &leally harmless for the circuits provided

the dislocations are sufficiently far from the aetiarea of devices. Hence, the presence of
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dislocations in the bulk and their capacity to tnapurities represent a beneficial effect for
integrated circuits. On the other hand, if a diaten decorated with metal atoms crosses
the junction, then the dislocation becomes eladiftiicactive, degrading the junction
characteristics and the device quality. This comsts the dominant failure mechanism for
devices and various models have been proposedeirpdlst to explain emitter-collector

short§®, as shown in Fig. 1-16.

/3 [0 (BT

(a)

(c)

Figure 1-16. Three differentschematic sequences proposed to explain emitter-
collector shorts: (a) enhanced diffusion of emittepant along the dislocation; (b)
locally retarded base-dopant diffusion; (c) pre@ifidn of fast diffusing impurities
(after Lawrencé?).

Another important effect of the presence of dislmees in crystals is the reduction of
mechanical strength of the material. This problesmvery important in silicon wafer
manufacturing where more stringent technical spetibns such as wafer flatness and very
low defect concentration are required. As mentidoefre, the high temperature treatments
of silicon wafer processing produce considerabletrarical and thermal stresses which can
induce the formation of dislocaticis. In the presence of a sufficient shear stress, the
dislocations can propagate within the silicon aly&rming long microscopic steps, called
slip linesor slip bands when they reach the silicon surface. Optical is@df slip bands in

silicon wafer§® have shown that the failure of built-in MOS degids clearly correlated
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with the presence of slip lines on the surfacehef wafer (Fig. 1-17). The relationship
between dislocation density and transistor leakageenf? is also shown in Fig. 1-18.
Moreover, slip dislocations and related warpagsilidon wafers are particularly harmful
for lithographic processes and wafer bon8in@herefore, it is clear that the study and the

control of mobile dislocations in silicon crystadscrucial in order to produce higher quality

materials for new technologies.
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Figure 1-17.Slip lines in Si wafers and failure test of degicéa) map obtained from electrical
probing where the bad dice are in black, the goicd th grey and the test dice in white; (b)
optical microscopy observation of slip traces al¢ghf0]; (c) location of the slip traces on a

(001) wafer surface (schematics). Note the colirlabetween slip line location and the
defective dicedfter Riviere-Jeromé&").
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Figure 1-18.The density of dislocations can be estimated byting the etch pits
on the surface after chemical treatment. The graptve shows the transistor
leakage current as a function of the etch pit dgrafter Mica®?).
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Dislocations in silicon can move in the {111} planand generally are present in form of
hexagonal loog% (Fig. 1-19). The Burgers vector for a perfect atistion in silicon was
determined to bd = a/2 <110> wherea is the lattice constant, by X-ray topographic
study’. Depending on the Burgers vector, the characterdilocation in silicon is usually
screw, 60° or edge. A schematic of the configuratdd a dislocation loop in silicon is

shown in Fig. 1-19.

[001]

[100]

Figure 1-19. Schematic of three possible Burgers vectors foisbbchtion loop
(hexagonal loop) lying in the (111) plane, althowtly one of them is allowed
within a real loop. Each of the three Burgers vectassociated with the (111)
plane define a different glide system in silicorheTfamous micrograph on the
right shows copper decorated dislocation loopsrieahsilicon crystal.

In silicon, however, a dislocation (in the glidet®e can dissociate into two partial
dislocations having Burgers vector of (H€)112> which bound a strip(®§-8 nm) of

stacking fauft’. In fact, by dissociating into partials, the disdtion can reduce the elastic
strain energy. Such a dislocation in the dissodiatate is called aaxtended dislocation

and the two partials dislocations are call#tbckley partialgFig. 1-20).
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Figure 1-20: Three-dimensional view of a dissociated 60° glidgogdation. On
the left side is the 30° partial, on the right sisléhe 90° partialgfter Webef?).

It is well known that dislocations can multiply blye Frank-Read mechani&twhich is
based on the expansion of a dislocation segmefft fiMed extremities. Another similar
mechanism for dislocation multiplication is basedtbe cross-slip of the screw part of a
dislocation loop. The results obtained by Sumind &tarad® usingin situ techniques
provided considerable evidence that the crosshséiphanism is the principal multiplication
mechanism in silicon crystals.

Dislocations can expand and multiply only when satgd to an applied shear stress.
Schmid introduced the concept ofitical resolved shear stres€CRSS) to quantify the
strength of materiaf& It is known from experimental studies that aaiertalue of resolved
shear stress is required for the initiation of tajjlegraphic glide. This stress, necessary for
initial glide, is the CRSS. Measurements of th&aal resolved shear stress are important in
order to establish the limit of elasticity and hertbe mechanical behaviour of a particular
material under a stress condition. When a sheasstgreater than the CRSS is applied to a

crystal, the dislocations can move with an averagecity given by*9%*":

U
v=v,7"exp - — 1.13
0 F{ ij (1.13)

wherevy is a phenomenological mobility coefficier,is Boltzmann’s constant) is the

activation energy for dislocation glide,is the applied stress resolved on the glide plane



Chapter 1: Introduction and literature survey 33

along the glide direction anflis the absolute temperature. The valuesm@ndU depend
on the type of dislocations (edge, screw and mixkd) in silicon the difference between
values is only approximately 10%. In the case dfdi6locations in silicon, the values &re
Vo= 1x10% m-Pd.s', m=1,U=22¢eV.

In this work, a dislocation loop (or half-loop indecting the surface) that is free to
expand in a plane containing both the dislocatina &nd its Burgers vector and that can
eventually multiply when subjected to a certairohesd shear stress is generically called a
glide dislocation In comparison, a prismatic dislocation loop progtl by the local stress
field associated with a precipitate is calledumched-out prismatic dislocatiqi®PD) loop.

A prismatic dislocation loop is a closed dislocatlme (quadrilateral in the case of silicon)
which can glide conservatively along a prism, bithaut shrinking or expanding, since its
Burgers vector is out of plane of the loop. Theidgl geometry for punched-out prismatic
dislocations in silicon is shown in Fig. 1-21. $tworth noting that in silicon each segment

of a PPD loop is edge in character.

1 pm

Figure 1-21. TEM image of a silicon specimen containing largecjpitates (A and B in the
picture) with punched-out prismatic dislocation pgo Some larger dislocations resulting from
the interactions of prismatic loops are also shdawmurce:www.tf.uni-kiel.dg A schematic
example of the glide prism with prismatic loopsdapresented on the right.
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6.2 Dislocation sources in silicon wafers

The density of mobile dislocations determines thechmanical strength of a crystal.
Therefore, immobilisation or retardation of dislboa motion can suppress multiplication
processes and significantly improve the mechancaperties of silicon wafers. During
device processing, possible sources of glide dagioas are:
1. Unintentional damage at wafer surface
2. Devices themselves
3. Oxide precipitates and the associated punchedislaications.
Each of the abovementioned cases is discussed@g<p

1. In silicon specimens prepared in a normal laboyaemvironment, dislocations
can be easily generated from damaged areas araceuitbws during annealing at high
temperatures. However, this is not the case forngeraial mirror-polished wafers in which
the surface is very smooth and defect free. Negkasls, surface damage can be produced at
some point during wafer handling and device praogs#s will be shown in Chapter 6, if
we calculate the maximum shear stress due to albégd distributed uniformly over a small
contact area on the silicon surface, then it twuasthat such stress can be several GPa,
which is close to the theoretical shear strength perfect silicon crystal (~14 GPa). This
huge stress can also induce a phase transformbgoeath the loaded surface from
crystalline to amorphous silicdh Since amorphous silicon starts to recrystallisg08°C*,
the stress-induced amorphous regions re-transforra trystalline structure during heat
treatments. The recrystallised area will contaimgtad dislocations which may propagate
and multiply under applied stress at elevated teatpees.

2. In microelectronic devices, a large lattice stramay build up in the silicon
substrate as a result of device isolation proceddes localized large strain can result in the

formation of crystal defects such as dislocationd ean degrade the device performance.
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Recently, shallow trench isolation (STI) has betmibe used as an isolation technique in

scaled devices. It was found that, at the trendtobocorner, the large resolved shear stress
on slip system$011](111) and[101](111) may be due to the corner shape (acting as stress

concentrator) or the intrinsic stress induced dyrixidatiori>. Therefore, to control
dislocation around STI, the oxidation-induced sras the trench bottom corner must be
reduced during processing and the shape of therhatbrner must be controlled.
Dislocations are also generated during process@dving ion implantation. The dislocation
density in this case varies widely depending ordibygant and annealing conditiéhs

3. The formation of glide dislocations in Cz-silicarafers is often a consequence of
oxygen precipitation within the wafer. The genematiof dislocations from oxide
precipitates (usually with a diameter up to a famdireds of nanometers) is basically due to
the misfit strain at the precipitate/matrix intedawhich can be relaxed locally by the strain
relieving mechanism of dislocation punch-out (Rig21). According to TEM investigations,
mobile dislocations generated from precipitatesosiginally in form of prismatic loop$®®
Under particular conditions, such loops can interaach with the other, resulting in more

complicated dislocation geometries (tangles ofod&tions).

7. Interaction of impurities with dislocations in slicon

There is strong experimental evidence that theodhtction of dopants in silicon crystals
affects dislocation motion. The effects of ele@lig active doping on the mechanical
properties of semiconductors have been studied itsc® and Robert$° using a simple

technique based on micro-indentation. Suminaal’®* have published different reviews

about the effects of electrically active impurit@s dislocation dynamics in silicon crystals.



Chapter 1: Introduction and literature survey 36

However, such slow diffusing dopant impurities aot the subject of this thesis and are not

considered further.

7.1 General aspects of dislocation locking by impurities

In single-crystal silicon, impurities can interasfth linear defects, in particular with
stationary or slowly moving dislocations. The reéisigl effect of this interaction is
principally an immobilization of the dislocationsi@ to accumulation of impurities in the
core regions during annealing at high temperatuiigss effect is calleddislocation
locking'®2 After dislocation decoration by impurity atoms, extra stress is needed to move
a dislocation immobilized by impurities. The stregsessary to start a locked dislocation
into motion is called thenlocking stressThe magnitude of the unlocking stress generally
depends on the concentration of impurities in tiystal and its thermal history.

The theory describing the effect of a solute atdmoaphere on dislocations was
mainly developed in the early 50s by Cotff&lland Eshelb¥?*. The most important
contribution to the interaction energy betweenrapurity atom and a dislocation is usually
that due to the strain field produced by the imuin the surrounding crystal. The
distortion may interact with the strain field ofethislocation to increase or decrease the
elastic strain energy of the crystal. This changesmergy contributes to thiateraction
energyE; of the impurity atom with the dislocation. If ampurity atom occupies a site
along the dislocation whekg is large and negative, then a certain wékwill be required
to separate the dislocation from the impurity ahd tislocation cores will tend to be
occupied by a higher concentration of impuritieanthihat present in the bulk. This is also
the basic mechanism of the so-called internal gegjeeffect used in microelectronics to

trap metallic impurities in non-electrically activegions.



Chapter 1: Introduction and literature survey 37

Together with the elastic interaction, other digkoan-impurity interactions of a
different nature, such as electrical or chemicah contribute to change the total interaction
energyE;. Hence, any measured valueEpwill include the effect of several interactions of
different types. Especially in covalent crystalscls as silicon, the relative importance of
other possible interactions is less clearly undeidt Moreover, an electrostatic interaction
can take place if conduction electrons are capthyetthe dangling bonds which may exist in
some particular dislocation core configurationshewn in Fig. 1-20 for partial dislocations
in silicon. Heggié®™ and Jone¥® investigated the chemical interaction of impustigith
dislocation cores in silicon using a cluster methaath local density-functional
pseudopotential theory. Impurities can participati&ttice reconstruction and passivation of
dangling bonds along the dislocation core. Accaydio Jones, the energy difference
between states also contributes to the segregafioampurities to a dislocation and their
locking effect. However, in most theoretical caltidns, the interaction between an
impurity atom and a dislocation is often consideesda pure elastic effect (long-range
interaction§®’198-199

If Cois the average bulk concentration of a certain intyun the crystal (measured
at distance far from the dislocation, where no intgidislocation interactions are present),
then the equilibrium concentratio@(r) of the impurity at a positiom close to the
dislocation can be written, according to Boltzmanstatistics, as:

C(r)=G e v (1.15)

where it is assumed that there is always a largeben of non-occupied sites at the
dislocation core and that the impurities do noeiatt each with the otheE; can be
expressed in terms of the variation in Gibbs freerg@yAG (binding energy) as follows:

~E =AG=AH-TAS (1.16)
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where AH is the enthalpy change ankt is the entropy change due to the interaction
between impurity atoms and the dislocation. Theef&quation (1.15) can be rewritten in

cylindrical coordinates as:

AG(r,6)

C(r,8)=C,e ¥ (1.17)

In general, the value of the interaction energydlyig energy) of a single impurity atom
with a dislocation is calculated typically to besgethan 1 eV*’. Impurities tend to
congregate in core regions, whef&s is larger, and form dense atmospheres of solute
atoms even when a very low initial impurity coneatibn Cy is present in the crystal. The
accumulation of impurities at the dislocation coam occur at sufficiently high temperatures
for impurity migration. However, the temperatureosld not be so high that the thermal
energy causes the aggregation of impurities to@wa into the crystal matrix.

Under certain conditions, the dislocation can behaw a site for heterogeneous nucleation
of precipitates. For example, in the case of oxymerstitial impurities contained in Cz-
grown silicon, small oxide precipitates form aloting dislocations after sufficiently long
annealing, as demonstrated by Sumino et al. (F2R)L°. The morphology of impurity
precipitates formed along a dislocation plays apartant role in determining the strength of
dislocation pinning. Small precipitates along ti&atation can act like pinning points with

much higher interaction energy (several eV) thamgle impurity atom.
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Figure 1-22. TEM micrographs of silicon oxide particles pretaped on dislocations in silicon
at 900°C. a) A dislocation line before precipitatioccurs, b) particles originally precipitated on
a 60° dislocation, and c) those precipitated ocrevs dislocationdfter Sumind™®).

7.2 Dislocation locking by oxygen

Although the strength of dislocation locking due impurities has been evaluated
theoretically since the 1950%% quantitative measurements of dislocation pinning
oxygen in silicon crystals were difficult to expiaiThis is because the locking depended on
several parameters such as temperature and tiraeneiling, initial oxygen concentration
and amount of precipitated oxygen. In fact, an iirext interpretation of early experimental
results (in 1975) led authors to give explanatitimst were contradictory to the theory,
showing no appreciable locking effect either by sdiged oxygen, nor by SiO
precipitate$'2. Only two years later, in 1977, definitive proof of the existence af

dislocation pinning effect by oxygen atoms in sitiovas achievéd Ambiguitiescaused by
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uncertain material variables in different crystatdifferentparts of a crystal were avoided
in this new investigation byorcing oxygen out-diffusion from a wafer, creatirey
continuous variatiorof oxygen concentration in a <g@m-deep surface layer. Also, a
confirmation of the dislocation locking effect impmkd silicon was given by Sumitidn
1982 with the development of tiesitu X-ray topographic technique. Oxygen, nitrogen and
phosphorus atoms were found to be effective initagklislocations while carbon atoms
were not. Sumino observed that the magnitude of Itoking force, at a particular
temperature, is determined uniquely by the numbeimpurity atoms decorating a unit
length of dislocation.

More recent studies carried out by Yonertdg@t al about the role of oxide
precipitates in the locking effect have demonsttdteat in silicon, although the unlocking
stress generally increases during the precipitatbnsmall oxide particles along the
dislocations, further growth of these precipitatefter additional annealing at high
temperatures produces a large misfit strain at ghecipitate/matrix interface. If the
temperature is sufficiently high, then a stresgevshg mechanism can take place locally by
means of punching out prismatic dislocation loapsnfthe precipitates. In other words, the
small precipitates that at the initial stage of ealimng acted like pinning points for
dislocations, in a second stage can become theesssburces of new loops. The punching
of prismatic dislocations and the subsequent madioth multiplication of glide loops can
significantly reduce the mechanical stability offera, as the density of free or weakly
locked dislocations in the crystal becomes highethis thesis, the dislocation locking by
interstitial oxygen atoms has been investigatedh batperimentally and theoretically,

together with the generation of glide dislocatifmesn pre-existing oxide precipitates.
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7.3 Didlocation locking by nitrogen

The beneficial effects of nitrogen on the mechdnsteength of silicon crystals has been
demonstrated experimentally. Like oxygen atoms mg@wn silicon, nitrogen atoms
congregate on slowly moving dislocations or stargndislocations during annealing at
elevated temperatures. It was found that nitrogemsa have a high energy of interaction
with dislocation$* and are capable of strongly immobilising the diatibns even when the
concentration of nitrogen is very low (“f@m®). Sumind’* gave the first evidence of
improved vyield strength in nitrogen-doped FZ-growiticon crystals. Compared with
standard FZ-grown crystals, nitrogen-doped FZ-greWioon crystals are less susceptible to

the occurrence of dislocation slip (Fig. 1-23).
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Figure 1-23. Variation of the upper yield stré§$as a function of duration of
annealing at 1050°C for nitrogen-doped FZ-grown ZNBilicon crystals, usual

FZ-grown crystals and Cz-grown crystals. The uppeld stresses refer to tensile
deformation at 900°C under a strain rate ok1a* s*. (after Sumind™?)

It was found that the dislocation locking in acin crystal with a nitrogen concentration as
low as 5.410™ cm? is stronger than that in a crystal with an oxygemcentration of

1.5x10" cmi® (available data exists only at 647%@. This result led the authors to claim

that nitrogen atoms have an extraordinarily strtmudsing effect on dislocations compared
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with that of oxygen. However, data were collectedrdy one temperature and the measured
parameter (the upper yield stress at a strainofat@* s) was difficult to interpret directly in
terms of the interaction of nitrogen with dislooais. Moreover, the dependence of the
upper yield stress on annealing duration was naigny investigated.

Recent experiments have proved that nitrogen dopiiriZ-silicon can considerably
increase the fracture strength of wafers at roomperaturé™® In the past, a direct
application of these mechanical effects of nitropas been the use of nitrogen-doped FZ-
silicon wafers in the production of charge couptlavices (CCD); the use of these wafers
led to a significant reduction of the amount of qgass induced defects and hence to an
improvement in the device yiéfd. The nature of the strong interaction of nitrogeoms
with dislocations is matter of debate. In fact,calen concentration measurements on N-
doped FZ-silicon, for different nitrogen concentias, demonstrated that the nitrogen
atoms accumulated on dislocations are electricactive'®. This fact suggests that
electrostatic forces do not govern the interacbetween nitrogen atoms and dislocations
and other explanations for the strong binding ep&rghe dislocations have to be found.

In conclusion, there is a lack of quantitative mmf@tion about the diffusion and
aggregation of nitrogen atoms at the dislocatiore da silicon crystals. More data are
required to understand the mechanisms by whiclogetn improves significantly the
mechanical properties of silicon crystals. In thhgsis, important information about the
interaction between nitrogen and dislocations fevide range of temperature and duration

of thermal treatments will be given in Chapter 5.
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8. Overview of dislocation unlocking experiments

Most of the conventional techniques for the detaation of oxygen diffusivity in silicon
are not suitable at low temperatures since tramnspgorthen so slow that accurate
measurements are impossible. Consequently, theselask of information regarding the
oxygen diffusion coefficient between 400° and 700Mowever, this problem was in part
overcome by Senkadet al'*® **°who developed a novel experimental technique based
dislocation locking by oxygen atoms. This technidpaes been used in the present work to
measure oxygen and nitrogen diffusivity under défe experimental conditions and hence
will be fully reviewed in Chapter 2 (experimentatdils) and Chapter 3 (model). Originally,
the method introduced by Senkadaral. was used to study oxygen in Cz-silicon and
consisted of the following. Firstly, uniformly digiuted dislocations were decorated with
oxygen atoms by annealing for different times #fiedent temperatures. After this thermal
treatment, the unlocking stregsfor dislocations was measured at 550°C and plaited
function of the annealing time Fig. 1-24 shows, as an example, two sets of ddtected
at 700° and 800°C using specimens with two diffeliaitial oxygen concentrations. For
more details, see the work of Senkadeal.in ref. 119 and 120. Experiments showed that
initially the unlocking stress increases almosedirty with increasing annealing time. The
rate of increase in the unlocking stress is highken the temperature is more elevated
and/or the oxygen concentration is larger, indigathat more oxygen atoms have diffused
to the dislocations and have accumulated at the cor

The general behaviour of the unlocking stress asvshschematically in Fig. 1-25. It
can be observed that the transport of oxygen tailecation and its segregation to the core
shows five well-defined regimes. However, the pnéseork is concerned only with regime

1 and 2 (increase and saturation), since it iseldetl that the other regimes 3, 4 and 5
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(second increase, saturation and decrease) ar® dixggen precipitation at the dislocation

coré*®*1? although this is still under investigation.
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(6.3x10"cmi®) initial oxygen concentrationin the wafer. Lines represent the calculated \&lue

according to the model described in the text.
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Figure 1-25: General behaviour of the unlocking stress as atifummf
annealing time in Cz-silicon.
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In the early stages of annealing, the concentratfamxygen at the core is small and far from
equilibrium. Therefore, the oxygen concentrationtte dislocation core and hence the
unlocking stress increases rapidly (regime 1). iyhér temperatures and larger oxygen
concentrations, the transport to the core is quickleus, as expected, the rate of increase in
unlocking stress is higher for higher temperataires oxygen concentrations.

Following the initial rise of the unlocking stresssteady-state is achieved when the
local-equilibrium with the background oxygen cortcation is established (regime 2). This
steady state manifests itself as a saturationeofitiocking stress. At this stage, the oxygen
concentration at the dislocation does not depengmare on annealing time as the
absorption of oxygen atoms by the core is balatgethe emission of oxygen atoms from
the core due to thermodynamic effects. From untugkitress data collected during regime 1
and 2, important information about oxygen diffugnvand the binding energy of oxygen to
dislocations was deduced. In general, the dislooatinlocking stress in the first two
regimes is governed by:

(Regime 1) - the transport of oxygen atoms to ikdation core;

(Regime 2) - the thermodynamics that control thggex concentration at the core.
Therefore, in conjunction with the experiments, adel was developed to calculate the
number of oxygen atoms at the dislocation core ibukating the oxygen transport to an
isolated perfect dislocation during regime 1. Iis tlnodel, the oxygen diffusivity is used as
a fit parameter to obtain agreement between thaulzaéd results and experiments (Fig. 1-
24). Similarly, the thermodynamics that control the/gen concentration at the core during
regime 2 were also simulated. The theoretical teswere used to deduce the binding
energy of an oxygen atom to the dislocation cotesE results achieved by Senkaeteal.
are described in this section, but the detailf©efrhodel will be explained in Chapter 3.

In Fig. 1-26, values of the unlocking stress noiseal by the oxygen concentration

are shown for temperatures between®65and 856C. The value of the oxygen-dislocation
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interaction enthalpy, estimated by the method adiesquares from experimental data in Fig.

1-26, isAH = 0.74+ 0.04 eV.
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Figure 1-26. Dislocation unlocking saturation stress divided dyygen concentration as a

function of reciprocal temperature. The valueAbf deduced from the plot is 0.240.04 eV.
(after Senkadet'®)

Two different values, depending on the initial cemization of oxygen, were deduced for
oxygen diffusivity using the numerical model to flie data. In samples with medium

oxygen content (6:8.0""cm™) the diffusion coefficient was:

_152eV

DY ™% = 733%x10 exy{ J [cnf sY (1.18)

and in samples with high oxygen content (¥0@&cm®) was:

155eV

Df "% = 216%x10° exp(— j [cnf s7] (1.19)

The results achieved by Senkader and co-workergsept the most complete set of data

concerning oxygen transport in the temperature eaof) interest. These results are in
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agreement with the aforementioned impression givethe literaturé®. At temperatures
greater than 70C there is an excellent overlap between Senkadita and those from
other author®, both represented in Fig. 1-27. At lower tempeaestutransport of oxygen
seems to be controlled by a new mechanism diffehamt single oxygen jump. In particular,
at 350°C where diffusivity data for single oxygemjp is available in the literature, new
results obtained with dislocation unlocking expemts indicate a three orders of magnitude
“enhancement” in oxygen transportie diffusivity enhancement mechanism is not y#y fu
understood, but is of crucial importance sinceomitools the rate of oxygen aggregation at
low temperatures (less than 700°C) and hence thmatoon of thermal donor defects.
Oxygen dimers are the major candidate for the défising species and the existence of

stable oxygen dimers in silicon has been indeedotstrated experimentatfy.
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Figure 1-27 Non-filed dots represent “normal’ diffusivity tha from Fig. 1-15
(SIMS,CPAA dichroism, and kinetic data). The fillddts represent data from Senkaeteal %
showing an enhanced diffusivity in the range 350265
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9. Generation of dislocations from oxide precipitags

Several investigations have shown that the mechhsteength of silicon crystals depends
on the size and morphology of oxide precipitétes In the literature there are two
different approaches to interpret these experinhe@etalts. One hypothesis is that during
device processing, an applied stress (thermalawitgtional) can nucleate glide dislocations
at oxygen precipitates. The precipitates act aesstrconcentratofd and dislocation
nucleation occurs independently of the presenceralgsof punched-out prismatic loops in
the crystal. This hypothesis would predict that thensity of dislocation sources is
practically equal to that of precipitates. Othethaus® believe that not all the precipitates
can be sources of glide dislocation loops thategrand and multiply. This is because the
stress concentration coefficient for an oxide ppiate is rather low (~2). Hence, the second
hypothesis is that the growing precipitates invlader produce punched-out dislocations. At
the early stages of precipitation, the oxygen cotregion is sufficiently high that these
dislocations are effectively locked when the watfercooled. However, during the later
stages of precipitation the residual oxygen comeéinh is so low that efficient locking does
not occur and it is the subsequent movement andipiication of these dislocations that
produces wafer warpatf&

In order to study the effect of oxide precipitatesthe mechanical stability of wafers,
experiments with samples containing precipitatesdifierent concentrations and with
different sizes were carried out by Jurkschatal!*®. Bending techniques were used to
measure the critical shear stress necessary totddifelines on the surface of silicon wafers
after application of an external force at high temspures. This critical shear stress was
called theslip stresszjp. The main experimental results can be summarigddiaws

* I decreases with increasing precipitate size for giagn precipitate density and

initial oxygen concentration. Samples with the dasdlprecipitate diameter (about
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100 nm) show ar, value of 200-250 MPa while samples with the larges
precipitate diameter (about 400 nm) shnyy to be about 50 MPa.
* I decreases slightly with increasing precipitate sitgnfor small precipitates,

whereas it remains virtually unchanged for preatgitdiameters larger than 100 nm.
The above experimental results were explainedringef the shear stress needed to activate
a Frank-Read source with initial length equal te firecipitate size. Although theoretical
stress calculations for the stress to activateaa-Read source agree with the experimental
results (within a reasonable error range), othereme observations cannot be easily
explained just considering the simple Frank-Readhaeism. In fact, further experiments
carried out during this thesis work have shown,tf@ta given temperature, the slip stress
Lip IS strongly dependent on the duration of strespliagion. In this thesis, the
investigation initiated by Jurkschat, Currie anai@alet'**?°at the University of Oxford is
extended to the dependence of the slip stressham t#chnologically important parameters
and a fuller description of the effect of oxygee@pitation as a function of precipitate size,

duration of stress application and annealing treatswill be given in Chapter 6.

