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Abstract

An investigation of efficient room-temperature lumineseeinom silicon which
contains dislocations

David J. Stowe Doctor of Philosophy
St. Anne’s College Michaelmas Term 2006

This thesis presents an investigation of the phenomeinsifi@ent, room-
temperature luminescence from dislocation-engineere(l ¢li€n. Previous work
had demonstrated that the introduction of near-surfestecdtion loops to a silicon
substrate by boron ion implantation and high temperatomealing produced
efficient electroluminescence at room temperature. dé¥ew the mechanism by
which high efficiency luminescence is produced was not ututets

A wide matrix of specimens containing dislocations wasidabed by a
variety of methods, including ion implantation, and tth@minescence efficiencies
were correlated to their physical properties.

Transmission electron microscopy was used to chaisetde defect
structures created by ion implantation. In the majaritspecimens a band of
dislocation loops in close proximity to the surface whserved. The dislocation
loops were shown to be consistent with a mixturerahk and perfect dislocation
loops, the relative proportions of which were dependent pocessing conditions.