10. Aims of this thesis

Silicon crystal growth is the most expensive antht®logically advanced process in the
sequence of 300 mm wafer production. The succegstwing of dislocation-free crystals
and the fabrication of defect-free silicon subsatis of crucial importance for
semiconductor industry. Impurities and other defeatfect enormously the mechanical
properties of silicon wafers at high temperatuBs:eral studies have been carried out in the
past to investigate the effect of impurities onatiations, but the interaction between these

defects is complex and the mechanism that leagdastic deformation depends often on
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many parameters. Published data on this topic @ and often insufficient for a full
understanding of the exact processes by whiclosilaecystals deform.
Therefore, the aims of this thesis are:

1. The measurement of oxygen diffusivity in siliconmgdes with low oxygen content
by using dislocation unlocking experiments at l@mperatures. This should clarify
the oxygen monomer/dimer behaviour and probabliypuidvide the evidence for the
dominant species in oxygen transport. This inforamais very important for the
understanding of thermal donor formation and oxy@eecipitation for internal
gettering at low temperatures. (Chapter 4).

2. The development of a tool to predict the criticahditions leading to wafer warpage
at any time during a certain thermal process. Tadiires a full understanding of
oxygen behaviour in silicon and dislocation lockimg oxygen in a wide range of
temperatures. If this is achieved, then it may besfple to develop a numerical
model to predict the unlocking stress during therse (time evolution) of different
heat treatments typical of VLSI processing. Thasshould be possible to design
wafer defect distributions and/or device processiogminimise wafer warpage.
(Chapter 4).

3. The investigation of nitrogen-dislocation interaatiin high-purity silicon crystals
(FZ-silicon) by using dislocation unlocking expeénts. In analogy with the work
on silicon, this study will provide new importamformation about the diffusivity of
nitrogen in silicon and its binding energy to datigtion. (Chapter 5).

4. The collection and completion of a set of data réigg the shear stress required to
generate glide dislocations in standard Cz-silie@fers as a function of applied
stress, temperature, initial oxygen concentratiod annealing duration. This is
needed to understand the deformation mechanismicapld to wafers which

predominates at different conditions. (Chapter 6).
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1. Introduction

In this thesis, two kinds of experiments were eatrout: those to investigate dislocation
locking by impurities and those to study dislocatgeneration at oxide precipitates. In each
case, the experiments were performed by subjeetiadjcon specimen to load at elevated
temperatures. The load was either applied by ustiagdard bending techniques, such as
three-point and four-point bending, or less welbWm annular bending geometries. The
bending experiments required the development aiqodasr mechanical test rigs that were
used in conjunction with an Instron testing macham&irnace and a system for providing an

argon gas ambient.

2. Overview of dislocation unlocking experiments

The dislocation locking effect induced by impurdayoms was investigated in precipitate-
free silicon samples containing interstitial impi@&s (oxygen or nitrogen) in known
concentration. The unlocking stress was measured fasiction of annealing duration at
different temperatures. Initially, controlled dis&gion half-loops were introduced in
rectangular silicon specimens by means of indemafollowed by a constant stress
application (four-point bending) at 550°C. Suchighhtemperature was needed because
dislocations are inconveniently slow at lower termapgres. In a second stage, the
dislocations were decorated with impurities duramnealing of certain durations (0210
hours) at elevated temperatures (350-850°C). Taarhent produced an immobilisation of
the dislocations previously introduced in the materAfter dislocation decoration, the
unlocking stress was measured using three-poindibgrat high temperatures; during this

treatment, only the dislocations that were subged¢tea stress higher than the unlocking
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stress could move and expand on their glide plawbgreas those subjected to a lower
stress remained immobile at the same position.oAtr temperature, all the dislocations
intersecting the surface were then revealed uséhecsve etching techniques and optical
microscopy. The position of the unlocked dislogagioat the sample surface and the
subsequent calculation of the applied shear sategst position during three-point bending
allowed the determination of the unlocking stress.

The procedure described above was needed to predsiogle data point in a graph
showing the unlocking stress as a function of alimgéime and temperature. It is clear that
because of the complexity of the experiment ancctte needed in both sample preparation
and processing, the collection of data was verg{mnsuming. Moreover, the probability
of sample failure due to breakage under the agpirtaf high stresses was large.

Plastic deformation of silicon single-crystals sdbpd to high temperature
treatments is a consequence of the microscopic mewneof linear defects. For this reason,
the approach adopted in the present study is glifferent from those used in the past by
other research groups which have collected datagudraditional” stress-strain tests
producing a macroscopic deformation of samplesesStstrain measurements involve
nucleation and/or multiplication of a large numbar dislocations and therefore the
fundamental mechanism by which the plastic flowtfibegins may not be evident if more
macroscopic deformation occurs. In fact, convemtiostress-strain measurements are

limited by the sensitivity of the apparatus, ofterstrains>1%, which is equivalent to the

formation and movement of many thousands of disioga. It is important to note that in
the contest of semiconductor device processing) av&@ngle dislocation reaching the wafer
surface can kill a device at that point, therefsiress-strain investigations are not ideal to
study the effect of dislocations in semiconductors.

In this chapter, the presentation of the experisantl begin with the description of

the experimental techniques, following the ordeminich they were used. All specimens
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prepared for the unlocking experiments were cleaverh either (001) or (111) silicon

wafers in the form of rectangular bars. The ditif cleavage was nominal(;‘llO}. The

possible misalignment of the specimen sides ine@sf the [110] direction, especially
after mechanical polishing, was estimated to be than £2°. Such a small misalignment
did not have a significant influence on the resifltompared with larger errors due to other
parameters, for example the temperature contrak. dimensions of each specimen were
accurately measured with a micrometer. These aperit@nt in order to calculate the stress
distribution to which a specimen is subjected dyitending. The error in the determination
of sample thickness was given by the sensitivityhaf micrometer (1Qm), whereas the
variation in width was usually bigger (up to 1ph) due to not perfect alignment of the
specimen sides along [110] directions, but wasragatasured to an accuracy of 4.
The sample length was not as important as thickaedswvidth because this parameter was

not necessary for the calculation of the applieglsstdistribution along the bar.

3. Indentation techniques

In order to carry out accurate and reliable didiocaunlocking experiments there was a
need to introduce in the silicon crystals a unifatistribution of dislocations with regular
shape. In fact, the unlocking stress measuremeatseproducible and comparable only if
the dislocation distribution in the crystal is aatied and well known in each specimen. In
addition, the fabrication of a system consistingrejularly spaced dislocations in silicon
crystals is very important to develop models andycaut numerical simulations of the
experiments. To achieve this, dislocations wergailhy introduced in the samples by using
Vickers micro-indentation at room temperature. Mekers indenter is a highly polished,

pointed square-based pyramidal diamond with facgleanof 136° (Fig. 2-1). With the
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Vickers indenter, the depth of indentation is apprately one seventh of the diagonal

lengtt?

POSITION

T T T~ \‘I OPERATING
-
-~

Figure 2-1. Vickers indenterdfterBusharf)

In dislocation unlocking experiments, 40l load was applied during Vickers indentation at
room temperature for a dwell time of 5 secondssTbduced an indent with diagonal of
approximately 5um and depth of roughly Im. After indentation and upon heating, the
residual stress associated with the indent is fromehe crystal structure until a sufficiently
high temperature is reached. At a certain tramsittemperature, a stress-relieving
mechanism takes place and the crystal relaxegtstsre by punching prismatic dislocation
half-loops from the indent. The prismatic loops gued-out from the indent are very similar
in character to that described in Chapter 1 fordase of dislocation punching from oxide
precipitates. The geometry of dislocation punchirgn an indent in the case of (001)
wafers is schematically shown in Fig. 2-2a. Tangtdsdislocations can also form
underneath the indent and these can act like sewficenobile dislocations under applied

stress. Application of an external stress along [fi#] direction was used to grow the
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dislocations (introduced by indentation) in a reguhrray of controlled dislocation half-

loops subsequently used for the unlocking experimen

Figure 2-2. a) Geometry of indentation rosette on a (001) silicanface &fter Roberts’). b) Optical
microscope image of etch pits revealing dislocatianthe (111) silicon surface after indentatiothviio? N
applied load. This particular sample was subjetiieal 15 min anneal at 600°C after indentation.

4. Mechanical test rig

Bending of silicon samples at high temperatures pegiformed using an apparatus specially
designed and fabricated for this purpose. Thertgatsed in the experiments consisted of
different parts, all contained in a silica tube sd@wn in Fig. 2-3a, where the position
relative to each single part is represented scheatigt The molybdenum rig was
essentially the only part of the equipment thatdeeeto be changed depending on the
specific bending technique used, that is threetpdaur-point or annular bending. The rig
used for three-point and four-point bending is showFig. 2-3b and Fig. 2-3c: one or two
removable knife-edges consisting of 12 mm molybdemires (diameter = 1 mm) were
utilised for three-point and four-point bendingpestively. The other molybdenum rig used
for annular-bending will be described in detaiSaction 9. Molybdenum was chosen as the

material for those parts in contact with the sanij@eause of its stability and low solubility
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in silicon at high temperatures. Alumina was choasrthe material for spherical contacts
because the alumina balls are capable of retaitiveg spherical shape at elevated

temperatures (<700°C) with an insignificant defotiora

INSTROM machine

Molybdenum parts

| Steel rod

Silica tube\ ﬁ
Silican sample\

1em
Unifarm Temperature
region

|_—Alurmina ball

7M0bedenum rig

Alumina

ot g
a) A gardfl b) *+— Molybdenum wire

Removable knife-edges

Load™ = C) <—Alumina ball

1l

////

WEEEENN
\

e

Fixed knife-edge

c)

Figure 2-3. a) Schematic representation showing the experimeetalis. The silica tube was
encapsulated in a cylindrical furnace (not showmjciv provided the heating for the whole
system.b) The molybdenum rig used for three and four-pormding.c) Top view (left) and
side view (right) of the molybdenum rig in the ciginiration used for four-point bending.
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The non-split cylindrical furnace (from Severn Fares Ltd) used for heating the whole
system allowed working temperatures up to 1000°@ provided a region of uniform
temperature at the furnace core, about 1 cm loygica@l heating time for the system was 10
minutes or less, starting from room temperatureéoup00°C. Since the duration for cooling
was much longer, all the samples were taken ouhefrig and cooled in air to room
temperature within 20 seconds. Silica tubes weeel s contain the molybdenum rig inside
the furnace because of the high melting point ditasi(more than 1700°C) and its
transparency. In addition, to prevent the oxidatbthe molybdenum parts (and the silicon
sample itself) during annealing in the temperatiamrege 550-750°C, pure argon gas was
allowed to flow through the silica tube for the Mdaduration of the experiments.

The temperature of the molybdenum rig in the fuenawithin the area of uniform
temperature, was controlled by using a thermocowtle the probe set very close to the
silicon sample. Temperature calibration within thg was carried out using four
thermocouples with the probes placed in differestifpons, in vicinity of the sample. From
the analysis and comparison of data collected fadmthe thermocouples at different
temperatures, it was observed that the value opéeature given by the probe placed
underneath the sample (Fig. 2-3a) could be cormidas the real temperature (°C) of the
specimen within a percentage error of £0.5 %.

The external bending force was supplied by an dnstt195 universal testing
machine, on the cross-head of which the speciabighed rig was mounted. The load (up
to ~100 N) was transferred from the Instron machinéhe molybdenum rig by using a steel
rod in contact with an alumina ball at one ends tind of contact allowed the rod to self-

align centrally along the cylinder axis and perpeuldr to the sample.
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5. Standard bending techniques

5.1 Overview

Many hard-to-grip materials are commonly testedhweither three-point or four-point
bending because a plain rectangular bar shapedlsarap be used and no grips are
required. These two bending geometries have beed sthis work mainly to study the
interaction between dislocations and impurity atomssilicon crystals. Most of the
experiments were carried out such that the disleatstudied were under tensile stress
conditions at high temperature.

Although the geometry used with three and four-pbending is very simple, careful
polishing of the sample is needed in order to pnetlee formation of unwanted dislocations
from surface flaws introduced in the sample durtsgoreparation. In the present work, this
did not present too much of a problem where thiockdions studied had been purposely
introduced at specific locations by microhardnessglentation since these could be
distinguished from those generated from surfacedlaHowever, to study the generation of
mobile dislocations from a random spatial distridatof pre-existing oxygen precipitates it
was necessary to undertake experiments for whieh dffiect of surface flaws was
minimised.

The surface of as-received wafers was of very lgjghlity and very nearly defect-
free. Flaws are introduced when the wafers araipub produce the test specimens. Thus,
by arranging a test geometry where the cut edgebeoEpecimen experience little or no
stress, it was possible to use as-cut samples wtifhaishing their sides. With this approach
it was possible to reduce considerably the effdcflawvs generated during specimen
preparation. The test geometry used was that oatimeilar bending in which the applied

stress is mostly contained within a circular krefdge and then no dislocations are produced
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from the edges of the sample, as these are suthj¢oteery low stresses. Three-point
bending and four-point bending are described inftle®wing sections, whereas annular

bending is illustrated in Section 9.

5.2 Three-point bending

Elasticity theory can predict the stress distrimitin a beam subjected to certain bending
conditions. The material investigated in this teesxperienced some plastic deformation
due to dislocation movement in the crystal, bus tvas very small and did not change
appreciably the shape of the specimens. Therefsirgge the deformation was not
macroscopically large, the elasticity theory wasduas a good approximation to calculate
the stress distribution along the beam. In gendoala rectangular bar subjected to three
point bending (Fig. 2-4), the maximum tensile strassurfacegmay IS located in the middle
of the bar and it is given by the following equafid

3Pl
wh?

2.1)

max

whereomax= bending stress (MPap = load (N),l = loading span (mm)y = beam width

(mm) andh = beam thickness (mm).

Figure 2-4. Three-point bending geometry.
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According to the theory of errors, the percentagerean omax deduced from equation (2.1)
was calculated to be a maximum £68% using values for typical experimental conditions
(see Table 2.1). In additiomy,x decreases linearly with depthand becomes zero when
z=h/2 (the neutral axis). The resolved shear stresghe glide plane of a dislocation has to
be non-zero for slip to occur. Expression (2.1)egithe tensile stressmaxon the surface
plane, but it is necessary to multiphyax by the Schmid factor calculated for the specific
slip system in order to deduce the resolved shessssy on the glide plane of interest. In the

particular geometry used for the experiments, showrFig. 2-5, the Schmid factor

calculated for thes/2[ 101]( 11} slip system iscos@ ) cosg ):i and then the maximum

J6

resolved shear stregsax responsible for the dislocation motion in this getry is

r = Jmex (2.2)

The stress distribution along the beam during tp@at bending is shown schematically in
Fig. 2-6. The resolved shear strgsdecreases linearly to zero moving from the midifle

the bar (maximum value) to the external knife-eddgscause of this linear dependence,
once Tmax IS known, it is possible to deduce the valuerait any other position on the bar
just considering the distance from the knife-ediggble 2.1 reports the typical values used

in this work for the calculation of the resolveaahstress from Equation (2.1) and (2.2).

n=[111]
.ﬂQ

Tensile stress=[110]

Figure 2-5. (111) activated glide plane during bending in threé-point geometry.
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Figure 2-6. Schematic distribution of the stress during threevpbending of a silicon bar.

Description Symbol Value

Sample thickness h 1.3 mm< h< 0.550 mm
Loading span I (12 £ 0.4) mm
Sample width w 4 mmsw<2mm

Table 2.1. Typical values used in Equation (2.1).

5.3 Four-point bending

The geometry used for four-point bending is simtarthat of three-point bending and is

shown in Fig. 2-7. However, there is an importaffecence in four-point bending since the
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region in between the inner knife-edges is subgettea uniform tensile stress. Its value at
the surfacegeons; IS given by

_sPa

const —
wh?

(2.3)

wherea is the distance between an outer knife-edge amdélrest inner knife-edge.

The stress distribution during four-point bendisgshown schematically in Fig. 2-8 and the
values used in Equation (2.3) are shown in Tab® Phe separation between the inner
knife-edges was fixed to (12 + 0.4) mm during tRpegiments.

a ]
<>

NN N —

A A

Figure 2-7. Geometry of four-point bending.

Description Symbol Value

Sample thickness h 1.3 mm< h< 0.550 mm
Loading span a (6 £0.4) mm
Sample width w 4 mmsw<2mm

Table 2.2. Typical values used in equation (2.3).

It is known that during three-point and four-poo@nding, the dislocations are generated in
well characterised slip plarfesThe activated glide systems in the case of (@91)111)
silicon wafers are shown in Fig. 2-9. In the prgseork, the four-point bending technique
was mainly used to generate controlled dislocatiali-loops from indents in the region

where the stress was constant and uniform. Dudeouniformity of the shear stress to
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which the dislocations were subjected, the distarepeelled by the very first dislocations
generated from different indents (within the inkaife-edges) was constant. This is shown
schematically in Fig. 2-9, although the case ofod&tions generated from a surface scratch,

rather than from indents, is illustrated.
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Figure 2-8. Schematic distribution of the stress during foumpbending
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Figure 2-9. Slip system geometries for a) (111) silicon sampaled b) (001) silicon samples
(after Mariani®). In this representation, the dislocations aresgated from a surface scratch.
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6. Chemical etching of silicon

6.1 Use of etching during the experiments

Wet chemical etching of silicon has been widelydusethis experimental work mainly to
remove surface damage whilst leaving a smooth seisfathout stress concentrators. During
sample processing, chemical etching was chosemheasnethod to remove 30-5(n of
material from surface and was also used to revielahtions as etch pits. It is known that
several flaws and microscopic scratches can beupsatiat a surface during cleavage and
preparation of silicon samples. This happens evearmthe specimens are cut from high-
quality and mirror-polished wafers. For this regsalh surface damage produced during
sample preparation needed to be removed beforenéobanical tests. In order to achieve
this by a simple method, chemical solutions witheéehing rate not strongly dependent on
crystallographic orientations (isotropic etchindusion) were used. The etching mechanism

involved oxidation-reduction processes, followeddigsolution of the oxidation product.

6.2 Planar etching

The most common solutions for isotropic wet etching silicon use the
nitric/hydrofluoric/acetic acid systetfi® where nitric acid (HNg) is the oxidising agent
and hydrofluoric acid (HF) dissolves the oxidiseducts according to the following
reaction:

3Si+ 4HNQ, + 18HF - 3H, SiE+ 4NO+ 8H, C (2.4)

Acetic acid (CHCOOH) dilutes the system so that the etching psoam be better
controlled®. A HNOs-rich solution is usually isotropic and the etchiage is limited by the
dissolution process. This kind of solution is alsmwn as the “planar” etch. After several

tests, it was found that the best proportions forisotropic solution in relation to our
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purpose of removing damage (in particular the itglewhilst leaving a smooth surface are
the following:

70 HNG; + 10 HF + 20 CHCOOH (2.5)
The etching rate at room temperature was deduceddaguring the height of some silicon
“mesas” produced on the sample surface by usingwiax drops (<1mm) spilled on the
specimen (before etching) as a mask against ogidand acid attack (Fig.2-10). After
several minutes of wet etching, the mesas were memirunder the Nomarsky microscope
and their height was measured by using the z-alibrated control of the microscope
(sensitive to approximately 1 um height variatiolfle above procedure was repeated with
three different samples for etching durations ofrfiutes, 20 minutes and 30 minutes, after
which the measured height of the mesas was respbcfi2 y/m, 22 ym and 30um. Thus,
the etching rate of the solution was deduced tmbghly 1um/minute at room temperature
without using any agitation of the mixture. In orde remove a <2m deep indent from the
top surface, the sample was left in the etchingtswi for at least 10 minutes to assure the
removal of approximately 1fm of material. However, it was found that the etghiate of
the solution was only constant for the first 30 mt@s of the work time after which the
dissolution process slows down significantly, asdlstive constituents are consumed. Hence,
to remove more than 3@m of material from the surface, two different batmg$resh planar

etch solution was used.

Wax Planar Etching Measured heigth

=0 t =30 min

Figure 2-10. Determination of the solution etch rate. Wax dre@se spilled on the silicon surface; after 30
minutes of immersion in the etching solution, thexwvas removed in acetone and the height of thaireny
mesas measured.
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6.3 Preferential etching

Chemical etching of silicon was used to revealghesence of defects such as dislocations
and oxide precipitates near the surface. Sincesil@n etching consists of oxidation
followed by dissolution, if the chemical reactianguch that the dissolution is difficult and
slow, then the etching process may become eastafett sites where the atomic bonds are
weakened. Thus, the higher etching rate for webh&tyded atoms induces a sort of selection
in the etching process, which will be enhanceduatase defects. For this reason, these
types of chemical mixtures are called preferenétdhing solutions. After preferential
etching, well defined etch pits (usually lookingdipointed etch cones) can be observed at
the intersection points of dislocations and thdasa. Precipitates will appear as shallow
pits with varying diameter, depending on the preaip size. Preferential etching solutions
are prepared by replacing the HNGf the planar etch with a weaker oxidant, althotigh
should be sufficiently strong to produce a thindaxilayer at surface. A well known
preferential etching solution for silicon is the salled “Sirtl” etcH* which is a mixture of
CrO;, HF and HO. This kind of etching is generally sensitive toystallographic
orientations and the delineation of the etch pitslefect sites is controlled by the ratio
between Cr@(the oxidation agent) and HF. In this work, the position of the etching
solution for defect delineation was the following:

CrOs (0.3 M) + HF (40%) (2.6)
respectively in a ratio of 5:4. This mixture wagdiso reveal glide dislocation half-loops, in
the form of sharp etch pits intersecting either {por {111} surfaces, depending on the
orientation of the silicon wafers used for the expents. Fig. 2-11 shows a secondary
electron microscope (SEM) image of etch pits ramgah dense group of dislocations in

(111) silicon generated from surface damage dwergling at high temperatures.
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Figure 2-11. SEM image of etch pits revealing the presence ideglislocations
on the polished surface of (111) silicon samples.

The diameter of the surface etch pits depends eretthing duration: after 5 minutes of
immersion in the above solution, the diameter oé¢ thits at sample surface was
approximately 1pm. Fig. 2-12 shows an optical image of etch pitgeadéing oxide

precipitates and associated punched-out prismatieslin a (001) silicon sample containing

precipitates.
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Figure 2-12. Optical images showing real etch pits in a (00Liyam sample containing large
oxide precipitates. In this case, the extended ciefeevealed after preferential etching are
prismatic loops punched-out from the precipitatis® (arger etch pit at the centre) along the
<110> directions.
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7. Differential Interference Contrast (DI C) microscopy

Reflected light microscopy is one of the most commnechniques used in the examination
of specimens that do not absorb or transmit a fsigmt amount of the incident light.
Irregularities on the surface of the specimen eregttical path differences, which are
transformed by reflected lighDifferential Interference Contras{DIC) microscopy into
intensity variations that reveal the topographimadfile of the sample. The image created
with the reflected light DIC technique can be ipteted as a real three-dimensional
representation of the surface, since a clear disbim can usually be made between raised
and lowered regions in a specimen. The Nomarskifimigent prism¥ is the essential part

of a DIC microscope, as shown in Fig. 2-13.
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Figure 2-13. (Left) Reflected light DIC microscope optical patRigh?) The optical pathway for
a single off-axis light rayafter Nikor).

The prism can be laterally translated along thecaptaxis of the microscope to enable

adjustment of the relative phase shift between viigorgs. In this manner, fine-tuning of the
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relative intensity in the image can be manipulatedproduce the distinctive contrast
associated with DIC microscopy. Images appear #sel were illuminated from a highly
oblique light source originating from a single paisee for example Fig. 2-12).

A good optical microscope working in DIC mode cdlowa the detection of features
as small as 5 nm height. Assuming that every didlon half-loop that intersects the surface
produces slip equal to that component of the Busrgector perpendicular to the surface, the
DIC microscopy should allow the detection of suefatip lines produced by approximately
15 or more dislocations. The sensitivity of thehteique can be extended to the detection of
a single (isolated) dislocation at surface if DIGcrascopy is used in conjunction with

chemical etching techniques, as will be shown enfdllowing section.

8. Deter mination of the unlocking stress

8.1 Didlocation locking by oxygen in CZ-silicon

Rectangular samples with dimensions of approximae7 mmx 3.5 mmx 30 mm (each
sample was precisely measured as described ino8e2)i were cleaved alongl10
directions from precipitate-free and dislocatioeefr(001) Cz-Si wafers (p-type, Xlcm,
mirror polished on one side). The wafers had artialnioxygen concentration
Co=2.6x10""cm™ (Low-Co) measured by FT-IR, according to specificationsl B0 438-1.
Some samples consisting of high-purity FZ-growicaeil and some other samples from
Cz-grown wafers with high vacancy contériup to 18°> cm®, whereas normal Cz-silicon
contains <1& cm®) were also prepared for control purposes. Theseples followed
exactly the same experimental procedure used fosfiecimens with low-oxygen content

described above and were tested to see whethekimdoeffect was observable in absence
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of oxygen or to investigate the possible variaiioulislocation locking due to the influence
of intrinsic point defects. Prior to sample prepiara a specific thermal treatmertaljula
rasa™, consisting of 15 minutes annealing at 1000°Cofedld by a rapid cool, produced a
uniform concentration of oxygen in the Cz-grown eraf and dissolved any oxide
precipitates present in the bulk. After sample \@eg, the edges of the rectangular
specimens were polished mechanically (usingridiamond paste) and then by immersion
in the planar etch solution for 2 minutes to obtaismoother surface. This treatment was
needed to suppress the generation of undesireacdigins from the irregular edges of the
sample during its processing at high temperatdnes.following procedure was then used to
introduce a controlled array of dislocations in tbetangular silicon specimen.

1. In order to produce dislocation sources, severek&fis indents, all aligned in a row
along the length of the sample, were introducedhen polished side by using a
microhardness tester at room temperature. The Usad for indentation was 10 g
and the dwell time was about 5 seconds per indéhe distance between

indentations along the sample was 280 (Fig. 2-14).

250 pm Indents
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Figure 2-14. Typicalgeometry used during sample indentation.
2. The sample was then annealed under four-point hgnebnditions at temperatures
between 550 and 600°C. With this operation, a @msstress (~100 MPa) was
applied to that region of the sample between the itmer knife-edges of the rig.

Under these stress conditions, dislocation loop®w#owed to grow from indented



Chapter 2: Experimental techniques 79

areas for 20-30 minutes. After sample cooling tonrmaemperature (in less than 20
seconds), the resulting dislocation half loops weryéo 20Qum in diameter.

3. The top 5um of the surface region was etched away to remaveptetely any
surface damage left by the indentation.

Four glide systems were activated using the abeweibg conditions (Fig. 2-9b):

(ar2)[011](11), (a/2)[ 101](11}, (a/2)[014(11], (a/2)[204(T2].

The dislocations created with this procedure wésagated half-loops with three segments
parallel to the thre¢l10 directions in the glide plafiea long straight segment parallel to
the surface and two shorter emerging segmentschiiacter of these segments was either
screw or 60°.

Following the introduction of dislocations, an aalmeg step without any applied
load allowed the segregation of oxygen to the deations, which in turn produced the
locking effect. During annealing, the specimensemglaced in a silica tube and were in
contact only with high-purity quartz parts to avdlte incorporation of contaminants at
elevated temperatures. In addition, a flow of pargon was used during annealing to
prevent the oxidation of the samples in presenagrofn order to minimize the influence of
temperature transients, samples were loaded irgoedneated furnace and the specimen
temperature required was quickly reached withiewa minutes. Similarly, after annealing
the samples were taken out of the furnace and domeroom temperature within 30
seconds. Different lengths of time Q0" hours) and different temperatures (400-850°C)
were used to accumulate different amounts of oxyagetine dislocations. Subsequently, a
surface layer 30-50m thick was removed to eliminate any effect of diffusion of oxygen
that may have occurred during the annealing. Thimowval was by isotropic chemical

etching using the planar etch described in Se@&ian
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A third high-temperature treatment was then peréatnunder three-point
bending conditions at 550°C. Since the stressibligton during three-point bending
is such that the stress increases linearly fromettternal knife-edge to the internal
one, as shown in Fig. 2-6 and Fig. 2-15, only thdsdocations which were
subjected to a stress larger than the unlockingsstcould move, whereas all the
other half-loops remained pinned at the originagippon. The correct Schmid factor
was taken into account in the calculation of th&oheed shear stress in the (111)
glide plane (see Section 5.2). The loading conaktiovere chosen such that the
unlocking stress was located well away from thesirand outer knife edges to avoid
the irregularities in the stress field close to Kméfe edges. The loops which were
exposed to a stress larger than the unlockingssarganded and travelled a certain
distance according to the stress that they expmteri-ig. 2-15 shows the correlation
between dislocation lengths and unlocking stresgreferential etching solution was
used to determine the position of dislocation loagsich were revealed by etch pits,

as shown in Fig. 2-16.
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Figure 2-15. A typical example showing how to determine the gkiong stress. The
graph shows the stress distribution and the chafghslocation array length during a
three-point bend test as a function of positiorittenspecimen (afteenkader
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Figure 2-16. Distribution of etch pits (revealing dislocationafter three-point bending. The
unlocking stress is deduced by measuring the distanown in the figure.

By measuring the position of the unlocked dislamadi along the silicon bar and knowing
the applied stress distribution (see Section 5t#),unlocking stress was determined within
an experimental error of approximately +5%. It isted that the three-point bending
experiment gives two measurements of the unlockingssz, for each sample, one per
single arm of the silicon bar. The mean of these tmeasurements af, was taken as the

value for the unlocking stress and the error bardach data point was given by the

difference between the two.

8.2 Didlocation locking by nitrogen in FZ-silicon

The experimental procedure adopted for the studyitafgen in FZ-silicon is similar to that
described in the previous paragraph. However, stlifferences exist between the two
procedures, following is a description of the expental technique used to deduce the
dislocation unlocking stress by nitrogen in FZexih wafers.

Two nitrogen-doped FZ-silicon (NFZ) wafers were froim the tail-end of a silicon
ingot grown in a mixture of nitrogen (<1%) and arggas. The ingot was phosphorus-doped

to a resistivity of 22@cm. The orientation of these wafers was (111)cailtfin this was not
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a predetermined choice, but rather a condition seddoy the availability of material. Due
to the very low segregation coefficient of nitrogére final concentration of nitrogen in the
as-grown crystal increases along the ingot lentiths the nitrogen content is higher in
regions close to the ingot tail. The nitrogen coniaion within the wafers (of thickness ~
1.5 mm) was measured by the wafer supplier (TosM. - Denmark) using Fourier-
Tranform Infra-Red spectroscopy (FT-IR) and wasfbto bel2x10" cni®(detection limit
for nitrogen was 210" cm®), whereas the content of oxygen and carbon wasabtHeir
detection limit (~ 310" cm®). All silicon samples were initially cut from ttebove NFZ
wafers into long rectangular bars (up to 100 mng)draving width of approximately 3 mm
and thickness of 1.5 mm using a circular diamona. SEhe long bars were successively
cleaved into shorter specimens about 30 mm longchislieical polishing and subsequent
isotropic chemical etching were used in order taonipolish at least three sides of the bars.
After this procedure, the final dimensions of tlileesn bars were approximately 2 mm x 1
mm x 30 mm, although each sample was accuratelgunes before bending, as described
in Section 2.

Control samples of high purity FZ-silicon withoutyaintentional nitrogen doping
were also used as a reference; in these sampéesgpthient of nitrogen, oxygen and carbon
was below the detection limit and the phosphorugentration was such that the resistivity
was approximately 10kGm.

The bars were then indented at room temperatutbeo(iLl11) side by using a micro-
hardness tester equipped with a Vickers diamondRig. 2-17a), with the same conditions
described in the previous section for Cz-silicomgkes. After this stage, the bars were
annealed under stress by using standard four-pemding (typically 40 N load was applied
for 30 minutes) at 550°C in pure argon atmosphiis: treatment allowed the generation

and propagation from the indent of controlled diskion half-loops (with diameter of
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approximately 200pm) along the two [011] gA@1] preferential directions (Fig. 2-17b)

The samples were then re-annealed (without applgimgstress) at different temperatures
(550-830°C) for a certain time (0.5-1500 hours)owder to allow the segregation and
accumulation of nitrogen to the previously genetatislocations, which consequently

become locked.

10 g load
[111] Silicon bar
Vickers indentation i /
[1-10 o e o e W R B G P / / a)
[1i2] ‘
4-point bending Knife-edge

Controlled half-loops \

Determination of the
u lry1|-:)cking stress

3-point bending

Figure 2-17. Schematic representation of the dislocation lockiegperiment for the
determination of a single data point. Between spand C, a thermal treatment at constant
temperature was introduced to allow the diffusibnitrogen impurities to the dislocation core.

After the removal by chemical etching of about 38 pf silicon from the top surface (this
avoided the generation of new dislocations fromitfuents and removed the effect due to

out-diffusion of nitrogen from the surface), thdicsein bars were finally annealed under
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three-point bending conditions (Fig. 2-17c¢). Thesd was applied at 550°C for a few hours
(2-6 hours, according to the magnitude of the steggplied). The loads, usually in the range
5-8 kg, were chosen in order to produce a wideeafgesolved shear stresses (0-150 MPa)
on the glide planes of dislocations according teirtiposition along the bar. Dislocation
segments intersecting the surface were detectedelgctive etching. As in the case of
oxygen, it was possible to estimate the unlockingss for dislocations in samples subjected
to a certain heat treatment by calculating thelveslbshear stress at the point from which
the dislocations started moving during bending .(Ed8). The more the nitrogen impurities
accumulated at the dislocation core, the strorfgepinning effect that was measured.
In this work, the dislocation unlocking stress daeaccumulation of nitrogen has

been measured at the temperature of 550°C, althibugtknown that the unlocking stress

has an intrinsic temperature dependénce
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Figure 2-18. Dislocation etch-pits forming typical patterns ohl{) silicon surface after selective
etching. Some dislocations which have been unloakeatihg three-point bending are indicated by
arrows. The unlocking stress was measured at these positions. Locked dislotatihich have been
subjected to a stress lower tharand thus have not moved are also visible on the le
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9. Annular bending

For three and four-point bending experiments dbsdriabove, sample preparation was time
consuming because of the difficulty and care remliwhen polishing the specimen sides to
remove surface flaws. Thus, there was a need telgewa different bending technique that
allowed to use as-cleaved silicon samples from mgaféth high quality surface and does
not need a careful polishing of the sample edgéoriaf description of a less common
bending test which involves a circular symmétrig given in the following. The exact
geometry and dimensions of the molybdenum rig deethe “annular’ bending are shown
in details in Appendix A. During annular bendingsguare sample (2 cm x 2 cm) taken
from a silicon wafer is rested on an annular keifieee and the load is applied through a
small sphere made of alumina placed at the cerittheosample (Fig. 2-19). In such a
mechanical test, the applied stress is mostly awedawithin the circumference of the knife-
edge. The specimens are subjected to a stress wgHetger at the centre of the sample and
decreases monotonically with increasing distan@enfrthe centre. With this bending
geometry, the problem of uncontrolled dislocatigeserated along the cleaved edges of the
sample is avoided because there is insufficienarsb#ess at the sample edge to produce

mobile dislocation loops.

PLAN VIEW SIDE VIEW
20 mm Annular knife-edge

___________ : - Meutral axis

& Bhundinatball

_ _ Silicon sample
Little stress outside

the knife-edge

Figure 2-19. Plan view (left) and side view (right) of the anaubending set-up.
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While this technique removes the problems relatedtie generation of unwanted
dislocations from the sample edges, it has therdedga of activating several glide systems
in the crystals, thus it is possible to extendrésalts to a more general case.

The calculation of the stress distribution duringeading test with circular geometry
was carried out using the bending theory of cincplates developed by Timosherikathe
expressions for the radial stregs)(@nd the tangential stressy) during annular bending are
deduced in Appendix B. Because of the biaxial stdistribution generated during annular
bending, in the case of silicon crystals there twelve activated glide systems for
dislocations (consisting of four {111} planes, eacith three possible burgers vectors).
However, only five out of these twelve systemsiadependerit, with five different values
of resolved shear stregsFor (001) silicon samples, the calculated shassesr resolved

in the five (independent) activated glide systenesthe following:

Glide system Resolved shear stress (1)

[101](123 % (0,-0,)(sin2 - cosB)+0, +0, ]
[011](11d %[(Jg—ar)(sin 2+ cosB)+0,+0, ]
[110)(119 %(ag -0.)cosd (2.7)
[011](117) g (0, -0,)(sin2 - cosB)+0, +0, ]
[101](217) g (0,-0,)(sin2+ cosB)+0,+0, |

The values of resolved shear stréssthe other seven possible glide systems areritte
same values given above or with opposite sign.
Table 2-3 reports all the constant parameters deresl for the above stress calculation and

used for the experiments.
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Description | Symbol Silicon Alumina Molybdenum
Young's modulus E (160 = 30) GPa [19] (343 +£43) GPa [20, 11] -
Poisson’s ratio v (0.25+£0.03) [9] 0.22 (-0.01) [21] -
Sample thicknesg h (0.67 £0.01) mm - -
Knife-edge radius X - - (7.75 £ 0.05) mm
Ball radius R - (3£ 0.05) mm -

Table 2-3. Values used to calculate the resolved shear strgisg the equations in Appendix B and also
Equations (2.7).

As an example, Fig. 2-20 shows the calculated amglistribution ofr in six different glide
systems for a given load (100 N) and a certainusadli= 5mm) during annular bending. It
can be seen that the resolved shear stresmsaches the maximum value at the angle

7—7(1+ 2n) , wheren = 0,1,2,3,... This stress distribution generatégoecal rosette pattern

which is also visible when we observe the distidoubf real slip lines on the silicon sample
after annular-bending at high temperatures (FiglR-The experimental evidence in Fig. 2-
21 is the best proof of the reliability of the adbttion described above, even if it was carried
out in the elastic limit. Better resolution cancalse obtained by etching the silicon samples
and looking at the etch-pit distribution. Measuritige distancer to the origin of the
outermost slip lines from the centre of the spedairtie ball contact) and using Equations
(2.7) it was possible to deduce the critical resdlshear stresg necessary to detect
dislocations at the silicon surface as slip lindgg 6lip stres$ All measurements, if not
otherwise specified, were done in tensile stresalitions, that is with the mirror polished

surface of samples facing the annular knife-edge.
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—[10-1](-111)
——[011](-111)
—[0-1-13(11-1)
[-10-1](11-1)

45  ____r11.10%111)
—[110](-111)

180 [110]

270

Figure 2-20. Angular distribution of the resolved shear stress different glide systems in
silicon subjected to annular bending. The calcdlaterves refer to a load of 100 N applied on
the (001) surface and a distance from the ballazzirdf 5 mm.

Figure 2-21. Real distribution of slip lines on the (001) silicgurface after annular-bending.
The picture was taken using a differential intexfere contrast (DIC) microscope. The distatice
was taken as the average to the origin of the mast slip lines along the eight directions for

8
which the resolved shear stress is a maximdre, 1/ 82 d.
i=1
In addition, test measurements performed with amioénding, three-point and four-point
bending gave similar results in each case for thiea resolved shear stress to produce slip
lines at surface, as reported in Fig. 2-22. It ¢@ndeduced from Fig. 2-22 that the

percentage error in the determination of the sligss considering all the bending techniques
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is approximately 5%. The effect of different apgli@ads on the stress distribution during
annular bending was also investigated, but no &jgbke difference in the slip stress was

found after changing the load.

300 -

® Three-point
250 - B Four-point

A Annular

200

150 -

SLIP STRESS [MPa]

100

50

0 2 4 6 8 10 12 14 16 18 20
DURATION OF STRESS APPLICATION [min]

Figure 2-22. Measurements of the slip stress as a function mé tusing different bending
techniques and silicon samples containing smatl@xirecipitates, in concentration of® In>.

It was found that the slip stress measured by ualhghe bending techniques at 585°C has
roughly the same value within a percentage errappfoximately 5%.

The use of elasticity theory for this kind of sgemalculation is usually accepted in most
cases. In fact, the presence of microscopic deftomaue to dislocation movement across
the surface does not appreciably affect the caiomleof the stress distribution, provided
such deformation is controlled and does not altacnescopically the shape of the specimen.
Certainly this assumption is valid for short duvatiof stress application, with a low load
applied on the sample, as in this case the distathave not much time to grow and
multiply, thus the plastic deformation is limited.

The radial distribution of the resolved shear strégring annular-bending is shown
in Fig.2-23 where the maximum value of the stregs ¢the five different glide systems has
been considered in the plot as a function of tkhleusx. Note that the calculation is not exact

when the distance from the ball contact is shdhan approximately 300 um. This is due to
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the nature of the contact between the ball andstheon sample. For this reason, the
measurement of the stress in regions close todahedntact was always avoided during the
mechanical tests on the silicon sampleX i$ the knife-edge radius, typically the load was
chosen such that the surface region of interestdistant at leask/3 ~ 2.5 mm from the

ball contact, where the shear stress on the sfesys is surely well defined by Equations

2.7).

400
E 350 4 l Applied Load
S ¥ —-—-- 15Kg
';' 300—5 —— 10Kg
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S 250 — 1K
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S 200 N
O o0 N
< ! S
0 1504\ )
g, i
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o 50"" -----------------------

e e
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Figure 2-23. Radial distribution of the resolved shear stresslftferent values of applied load.

10. Dislocation gener ation from oxide precipitates

Different experiments were carried out to investgthe mechanism by which Cz-silicon
wafers are weakened by oxygen precipitation withe material during heat treatments at
high temperatures. All wafers used in these exparts were produced by M.E.M.C.
Electronic Materials S.p.A. (Italy) using commetciabrication facilities. The technique

used to grow silicon ingots allowed an accuratetrobrof impurities diffused to the as-
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grown crystals. Thermal treatments of wafers toleate and grow oxide precipitates in
different concentration and size were performedcclgan rooms at M.E.M.C. All TEM
investigations shown in this chapter were carriatitny the group of Dr V. Reznik at the

‘Giredmet’ Institute of Rare Metals in Moscow.

10.1 Thermal treatment of wafers

The material used in the experiments was taken f@wochralski-grown (001) silicon
wafers (p-type, 10—2Q@cm) with thickness of 67(m and mirror-polished on one side. The
initial oxygen concentration in the crystals wasasweed to be approximately 12 ppma, or
equivalently, 6x18 cm® (DIN 50438/1) by using Fourier-Transform Infra-RéBTIR)
spectroscopy.

The as-cut wafers were subjected to an annealiqgesee consisting of four major
thermal treatments in order to obtain oxygen pitatigs of different sizes within the bulk.
An initial homogenization anneal carried out at AT for 15 min {abula ras3** allowed
the dissolution of grown-in precipitates sincendt eliminated, the grown-in precipitates
may cause large variations in the following prdeijon treatment.

A nucleation anneal carried out at 650°C for 6,18,and 32 hours provided the
formation of oxide precipitate nuclei with densitgnging from 18 cm?® to 10* cm®
according to the duration of treatments. The comagan of nuclei achieved with this
operation affects the concentration of bigger oxiddicles grown in the next treatments.

A final two-step annealing process was used to gmgide precipitates in different
sizes from the oxide nuclei that were developednduthe nucleation treatment. This
consisted of a “drift” anneal at 800 °C for 4 h ainiwas followed by annealing at 1000°C

for 0.5, 1, 2, 4, and 8 hours, during which thecppiate size increases with increasing
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duration of these thermal treatments at 1000°GJemsonstrated by TEM analysis (see for

example Fig. 2-24 and Table 2.4).

10.2 Density and size of precipitatesin the wafers

In all samples, the average precipitate size whslleded using Ham’s theory of diffusion-
limited growtt?. According to Ham, the actual shape of a precipitate be approximated
by an oblate spheroid with semiaxa@andc (a>c); the growth rate of the precipitate is then
given by the following differential equation:

da_ D, Q,e
dt csinte

(cs-cg) (2.8)

whereDg is the diffusivity of oxygen$, is the volume of a Si©molecule (4.5 x1% cnt),
Cg is the oxygen concentration at the far field offuion andCg" is the equilibrium

concentration of oxygen in silicon. The eccentyieiis given by
e=,1-— (2.9)

A numerical calculation was carried out by meana &brtran code (see Appendix C) which
was written specifically to solve the ordinary diféntial Equation (2.8) in the case of oblate
precipitates, using the well known Runge-Kutta rmodthThe real size of the oxide
precipitates has also been detected by TEM inwastig of different annealed samples and
the observed oxide particles were found to haveearanging from 50 nm to 500 nm (Table
2.4), in good agreement with the theoretical valpeslicted by Equation (2.15). Fig. 2-24
shows that not only the precipitate size, but dls® defect morphology changes with
annealing time. The excessive growth of oxide jpitaties can lead to the release of
punched-out prismatic dislocation (PPD) I6bpnd subsequently, after longer annealing, to

the formation of larger dislocation tangles.
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The density of oxide precipitates and/or relatechiglex defects has been determined
by optical microscopy, etching techniques andoime cases, by TEM analysis. Results are
shown in Table 2.5, where the shaded boxes indgatgples for which TEM examination
was carried-out successfully. After the thermahtimeents described above, the wafers were
cut in either 20 mm x 20 mm square samples to leel der the mechanical tests with

annular bending, or 4 mm x 30 mm bars for the ffwae-point bending tests.

Figure 2-24. TEM pictures of oxide precipitates in samples scitgie to (from left to right) 0.5 h, 1 h, 2 h, 4 h
of annealing at 1000°Gfter Reznik, private communicatjon

Growth ann. 1lh 2h 4 h 8h 16 h
Time =
Nucleation
anneal.
Time |
6h - - - - -
8h - - - 50nm 50nm
platelet platelet
16 h - - 100nm 180nm 250(500)nm
platelet platelet platelet
32h 30nm 120nm 180nm 220nm 300nm
spherical platelet platelet platelet platelet

Table 2.4. Variation of the precipitate size (and morphologyth annealing time as observed by TEM. Empty
boxes correspond to samples in which it was nosiptesto detect the presence of any oxide predtéitaing
TEM (after Reznik, private communicatjon
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Growth
anneal. 0.5h 1h 2h 4h 8h 16 h
time =
Nucleation
annealing
time
6h [Oi]=11.998 ppma [Oi]=12.103 ppma [Oi]=11.981 ppma [Oi]=12.052 ppma [Oi]=12.067 ppma [Oi]=12.024 ppma
OM Cl. 2.0x10°cm™ | OM Cl. 6.2x10” cm™ | OM Cl. 2.5x10% cm™ | OM Cl. 2.1x10% cm™ | OM ClI. 2.1x10° cm™ | OM Cl. 4.2x10° cm™
PI. 1.9x10° cm™® Pl. 4.2x10° cm™
TEM no TEM no TEM no TEM 3.9x10° cm™®
8h [Oi]=12.037 ppma [Oi]=12.074 ppma [Oi]=11.937 ppma [Oi]=11.848 ppma [Oi]=12.237 ppma [Oi]=12.161 ppma
OM Cl. 7.9x10” cm® | OM ClI. 3.3x10” cm™® | OM CI. 1.3x10% cm™ | OM Cl. 5.6x10% cm™ | OM Cl. 7.4x10% cm™ | OM Cl. 9.5x10° cm™
Pl. 4.7x10° cm™
TEM no TEM no TEM 7.0x10°cm® [ TEM 7.6x10°cm™
16h [Oi]=12.104 ppma [Oi]=12.028 ppma [Oi]=12.100 ppma [Oi]=12.084 ppma [Oi]=12.085 ppma [Oi]=12.060 ppma
OM Cl. 1.1x10° cm™® | OM Cl. 4.9x10” cm® | OM Cl. 6.6x10” cm™® | OM CI. 1.6x10° cm™ | OM Cl. 9.0x10° OM Cl. 8.6x10° cm™®
PI. 5.7x10° cm*®
TEM no TEM 2.3x10°cm® |[TEM 7.1x10%°cm® [TEM 9.3x10°cm?
32h [Oi]=12.008 ppma [Oi]=11.926 ppma [Oi]=12.100 ppma [Oi]=12.202 ppma [Oi]=12.074 ppma [Oi]=12.087 ppma
OM Cl. 1.0x10° cm™ | OM CI. 1.8x10% cm® | OM Cl. 2.4x10° cm™® | OM CI. 2.0x10° cm™ | OM Cl. 5.4x10° cm™ | OM CI. 2.2x10% cm®
Pl. 7.0x10" cm™® PI. 2.0x10° cm™® PI. 5.5x10° cm*® PI. 3.0x10° cm*® PI. 3.0x10° cm*® Pl. 2.0x10% cm™®
TEM 2.1x10%°cm® [TEM 6.7x10%°cm™® [TEM 1.4x10°cm® [TEM 8.3x10°cm® [TEM 2.5x10%cm?

Table 2.5. Optical Microscopy (OM) and Transmission Electroicidscopy (TEM) results for
precipitate densities as function of annealing tiomafor nucleation and growth. [Oi] indicates
the initial oxygen concentration that was approxeha6x13’cm? in all wafers. Shaded boxes
indicate samples on which TEM investigation hasnbearried out gfter Reznik, private
communicatioh

10.3 Determination of stressto activate intrinsic dislocation sources

Annular bending was initially used to measure thical shear stress necessary to produce
slip lines at the surface of silicon wafers aftpplecation of an external load for a certain
time at high temperatures. In the following, thigical shear stress will be called tsip
stresszgip. The geometry and the distribution of the appBé@ss during annular bending
has already been discussed in Section 9. Duringlibgnat high temperatures, glide
dislocations can be nucleated in silicon samplesitas where oxide precipitates and their
related defects are formed. The use of DIC optioaroscopy allowed the detection

(without any etching) of slip lines due to formati@f nanometer-scale steps after the
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emergence at surface of several glide dislocatgerserated from the precipitates during
heat treatments, as shown in Fig. 2-21. Althoughftlhmation of slip lines represents a real
problem for device processing, the information gdim this work by studying slip lines did

not reveal the more fundamental aspects of distmtajeneration. This was because slip
lines represent the product of several slip evemsice the information concerning the
generation of the very first dislocation from a @p#ate is not clear. However, single

dislocation generation events can be investigatetbiucertain conditions by using etching
techniques, as described below.

During dislocation generation experiments, the iswitg of detection was improved
to the level of single dislocations by selectivehatg techniques. This combination of
bending and etching allowed measurement not onllge&lip stress to generate a slip line at
the surface, but also the stress needed to revaabbe glide dislocation produced from an
oxide precipitate and associated punched-out dislmts. Both annular and three-point
bending were used for this kind of experiment. Wlaihnular bending is advantageous since
it does not require a particularly careful polighiof the sample edges, the inaccuracy in the
determination of the shear stress with this tealmics larger than that with three-point
bending. This is because in annular bending thiilligsion of slip lines at the surface is
more complicated and the determination of the distdbetween the outermost slip line and
the centre of the sample (measured in the eightuoms along whiclti, is maximum) is
more difficult than in the case of three-point begdsee Fig. 2-20 and 2-21).

During annular bending tests, the load (up to 10 Kg) was applied on Qzesil
samples containing precipitates (described abov&Ba°C in pure argon atmosphere; the
duration of stress application was 3-15 minutegdeAtooling to room temperature, the
silicon samples were immersed in the selectiveirgcholution to reveal the presence of
dislocations at the surface. Dislocations were thetected by observing the etch pits

associated with them under a Nomarski optical nsioope. During the application of a load
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using the annular knife-edge on the top of the $ayipe angular distribution of the shear
stress resolved on the different activated sliptesys a/2(110{ 11} was similar to that

shown in Fig. 2-25 (as an example) where the strakges are calculated at 5 mm from the
ball contact for different angles (0-360°). In te@me figure, a picture showing the real
distribution of dislocation etch-pits on the sudas also visible in transparency. It is shown
that the distribution of pits matches the contoned representing the calculated stress. The
distance of the outermost etch pits from the cefitre ball contact) was measured, thus it
was possible to deduce the critical resolved shstegss necessary to produce and

subsequently detect the dislocations at surface.

Figure 2-25. Calculated angular distribution of resolved sheeass for different activated slip
systems. The real distribution of dislocation gtdb, at low magnification, is also shown.

For three-point bending tests, rectangular Cz-silicon bars with initiaingnsions 0.65 mm
x3 mmx30 mm were cleaved along the [110] directi@areful polishing of the sample
surface and sides was then needed to remove aysdnatches or little flaws that may
generate undesired dislocations when a stresspbedpat high temperature. The final

polishing step was isotropic chemical etching whiemoved, uniformly, about 20m of
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material from the surface. The samples were thareaed at 585°C under three-point

bending conditions (bending axis waiéQ]) for different times (1-20 min). The resolved
shear stress on the activated glide systems ftoodigsons was calculated at each point on

the surface. Dislocation hexagonal loops createoutih three-point bending, in the above

geometry, glide in the (111) ani_ﬂi 1) planes. The loop segments are either screw om60°
character, distributed in equal proportians preferential chemical etch was used to reveal
the emergent parts of the loops as surface etsh \pdible under differential interference

contrast (DIC), as shown in Fig. 2-26.

Figure 2-26. Etch pits revealing four dislocation glide loopstbe silicon surface. The position
of the dislocation source is visible at the cerrechematic representation is also shown.

Where the shear stress was higher, several disladabps were detected as a row of pits.
Every etch pit had a symmetrical counterpart bezahe source was in the centre of the

loops. Examining the etch pits from the middle leé silicon bar (maximum stress) to the
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outer knife-edges (very low stress) it was posdibleount the number of dislocation glide

loops generated by each source. The number of gsit®ciated with a single source
decreases in number as the applied stress decralasgsthe [110] direction. Where the

dislocations were subjected to a smaller sheasssttbey travelled only a shorter distance.
At a certain position at the surface, only one leingolated loop could be detected close to
the source and at lower stresses, no other digtosatvere visible (Fig.2-27). Therefore, the
measured resolved shear stress at that point gaveninimum stress required to generate

one single dislocation glide loop. This stresss defined asritical resolved shear stress to

generate a single dislocation glide loop.

_ _ Determination of 1, — [110]
3-point bending | |

e~ —

Figure 2-27. Determination of the critical resolved shear sttesgenerate a single dislocation
glide loop by looking at etch pits at surface. Awsoindicate the points where only two pits
related to a single dislocation were detected aftegrtain duration of stress application.
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1. Binding energy to a dislocation

As described in Chapterl, Section 8, dislocation locking experiments have shown that the
unlocking stress 7, saturates after a certain annealing time. From the analysis of the
saturation value of 7, as a function of annealing temperature, important information about the
binding energy of an impurity atom to a dislocation can be deduced. The diffusion process
controls the transport of an impurity to the dislocation, whereas the interaction between an
impurity atom and a dislocation is characterised by the binding energy of the impurity atom
to the linear defect. If a large number of sites along the dislocation core are available for
occupation, then the impurity atoms at the core will establish a Maxwell-Boltzmann
concentration distribution at the equilibrium state. Thus, according to Equation (1.17) that

can be rewritten in the form

AG
c.,.=C — 3.0
core o exp( kT ] ( )

where C,r is the impurity concentration at the dislocation core, the first saturation regime
(regime 2) is determined by the concentration of impurities at the far field of diffusion C,

and the binding energy between an impurity atom and a dislocation, AG. Equation (3.0)
shows that the assumption of a large number of sites available for impurities along the
dislocation core represents a reasonable hypothesis if the bulk concentration of impurities is
sufficiently low and its binding energy to the dislocations is not very high (<1 eV). Taking
into account Equation (3.0) and assuming that the unlocking stress is proportional to the
number of impurity atoms at the dislocation core, the unlocking stress 7, can be written as

t =K C,_,, which at equilibrium, during regime 2, becomes

core

AH

T =K C, exp(—%)exp(k—Tj (3.1)

where K is a proportionality factor [Pa cm’], AS and AH are respectively the entropy change

and the enthalpy change after the impurity-dislocation interaction, k is Boltzmann’s
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constant, 7 is the absolute temperature and the thermodynamic relationship AG=AH-TAS is
used to write the (maximum) value of the impurity-dislocation binding free energy at the
core. An Arrhenius plot of the unlocking stress 7, observed during the saturation regime can
then be used to determine the value of the impurity-dislocation interaction enthalpy, as
shown for example in Fig. 3-1 (copy of Fig. 1-26) where AH is deduced from the best fit to

Equation (3.1).
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Figure 3-1. Dislocation unlocking saturation stress divided by oxygen concentration as a
function of reciprocal temperature (after Senkader et al *).

2. Determination of impurity diffusivity

The core region of a dislocation is considered to have a certain radius ry. Within this radius,
the energy of interaction is constant. The core radius (a few Angstroms) can be predicted by

using atomistic calculations for the structure of the dislocation core’. The impurity diffusion
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is described by Fick’s equation for stress-assisted diffusion, which is a variation of Equation
(1.2):
a—C—D V[VC+£V(AG)} (3.2)
ot kT '

where C is impurity concentration, D is its diffusivity, k is Boltzmann's constant, 7 is the
absolute temperature and AG is the variation of the Gibbs free energy due to interactions
between an impurity atoms and a dislocation (binding energy to the dislocation). This
equation is solved numerically using a cylindrical domain where the dislocation core is in
the centre. For a dislocation lying along the z-axis of an orthogonal coordinate system, if the
impurity concentration is uniform in the z direction, then the diffusion of impurity to the
dislocation will occur in the xy plane. With this assumption, the cylindrical coordinates can
then be introduced to describe the system and Equation (3.2) becomes one-dimensional (the
cylinder radius r is the only independent variable). The two boundary conditions needed to
solve Equation (3.2) are considered as follows. The first condition can be written as
C(R)=Cy (3.3)
where R is the minimum distance from the dislocation core at which the impurity
concentration C does not significantly change for all annealing times and temperatures
concerned (and is equal to the initial impurity concentration Cy).
For the other boundary condition, the dislocation core (r = ry) is modelled such that both
capture and reemission of atoms to/from the core were considered. In particular, it is
assumed that the capture rate is controlled by the impurity concentration next to the core
(C)), the concentration of available sites at the core (C,), and the concentration of occupied
sites in the core (C.), that is

C,—C,
capture o< C, % (3.4)

a
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c,-C. . . . . . . .
where “C < is the fraction of available sites along the core. Emission of impurity atoms

from the core is assumed to be a function of the impurity concentration in the core and the

escape probability of impurity atoms from the core:

AG
emission < C _exp| ——— 3.5
¢ P( T j (3.5)

Thus, the net flux J to the dislocation across the boundary ar r=ry can be written as:

CmCo ¢ aup DS )exp A y
C C. exp( . )exp( T ﬂ [s'] (3.6)

where n is the unit vector normal to the core and [ is the dislocation length (in this

Jn|,_ =27ID {Cl

calculation / = 1 cm).

The distribution of impurity atoms throughout the material and the concentration of
impurity atoms at the dislocation core is deduced from Equations (3.2) and (3.6) using the
finite difference method. The calculation begins by assuming a uniform concentration of
impurity throughout the material, initially equal to Cy, and progresses using small time steps
after each of which the entire impurity distribution is recalculated. A copy of the Fortran
code used for this purpose is in Appendix C. The simulation outputs the number of impurity

atoms N, per unit length of dislocation core which is considered to be a cylinder of section
ﬂ'r(f (such that N, = Ccfz'r2 ). The number of available sites per unit length of dislocation, n,,

is deduced by considering the number of impurity atoms, along a perfect dislocation, that are

accommodated in interstitial sites separated each from the other by a Burgers vector (3.8 A).

Thus, n, =(3.8x10°cm)™ =2.6x10"cm™" . Equivalently, this number can also be estimated

assuming a core radius 7, =2x10"cm and a concentration of available sites C, at the

dislocation core approximately equal to the density of silicon atom positions. In this case,

the number of available sites per unit length of dislocation can be written as

n, = (silicon site density)- (ﬂ'roz) , whichis n, = (5x107em™)w(4x10"em®) =2x10"em™ .
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However, if less than 100% of available sites is occupied at regime 2 (capture=emission),
then it is noted that values for diffusivity and binding energy are very insensitive to the
particular value chosen for n,. Since the unlocking stress 7, is proportional to the number of
impurity atoms accumulated at the dislocation core, the final output of the calculation gives
the product

T,=N, 1, (3.7)

where 7, [Pa-cm] is the unlocking stress due to a single impurity atom pinning a unit length

dislocation core. In the above calculations, the unknown parameters are the change of
entropy AS, the diffusivity of impurity D and the unlocking stress per single impurity atom

per unit length of dislocation core 7,,. These variables are treated as fitting parameters. By

comparing the calculation results with the experimental data (as for example in Fig. 1-24), it

is possible to deduce these parameters.

3. Application to oxygen and nitrogen in silicon

Senkader et al.* suggested that if oxygen dimers are the dominant species in the mechanism
of impurity transport in silicon, then the effective diffusivity at lower temperatures has to be
proportional to oxygen concentration in the crystal. This will be demonstrated in Chapter 4
where the oxygen monomer/dimer issues are discussed in detail. If experimentally observed,
the proportionality between diffusivity and oxygen concentration should be a strong
evidence for the dominant role of dimers in oxygen transport at low temperatures. Although
data presented in Fig. 1-27 show a certain dependence of diffusivity on oxygen

concentration, the difference in the two values of concentration used in the experiments was



Chapter 3: Analysis of dislocation locking data ... 106

unfortunately insufficient to reveal a clear relationship between diffusion coefficient and
oxygen concentration. The collection of a new set of similar data obtained by using silicon
samples with a lower oxygen concentration should give a less ambiguous answer to these
questions regarding the oxygen species and their diffusion coefficients.

The method used to determine the impurity diffusivity described in this section can
be applied generically to various impurities incorporated in silicon crystals (other than
oxygen) and in particular to those elements for which the diffusivity represents a difficult
parameter to measure. In this thesis, unlocking experiments and the above method for
interpretation of data have been used to deduce the diffusivity of nitrogen in FZ-silicon
wafers and the results of that investigation will be shown in Chapter 5. The possibility that
either nitrogen dimers or monomers can be considered in the model is discussed together

with the implications and physical meaning of the parameters deduced.
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1. Introduction

This chapter describes a new set of experiments carried out to study the effect of oxygen
atoms on dislocation behaviour in silicon single-crystals after annealing at high temperatures.
A numerical model is developed to simulate oxygen transport and binding at the dislocation
core. This model, together with the experimental data, is then used to simulate real wafer
processing conditions during device fabrication to show how they may be modified to
increase dislocation locking. It is hoped that these results will have relevance to how wafers
are processed in order to minimise or eliminate dislocation multiplication and consequent
warpage.

In previous dislocation unlocking experimentsl, the binding energy of an oxygen atom
to a dislocation could not be measured at temperatures <650°C because of the high oxygen
concentration in the material (>6x10'” cm™) which produced a large dislocation unlocking
stress in the saturation regime. Such large stresses (>200 MPa) could not be physically
applied on the silicon bars (to unlock the dislocations) without breaking most of the
specimens. This problem is overcome in the present work by using Cz-silicon samples with
low oxygen content for which the maximum unlocking stress achievable at saturation (prior to
oxygen precipitation) is ~150 MPa at 400°C. In this case, the magnitude of the unlocking
stress can still be measured with the bending techniques described in Chapter 2, thus new
information is gained at low temperatures concerning the binding energy of oxygen atoms to a
dislocation and the oxygen diffusion coefficient. Moreover, the possibility of oxygen
transport due to oxygen dimers and monomers is discussed in this chapter. In particular, only
one of the two oxygen species present in Cz-silicon is proposed to be dominant for transport

at low temperatures, the oxygen dimer.
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2. Experimental results

2.1 General considerations

The procedure used in the following experiments was described in detail in Chapter 2, Section
8.1. All the specimens were cleaved from precipitate-free and dislocation-free (001) Cz-Si
wafers (p-type, 10 Qcm, mirror polished on one side) with an initial oxygen concentration
C0=2.6><1017cm'3 (Low-Co). The unlocking stress for dislocations was measured in these
samples using three-point bending at 550°C after annealing for different durations (0-10*
hours), at different temperatures (400-850°C). Similar silicon samples, but with higher initial
oxygen concentration C0:6.3><1017cm'3 (Medium-Cp), were also used to investigate the
unlocking stress as a function of the temperature at which the external stress is applied to the
sample to cause the dislocation to move. The temperature at which this process is carried out
will be called the unlocking temperature.

The determination of the dislocation unlocking stress was achieved by a long process,
already described in Chapter 2. Here it is noted that particular care was needed during sample
cleavage and surface preparation in order not to introduce dislocation sources in the
specimens other than at the indents. Sample indentation was performed under manual control
and this operation required ~30 minutes to produce a single row of indents. Often the
annealing conditions were such that the samples needed to rest in the furnace for many
months (at low temperatures) to allow the oxygen atoms to segregate to the dislocations to
produce the locking effect. After such long annealing, the possibility for the sample to break
during the mechanical test was unfortunately not negligible. Therefore, the number of data
points in the following graphs showing the unlocking stress as a function of annealing time

may appear not particularly large, but on the other hand it should be considered that each data
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point has been produced individually and only achieved after many hours. Work, in some

cases, spread over several months duration.

2.2 Dependence of the unlocking stress on time and temperature of annealing

In Fig. 4-1 the unlocking stress 7, as a function of annealing time is shown for different
temperatures. Due to the very long time needed to process each silicon sample, the collection
of the data in Fig. 4-1 was possible only with the cooperation of Dr. S. Senkader and his
valuable help during these experiments is acknowledged. Data in the graphs are related to the
samples with low oxygen concentration and show two distinct regimes: regime 1 where 7,
increases as the annealing progresses and regime 2 in which 7, reaches the saturation. In the
early stages of annealing, the concentration of oxygen at the core is small and far from
equilibrium. Thus, the oxygen concentration at the core and, in turn, the unlocking stress
increases relatively rapidly. Moreover, the rate of increase in the unlocking stress is higher
when the annealing temperature is more elevated, indicating that more oxygen atoms have
diffused to the dislocations and have accumulated at the core. Following the initial rise of 7, a
steady state is achieved when the local-equilibrium with the background oxygen concentration
is established. This steady state manifests itself as a saturation of the unlocking stress. At this
stage, the oxygen concentration at the dislocation does not depend anymore on annealing time,
as the absorption of oxygen atoms by the core is balanced by the emission of oxygen atoms
from the core due to thermodynamic effects.

In control samples prepared from FZ silicon, no locking was observable. In these FZ
samples all dislocations were mobile irrespective of the annealing temperature and applied
stress values investigated. In addition, the unlocking stress measured in samples cleaved from
wafers with high vacancy content (~10" cm™) was equal to that measured in samples with

usual vacancy concentration (<10 cm™), suggesting that for the temperature range
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investigated, vacancy point defects have negligible influence on oxygen transport and
dislocation locking.

All experiments and data points were reproducible within a percentage error of approximately
+5%, depending on the annealing conditions and the applied stress. The accuracy was
deduced by measuring the unlocking stress in three different samples subjected to same
conditions and then comparing the results. Measurements on each sample produced two

values of the unlocking stress that were averaged to give a mean value for 7,.
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Figure 4-1. The unlocking stress 7, for dislocations as a function of annealing time and
temperature in samples with oxygen concentration equal to 2.6x10""cm™. Annealing temperatures
were in the range 400-850°C. The two regimes of 7, corresponding to an increase followed by
saturation, are visible for nearly all the temperatures investigated.
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In general, samples subjected to shorter duration of annealing at higher temperatures gave
larger percentage errors. This was probably due to the segregation of a significant number of
oxygen atoms to the dislocations during the heating of the samples to reach the high
temperatures. However, most of the data were taken at relatively low temperatures such that
the above effect was negligible.

The unlocked dislocations in CZ silicon samples were observed to be mobile without
any dragging effect by oxygen for stresses >20 MPa, in agreement with the work of Imai and
Sumino®. The dislocation velocity was deduced by measuring the distance travelled by the
dislocations during the unlocking experiments. It was found that in the stress range studied,
the dislocation velocity v agrees well with the empirical relationship deduced by Sumino for

60° dislocations in silicon:
2.2
v=107 7 exp| ——=eV ms™! 4.1
p( T j [ms™] 4.1)

where 7 is the resolved shear stress [Pa], k is Boltzmann’s constant and 7 is the absolute

temperature (Fig. 4-2).
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Figure 4-2 Dislocation velocity as a function of resolved shear stress for temperatures of 550°C
(squares) and 600°C (circles). Straight lines represent the values calculated using Equation (4.1).
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2.3 Dependence of the unlocking stress on unlocking temperature

The results in previous sections were obtained by keeping the temperature of the unlocking
process constant at 550°C in order to be able to compare the locking effect created by oxygen
diffusion at different temperatures. However, the unlocking process itself is also temperature
dependent and plays an important role in the plastic deformation of silicon. Therefore, to gain
a full understanding of oxygen-dislocation interactions it is useful to study the role of
temperature on unlocking stress.

Measurements were made on two sets of samples (medium oxygen content, 6.3x10"7
cm™ ), each annealed at 730°C, the first for 15 minutes and the second for 1.5 hours. Samples
in set 1 corresponded to regime 1 of oxygen locking, that is the anneal was stopped before the
steady state oxygen concentration was reached. Samples in set 2 corresponded to regime 2,
the situation when steady state has been achieved. These particular samples were chosen to
check whether any differences exist in the unlocking stress when the locking is introduced in
the two different regimes. Unlocking experiments were then performed on each set of
specimens by varying the temperature of the three-point-bend deformation which yielded
measurements of the stress required to release dislocations from the oxygen atoms segregated
to the core during the previous annealing steps. Temperatures between 450 and 700°C were
used. Lower temperatures were not practical since the dislocation velocity was too low.
Higher temperatures were also avoided since the amount of oxygen collected at the core
during the heating which precedes bending at high temperatures (~10 minutes) was then
comparable to that accumulated during the previous annealing step, so that the observation of
locked dislocations would not have been reliable.

It was found that the unlocking stress decreases with the increasing unlocking
temperature in an approximately linear manner between 450 and 600°C, whereas above

600°C the unlocking stress varies slowly with temperature (Fig. 4-3). In addition, differences
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in the unlocking stress between samples in set 1 and those in set 2 were more evident above

500°C.

It is assumed that the unlocking stress 7, is proportional to the number of oxygen atoms per

unit length of dislocation core N,, thus:

t,(T)=1,(T)-N, (4.2)

where 7, is the unlocking stress due to a single oxygen atom pinning a dislocation of unit
length. If N, is expressed in cm’!, then 7, will have dimensions [Pa-cm] from Equation (4.2).
According to our experimental data, the value of 7, varies approximately linearly with the

temperature in the range 450-650°C, such that an approximate empirical expression for 7,(T")

can be written as
7,=—0.07 T +64.61 [Pa-cm] 4.3)

where T is the absolute temperature (723-923 K). This expression of 7,(7T") will be used in

Section 4 to simulate the effect of real thermal processing on dislocations in Cz-silicon wafers.

! M-C, 730°C
’_\120 3 ! [ | 15 min
(1] [ N
0-100 -_ \\\ A 1-5 h
= | A
@ 80F |
g
[} 60:— \\\

E’ : .\\ A !

§ 40 ~a A

S 20fF B
of

450 500 550 600 650 700
unlocking temperature (°C)

Figure 4-3. Unlocking stress as a function of temperature of stress application. Samples of
medium oxygen content (6.3x10""cm™) annealed at 730 °C for 15 min (squares) and 1.5 h
(triangles) were used.
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The linear variation of the unlocking stress with increasing unlocking temperature is predicted
by a simplified theory of thermally activated release of dislocations from impurities,
frequently used by Sumino and Yonenaga3 to explain their experimental results. According to

this theory, the expression of the unlocking stress for a pinned dislocation segment is given by
T:ﬁz AG = kT In Ly (4.4)
b r

where L is the dislocation length, N is the number of impurities (locking points) along a unit
length of dislocation, AG is the maximum interaction energy between an impurity and the
dislocation, v is the vibration frequency of the dislocation, I" is the release rate of the locked
dislocation, & is the Boltzmann constant, 7 is the absolute temperature and b is the magnitude
of the Burgers vector of the dislocation. Unfortunately, there are several parameters in
Equation (4.4) for which it is not possible to estimate accurate experimental values. However,
if the unlocking data is extrapolated to a temperature of 0 K, the equation predicts

_ NAG

0 —.
b

The extrapolation of the low temperature experimental data in Fig. 4-4 was then

fitted using a value of AG =0.74¢V, as deduced by Senkader et al.* from dislocation locking
experiments (see Chapter 1, Section 8), and the number N=8.8x10° cm™, which is equivalent
to oxygen atoms separated from each other by a distance given by three Burgers vectors b
along the dislocation line. It is noted that this value for N is in fair agreement with the value
which will be obtained in Section 3.2 using the numerical simulation. It is reassuring that
these two different approaches to analysing the data (Equation 4.4 which uses the dependence
of 7, on unlocking temperature and the numerical analysis of Section 3.2 using the

dependence on annealing temperature) give such closely similar results. The data up to 550°C

shown in Fig. 4-4 were fitted by assuming % =20 um (dashed line), but it is difficult to say

whether or not this is physically reasonable. However, in Fig. 4-3, the fact that the gradient by
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which the unlocking stress decreases is much lower at high temperatures indicates that the
number N in Equation (4.4) must be much smaller at high temperatures and larger at low
temperatures. For temperatures over 600°C the data show a considerably decreased gradient
that perhaps is due to oxygen clustering or even precipitation, as shown, for example, in Fig.
5-4 of next chapter. In support of this hypothesis, if at high temperature the density N is taken
equal to 2.5x10° cm™, such that the pinning points along the dislocation are separated by a
longer distance (~40 nm), the calculation carried out using Equation (4.4) gives a binding
energy AG=1.5 eV. Such values seem physically reasonable, although because of the

assumptions involved, many others combinations of N and AG would also fit the data.

160 |- ®  Experiment: 15 min anneal. at 730°C
- - - - - Equation (4.4): N=8.8x10° cm™, AG=0.74 eV
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Figure 4-4. Calculation of the unlocking stress as a function of temperature according to Equation
(4.4). For a fixed value of Lv/T", a change in the gradient involves a variation in the number N of

pinning points (impurities) per unit length of dislocation and a different binding energy AG. The
smaller value of N and the bigger value of AG needed at high temperatures to simulate the
experimental data suggest that clustering or precipitation of oxygen might occur above 600°C.

Interestingly, the clustering/precipitation process is the one that would dominate the locking
effect at high temperatures, but because of the experimental difficulties described earlier, it

was not investigated further. However, in Fig. 4-3, the data referring to 1.5 hours experiments
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show (on the basis of only two data points) slightly more locking effect and this would be

consistent with more clustering/precipitation having occurred.

3. Discussion of experimental results and modelling

3.1 The oxygen-dislocation binding energy

The behaviour of the unlocking stress during regime 2 is governed by the thermodynamics
that control the oxygen concentration at the core. The expression of the unlocking stress 7,
when oxygen in the bulk is at thermodynamic equilibrium with that at the dislocation is given
by Equation (3.1). Thus, data shown in Fig. 4-1 taken during the saturation regime can be
plotted as a function of temperature to deduce the binding enthalpy of the interaction between
an oxygen atom and a dislocation (Fig. 4-4). In the temperature range 650-850°C, binding
enthalpy measurements deduced from low oxygen specimens are in very good agreement with
other data obtained by Senkader er al. from specimens with higher oxygen content. In
addition, since the unlocking stress produced in a sample with low oxygen content is not as
high as that for larger concentrations of oxygen for the same annealing conditions, the low
oxygen concentration of the specimens used in this work has allowed measurements of the
unlocking stress during regime 2 at much lower temperatures than those achieved with
samples with medium and high oxygen concentration. Surprisingly, data in the low
temperature range of 450-650°C show a markedly different behaviour compared to that at
higher temperatures. In this low temperature range a binding enthalpy of 0.23+0.03 eV has
been found. This result would suggest that, at temperatures below 650°C, oxygen shows a
smaller activation energy with respect to binding at dislocations.

The exact explanation for the different value obtained for the apparent binding enthalpy

below 650°C is still not completely clear. However, the change in binding enthalpy occurs at
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the same temperature as the change in behaviour of the oxygen transport, as shown in Fig. 1-
27. This would suggest the existence of a species other than the oxygen monomer (that
dominates at high temperatures) which is responsible for both dislocation locking and oxygen

transport for temperatures less than 650°C.
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Figure 4-5. The saturation stress normalised by the oxygen concentration as a function of
reciprocal temperature. The binding enthalpy of oxygen to a dislocation can be deduced from this
graph. Closed circles indicate the results obtained using low oxygen samples. Data obtained by

Senkader et al. using samples with high and medium oxygen concentration (open circles) are also
shown.

3.2 Oxygen transport in silicon at low temperatures

The difficulty of measuring the oxygen diffusion coefficient at low temperatures was
described in Chapter 1. During this work, taking advantage of the locking effect produced by
oxygen atoms, it was possible to use well characterised dislocations, to obtain quantitative
information on oxygen transport in silicon samples with low oxygen content. This was
achieved for a broad temperature range and the method used was described in Chapter 3,
Section 2. The calculation used to simulate oxygen transport is mainly based on Equation

(3.6) which defines the oxygen flux.
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Figure 4-6. Examples describing the simulated behaviour of the unlocking stress (solid lines),
according to the model described in Chapter 3. The best fit to the experimental data was achieved

using the parameter values described in the text and considering the oxygen diffusivity as a fitting
parameter.

The parameters used in Equation (3.6) and Equation (3.7) to simulate the results shown in Fig.

4-1 are:

e The unlocking stress due to a single oxygen atom per unit length of dislocation

7(550°C) =7 Pa-cm,

e The concentration of available interstitial sites in the bulk for oxygen atoms C, =

5%10% cm'3,
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® The entropy AS =7.6x10" eV-K™', which is approximately the constant k, although the
calculation was not very much affected by this parameter.
The oxygen diffusivity Do was treated as a fitting parameter. Examples of the best fit to the
experimental data shown in Fig. 4-1 are presented in Fig. 4-6. Using this method, the oxygen
diffusivity was deduced for each temperature investigated. Moreover, according to
simulations, the number N of oxygen atoms along a unit length of dislocation was found in
the range 2x10°-2x10" cm™ for the temperature investigated (400-850°C).

Fig. 4-7 shows all the oxygen diffusivity data obtained during this work (diamonds,
Low-C,) together with data taken from the literature. Error bars were not drawn in the graph
of Fig. 4-6 because errors bars for diffusivity would be practically invisible in the logarithmic
scale. The results confirm that below 700°C, the effective diffusivity is controlled by an
activation energy of about 1.5 eV while the magnitude of the diffusivity becomes dependent

on oxygen concentration. In particular, for low oxygen content samples it was found:

D5 =2.04x107 exp[— 1.5](1;Vj [em®s'] (4.5)

which can be compared with the expressions (1.18) and (1.19) obtained by Senkader et al.
with higher oxygen concentrations and also shown in Fig. 4-7 (Medium-C, and High-C).
Comparison of the binding enthalpy data from Fig. 4-4 with the diffusivity data
suggests that below 650-700°C the movement of oxygen in silicon is by a species other than
the single oxygen atoms and this also results in dislocation locking by a species different from
that at high temperatures. At low temperatures, where diffusivity data for single oxygen jump
is available in the literature, dislocation unlocking experiments showed a three orders of
magnitude “enhancement” in oxygen transport. Thus, the possibility that the transport might
be dominated by fast diffusing single oxygen atoms has been discarded due to this

experimental evidence.
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Figure 4-7. Oxygen diffusivity as a function of reciprocal temperature. Open symbols are previous
data from the literature (Mikkelsen). Closed symbols are either values obtained in this work
(diamonds) or measured by Senkader et al. in samples with different oxygen content. The oxygen
concentrations were: 2.6x10"7cm™ (Low-C,y, diamonds); 6.3x10"cm™ (Medium-C,, squares);
10.4x10"7 cm™ (High-C,, circles). Best fit to each data group is also given.

In this work, it was also found experimentally that the transport of oxygen in samples with
different point defect concentrations does not show any variation. Hence, any hypothesis
connecting fast oxygen transport with oxygen-point defect complex would be unsubstantiated.
Similarly, the effect of any hydrogen related complexes with oxygen is excluded since the
samples investigated were practically hydrogen-free. Therefore, within the oxygen
complexes, oxygen dimers are major candidates for a fast diffusing species’. It has been

shown that analysis of generation kinetics of thermal donors would require a dimer diffusion
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with an activation energy of about 1.3 eV ®  Furthermore, several theoretical studies
concluded that the oxygen dimer in Si is stable and can diffuse with an activation energy of
about 1.5eV .

On the assumption that oxygen can be incorporated in silicon in the form of monomers
or dimers at different concentrations and since both can be responsible for oxygen transport,

the total flux J of oxygen atoms should be written as

dcC
9o _sp, T
dx * dx

J=-D, (4.6)

where D,, is the diffusivity of oxygen dimers and C,, is the concentration of oxygen dimers
(similarly, D, and C, represent those of monomers). However, C, is not known and is

assumed to be much smaller than C, . Thus, it is possible to define an approximate value for

the total flux J given by

o dC
J=-DJ — 4.7)

where C is the total oxygen concentration and D¢ is the “effective” oxygen diffusivity,

defined as

C,D,+2C, D,

DY = 4.8
© C, +2C,, ()
For C, > C, , Equation (4.8) becomes
o C,
DY =D, +2C—2 D, 4.9)

o

If oxygen dimers are in equilibrium with single oxygen atoms, then their concentration will be

AH
C, o« C?* exp| —2 4.10
0, 0 p( T ] ( )

where AH,, is the binding enthalpy of the oxygen dimer. From equations (4.9) and (4.10) it

can be deduced that if oxygen dimers are the species responsible for “enhanced” oxygen
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transport, then the effective diffusivity at lower temperatures has to be proportional to the

oxygen concentration, that is
D <C,, when D, <D, . (4.11)

The experimental results, and in particular those obtained in this thesis work, have shown that
at lower temperatures diffusivity is in fact concentration dependent. Moreover, a simple
analysis of the experimental values of diffusivity (shown in Fig. 4-7) measured at
temperatures between 400 and 650°C for three different oxygen concentrations (10.4, 6.3 and
2.6 x10"" cm™) shows the diffusivity to increase on average (over six data points) by a factor
of 1.61, 5, and 3.3 as the oxygen concentration increases by a factor 10.4/6.3=1.65,
10.4/2.6=4, and 6.3/2.6=2.42 respectively.

The linear variation of the diffusivity with oxygen concentration is also shown clearly in
Fig. 4-8 in the case of diffusion measurements between 450 and 600°C. This is consistent
with the above analysis and shows that the dimers are capable of explaining the observed
increase in the effective diffusivity. However, at lower temperatures, the linear variation of
oxygen diffusivity with oxygen concentration is less clear because data are still missing and
further investigation is needed, possibly using samples with even lower initial content of

oxygen in the bulk.
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Figure 4-8. The graph shows the linear variation of the oxygen diffusivity measured
at 600°C in samples with different initial oxygen concentrations.

4. Direct application of the numerical model to wafer processing

The dislocation locking effect induced by intrinsic impurities present in silicon wafers, most
notably oxygen atoms, could be used during device processing to reduce wafer warpage and
thus to increase the device yield. The main advantage of using oxygen is that oxygen atoms
are already present in Cz-grown material as intrinsic impurities and no further doping is
needed. The other important advantage is that the immobilisation of dislocations due to
oxygen segregation to their core would occur naturally during specific thermal treatments at
high temperatures typical of device fabrication. Thus, no other particular processes would be
needed other than opportune heat treatments of sufficient duration such that oxygen can
rapidly segregate to the dislocations and lock them. In this section, the model described in

Chapter 3 is used in practical applications to predict the unlocking stress for dislocations and
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thus the critical stress, which if exceeded, would lead to wafer warpage during a certain
thermal process.

It should be noted that the model described in Chapter 3 and used in the previous
section to calculate the unlocking stress and other parameters has been developed for isolated,
straight dislocations. However, in many practical situations this model may not be
appropriate. In the case of dislocations associated with oxide precipitates, the interstitial
oxygen concentration is locally depleted and thus the value for Cyp would be lower than that
measured for the wafer as a whole. Similarly, if dislocations are present in a surface layer
fully depleted of oxygen atoms, then a negligible locking effect can be expected. In some
circumstances, where dislocation tangles are developed, the dislocation spacing may be
sufficiently small that each dislocation segment can compete in the process of oxygen
gettering and this should be considered in a more complicated analysis. Nevertheless, even if
the values predicted in the case of straight isolated dislocations are not quantitatively accurate
when applied to other particular situations, it is likely that the general trend as to how wafers
can be strengthened or weakened according to processing will still be valid. For example, in
the case of Cz-silicon wafers containing oxide precipitates, the qualitative indication that
oxygen is able to improve the mechanical strength is clearly given by data described in
Chapter 6, Fig. 6-14.

The numerical simulation described in Chapter 3 can be used to calculate the
dislocation unlocking stress, given by Equation (3.7), during a particular heat treatment. The
stress necessary to unlock the dislocations varies with the duration of thermal treatments and
with temperature depending on the amount of oxygen atoms segregated to the dislocation
core. The prediction of the evolution of unlocking stress during a specific heat treatment will
provide information about the strength of the wafers throughout the processing. In practice,
time-temperature profiles are often modified to minimise spatial temperature profiles and thus

the thermo-mechanical stresses in wafers being processed. As is shown below, the present
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analysis demonstrates that such modifications affect not only the stresses applied to wafers
but also the mechanical resistance of wafers to such stresses. The strength of a wafer
depends very sensitively on its thermal history; in some cases, different thermal treatments
can be proposed to increase the mechanical strength of wafers and hence reduce their
susceptibility to warpage. If (time dependent) external stresses are kept below the (time
dependent) unlocking stress then plastic deformation of wafers could be prevented. This
represents an additional, potentially very useful, independent process control variable.

A computer program was developed to simulate oxygen transport to the dislocations
during real thermal processes. This program is similar to that shown in Appendix C, but in the
extended version used for this purpose several heating and cooling ramps can be added in
sequence. Moreover, the temperature dependence of the unlocking stress is taken into account
in this simulation, as Equation (4.3) is implemented in the program. The numerical model
allows the input of several parameters like the initial oxygen concentration, temperature and
duration of the annealing steps; by changing these parameters it is possible to simulate the
effect of different treatments on the mechanical properties of wafers. Simple examples of
different heat treatments are given below. However, the numerical model could easily be
applied to the more complicated treatments used in real device fabrication and would then
give an indication of the strength of wafers at any time during their processing. In the
following simulations, where not specified, it is assumed that Cz-Si wafers have an initial
oxygen concentration equal to 6.3x10"7 cm™, although this parameter can be changed and
given as input to the model. The graph in Fig. 4-9a shows the simulated behaviour of the
unlocking stress in a wafer which has been subjected to a particular thermal sequence: this
consisted of an increasing temperature ramp (20°C/min up to 950°C) followed by a constant

temperature step (5 min at 950°C) and a final cooling step (20°C/min down to 25°C).
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Figure 4-9. a) Unlocking stress behaviour during a specific thermal treatment. b) Enhancement of
the unlocking stress is achieved by introducing an additional annealing step at 750°C. c) The
dislocation locking can also be improved by simply increasing the initial oxygen concentration in
the wafer, for example, to 8.0x10"7 cm™,

According to calculations the results of which are shown in Fig. 4-9a, during the increasing

temperature ramp the value of the unlocking stress is initially negligible because the oxygen

atoms at low temperatures move very slowly and do not have time to reach the dislocation

core in significant numbers. The unlocking stress than increases steeply as the wafer

temperature is raised from 700°C to 800°C and diffusion becomes much more rapid; it

subsequently decreases with almost the same slope until the constant temperature step at

950°C takes place. The decrease is due to the enhancement at higher temperatures of the

emission of oxygen atoms from the dislocation core which dominates over the absorption

process. In the final temperature step, during the wafer cooling, the unlocking stress starts

increasing again, as more oxygen is absorbed to the core, and rises until room temperature is



Chapter 4: Dislocation locking by oxygen impurities 128

reached. Therefore, the unlocking stress profile shown in Fig. 4-9a suggests that at a given
stress, for this particular heat treatment, plastic deformation is more likely to occur during the
heating of wafers rather than during the cooling when the unlocking stress is larger.

In another sequence shown in Fig. 4-9b, a pause in the heating ramp has been

introduced at 750°C. In this case the calculation shows that the additional annealing treatment
at 750°C for 10 minutes allows the unlocking stress to reach a maximum value during the
heating which is approximately 11 MPa higher than the previous value obtained.
This is an important result if we consider that thermal stresses during device processing are in
general not very high and the increase in the unlocking stress of even a few MPa is important
because it could lead to a significant reduction of mobile dislocations. Moreover, the
unlocking stress can also be substantially increased when a higher oxygen concentration is
initially present in the wafers as shown in Fig. 4-9c. The simulated behaviour of the unlocking
stress during repeated thermal cycles is shown in Fig. 4-10.

Three sequential equal heat treatments are shown in Fig. 4-10a; the same treatments are
shown in Fig. 4-10b where additional rapid thermal annealing (RTA, up to 1100°C in 1
minute) treatments have been performed. Comparing the two different data plots of the
unlocking stress, it was found that the RTA treatment results in a detrimental effect on the
wafer strength.

Fig. 4-10a shows that the unlocking stress calculated during the heating ramp in cycle 2 is
much higher than that calculated for the same ramp in cycle 1: this is due to the oxygen atoms
gathered at the dislocation core during the wafer cooling at the end of cycle 1. Hence, the
wafer strength during the heating ramp in cycle 2 will be higher than in cycle 1 (Fig. 4-10a)
for temperatures below 750°C. This improvement in the strength, obtained during the wafer
cooling, is largely lost when a RTA is applied just after cycle 1 and before cycle 2 (Fig. 4-
10b). Despite the short duration of RTA, the significant loss in the magnitude of the

unlocking stress is due to the rapid emission of oxygen atoms from the dislocation core at
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high temperatures. Therefore, according to calculations, during sequential thermal treatments

silicon wafers are more susceptible to plastic deformation when subjected to heating ramps

which are preceded by a RTA treatment.
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where the unlocking stress changes significantly.
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S. Summary

The dislocation unlocking experiments shown in this chapter and carried out using silicon
samples with low oxygen content have produced new and interesting results. At high
temperatures (>650°C), the data produced in the present investigation overlap those achieved
in previous work carried out using wafers with higher oxygen concentrations. At low
temperatures (<650°C), a different binding energy of oxygen to the dislocations has been
found in these specimens and a new value of the concentration-dependent oxygen diffusivity
has been deduced from the experimental data. Interestingly, the transition between the two
different values of binding energy and the two different values of diffusivity (one per each
temperature regime) occurs at the same temperature, which is approximately 650°C. This
suggests the existence of an oxygen species other than monomers which becomes dominant at
low temperatures and thus is responsible for transport and also for dislocation immobilisation.
It is proposed that the dominant species for transport at low temperature are oxygen dimers
which would account for the linear dependence of diffusivity on oxygen concentration.

The intrinsic dependence of the unlocking stress on unlocking temperature has been
investigated experimentally and the results have been used to simulate the effects of real
thermal processing on the mechanical behaviour of wafers. It is hoped that this study will be
directly applied in wafer manufacturing to reduce wafer warpage and improve the device

yield.
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1. Introduction

Despite the increasing interest in nitrogen as a beneficial impurity which might be added to
silicon crystals, there is still a serious lack of fundamental and practical information about its
properties when present. For example, as described in Chapter 1, there is an open debate
about the magnitude of the nitrogen diffusion coefficient and the species (monomers, dimers,

12,34 )
234 The research described

etc.) responsible for nitrogen transport at different temperatures
in this chapter aims to investigate the properties of nitrogen in the purest silicon crystals that
can be fabricated, that is FZ-grown silicon wafers. FZ-silicon, although technologically
superior to Cz-silicon in some applications, is more susceptible to wafer warpage due to the
low concentration of oxygen present in the material. Thus, the introduction of nitrogen
impurities into FZ-silicon and their interaction with harmful dislocations could lead to a
significant improvement in the mechanical stability of wafers during device processing at
elevated temperatures. It is hoped that by studying nitrogen in such ideal material, an
understanding of its behaviour will be obtained; this knowledge might then be applied to more
complex systems such as N-doped Cz-silicon.

The work presented in this chapter represents the first detailed investigation of the
interaction of nitrogen and dislocations in FZ-silicon and thus not only provides information
on the diffusivity of nitrogen in silicon and how it binds to the dislocations, but also gives an

indication of the extent to which the mechanical properties of FZ-silicon may be improved by

nitrogen doping.
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2. Experimental results

2.1 Unlocking stress measurements

The N-doped Floating-Zone (NFZ) silicon samples used in this investigation were described
in Chapter 2, Section 8.2 and contained ~2x10" cm” nitrogen. In these specimens, the
locking of dislocations by the nitrogen impurities was investigated as a function of annealing
time (0-1500 hours) in the technologically important temperature range 550-830°C. High
purity FZ-silicon specimens, not intentionally doped with nitrogen (control samples), were
also tested to investigate any possible variation of the unlocking stress in samples with low
nitrogen content. In these samples, no appreciable dislocation locking effect was detected
using the dislocation unlocking experimental procedure. This confirms that the oxygen and
nitrogen concentrations (and those of other impurities) in pure FZ-grown silicon are too low
to produce a significant dislocation locking and also indicates that our experimental apparatus
is sufficiently contamination-free such that any locking measured is due to intentionally
introduced impurities.

The investigation began with the collection of unlocking stress data measured at
550°C in NFZ-silicon samples as a function of annealing duration at 700°C (see Fig. 5-1); the
first important observation was that nitrogen has a strong locking effect on dislocations,
despite its low concentration in the silicon wafers. These initial experiments gave an
indication of the magnitude of locking achievable in NFZ samples and the rate of increase
with time during annealing at 700°C. At this temperature, it was found that the saturation
regime of the unlocking stress is reached after approximately 20 hours of annealing. These
were the first such measurements ever made on NFZ material and this work is the first to
indicate a saturation regime for the unlocking stress in NFZ-silicon. It was observed that the

locking behaviour is similar to that found in Cz-silicon where oxygen atoms are responsible
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for pinning the dislocations. In Cz material, a second increase in unlocking stress after some
time in the saturation regime was also observed (Fig. 1-25) probably due to precipitation of
oxygen along the dislocations. However, experiments carried out with NFZ samples subjected
to more than 250 hours of annealing at 700°C did not show any further increase in the

unlocking stress after the saturation regime and in this respect the behaviour is different to Cz-

silicon.
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Figure 5-1. Data points (squares) represent the unlocking stress measured at 550°C in N-doped FZ-silicon
samples subjected to different annealing times (0-1500 hours) and annealing temperatures (550°C-830°C).
Values obtained by using a numerical simulation with fit parameters as described in this chapter (Section 3.4) are
also shown in the figures (lines).
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During the collection of data, it was clear that NFZ samples were producing a more
scattered distribution of data points in the graphs compared to those obtained in the case of
oxygen in Cz-silicon samples. The explanation for this is still not clear, but different possible
causes are suggested: the first reason could be that the concentration of nitrogen within the
NFZ wafers was not as uniform as the concentration of oxygen in Cz wafers, since the latter
was more regularly distributed after the specific homogenization treatment (tabula rasa) at
1000°C. It is rather likely that the outer regions of the NFZ wafers used in these experiments
contained nitrogen impurities in larger concentration than that incorporated in their central
area, since the external part of the ingot was more directly exposed to the nitrogen/argon
mixture during the crystal growthS. The second reason for the larger scatter of these data
(when compared with similar data obtained from Cz-silicon specimens) could be the different
dimensions of each NFZ sample used in the experiments. Although the dimensions were
accurately measured in each sample, the shape of NFZ specimens was not always as regular
as that of samples cleaved from mirror polished Cz-silicon wafers. In fact, since NFZ wafers
were initially thick and rough, as-cleaved samples were then subjected to polishing and
etching steps which may have altered the original shape of the bar (for example, the sample
edges were unavoidably rounded after planar etching). This may have influenced the stress
distribution calculated for a perfect rectangular bar and thus may have affected the
determination of the unlocking stress. A third reason for the increased scattering could be the
(111) orientation of the samples itself. (111) specimens were not used previously for
unlocking experiments since in this geometry the dislocations travel obliquely in respect to
the direction of the applied stress, causing a more difficult measurement of the stress required
to unlock dislocations. Consequently, this increases the error in the determination of the
unlocking stress.

Fig 5-1 shows the whole set of data regarding the unlocking stress measured at 550°C

using NFZ-silicon samples annealed under different time and temperature conditions. It
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should be noted that each data point was achieved by following all the processing steps
described in Chapter 2, Section 8.2 and also that the anneals ranged in duration up to 62 days.
In many cases, several attempts were needed to achieve a single data point without the NFZ-
silicon bar breaking. Thus, the data presented in Fig. 5.1 represents a considerable portion of
all the experimental work produced for this thesis. In addition, the experiments carried out
used up all the nitrogen-doped material available for this work and in some cases this limited
the number of data points which could be obtained, for example at 830°C.

In NFZ samples, the unlocking stress for dislocations increases with annealing time and
its rate of increase depends on the annealing temperature. After the initial increase (regime 1),
the unlocking stress (measured at 550°C) saturates to a value (regime 2) approximately equal
to 50 MPa for all the annealing temperatures investigated. This was another striking and
unexpected observation: contrary to oxygen in Cz-silicon for which the unlocking stress
decreases dramatically with increasing annealing temperature, in NFZ-silicon the unlocking
stress measured during the saturation regime is constant up to at least 830°C (Fig. 5-2), over a
range of approximately 300°C. One likely explanation for this is that during regime 2, the
dislocations are probably fully decorated by nitrogen impurities, thus the unlocking stress is
only limited by the annealing time needed for nitrogen to occupy all the available sites along
the dislocation, as will be explained in Section 3.2 of this chapter. Furthermore, data in Fig. 5-
2 indicate that above ~750°C, nitrogen at a concentration of approximately 2x10" cm™ gives
more effective locking than oxygen at a concentration of 6.3x10" cm” in the Cz-silicon
wafers studied. This is an important new result since it shows that nitrogen should be very
beneficial to reduce wafer warpage, especially when oxygen is not present in the material
(like in FZ-silicon) or when the locking ability of oxygen is reduced by thermodynamic
effects present at high temperatures. Unfortunately, measurements at temperatures above
830°C were not possible because during the few experiments carried out at higher

temperatures, the formation of glide dislocations from sources other than the indents was
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observed at the sample surface after bending and this precluded accurate measurements of the
unlocking stress for dislocations intentionally introduced into the specimens by indentation. It
is thought that the new dislocations were probably generated during rapid cooling of the
specimens from such elevated temperatures to room temperature. This operation was
performed by taking the sample out of the furnace and laying it down on a cold quartz surface
within a very short time (< 20 s). Originally, this fast cooling of the samples was introduced
during the experiments with oxygen to avoid the impurity segregation to the dislocation core
during relatively slow cooling, especially at high temperatures when oxygen diffusion is fast.
This procedure was also maintained for the investigation of nitrogen in FZ-silicon since at the
beginning of the work, little was known about the nitrogen diffusivity and behaviour at the
temperatures of interest. Another possible cause of the presence of dislocations at the silicon
surface after annealing at very high temperatures could be the formation of a silicon nitride
layer on top of samples: this induces a certain stress field at the silicon/nitride interface that in

turn might induce the formation of glide dislocations.
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Figure 5-2. The saturation unlocking stress (regime 2) measured at 550°C as a
function of anneal temperature for Cz and NFZ-silicon.
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2.2 The activation energy of the locking process

During regime 1, the unlocking stress 7, increases linearly with anneal time 7 and the rate of

- dr, . s . J—
this increase, d—“ , increases with increasing temperature. From the data presented in Fig. 5-1,
t

u

o dr, . . .
quantitative values for >y may be obtained for each anneal temperature investigated. An
t

Arrhenius plot of these values is shown in Fig. 5-3. From this, an activation energy for the
locking process of 1.45 + 0.09 eV can be inferred using the method of least squares fitting
(straight line in Fig. 5-3). If it is assumed that the unlocking stress depends on the number of
nitrogen atoms at the dislocation core and that in regime 1 this is limited by the transport of
atoms to the core, the activation energy measured for the locking process will be that for
nitrogen transport itself. Thus, with these assumptions, a value of 1.45 £ 0.09 eV is inferred

for the activation energy for nitrogen transport to the dislocations in the temperature range

550-830°C.
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Figure 5-3. An Arrhenius plot of the ratio d 7, / dt at different temperatures. The linear fit to the

data gives an activation energy for the locking process of 1.45 £ 0.09 eV.
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3. Discussion of experimental results

In the case of nitrogen in FZ-silicon, it is known that both nitrogen monomers and dimers
maybe present in the crystal and their relative concentration is dependant on temperature. This
was already described in Chapter 1, Section 4.1. In principle, since it is assumed that the
dislocation unlocking stress depends on the number of impurities collected at the core, in NFZ
samples the locking effect can be caused by segregation of both nitrogen dimers and
monomers to the dislocation core. In particular, the following three possibilities are
considered in this section:

1) nitrogen accumulation at the dislocations followed by precipitation, the precipitates
resulting in locking;

2) nitrogen dimers segregating to the dislocations to produce locking;

3) nitrogen monomers segregating to the dislocations to produce locking.

Nitrogen-oxygen complexes were not considered as a candidate species for dislocation
locking since these are thought to form at temperatures higher than those investigated in this
thesis®.

The possibility of nitrogen precipitation is described in the next paragraph, whereas

the other two options are discussed further before being considered separately.

3.1 Possibility of locking produced by nitrogen precipitation at the
dislocations.

The work of Yonenaga’ has shown that in silicon, the precipitation of oxygen at high
temperature along a dislocation can lead to the immobilization of the dislocation. When this
occurs, the stress required to unlock the dislocation depends on the spacing of the precipitates

along the dislocation line and can depend on their size. The spacing of the precipitates
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depends on the temperature at which they are nucleated and it increases after prolonged
annealing (Fig. 5-4). This in turn reduces the unlocking stress (Fig. 5-5). Thus, the unlocking
stress for dislocations pinned by precipitates is expected to depend on the temperature and
duration of the anneal during which they are formed.

In the case of nitrogen in silicon, little is known about precipitation at a dislocation.
However, the saturation unlocking stress measured in this work is practically constant for a
wide range of temperatures and times and this strongly suggests that nitrogen precipitates

along the dislocation core are not responsible for the locking observed.

0.2 um

(a) Oh (b) 0.75h (c)1.5h (d) 3h

Figure 5-4. Variation in the configuration of a dislocation decorated by oxygen precipitates in Cz-silicon for
increasing annealing time at 900°C. (after Yonenaga ")

L, atatimet Lo>Ly at a time to>
<—> &>
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Figure 5-5. The length of the dislocation segments delimited by two adjacent precipitates depends
on annealing duration 7. Therefore, the stress 7to activate a Frank-Read source should be lower in
the configuration on the right (after ripening). The quantities G and b in the expressions of 7; and
7, represent the shear modulus and the Burgers vector of silicon respectively.
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3.2 Binding energy of nitrogen to a dislocation

One of the new results shown in this chapter for NFZ-silicon samples was the effective
invariance of the saturation unlocking stress (regime 2) as a function of the annealing
temperature. It is suggested that regime 2 takes place when all (or nearly all) of the available
sites at the dislocation core are fully occupied and thus no further increase of the unlocking
stress can be observed because the nitrogen concentration at the dislocation is then
independent of time and temperature. Previously in this thesis, the equilibrium concentration

of an impurity at the dislocation core C,,, during regime 2 was assumed to follow a

Maxwell-Boltzmann distribution, thus

AH —-TAS
C =C_exp| ———— 5.1
core ) p( kT ) ( )

where C_ is the impurity concentration at the far field of diffusion. Although the

concentration of nitrogen in FZ-silicon is at least two orders of magnitude lower than that of
oxygen in Cz-silicon, the experimental results show that during regime 2, nitrogen is able to
produce a dislocation locking effect comparable to that caused by oxygen. It then follows
from Equation (5.1) that the enthalpy of interaction between a nitrogen species and a
dislocation has to be significantly larger than that due to the oxygen-dislocation interaction
(AH=0.74 eV) in order to achieve a sufficient nitrogen concentration at the core to produce an
appreciable locking. This is shown schematically in Fig. 5-6. However, if the enthalpy of
interaction of an impurity with a dislocation is sufficiently high, then a large fraction of the
available sites at the core will be occupied and Maxwell-Boltzmann statistics will no longer
be accurate. In this situation, Fermi-Dirac statistics should be used and the probability p that a
site 1s occupied is then given by

1

P=" (ASJ ( AH)
l+—exp| — |exp| ———
C k kT

(5.2)
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where C=[Cimpuriry)/[ Csiticon] 18 relative concentration of the impurity. It is noted that the
numerical model discussed in Chapter 3 (Section 2), which is used in this thesis to describe
impurity locking of dislocations, accurately reproduces the Fermi-Dirac occupation
probability for sites at the core. This is because the flux of atoms to the dislocation, in this

model, depends on the concentration of unoccupied sites at the dislocation core.

Tp=20°C T»>20°C T->T
BRI TS LI S RS RN
SRR S P R L ot e et AH=0.74 eV
a)Oxygen '.0 .... [] * * s * . s e @ *
"..i.':.o' o..cé... ':‘.':.:.':o.
::.':.'; '..:- RN PN . ":':. o o0t T (T)>tu(T2)
..'t . e ¥ g 0t o** . . 0 . ®
.:'::.".'Il‘:o ::'c:....'..:‘ .:.":.-o:.
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Figure 5-6. Dislocation (solid line) decoration at thermodynamic equilibrium in the case of oxygen (a)
and nitrogen (b) impurities. The bulk concentration of oxygen is 100 times that of nitrogen, but the
interaction enthalpy of oxygen (0.74 eV) is assumed to be lower than that of nitrogen. Thus, according to
Equation (5.1), after sufficient annealing at a temperature T}, it may be possible to trap enough nitrogen
atoms at the dislocation core (b) such that these would produce a locking effect similar to that obtained
with oxygen (a), despite the difference in concentrations. At higher temperatures, whilst most of the
oxygen atoms boil-off the dislocation core due to their low binding energy, nitrogen atoms are able to
remain bonded to the core. In this way nitrogen is capable of fully decorating the dislocation without
leaving any empty sites along the core. The observed saturation of the unlocking stress is then a
consequence of all the available sites being occupied and is independent of the anneal temperature.
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How large does the interaction enthalpy have to be in order to decorate fully the dislocations?
The experiments indicate that the nitrogen impurities do not “boil-off”” the dislocations at least
up to 830°C during regime 2 and thus the probability of occupation p will be close to unity.
Fig. 5-7 shows p plotted as a function of temperature for a series of different interaction
enthalpies with the entropy concentration assumed to be negligible. This shows that, within
the sensitivity of the experimental data obtained in this work, a binding enthalpy of
approximately 1.7 eV or higher would account for the measured constant value of the
saturation unlocking stress. The value of 1.7 eV deduced with the above analysis was used as
the interaction enthalpy in the numerical simulation which will be described in the following

sections.
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Figure 5-7. Probability for a dislocation site to be occupied by an impurity species (given by
Equation 5.2) as function of temperature and different values of binding enthalpy. The relative
bulk concentration of impurities was taken as C =[2><1015 cm'3]/[5><1022 cm'3]=0.4><10'7.
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3.3 Transport of nitrogen in silicon

It is known that nitrogen in silicon can exist in the form of monomers and dimers. Thus, in

general the unlocking stress 7, could be due to the accumulation of nitrogen monomers and
dimers along a dislocation, so that 7, can be written as

T =nT, +n,T, (5.3)
where n; and n, are respectively the number of nitrogen monomers and nitrogen dimers

accumulated along a unit length of dislocation, 7, and 7, are respectively the unlocking stress

for a dislocation pinned by a single monomer and a single dimer per unit length. The number
of nitrogen dimers or monomers at the dislocation core is limited by:
a) the transport of nitrogen to the core during annealing at a certain temperature;

b) the number of sites at the core available for occupation n,_,, (which in general is different

total

for the each of the two species, n_  #n

totall total 2 ) ’

¢) when steady state is reached, the equilibrium concentration at the core.

For most of regime 1, the unlocking stress 7, increases linearly with time and, under these
conditions, the rate of increase in 7, is proportional to the transport of nitrogen to the

dislocation. Since both nitrogen monomers and dimers may be present in the silicon crystal,

the value of the diffusivity for each of the two species can be written in the form

EO)
Di = DOi exXp _k_T (54)

where i=1 or 2 in the case of monomers or dimers respectively. Thus, the variation of the

unlocking stress during regime 1 can be written as

E({)
dz o< % o< Doi exXp| — 7
dt dt kT

(5.5)
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where i=1 or 2 depending on the dominant species locking dislocations at the specific
temperature 7. According to Equation (5.5), the activation energy deduced in Fig. 5-3 could
be associated with either monomers or dimers depending on which is the dominant nitrogen
species for locking between 550°C and 830°C. In the most general case, assuming that the
nitrogen monomers (with concentration C) are in dynamic equilibrium with the dimers (with
concentration (), the effective transport of nitrogen in silicon can be written as:

DF — C.D, +2C,D,

= 5.6
N C, +2C, ©:0)

where D is the diffusivity of the nitrogen monomers and D- is that of dimers.

At the temperatures of the experiments, however, the concentration of dimers C; is much
greater than that of monomers C; [see Ref. 8-11], thus equation (5.6) can be rewritten as

,_1C
DY =——LD +D,. 5.7
V=3 (5.7)

2
The diffusivity D; of nitrogen monomers is large at high temperatures* and considering the

temperature dependence of the monomer concentration, which can be written as

C, =C, exp( b"ld] (5.8)

2 kT

where E,, , is the (positive) binding energy of a dimer, Equation (5.7) becomes

Evi )D + D, (5.9)

1 1
=——eXx
2./C, p( 2 kT

or, more explicitly:

1E E® Eg;
ejf _ bind D ex _ﬂ + D ex — diff 5 10

Fig. 5.3 shows that locking data is well described by a single activation energy over the

complete experimental temperature range (550°-830°C), whereas if the first and second terms

of Equation (5.10) were comparable at some temperature in the measured range, the term with
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the larger activation energy would be expected to dominate at higher temperatures and that
with the smaller energy at lower temperatures such that the data in Fig. 5-3 would exhibit a
“kink™. Since a straight line is observed throughout, it is inferred that one or other of the two
terms of Equation (5.10) is dominant for all the experimental data and the analysis will now

be continued in these terms.

3.4 Locking dominated by segregation of monomers to dislocation core

Even though the monomer concentration is expected to be a small fraction of the dimer
concentration, particularly at low temperatures, it could still dominate locking effects if the
diffusivity of the monomers was orders of magnitudes higher than that of the dimers. The
situation would then be that most of the nitrogen is in the form of essentially immobile
dimers* with a very small proportion of highly mobile monomers responsible for diffusing to
the dislocations and subsequent locking. In this section, an analysis is performed on the basis
that monomers are responsible for dislocation locking. With this assumption, the first term of

Equation (5.10) dominates such that

(5.11)

E,  /2+E}
D;ﬂ o exp[_ bind /kT dtﬂ]

and the measured activation energy (1.45 eV, Fig. 5-3) will then be the sum of the activation

)

energy for monomer diffusion Efﬁff and half the monomer binding energy E,. ,. The smallest

value which can be found in the literature for E,, , is 1.7 eV [see ref. 11], thus the maximum

1.7

value for Ej). would be Ey) :1.45—720.6 eV, which seems remarkably small. In

addition, the binding energy to a dislocation core, which was found to be approximately 1.7
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E.
eV from the experimental data (Section 3.2), becomes (1.7 eV +—224) = 2.55 ¢V in the case

of locking produced by nitrogen monomers. This value of the binding energy to a dislocation
seems very large for a nitrogen monomer and more difficult to explain from the theoretical

point than that deduced for nitrogen dimers (see next section).

3.5 Locking dominated by segregation of dimers to dislocation core

To understand which is the species responsible for nitrogen transport in the temperature range
investigated, a numerical simulation was used to deduce important parameters such as the

unlocking stress 7, due to a single nitrogen species pinning a unit length dislocation, the

transport of nitrogen and the binding enthalpy of the interaction between nitrogen and the
dislocations. In this section, the data is analysed assuming dimers are responsible for
dislocation locking and hence the first term of Equation (5.10) dominates. The section also
includes a discussion as to which of the two analyses performed here and in the previous
section is most likely to represent the physical processes actually occurring.

The same numerical simulation that was used in the previous chapter to model the
interaction of oxygen with dislocations is used here to analyse the nitrogen locking data.
Thus, in the presence of a dislocation stress field, the equation for diffusion of a nitrogen

. .. 12
Species 1 1S

A -V :
% p V[Vq +w} (5.12)
ot kT

where C; is the concentration of the active nitrogen species, D; is its diffusivity, k is
Boltzmann's constant, T is the absolute temperature, AG; is the Gibbs free energy (binding

energy) of the interaction between a nitrogen impurity and a dislocation and ¢ is the annealing
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time. The values of both the bulk concentration of nitrogen and the concentration of sites
available for occupation by the locking species at the dislocation core are needed in order to
perform the analysis of the experimental data using Equation (5.12) with appropriate
boundary conditions - see Equation (3-10).

As mentioned above, in this section it is assumed that it is the nitrogen dimer which

diffuses to the dislocations and then locks them. Thus C, > C, and also n, > n, in Equation

(5.3). In addition, the dimer concentration C, =C—2N= 1.0x10" cm™ is half the total atomic

3

nitrogen concentration Cy =2.0x10" cm™ measured by FT-IR. The density of available sites

for dimers along the dislocation, n was taken to be 1.3x10’ cm'l, which is equivalent to

total2 °
the individual nitrogen atoms of the dimers aligned along a perfect dislocation and
accommodated in interstitial sites separated by a Burgers vector (3.8 A) each from the other.
The numerical simulation is based on the solution of Equation (5.12), which gives the number
of nitrogen dimers at the dislocation core, and Equation (5.3) which describes the total

unlocking stress due to dimers when n, < n,. The simulation is able to fit all the experimental
data of Fig. 5-1 using 7, Dogimer, AS and AH as fit parameters, where AS and AH are the

entropy and enthalpy change due to the interaction between a nitrogen dimer and the

2)

i used in the simulation

dislocation. The value of the activation energy for dimer diffusion E}

was taken from the Arrhenius plot in Fig. 5-3. Fig. 5-1 shows the calculated curves (solid
lines) that best fit the experimental data over the temperature range of interest; each curve was
obtained using the same set of parameters, which is the following:

D, =6.8x10"exp(-1.45 eV /kT) cm>s™, (5.13)

dimer
7,= 4 Pa-cm (for a dimer),
AH=1.7eV,

AS = 8.6x107 eV-K!
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The simulation is rather insensitive to the particular value chosen for AS (AS < AH ); for
example, a variation by a factor 2 in AS affects the calculated unlocking stress by less than
1%.

The numerical simulation can provide a good fit to the experimental data, as shown in
Fig. 5-1. During regime 1, the observed behaviour of the unlocking stress can be understood
in terms of an increasing concentration of nitrogen at the dislocation core, as the anneal
progresses, with transport of nitrogen to the dislocation being faster at high temperatures.
Regime 2 takes place when all (or nearly all) of the available sites at the dislocation core are
fully occupied, as explained in Section 3.2.

The error in the pre-factor of D, deduced from the simulation can be up to an order

of magnitude, whereas the inaccuracy in the activation energy for diffusion (1.45 eV) is
approximately 0.1 eV. This is in agreement with the possible range of values deduced from
the data in Fig. 5-3 using the method of the least squares. Diffusivity measurements are also
affected by the error in the nitrogen concentration which was not known with an accuracy

better than a factor of two. In addition, as D

e describes the diffusivity of nitrogen dimers,
the transport of single nitrogen atoms would be twice as fast. However, the small value of pre-

factor in D

imer cOmpared to the usual range of values for monomer diffusion in silicon
suggests that either the value obtained in this investigation is inaccurate or that dimers have

different pre-factors to those of the more normally investigated monomer species, although

this possibility has not been explore further in the present work. Other errors in D, = may

imer

come from the estimation of the number of available sites for occupation at the core n,,, ;

although the dislocations are assumed to be straight in the model, n can vary by a factor

total 2
of two if perfect dislocations are effectively split into partials.
The rather large value of enthalpy (1.7 eV) deduced for the interaction of a single

nitrogen dimer with a dislocation is physically reasonable especially if compared to the 0.74
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eV binding energy associated to oxygen monomers. In this case, AH for nitrogen dimers
should be roughly double the binding enthalpy already deduced for oxygen monomers at
dislocations, as described in Chapter 4. The large binding energy of nitrogen dimers allows
the dislocations to be fully decorated at temperatures up to 830°C, such that nitrogen atoms
occupy all the sites available along the linear defect.

The value 7,= 4 Pa-cm of the unlocking stress per nitrogen dimer is lower than that

for oxygen monomers (7 Pa-cm). Although this could appear strange, the above value of 7,

for nitrogen dimers is not unrealistic especially if the different possible reconstruction of the
atomic bonds for monomers and dimers at a dislocation are considered. Therefore, it is
believed that the values associated to the parameters deduced from the simulation are best
explained on the basis that nitrogen dimers are responsible for transport and accumulation at
the dislocation core in significant concentration. Consequently, the accumulation of nitrogen
dimers produces the observed dislocation locking effect. Thus, if the active nitrogen species at
the temperatures investigated is though to be dimers, then the experimental data can be
modelled using the above physically reasonable values for the different parameters involved.

However, it should be noted that in the temperature range investigated, if dislocation
locking is due to segregation of dimers, this does not imply that all nitrogen transport is
dominated by dimers in this range. In fact, it is possible that the concentration of monomers in
the bulk is so small that the equilibrium concentration of monomers at the dislocation core
would be insufficient to give a significant locking stress (the saturation stress in regime 2).
Thus, even if the transport of monomers was faster than that of dimers, the dislocation
unlocking experiments would only be sensitive to the behaviour of the dimers.

The nitrogen dimer diffusivity deduced in this work (Equation 5.13) is plotted in

Figure 5-8 together with out-diffusion data' reported by Itoh et al. obtained at higher
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temperatures. Recent theoretical studies have suggested that Itoh’s data describe the

. . . 3
behaviour of nitrogen monomers rather then dimers™.
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Figure 5-8. Diffusion coefficient of nitrogen in silicon. The solid line
represents the results obtained in this work, whereas the dotted line refers to
out-diffusion data obtained at higher temperatures by Itoh in 1988.

Thus, it is proposed that the results presented in this chapter are consistent with those of Itoh
being due to fast diffusing monomers (to which out-diffusion measurements are sensitive),
and that any monomer segregation to dislocation cores is too small to produce significant
locking. From this point of view, nitrogen and oxygen in silicon behave similarly in that
dimer transport dominates at low temperatures, but monomers become important at higher

temperatures.
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4. Conclusions

The locking of dislocations by nitrogen impurities in nitrogen-doped FZ-grown silicon
crystals was investigated as a function of time in the temperature range 550-830°C. It was
found that nitrogen impurities induce a strong locking effect on stationary dislocations after a
sufficiently long anneal. The locking is similar in magnitude to that observed for oxygen
atoms in Cz-grown crystals, although the nitrogen concentration in the NFZ samples (~2x10"
cm™) is two orders of magnitude lower than the usual oxygen concentration in Cz silicon. For
the first time, it was observed that the unlocking stress (measured at 550°C) due to
accumulation of nitrogen at a dislocation initially increases with annealing time and then
saturates to a value of approximately SOMPa for all the anneal temperatures investigated. As
no other regimes were observed in the behaviour of the unlocking stress as a function of
annealing time, it was suggested that nitrogen precipitation at the dislocation core did not
occur during the experiments. From the analysis of the experimental data, information
concerning the binding energy of a nitrogen impurity to a dislocation (>1.7 eV) was deduced.
In addition, using a numerical simulation of the experimental results and by making certain
physically realistic assumptions, quantitative data is inferred regarding the nitrogen diffusion
coefficient and the dislocation pinning force per nitrogen atom at the dislocation core (2
Pa-cm). Although nitrogen dimers are believed to be the dominant species at the temperatures
of the experiments, an analysis has been carried out with the hypothesis that nitrogen
diffusion and binding to the dislocations were governed by monomers. The results of this
analysis showed that the value of the activation energy for monomer diffusion deduced from
the experimental data would be rather small (<0.6 eV) and, in addition, the binding energy of
a monomer to a dislocation would be large (2.55 eV), particularly if compared with the
binding energy of oxygen monomers (0.74 eV). Thus, it is considered more likely that dimers

are responsible for nitrogen transport and for dislocation locking in the temperature range
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investigated. Assuming that the nitrogen dimer is the dominant species, the values obtained
for the activation energy for dimer transport (1.45 eV) and the binding energy of a dimer to a
dislocation (>1.7 eV) appear physically reasonable. However, fast diffusing monomers
probably dominate at temperatures higher than those considered in the present work; this
hypothesis is supported by the out-diffusion measurements of nitrogen diffusivity performed
by Itoh et al.

According to the diffusivity data deduced from unlocking experiments, nitrogen
transport due to dimers is faster than that due to oxygen dimers in Cz-silicon, but the
difference is only about one order of magnitude (or a little more in the case of low oxygen
concentration). In Fig. 5-10, the expressions deduced for the transport of nitrogen and that of
oxygen are plotted over a wide range of temperatures for both dimers (unlocking experiments)

and monomers (out-diffusion data from the literature).
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Figure 5-10. Diffusivity of oxygen and nitrogen with distinction between monomer
diffusion and dimer diffusion.
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1. Introduction

As described in Chapter 1, if a certain stress is applied on a silicon crystal, then a “glide”
dislocation loop (Fig. 1-19) i1s able to expand conservatively in the glide plane which
contains the loop and its Burgers vector, whereas a “prismatic” dislocation loop can only
move conservatively along the glide prism (Fig. 1-21). Glide dislocation loops intersecting
the wafer surface are potentially catastrophic for semiconductor devices. In this chapter, the
mechanism by which these glide dislocations are generated in Cz-silicon wafers containing a
controlled distribution of oxide precipitates is investigated by means of mechanical tests at
high temperatures. Although some authors believe that glide dislocations in a silicon wafer
originate directly from every single oxide precipitate present in the crystall, the new results
presented in this chapter allow the role of other dislocation sources to be considered. In fact,
it is known that large precipitates cause the formation of induced defects such as prismatic
dislocations or more complex dislocation tanglesg, which in turn can originate dislocation
multiplication processes. In this work, the role of such defects in the generation of glide
dislocations is investigated in several silicon samples containing oxide precipitates with
different sizes. Modern technology requires silicon wafers which can combine a very small
density of dislocations with an efficient internal gettering of impurities to achieve higher
performance. Thus, the present study is important in order to develop better quality silicon-
based materials for device manufacturing. In particular, it will be shown that if the
precipitate size is controlled and kept under a critical size, then the number of active
dislocation sources and hence the plastic deformation of wafers during processing could be
reduced.

Before presenting the experimental results in detail, an overview is given of all the

experiments performed and how these were chosen to give the required information.
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Experiments have been carried out to investigate the distribution of slip lines at the wafer
surface after the application of an external stress under different experimental conditions. It
was found that the occurrence of slip in silicon (at a given temperature, for a certain duration
of stress application) is limited by a critical value of the applied shear stress. The resolved
shear stress needed to observe (using an optical microscope operating in Nomarski mode) a
slip line at the surface is called the “slip” stress 7y;,. The occurrence of slip is still a problem
in wafer manufacturing and device fabrication, thus the results obtained from the
experiments described in this chapter are of importance to the semiconductor industry.
However, the study of slip lines did not provide direct information on single dislocation
generation because usually tens of dislocations are needed to form a slip line which can then
be detected under an optical microscope. For this reason, further experiments were
performed to detect the distribution of chemical etch pits, rather than slip lines. In fact, with
chemical etching techniques, every pair of pits could be associated with a single glide
dislocation emerging at the surface during stress application at high temperatures. In
particular, the study of etch pits allowed the determination of the critical shear stress 7.
necessary to produce and detect a single glide dislocation loop under specific conditions.
The different experiments that are described in this chapter and the information deduced

from the analysis of the experimental data are schematically listed below.

Density of slip lines ——————» | Density of dislocation sources

Dependence of the slip stress 7y,
g.t.?ﬁ'n:; L »| on precipitate size and duration of \

Mechanism of dislocation
formation

\ bending at high temperatures

Dependence of the slip stress 7y,
on tensile/compressive applied
stress
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Study of
etch pits

Dependence of the critical stress
7, on precipitate size and duration
of bending at high temperatures

Dependence of the critical stress
7, on pre-annealing of samples at
600°C

"\
P

Type of dislocation sources
and mechanism of dislocation
formation

The experiments described in the following sections are divided in two different groups,

depending on the specific bending geometry used to apply the stress on the samples: annular

bending or three-point bending.

2. Annular bend tests

2.1 Dependence of slip line density on precipitate size and shear stress

Slip lines can appear at the wafer surface after processing at high temperatures and are

mostly responsible for degrading microelectronic devices. The dependence of the slip stress

Tyip ON precipitate size and density was initially studied by Senkader et al?, as described in

Chapter 1, Section 9. The technique used by Senkader to produce slip lines in silicon wafers

involved annular bending of fixed duration (20 min) at 635°C, in argon atmosphere.

However, the variation of the slip stress with duration of the applied stress and the

relationship between applied stress, precipitate size and density of slip lines has not been

fully investigated before.
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Annular bending was used in these experiments to apply the external stress on the samples at
elevated temperatures. The slip lines produced during this thermal treatment were then
observed with an optical microscope. In the present study, a correlation between the number
of precipitates and the number of slip lines was found, although in some specimens it was
difficult to measure the actual density of slip lines, particularly in heavily dislocated areas. It
was found that, under same stress conditions, the density of slip lines, oy, can vary
considerably with the density of dislocation sources within the material (in the case of Cz-Si,
the number of sources is essentially the number of “active” oxide precipitates and/or
associated defects). For example, the pictures in Fig. 6-1 show the increase in the number of
slip lines when the precipitate density in the material changes from 2x10° to 8x10'® cm™.
Precipitate size and loading conditions were the same for both the samples shown in the
figure. For this particular case, it can be observed that, due to the large numbers of slip
events, it is practically impossible to count the number of slip lines at the surface when the
precipitate density is 8x10'cm™ or higher. Hence, this difficulty in measuring the slip lines

in heavily dislocated areas represented an experimental limit for the determination of the slip

line density.

Figure 6-1. The two pictures above refer to the area over the ball contact, during annular bending, for samples
with precipitate concentrations of 2x10° (left) and 8x10' cm™ (right). Precipitate size (~200 nm) and loading
conditions (annular bending, ~70 N applied load at 635°C) were approximately the same for both the samples.
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The graph in Fig. 6-2 shows the variation of the slip line density oy;, (measured with DIC
optical microscopy) as a function of the applied stress and precipitate size. The external
stress was applied on all the specimens for 3 minutes at 635°C by using the annular bending
technique. The temperature of 635°C was the highest temperature easily achievable for the
furnace used in this work and is at the lower end of the temperature range for which wafer
deformation is an issue for manufacturing. The load applied directly on the annular knife
edge (Fig. 2-19) was typically 100 N. The density of slip lines was measured counting the
number of slip lines in a well defined area (generally a circle of radius ~200um) under a
DIC microscope. The measurements were reproducible within a percentage error of
approximately £5%; this was deduced by using different samples having same specifications
and subjected to same experimental conditions. The precipitate sizes shown in Fig. 6-2 were
calculated using Equation (2.8), according to the thermal history of the wafers which is
reported in the specifications received from the manufacturer® (8 hours nucleation at 650°C
followed by precipitate growth at 1000°C for different times).

It can be observed in Fig. 6-2 that the density of slip lines in samples with small
oxide precipitates (approximately 60 nm) does not show a strong dependence on the applied
stress, whereas in sample containing large oxide particles (> 100 nm) the slip line density
increases steeply with increasing stress. Moreover, a lower limit for the detection of slip
lines is shown in Fig. 6-2 because it was not possible to measure accurately densities lower
than approximately 5%10° cm™. Similarly, an upper limit also exists for the experimental
data in Fig. 6-2 since for heavily dislocated regions it was rather difficult to measure the slip

line density, as shown in Fig. 6-1 (picture on the right).
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Figure 6-2. Slip line density as function of the slip stress 7, in Cz-silicon samples containing
oxide precipitates of different sizes. The density of precipitates was approximately 10°® cm™.
External stresses were applied for 3 minutes at 635°C by using the annular bending technique.

The slip line density shown in Fig. 6-2 was measured at the silicon surface after 3 minutes of
applied stress at 635°C. However, most of the dislocations forming the slip lines were not
generated at the surface, but rather they were nucleated in some deeper portion of material.
The volume of this portion becomes larger (for constant time of stress application) with
increasing applied stresses because the velocity by which the dislocations glide to the
surface increases. In order to explain this more clearly, Fig. 6-3 shows a schematic cross-
section of a region underneath the silicon sample surface. The resolved shear stress
distribution in the specimen, when this is subjected to a load of 100 N, is calculated and

shown in Fig. 6-3 (dashed contour lines, units are MPa).
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Figure 6-3. Cross-sectional view of the stress distribution (dashed lines, MPa) in silicon samples
when subjected to a load of 100 N under annular-bending conditions. Contour solid lines
represent the time needed for a dislocation to appear at surface (at T=585°C). The precipitate-
free zone (a few microns deep) typical of silicon wafers used in VLSI is indicated as “depleted
region” in the graph.

Similarly, in the same graph, each point forming the solid contour lines indicates the time
needed for a dislocation (generated at that point by a stress-activated precipitate) to reach the
surface under applied stress at 585°C. The calculation of the time was carried out
numerically considering the dislocation moving by steps in the (111) plane with velocity
given by Equation (1.13) and taking into account the local value of applied shear stress at
each step. For a given time t, it is possible to define an “active” volume for the wafer that is
the portion of crystal for which all the dislocations generated by the active precipitates
present in this portion can finally appear at the surface after a time ¢. Since the dislocations
move with a well known velocity (depending on the applied stress), it is clear that the active
volume changes as time progresses. These active crystal portions are delimited by the solid

contour lines of Fig. 6-3 and depend on the duration of applied stress. Therefore, only a
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fraction of activated precipitates within the material will be responsible for the formation of
dislocations intersecting the surface at a given time ¢. For example, according to Fig. 6-3,
dislocations that are generated from precipitates in regions deeper than 10 microns cannot
emerge at the surface within 3 minutes (at 585°C) if the applied stress is not very large (<70

MPa).

2.2 Use of the slip line density to measure the slip stress T,

Measurements of the slip stress 7;, were carried out by observing the slip line distribution at
the wafer surface (Fig. 2-21) and calculating the local applied shear stress, with the method
described in Chapter 2, Section 9. It is noted that the slip line density data in Fig. 6-2 were
measured at constant time ¢ of applied stress and constant precipitate density ( 10® cm™). For
these conditions, if the proportion of active precipitates in the material is independent of
stress, then the slip density at the surface, Oy, is limited (for a given #) only by the
dislocation velocity, which in turn depends linearly on the applied shear stress. Thus, for
t=const and precipitate density=const, the slip density oy, can be written as

o

slip =art

stip (6.1)

where a is a constant [cm'2 MPa'l]. Fig. 6-4 shows lines referring to Equation (6.1) for
different values of a. Thus, if a specimen contains a certain constant density of active
dislocation sources and is subjected to increasing stress, the slip line density measured at the
surface would increase according to the lines shown in Fig. 6-4. This increase is entirely

due to the increasing volume of material from which dislocations can be detected (within 3

minutes) as the applied stress, hence the dislocation velocity, is increased.
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Figure 6-4. Same slip line density data as in Fig. 6-2 together with lines referring to Equation
(6.1) and obtained using different values of a. The precipitate density in the samples was
approximately 10®cm™.

Data in Fig. 6-4 suggest that the density of activated dislocation sources is, in most cases,
stress dependent. In other words, each particular source needs to be subjected to a given
stress level in order to be operative and release glide dislocation loops within a given wafer.
Large precipitates induce the formation of prismatic dislocations or dislocation tangles,
which in turn can originate dislocation multiplication processes. Hence, each of these
potential dislocation sources can in principle have a different value of the activation stress
because of their different morphology. Thus, for a specimen containing large precipitates,
the fraction of these precipitates which act as dislocation sources increases, as they are
subjected to higher stresses. This would explain the steep increase in the number of active
sources as the applied stress increases. On the other hand, Fig. 6-4 shows that in the case of
small oxide precipitates, dislocations can only be detected at the surface if very high stresses

are applied and when the stress is increased further, the density of activated precipitates
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remains constant. This is probably because each small oxide precipitate is morphologically
very similar to each other, with perhaps only one small dislocation loop associated and not
completely detached from the precipitate. Hence, these small defects need approximately the
same activation stress to operate as dislocation sources. Surely the activation stress must be
very large for small oxide precipitates, as more than 200 MPa applied shear stress is
required to detect slip lines in samples containing small precipitates (Fig.6-2). It is believed
that this must be due to the higher stress required to activate, for example, a Frank-Read
source of small length or to expand a dislocation loop with small radius. Moreover, the slip
line density may be characterised in relation to the volume of material which can produce
dislocations capable of reaching the surface in the three minutes of applied stress using an
analysis like that used to produce Fig. 6-3. In this way, a surface density of slip lines can be
related to a volume density of sources (within the active region).

In the case of samples containing small precipitates (60 nm), it is found that only
approximately 1 in 1000 precipitates generates dislocations at applied stresses of 260-300
MPa. This supports the hypothesis that not all the oxide precipitates are responsible for the
generation of glide dislocations, but there must be some particular defects in the crystals that
are more likely to nucleate glide dislocation loops for a given value of the applied stress.
The active dislocation sources could be associated with prismatic dislocation loops punched-
out from oxide precipitates. Alternatively, the active sources may consist of precipitates that
are abnormally large or differently shaped or with a special dislocation configuration, as will
be discussed in Sections 3, 4 and 5 of this chapter. On the other hand, for the larger
precipitates at the highest slip line densities measured, it appears that at least 90% of all the
precipitates have produced gliding dislocations, but at high densities it is possible that slip
lines intersect with each other generating new secondary dislocation sources.

In the next sections, surface slip lines are investigated as a function of precipitate

size, magnitude of applied stress and duration of applied stress. In each case, a value for the
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slip stress is given, which is the stress required to produce the minimum detectable slip line
concentration at the surface (approx. 5%10° cm™). In experiments where the stress is applied
for different lengths of time, the active volume of material investigated will depend on time,
hence different numbers of precipitates will be activated depending on the duration of
applied stress. For example, considering Fig. 6-3, a 15 minute experiment is sensitive to five
times as many active precipitates as a 3 minute experiment, because the dislocations have
more time to reach the surface. However, the minimum detectable slip line density remains
the same in each case. Thus, the 15 minute experiment gives the stress required to activate

only 1/5 the precipitates which are activated in the 3 minute experiment.

2.3 Dependence of the slip stress T, on precipitate size and stress conditions

Extensive experiments carried out during this work confirmed that the applied stress needed
to detect dislocation movement (as slip lines) depends mainly on the mean precipitate
diameter and on the morphology of precipitates (Fig. 6-5). This is in agreement with the
results from other authors®. The investigation, results of which are shown in Fig. 6-5, was
performed by using silicon wafers containing ~10'" precipitates per cm® with size ranging
from 30 nm to 500 nm (see Tab. 2-4, 32 hours nucleation time) for this experiment. The
precipitate size was deduced from TEM investigation. The external stress was applied at
635°C for 3 minutes on square silicon samples of 20mmx20mm by using the annular
bending technique already described Chapter 2.

The data show a decrease of the slip stress with increasing precipitate size. It is
possible that the last point in the graph (at precipitate size=300 nm) includes the effect of
dislocation locking produced by the segregation of oxygen during wafer cooling. In this

case, the magnitude of the stress required to unlock the dislocations pinned by oxygen atoms
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is comparable with the applied stress needed to generate glide dislocations in these samples

containing large precipitates.
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Figure 6-5. Data (triangles) representing the variation of slip stress with precipitate size
(measured with TEM) in Cz-silicon samples with precipitate density of 10'° cm™. The external
stress was applied at 635°C for 3 minutes. Every TEM image (produced by Dr. Reznik in
Moscow) refers to a sample taken from the same wafer as that used for the mechanical test.
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Further experiments carried out with samples containing precipitates with different sizes and
different densities (10° and 10'' cm™) showed a strong dependence of the slip stress on
bending duration. Data in Fig. 6-6 shows the behaviour of the slip stress as a function of
duration of applied stress for four different wafers. The precipitate sizes were calculated by
solving Equation (2.8) according to the specific thermal treatment to which each wafer was
subjected. The dependence of 7y, on duration of applied stress was found in all the different
specimens investigated. However, the graph in Fig. 6-6 shows a little dependence of 7, on
precipitate density in samples containing precipitates with size of 50 nm, whereas there is a
significant variation in the slip stress when this is measured in samples containing

precipitates of different sizes.
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Figure 6-6. Variation of the slip stress with duration of applied stress. The slip stress was
deduced from slip lines produced after annular bending at 635°C in samples having different
precipitate concentrations and sizes.
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In the case of small oxide precipitates, the critical resolved shear stress to generate a slip line
at the surface was found to vary significantly when the sign of the applied stress changed
from tensile to compressive conditions. Fig. 6-7 shows data collected using silicon samples
containing oxide precipitates of different (calculated) sizes. The duration of bending was ~1
minute at the temperature of 635°C. The experimental evidence of Fig. 6-7 suggests that
small dislocation loops close to small precipitates are more sensitive than large dislocation
tangles to the misfit stress at the interface between the oxide particle and the silicon matrix.
As shown in Fig. 1-9, the stress-field surrounding a platelet precipitate rapidly
decreases with increasing distance from the precipitate/matrix interface and it is practically
negligible after a distance approximately equal to the precipitate size’. Let us assume for
simplicity that the misfit strain at the precipitate site is purely compressive; this is
approximately true in the direction of prismatic punching of dislocation loops generated
from the precipitate (Fig. 1-9). It is also assumed that punched-out prismatic dislocation
(PPD) loops will stop moving at the position where the misfit stress caused by the oxide
precipitate equals the Peierls stress or other pinning forces arising from the presence of
impurity atoms at the dislocation core. Therefore, in the case of a crystal containing very
small oxide precipitates producing a short-range misfit stress field, the PPD loops should
stop relatively close to the precipitate/matrix interface or probably remain pinned to the
precipitate and not detach completely from it. If an external compressive stress is applied to
the crystal, the strain energy at the oxide precipitate surface will increase and thus it is
possible that the PPD loops (or parts of them) near the oxide particle will be subjected to a
higher shear stress than that before applying the compression. In this case, the higher shear
stress will be able to start the dislocation multiplication mechanism typical, for example, of
a Frank-Read source. On the contrary, when an external tensile stress is applied, the misfit
strain at the oxide/silicon interface will be relaxed and the PPD loops will be subjected to a

minor shear stress than in the case of compressive stress application. As a consequence, a
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larger external stress has to be supplied in the case of tensile stress application in order to

start dislocation glide and multiplication processes.
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Figure 6-7. Top: schematic representation of an oxide precipitate (grey colour) and related
changes in the stress magnitude (represented by black arrows of different length) at the
precipitate/matrix interface when a compressive or tensile force is applied. Thick black lines
represent the dislocation loops. Bottom: the graph shows the critical shear stress for the
generation of slip lines (slip stress) at the silicon surface, measured using annular bending at
635°C for 1 minute. Slip lines were detected by using a differential-interference-contrast (DIC)
optical microscope. In the case of small precipitates there is a significant difference in the slip
stress when samples are subjected either to compressive or tensile external stresses.
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According to the discussion above, for precipitates with smallest size, Fig. 6-7 indicates that
the precipitate stress field to which the PPD loops are subjected is approximately (300-
200)/2 = 50 MPa. The difference between tensile and compressive stress disappears as soon
as the oxide precipitate size is larger. In fact, with increasing precipitate size during growth
at high temperatures, the PPD loops can glide for a longer distance away from the
precipitate stress field and/or may interact with other PPD loops forming dislocation tangles
with long segments. Dislocation segments belonging to tangles formed near large
precipitates can extend for a few hundreds of nanometers (see for example Fig. 2-24). Since
the stress required to activate a Frank-Read source is inversely proportional to the segment
lengthé, a lower shear stress is generally needed to activate the motion and the multiplication
process of longer dislocation segments. These can easily expand under low stress
application, but their motion is not affected by the precipitate stress-field, as in this case the
dislocation lines are outside the stress field associated with the precipitate/matrix misfit and

then their behaviour does not depend on the sign of applied stress.

2.4 Observation of single dislocations using chemical etch pits

A more accurate study of the behaviour of single dislocations rather than slip lines was
needed to measure and analyse properly the dependence of the critical shear stress for
dislocations on the duration of applied stress. It is noted that slip bands are generated by the
motion of several dislocation loops emerging at surface, thus the technique described in the
previous sections was not suitable to understand the fundamental generation mechanism of a
single glide dislocation. However, since the formation of slip lines is frequently observed on

wafer surface after heat treatments typical of VLSI and since slippage represents a real
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problem for device processing, the data reported in Fig. 6-5 and Fig. 6-6 might be extremely
important from the technological and industrial point of view.

Many details of the following experiments have been already given in Chapter 2,
section 10.4. The observation of dislocation etch pits (rather than slip lines) formed at
silicon surface confirmed that the mechanical behaviour of samples containing precipitates
varies according to precipitate sizes, as shown in Fig. 6-8. The individual etch pits are not
resolved in Fig. 6-8, but give rise to the dark grey contrast in the images. The samples used
in this experiment were cleaved from the wafers described in Tab. 2-4 and Tab. 2-5, row 4,
32h nucleation time. All samples appearing in the figure were stressed under the same
conditions (10 kg applied load at 585°C for a duration of 3 minutes) and were subsequently
etched to reveal the dislocations at the surface. The stress distribution in the sample was
similar to that shown in Fig. 2-28. The dislocated area was found to be larger in samples
with bigger precipitates. Therefore, under the same experimental conditions, the critical
resolved shear stress to produce dislocations intersecting the sample surface (such that etch
pits could be formed) was found to be lower in samples containing large precipitates. The

critical shear stress 7, was defined (Chapter 2, Section 10.4) as the critical resolved shear

stress to generate a single dislocation glide loop, which can be detected in the form of an

etch pit under an optical microscope.

A) B) C) D)
2 0 o
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— [110]

Figure 6-8. Dislocated area in different samples containing precipitates of size equal to A) 300
nm, B) 220 nm, C) 180 nm, D) 120 nm, according to TEM examination. The duration of load
application (10 kg) was 3 minutes for all the samples. Precipitate density was ~10" cm?,

bending temperature was 585°C.
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As shown in Fig. 6-9, the shear stress 7 decreases with increasing duration of the
application of stress. This effect is more evident in samples containing small oxide
precipitates, as larger stress values are required to expand the dislocation loops away from
the smaller precipitates. Similarly to what was described in the previous section, the lower
value of 7. measured in samples with large oxide precipitates can be explained in terms of
dislocation segments belonging to tangles which form near large oxide precipitates; this is
because a lower shear stress is usually required to activate the motion and the multiplication
process of longer dislocation segments. However, in the case of small precipitates, the
growth mechanism of small-radius prismatic loops remains mostly unclear, as the huge
stresses predicted by the theory for small loop expansion do not match the experimental

results, as will be shown in Section 4.
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Figure 6-9. The critical resolved shear stress 7. as a function of precipitate size and different
duration of stress application (annular bending). Samples are those described in Tab. 2.4 and
Tab. 2.5, row 4, 32h.
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3. Three-point bend tests

According to the results discussed in the previous paragraphs, the sources of glide
dislocations in Cz-silicon seem to be related to defects of a “special” kind present in the
crystal rather than simple oxide precipitates. Direct TEM observation (by Dr Reznik in
Moscow) revealed the presence of different defect types in samples subjected to annealing
of different durations at 1000°C (Fig. 6-10): these defects consisted of either isolated oxide
precipitates, or precipitates with PPD loops, or larger precipitates surrounded by tangled
dislocations. The prismatic dislocation loops associated with the precipitates could have
been nucleated during precipitate growth or on cooling the wafer, but the exact mechanism
of nucleation was not investigated in this thesis. However, Fig. 6-10b and Fig. 1-21 suggest
that the PPD loops are generated during precipitate growth, as the very first loop punched
out from the precipitate is always the smallest loop in the pile, whereas the last loop

generated (closest to the precipitate) is always the biggest.

S0 nm

Figure 6-10. Different types of defects in samples with different annealing time at 1000°C: a) After 1 hour
annealing, precipitates are smaller than 50 nm and they may have only one prismatic loop attached. b)
Precipitates grow to a size of 100-150 nm after 4 hours annealing and punch-out several prismatic loops that
can travel a few microns away from the precipitate. c) After 16 hours, precipitates have grown up to 300 nm or
more, thus punched-out loops are bigger, interact each other and form tangles of dislocations (after Reznik).
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Most of the experimental details and the technique used to achieve the following results
were described in Chapter 2, section 10.4. As expected from previous results obtained with

other techniques, the critical resolved shear stress 7, measured with three-point bending

experiments decreases with increasing precipitate size and defect morphology, as shown in
Fig. 6-11. As discussed before, this is because the external stress required to activate a
Frank-Read source is inversely proportional to the dislocation length. Thus the stress to
activate a long dislocation segment belonging to a large complex defect, such as that in Fig.
6-10c, is lower than the stress required to expand a regular prismatic loop with short radius,
generated from a small oxide precipitate. Therefore, dislocation tangles are more likely to
move, cross-slip and multiply even when a low shear stress is applied. Moreover, the

experimental data in Fig. 6-11 confirm that the stress 7. decreases with increasing duration

of stress application. This effect is more evident in samples with smaller precipitates (Fig. 6-
10a) where initially the application of high external stresses is needed to detect the
dislocation loops at sample surface.

Surface flaws are inevitably introduced during sample preparation for three-point
bending. However, surface effects are not solely responsible for the nucleation of glide
dislocations since in the experimental data there is a clear dependence of the critical stress
on the precipitate size, which cannot be explained in terms of surface irregularities because
these are expected to be approximately the same, independent of precipitate size. On the
other hand, tests carried out by using high purity FZ-silicon samples showed that also in

precipitate-free crystals the critical shear stress 7, is indeed dependent on the duration of

stress application (Fig. 6-11).
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Figure 6-11. Time-dependence of the critical shear stress 7, for samples containing oxide

precipitates of different sizes. For comparison, data concerning the behaviour of FZ-silicon
samples is also shown in the graph. The external stress was applied on all the samples at 585°C.
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Since the FZ specimens were precipitate-free and although every possible care was taken

with handling and preparing the samples, it is probable that very small amount of surface

damage was unintentionally introduced at some point during specimen preparation and these

surface flaws acted as dislocation sources. The stress needed to produce surface damage and

the possibility to generate dislocated regions beneath the silicon surface is considered in the

following. The stress to which a unit volume of silicon wafer is subjected when a load is

applied on a circular surface area of radius R can be calculated by using elasticity theory7

and considering the cylindrical coordinates shown in Fig. 6-12.
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Figure 6-12. Geometry used for the calculation of the stress when a load P is applied on the
surface (after Minowa 7).

As an example, considering a load P=2 g and R=0.7 ym, the maximum value of the resolved
shear stress 7 is found to be ~4.5 GPa. This huge stress can induce the generation of hairpin
dislocations and phase transformation from crystalline to amorphous silicon beneath the
loaded silicon surface.

It is known that amorphous silicon starts to recrystallise at 500°C and hence the
stress-induced amorphous regions can re-transform to a crystalline structure during heat
treatments®, but the recrystallised area will contain tangled dislocations that might propagate
and multiply under applied stress at high temperatures. Evidence for this was given by
Minowa et al.; Fig. 6-13 shows a cross-sectional micrograph of a scratched region of silicon
that was subjected to annealing at 600°C for 1 hour. The original amorphous region
generated during scratching at room temperature disappeared after heat treatment and
tangled dislocations are found along the scratch in a region 0.15 um deep beneath the
surface. Longer dislocations (about 1 um) introduced simply by surface scratching are also

visible in Fig. 6-13.
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Dislocation tangles

Figure 6-13. Cross-sectional TEM micrograph of a scratched region annealed at 600°C for 1
hour (after Minowa 7).

Thus, it is believed that surface effects due to microscopic damage were not completely
suppressed during the three-point bending experiments. However, this effect is not thought

to be significant as it does not explain the observed dependence of 7, on precipitate size.

Necessarily there must be a different activation mechanism for the dislocation sources which
should depend on defect size.

Importantly, the time-dependence of the critical shear stress was also observed in the
case of pure FZ-silicon, where oxide precipitates are not present in the material. A possible
explanation would be that FZ-silicon contains a very small concentration of defects which
can be activated by stress to produce dislocation glide loops. These defect have not been
observed by TEM because their concentration is small, but their effects on the mechanical
properties of wafers are detectable with the present technique. However, such an explanation
is viewed as unlikely since FZ material is well studied and no other techniques have
indicated such defects either. Thus, it is believed that, in the case of experiments carried out
with FZ-silicon samples, the glide dislocations were generated by surface damage
introduced during sample preparation.

Considering the critical stress data shown in Fig. 6-11, for large precipitates the glide
dislocations are likely to be generated from dislocation tangles (Fig. 6-10c). However, for

smaller precipitates, the glide loops may originate from pre-existing dislocations such as the
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small PPD loops. As described in the following section, a model was developed to

investigate if PPD loops might be responsible for the production of glide dislocations.

4. Origin of the dislocation glide loops

4.1 Introduction

In the previous paragraphs it was suggested that the sources of glide dislocations might be
probably PPD loops rather than regular oxide precipitates. Thus, it might be possible to
explain the time-dependence of the critical shear stress (shown in Fig. 6-11) by considering
the motion and subsequent cross-slip of the prismatic loops generated from the precipitates.
An experiment was carried out to investigate the possibility of locking the PPD loops by
segregation of residual oxygen to the core. In fact, on the basis that PPD loops can be
responsible for the generation of glide dislocations, if PPD loops are immobilised by oxygen
and no other glide dislocation sources are present in the material, then the glide dislocations
should not be produced. A model was also developed to investigate if PPD loops might act
like glide dislocation sources and the stress required to activate this dislocation
multiplication mechanism was deduced from the simulation. A discussion will follow the

results presented in these sub-sections.

4.2 Locking of punched-out prismatic loops by residual oxygen atoms

The experiment presented in this section is similar to those described in Fig. 6-11. In this
study, some Cz-silicon specimens containing oxide precipitates with size of approximately

50 nm were annealed at 600°C for 5 hours before being tested. The graph in Fig. 6-14 shows
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that after annealing of the Cz-silicon samples, 7. was found to be roughly 20 MPa larger than
that for the same non-annealed samples. This is thought to be due to accumulation of oxygen
atoms at the core of prismatic dislocation segments, which are then locked. The behaviour
shown in Fig. 6-14 cannot be explained by considering oxide precipitates as direct sources
of glide dislocations that are produced only on application of an external stress. Rather the
glide dislocations are likely to originate from pre-existing dislocations produced by the

precipitates at an earlier stage and which can be locked by subsequent anneal.
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Figure 6-14. Critical shear stress 7. measured as function of time at 585°C in
specimens containing small oxide precipitates (approx. 50 nm). Data represented
by open circles show the increase in 7. (more than 20 MPa) after anneal at 600°C
for 5 hours.

4.3 Model: formation of dislocation dipoles from PPD loops

A simplified model was developed to simulate the behaviour of a PPD loop when an
external stress is applied in the geometry of the three-point bending experiments. In silicon,

PPD loops move on {111} planes and each segment of the loop is edge in character. When
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precipitates are platelets, no punching is possible along directions lying in the platelet habit
plane. The habit planes of precipitates are {100} with their sides oriented along [110]
directions. Each of the four segments forming the prismatic loop lies on a different {111}
glide plane. Therefore, the base of the glide prism is actually a rhomb with 54.7° internal
angle.

For simplicity, the case of a single prismatic loop, punched-out from a precipitate
and gliding along a square-based prism is considered (Fig. 6-15a). It is assumed that this
loop moves away from the precipitate until the residual stress field of the precipitate is equal
to the sum of the Peierls stress and the stress required to move the dislocation against the
effect of impurity dragging. As in the experimental situation, the external stress (for
example, that produced in the three-point bend experiments) was considered to be along the
[110] direction. In this geometry, the resolved shear stress can be zero in two (parallel)
planes of the glide prism and non-zero in the other two “activated” planes. These different
values of resolved shear stress over the loop planes stretch the loop (Fig. 6-15b). The TEM
picture in Fig 6-16 is evidence of the deformation to which prismatic loops are subjected

when the above stress conditions are applied9.

Cross-slip plane

pd

Oxide
precipitate Applied shear stress

Figure 6-15. a) Schematic of a punched-out loop moving along the glide prism b) Schematic of
a dipole stretched by two driving segments subjected to shear stress. ¢) One segment of the
dipole cross-slips once it reached the screw character.
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The loop expands to form a glide dipole where the two end segments are in opposite motion
due to their opposite sign. The segments lying in the other two parallel planes, with no
resolved shear stress applied, are pulled only by line tension provided by the gliding
segments. If the segments or parts of them become screw in character, they can cross-slip in
another plane, as this is energetically more favourable, and generate new glide dislocations

(Fig. 6-15¢).

Figure 6-16. TEM picture of a dipole formed at the precipitate site after low stress
application at high temperatures (after Yasutake °).

Referring to Fig. 6-17, let L be the length of one side of the prism. The two segments lying

on the activated planes move by a relative distance x.

[110]
X ~ ] Glide plane
a
Oxide b [101]
precipitate L
Glide plane
> I
«— ‘3

Figure 6-17. Geometry used for the calculation of the cross-slip stress. A certain
stress 7, is needed to stretch the dipole for a distance greater than x.
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The elastic energy per unit length of an edge dislocation with core radius  is®

2
E,. G R (6.1)
“ Ard-v) r

where R is the radius of a cylinder with axis given by the dislocation line, G is the shear
modulus for silicon, b is the Burgers vector and v is the Poisson’s ratio. Similarly, the

elastic energy for a mixed dislocation can be written as

_ Gb’ (1—Vcos2 H) R

x2
E = In—=F 1-v 6.2
mixed 47[(1 _ V) r edge ( x2 + L2 ( )

where @ is the angle between the line of the mixed dislocation and its Burger vector. The

elastic energy for the four segments of the dipole stretched at a position x (Fig. 6-17) can

then be written as

E,=2E, L+2E

edge ‘mixed x2 + L2 (63)
Edge segments on the two glide planes attract each other and the shear stress on the glide

plane resulting from this interaction is given by

= Gb x(U'-x%)
Lo2r(l-v) (P +12)?

(6.4)

To balance 7,, an opposite shear stress 7, is needed to keep the dipole at rest in position x.
The work done by both these stresses is

E =—(t,—7,)bLx (6.5)
and then the total energy of the dipole at a position x can be written as

E(x)=E,+E, (6.6)
The equilibrium value of 7,(x) can be deduced from Equation (6.6) considering the

condition

J0E(x) _
ox

0 (6.7)
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At equilibrium, a stress value 7, larger than 7,(x) has to be applied to stretch the dipole for

a distance greater than x.
Data in Fig. 3-8 show that dislocations can be produced in Cz-Si containing small
precipitates even for applied stresses of approximately 20 MPa. However, according to the

model above, the calculation of 7, considering 50 nm precipitate size would predict a value

of 1.5 GPa as the critical shear stress necessary to let the dipole elongate and cross-slip.
According to the model, an applied shear stress of 20 MPa would only elongate PPD loops
with size of the order of 1 m. Moreover, each segment L of a prismatic loop cannot even

act as a usual Frank-Read source because this would require an activation stress 7, given

by

) 3.11)

which gives 7

. =500 MPa when L =50 nm. Therefore, the critical shear stress 7,
measured in samples containing small precipitates must be associated to glide dislocations
generated either by surface flaws or by other special defects, since the very large stresses
needed to elongate the PPD loops and form dipoles were not applied during the experiments.

The multiplication process described above would better work in the case of larger
prismatic loops generated from precipitates with size >200 nm where the stress needed for

dipole formation becomes of the same order of that observed experimentally. Evidence for

this is also shown in Fig. 6-16.
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4.4 Discussion of the origin of the glide dislocation loops

Several experiments have demonstrated that the critical shear stress necessary to detect the
formation of glide dislocation loops depends on oxide precipitate size. Thus, it is inferred
that the observed dislocations originate directly or indirectly from the oxide precipitates.

A pre-anneal of the silicon samples at a given temperature and for sufficient time

increases the critical shear stress 7,. This is consistent with the dislocation sources being

pre-existing loops which are then locked and inconsistent with the source being the oxide
precipitate itself.

To investigate this further, an analysis of the stress required to grow dislocation glide
loops from pre-existing dislocation segments was performed. The conclusion of this
investigation shows that in the case of loops of small diameter (~50 nm), the elongation
mechanism of PPD loops to form dipoles similar to that shown in Fig. 6-16 would require a
shear stress of 1.5 GPa. Thus, whilst this mechanism is probably responsible for glide
dislocation generation in samples containing large precipitates (>200 nm), the same
mechanism cannot be considered in sample with small precipitates because huge stresses are
required. In addition, a simple Frank-Read source consisting of a 50 nm pinned dislocation
segment cannot be activated by the stresses used in the experiments because this type of
dislocation source requires approximately 500 MPa to start the multiplication process for
such short dislocation segments. Therefore, neither of the two mechanisms involving dipoles
or simple Frank-Read sources can explain the generation of glide dislocations in specimens
containing small oxide precipitates.

The stress field surrounding a precipitate cannot affect much the PPD loops because
these glide away from the precipitate. In fact, compression/tension measurements indicate
that the maximum stress produced by a small precipitate, to which a PPD loop must be

subjected, is only approximately 50 MPa.
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In conclusion, experiments show that the presence of glide dislocations is most likely
due to pre-existing prismatic dislocation loops which can be as small as 50 nm in diameter.
However, modelling shows that glide dislocations cannot be generated until long dislocation
segments or dislocation tangles of the order of 1 u4m are produced in the material. This only
occurs when precipitates as large as 200-300 nm are generated. In the present work, no way
of resolving this apparent contradiction was found, unless very occasionally, special defects
are present in specimens containing small precipitates and these can generate 1 um size
dislocation tangles, although this seems unlikely. It is noted that the analysis of the number
of precipitates producing glide dislocations (Section 2.1) showed that for the smallest

precipitates only about 1 in 1000 was active.

S. Summary

Although this study was not conclusive (a definitive proof demonstrating the mechanism of
dislocation generation has not been given), quantitative information concerning the critical
stress for glide dislocation reaching the wafer surface was presented as a function of
precipitate size, density and duration of stress application. Such data regarding these
mechanical properties of silicon crystals at high temperatures are of substantial importance
in wafer processing and VLSI technology. Thermal stresses which arise from temperature
gradients during device fabrication should not exceed the critical values presented here for
dislocation generation and motion. In addition, the dislocation locking effect produced by
segregation of oxygen atoms to the core can be used as a method of strengthening wafers
containing oxide precipitates.

Experimental data suggested that in the case of silicon crystals containing small

precipitates, only a very small fraction of these precipitates is responsible for the generation
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of glide dislocation loops. However, the analysis showed that for glide dislocations to be
produced at the stresses observed, the specimens with very small precipitates must contain

larger defects, although no direct evidence of them has been found.
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1. Sumary of dislocation locking by oxygen and nitrogen

1.1 The dislocation locking effect

During silicon wafer processing, the activity of those dislocations which are harmful for the
electronic devices has to be suppressed or reduced. This can be achieved either by eliminating
the sources of glide dislocations in the silicon wafers or by decorating the dislocations with
certain impurities present in the crystal, as these are known to hinder the dislocation motion.
The latter approach was used in the present work.

In the previous chapters, it was experimentally demonstrated that oxygen and nitrogen
impurities in silicon can have a strong immobilization effect on stationary dislocations after
annealing at high temperatures. However, the duration of the thermal treatment has to be
sufficiently long to allow the diffusion of a significant number of impurities to the dislocation
core which then act as pinning points. The magnitude of this locking effect depends on the
particular properties of the impurities present in the material.

In Cz-grown silicon, oxygen is present in a large concentration in the form of
interstitial impurity atoms and thus no further doping is necessary to observe the dislocation
locking effect upon appropriate annealing conditions. In pure FZ-silicon, the concentration of
oxygen or other impurities is so low that no appreciable dislocation locking effect can be
observed and thus intentional doping of the FZ crystals with appropriate impurity species is
needed to stop the dislocation motion. Nitrogen doping of high-purity FZ-silicon was
investigated in this work to determine whether nitrogen impurities can lock the dislocations
effectively. It was found that the locking effect of nitrogen on stationary dislocations in FZ-
silicon is comparable to that of oxygen in Cz-silicon, despite the much lower concentration of
nitrogen compared to oxygen. In addition, the unlocking stress due to nitrogen in FZ-silicon
showed the same two distinct regimes observed for oxygen (increase followed by saturation),

although the other regimes observed in Cz-silicon and associated with oxygen precipitation
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were not found in N-doped FZ samples. It is believed that the information contained in this
thesis concerning the dislocation unlocking stress due to nitrogen in silicon as a function of
annealing time and temperature represents the most complete set of data yet obtained.
Assuming that the unlocking stress is proportional to the concentration of impurity atoms at
the core, the main general results achieved during this study and valid for both oxygen and
nitrogen in silicon are the following:

1. The unlocking stress is initially limited by impurity diffusion (kinetic effects).

2. After sufficient time, the unlocking stress depends on the equilibrium concentration of

impurities at the dislocation (thermodynamic effects).

The two results above suggested the possibility of determining some key parameters such as
the diffusion coefficient of oxygen and nitrogen and their binding energy to the dislocations
using dislocation unlocking experiments. These important parameters were deduced either
directly from experimental data or by simulating the diffusion processes in order to fit the
data. After that, the same parameters were used to calculate the number of impurity atoms
accumulated at the dislocation core at each time during a certain thermal treatment. Since the
unlocking stress is assumed to be proportional to the number of impurities at the core, if the
proportionality factor is known, then it should be possible to predict the effective unlocking
stress necessary to start dislocation motion during thermal treatments of wafers typical of
device fabrication. A numerical model was developed for this purpose and this was used to
simulate the mechanical behaviour during real thermal processes of wafers. In the case of
oxygen in Cz-silicon, it was shown that modifications to heat treatments can lead to a
significant improvement of the mechanical properties of wafers and thus should lead to an
increase in device yield. On the other hand, an incorrect use of particular thermal treatments
such as, for example, rapid-thermal-annealing (RTA), can weaken the silicon wafers, making

their plastic deformation more likely.
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1.2 Behaviour of oxygen and nitrogen in silicon

During the unlocking stress experiments carried out in this work, it was found that oxygen
and nitrogen impurities behave differently in silicon single-crystals, although some similarity
between the two chemical species can also be observed. In particular, due to the low nitrogen
solubility in silicon, the concentration and then the number of nitrogen atoms available for
dislocation decoration is usually very small if compared with that of oxygen atoms in Cz-
silicon crystals.

The nitrogen unlocking data obtained in this work was analysed in terms of either
monomers being responsible for the dislocation locking or dimers. Although the experimental
data could not be used to prove that the species responsible was dimers, the values obtained
for the activation energy for diffusion and binding of dimers to the dislocations were more
physically reasonable than those obtained if monomers were responsible. It is thus assumed
that dimers are the species responsible for locking the dislocations and on that basis, the main
findings of the work are summarised below.

1. Binding energy to the dislocations: the value of the binding enthalpy to a dislocation
for the nitrogen species (AH>1.7 eV) is more than twice that deduced for oxygen
(AH=0.74 eV). Since the binding energy of nitrogen to a dislocation is far larger than
that of oxygen, nitrogen sticks to the dislocation core easily even at high temperatures.
For this reason, once thermodynamic equilibrium is reached, the amount of nitrogen at
the dislocation core can be even larger than that of oxygen, despite the fact that the
initial bulk nitrogen concentration is much lower than that of oxygen. In principle,
nitrogen is able to fully decorate the dislocation and take place in all the sites available
for occupation along the core. This does not happen in the case of oxygen for the

experiments performed in this work since its binding energy to the dislocation is only
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0.74 eV. In addition, at temperatures over 850°C the concentration of oxygen atoms at
the core (and thus the resulting unlocking stress) is practically negligible.

The difference in the locking ability at high temperatures of oxygen and nitrogen is
clearly visible in Fig. 5-2 where data indicate that above ~750°C, nitrogen in

3

concentration of 2x10"”° cm™ gives more effective locking than oxygen in

concentration of 6.3x10"” cm™ when measured at 550°C.

2. Diffusion coefficient: For both nitrogen and oxygen, it is generally accepted that
transport can be dominated by either dimers or monomers depending on temperature.
It is believed that the unlocking stress measurements carried out in this work using Cz
and FZ silicon wafers provided information about dimer transport rather than diffusion
of monomers. In standard Cz-silicon, evidence for oxygen dimer diffusion is given in
this work by the direct dependence of oxygen diffusivity on initial oxygen
concentration at temperatures below 700°C. In nitrogen-doped FZ-silicon, if nitrogen
dimers are considered as the dominant species in the temperature range investigated

(up to 830°C), the diffusivity of nitrogen dimers in silicon was found to be

D, . =68x10°exp(—1.45 eV /kT).

According to the data presented in this work, nitrogen should be able to reduce FZ-silicon
wafer warpage during processing at temperatures up to 830°C or more, whereas the beneficial
effect of oxygen atoms on mechanical properties becomes weak at these temperatures. From
the technological point of view, if the ability of nitrogen to suppress dislocation movement
holds up to very high temperatures (~1000°C), then nitrogen-doped FZ-silicon could have
wider range of applications in microelectronics, since FZ materials could combine their well

known high-purity (and high resistivity) with good mechanical reliability at high
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temperatures, whereas at present, the poor resistance of FZ wafers against plastic deformation

and warpage represents one of the main disadvantages of FZ-grown silicon.

2. Summary of dislocation generation at oxide precipitates

The critical stress to start plastic flow in a silicon wafer is very much dependent on the
presence in bulk silicon of prismatic dislocation loops associated with oxide particles and/or
the formation of dislocation tangles, which in turn depends on the precipitate size. The shear
stress to cause the generation and subsequent expansion of glide dislocations from different
sources was measured as a function of different parameters. It was found that the critical shear
stress necessary to observe (at the surface) the motion of a single glide dislocation depends on

® Precipitate size;

¢ Duration of stress application;

e Thermal history of wafers.
Interestingly, experiments showed that the number of dislocation sources per unit volume in
Cz-silicon wafers is in general far lower than the density of oxide precipitates within the
wafer. This was observed for a wide range of oxide precipitate sizes although the effect is
more marked for smaller precipitates. Experiments show that the presence of glide
dislocations is most likely due to pre-existing dislocation loops which can be as small as 50
nm in diameter. However, modelling showed that glide dislocations must be generated from
longer pre-existing dislocation segments or dislocation tangles of the order of 1 pum. In the
present work, it was not possible to give an explanation to this apparent contradiction, unless
it i1s assumed that special defects can be present at very low concentrations in samples

containing small precipitates and these can generate 1 um size tangles.
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Although this study was not conclusive, as a direct proof of the mechanism of
dislocation generation was not given, the quantitative information obtained about the critical
stress for dislocations is of substantial importance for wafer processing and VLSI
applications. In fact, thermal stresses generated during device fabrication should not ever
exceed the critical value for dislocation formation in order to prevent wafer warpage. These
critical values are presented in this thesis as a function of different parameters like oxide

precipitate size, applied load and duration of thermal treatments.

3. Further work

The results achieved in this thesis are very encouraging and introduce several new matters of
debate. It is particularly worth highlighting the importance of the technique used in this study
as this not only provides information about the mechanical behaviour of silicon at high
temperatures, but also allows the determination of fundamental parameters such as the
diffusion coefficient of impurities, which would otherwise be difficult to measure with other
more conventional techniques.

An interesting experiment to do would be that involving a set of silicon samples with
oxygen (or nitrogen) concentrations very different from those already used to see whether the
diffusivity measured in these samples scales with concentration, according to predictions.
This is also important to clarify which of the monomers and dimers species is responsible for
transport. For example, in the case of oxygen and according to the theory of dimers (Chapter
4, Section 3.2), the oxygen diffusivity should decrease linearly with decreasing oxygen
concentration (Equation 4.11) at temperatures below 700°C. This linear dependence was

demonstrated in this work for a small range of oxygen concentrations, but a more definitive
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3 was used. Similar useful

proof could be given if an oxygen concentration lower than 10" cm’
information could be achieved using nitrogen-doped FZ-silicon samples with different (and
possibly more homogeneous) nitrogen concentration.

The other information which is missing in this work is the intrinsic temperature
dependence of unlocking stress for nitrogen, as the unlocking stress data were only collected
at a temperature of 550°C. This is important in order to predict the unlocking stress at each
temperature and time in a typical thermal treatment of FZ-silicon wafers during device
processing.

It is also important to note that nitrogen data were collected using a relatively simple
system consisting of pure FZ-silicon doped with nitrogen. However, a more interesting
material from the industrial point of view and for direct applications is nitrogen-doped Cz-
silicon, where a strong interaction between oxygen and nitrogen impurities is expected (see
for example Ref. 65, 66, 70 in Chapter 1). Once the interaction between nitrogen and linear
defects in FZ-silicon is fully understood, it may be possible to study the combined effect of
nitrogen and oxygen impurities on dislocations, for instance in nitrogen-doped Cz-silicon
wafers. It is hoped that this combination of impurities in Cz-silicon will produce a more

efficient dislocation locking and thus an increase in the mechanical stability of silicon wafers

during thermal processing.
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APPENDIX A

Annular bending rig

Mechanical drawing (dimensions are in mm)
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APPENDIX B

Calculation of stress distribution during annular bending.
For any loading conditions, the differential equation governing the deflection w at a

distance r from the centre of the plate is

li{ri{li(rd_wmzq“) b.1)
rdr| dr|rdr\ dr D

where ¢(r) is the load intensity and D is the flexural rigidity of the plate given by

EW’
D= m (b.2)

where £ is the plate thickness and E and v are the Young’s modulus and Poisson’s
ratio respectively. During the bend test, the alumina ball is in physical contact with
the silicon sample over a circular area of radius a. The parameter a must be estimated
in order to obtain an expression for the load intensity ¢(r) in Equation (b.1) and this
can be done by using the theory of elasticity for the contact between two spherical
bodies having radius R; and R,, where the approximation of R;— oo is considered for
one of the spheres. According to this theory, the relationship between the load

intensity ¢ and the total load P is given by

3P rY
)= - = b.3
q(r) rd (aj (b.3)
with
a= i/3ZPR(kl+k2) (b.4)
where

R = radius of alumina ball

V1, V2 = Poisson’s ratios of Alumina and Silicon respectively
E,, E; = Young’s moduli of Alumina and Silicon respectively
ki = (1-v*)/(RE)), ky = (1-v2))/(RE;)
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Therefore, the Equation (b.3) can be substituted into Equation (b.1) which can be
integrated in order to obtain the expression of dw/dr. Once Equation (b.1) has been
solved for a given load and the quantity dw/dr has been deduced, the bending moment

per unit length can be calculated from the following expressions:

2
M, =-p| LW Vv (b4)
dr r dr
1 dw d*w
M,=—D| —+vVv b.5
¢ [r dr dr? ] (b.5)

where M, is the radial moment and My is the tangential moment.
The corresponding radial and tangential stresses within the plate, o, and gy, are related

to the moments above by the following expressions:

12 M z

o, :Tr (b6)
12M,z

o, :Te (b.7)

where z is the vertical distance from the centre of the plate (the distance from the
“neutral axis” of Fig. 2-21). Expressions (b.6) and (b.7) show that stresses are
maximised at the surfaces of the plate, where z = h/2. The value dw/dr obtained from
Equation (b.1) can be inserted into Equations (b.4) and (b.5) to evaluate the bending
moments and, in turn, to calculate the stress components by using Equations (b.6) and
(b.7). After some algebra, it is possible to achieve the following final expressions for

radial and tangential stresses during annular bending:

3P [ X\ 12 (1 1
O'r—W_4(1+V)ln(7j+?(l—V)a (?+Fj:| (b8)
3P [ X 12 (1 1
GH = 87z'h2 _4(1+V)11’1(7)+4(1—V)—?(I—V)a (?+F):| (b9)

where X is the radius of the annular knife-edge.
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APPENDIX C

Fortan codes

1) Calculation of the major axis of a spheroidal precipitate and residual oxygen
concentration in the crystal.

PROGRAM concentration

DOUBLE PRECISION t,tstep,y(5),PI,BOLTZ,CS,
dCP,RS,A,AR,ECC,rad,CBMD,CI,CO,r,r1,r2,RO,ocr,lam,c,fi

¢ N:number of equations, nsteps:number of steps, tstep:length of steps
INTEGER N, j, nstep, nsteps

write(*,*)'Calculation of the O2 residual concentration and'
write(*,*)'major axis for spheroidal oxide precipitates in Si'
write(*,*) Temperature is 1000 °C'

write(*,*)'GROWTH TIME ? (hours - No fractions are allowed)’
read(*,*) nstep

N=1
nsteps=360*nstep
tstep=10.

write(*,*)'BMD ? (cm-3)'

read(*,*) ACBMD

write(*,*)'Initial Oxigen concentration ? (cm-3)'
read(*,*) ACI

CBMD=ACBMD

CI=ACI

c***** |Init. Parameters
¢ See also parameters in the FUNCTION below
c

P1=3.14159265
BOLTZ=(8.6173E-5)*(1273.0)
CS=2.2E21*DEXP(-1.03/BOLTZ)
CP=4.6E22

AR=1.e-2

A=1.E-7
RS=(3./(4.*PI*CBMD))**(1./3.)
ECC=DSQRT(1.-AR**2.)
C0=CI-CS

y(N)=CO0

OPEN(1, FILE='grow.dat')

OPEN(2, FILE="ox.dat')

WRITE (1,*) 0.0, CO, 2.*A*1.E7
DO 60 j = 1, nsteps
t=j*tstep

call rk4(t, y, tstep, N, CBMD, ClI)

r1=(RS**3)*(CO-y(N))
r2=CP*((1-ECC**2)**(0.5))
rad=(r1/r2+A**3)**(1./3.)

WRITE (1,”) ¥/3600., y(N) , 2.*rad*1.E7

60 CONTINUE
CLOSE(1)
RO=y(N)+CS

WRITE(*,*)!******* RESULTS kkkkkkkkl

write(*,*)'ASPECT RATIO =',AR

WRITE(*,*) TIME (h)

WRITE(*,*) #/3600.

WRITE(*,*yAVERAGE EXCESS 02 CONCENTRATION (cm-3)'
WRITE(*,*) y(N)

WRITE(*,*)RESIDUAL O2 CONCENTRATION (cm-3)'
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WRITE(*,*) RO
WRITE(*,*)'MAJOR AXIS (nm)'
WRITE(*,*) 2.*rad*1.E7
c=ECC*A
lam=DSQRT((3.*c)/(DASIN(ECC)*(RS**3)))
DO 70i = 1,3000,10
r=i*1.e-7
fi=dsin(lam*(r-rad))/(lam*r)
ocr=CS+y(N)*fi
if(r.gt.rad) WRITE (2,*) (r-rad)*1.e7, ocr, RO
continue
close(1)
close(2)
STOP
END

fourth-order Runge-Kutta subroutine
SUBROUTINE rk4(t, y, tstep, N, CBMD, ClI)
IMPLICIT none
DOUBLE PRECISION DERIV, h, t, tstep, y(5), CBMD, Cl

REAL*8 k1(5),k2(5),k3(5),k4(5),temp1(5),temp2(5),temp3(5),rad

INTEGER i, N

h=tstep/2.0
DO 10i=1,N
k1(i) = tstep * DERIV(t, y, i, CBMD, CI)
temp1(i) = y(i) + 0.5*k1(i)
CONTINUE
DO20i=1,N
k2(i) = tstep * DERIV(t+h, tempf1, i, CBMD, Cl)
temp2(i) = y(i) + 0.5*k2(i)
CONTINUE
DO30i=1,N
k3(i) = tstep * DERIV(t+h, temp2, i, CBMD, Cl)
temp3(i) = y(i) + k3(i)
CONTINUE
DO40i=1,N
k4(i) = tstep * DERIV (t+tstep, temp3, i, CBMD, Cl)

y(i) = y(i) + (k1(i) + (2.7 (k2(i) + k3(i))) + k4(i))/6.0

CONTINUE
RETURN
END

¢**** Function which returns the derivatives ***

FUNCTION DERIV(t, temp, i, CBMD, CI)
IMPLICIT none

DOUBLE PRECISION D1,D2,D3,D4,DERIV t,temp(5),P1,BOLTZ,D,CS,

/CP,ECC,A,RS,AR,CBMD,CI,CO

INTEGER i

C***PARAMETERs*********************

PI=3.14159265
BOLTZ=(8.6173E-5)*(1273.0)
D=0.13*DEXP(-2.53/BOLTZ)
CS=2.2E21*DEXP(-1.03/BOLTZ)
CP=4.6E22

AR=0.01
RS=(3./(4.*PI*CBMD))**(1./3.)
C0=CI-CS

Cc

C**** Initial semimajor axis value (cm)

A=1.E-7
ECC=DSQRT(1.-AR**2.)

D1=-(D*temp(i)*3.*ECC)
D2=(CP**(0.33333333))*(RS**2)*(AR**(1./3.))"DASIN(ECC)
D3=CP*(A**3)*AR/(RS**3)
D4=(D3+C0-temp(i))**(0.33333333)

DERIV=D1*D4/D2

RETURN
END
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2) Calculation of the unlocking stress after annealing of certain duration at a
given temperature (parameters are set for the case of oxygen in silicon).

program Oxygen

implicit double precision (a-h,0-z)
dimension flux(100),concentration(100),radi(100),deltaradi(100)
dimension area(100)

¢ *** UNITS ARE IN Cm *****

pi = 3.141592654

boltz = 8.6173E-5

cini = 6.3E17

rmax =1.E-4

rmin = 5.E-8

cav = 5.E22

pirmin = pi * rmin * rmin

av = pirmin*cav

entropy = 7.6E-5

atlock =7

actenergy=0.74

enterprob = exp(entropy/boltz)

totf=cini*pirmin
¢ *** Open output file *****
open(3,file="data.dat’)

write(*,*)'Number of annuli? (MAX 100)’
read(*,*) n
write(*,*)
write(*,*)'Annealing Temperature [°C]?'
read(*,*) temperature
temperature=temperature+273.
write(*,*)
write(*,*)'Annealing duration (in hours)?"'
read(*,*) time
time=time*3600.
write(*,*)
write(*,*)'Time STEP (milliseconds)?'
read(*,*) step
step=step*1.e-3

¢ *** SET THE NUMBER OF POINTS PER GRAPH (200)***
ndata=200
writestep=time/ndata

¢ *** DIFFUSIVITY AND ESCAPE PROBABILITY ***
escapeprob = exp(-actenergy/(boltz*temperature))
diffusivity = 0.13*exp(-2.53/( boltz * temperature ))
pidiff = 2 * pi * diffusivity

¢ *** SET THE RADIUS OF ANNULI AND INITIAL CONCENTRATION ***
i=1
do while (i.le.n)
radi(i)=dexp(dlog(rmin)+(i-1)*(dlog(rmax)-dlog(rmin))/n)
concentration(i)=cini
i=i+1
end do
radi(n)=rmax

¢ *** SET THE DELTA-RADIUS AND DELTA-AREA ***
i=1
do while(i.le.n-1)
deltaradi(i)=(radi(i+1)-radi(i))/2
area(i)=pi*(radi(i+1)*radi(i+1)-radi(i)*radi(i))
i=i+1

¢ *** START THE CALCULATION



t=0.
do while (t.It.time)

¢ *** FLUX AT THE BOUNDARY (n=1) ***
flux(1)=pidiff*radi(1)*(concentration(2)*(1-totf/av)
--concentration(1)*escapeprob*enterprob)*step/deltaradi(1)

totf=totf+flux(1)
concentration(1)=totf/pirmin

¢ *** FLUX AT THE OTHER ANNULI (n=i) ***
i=2
do while (i.le.n-1)
flux(i)=pidiff*radi(i)*((concentration(i+1)
--concentration(i))/deltaradi(i))*step
¢ *** RECALCULATION OF THE CONCENTRATION AT THE ANNULUS i ***
concentration(i)=concentration(i)+(flux(i)-flux(i-1))/area(i)
i=i+1
end do

c**** CONTROL IF ***
if (totf.gt.av) then
write(*,*)
write(*,*) 'Please reduce the time step!'
endif
if (totf.gt.av) goto 1000

Khkk kKKK KR KRR KRKKR

c
t=t+step

¢ *** WRITE THE DATA EVERY T=TIMESTEP ***
wstep=wstep+step
if (wstep.gt.writestep) then
write(3,*) /3600, totf*atlock*1.e-6
write(*,*) 'Percentage done ',100*t/time
wstep=0.
endif

end do
write(*,*)
write(*,*)'Data written on file every',writestep,'secs of anneal'

1000 end
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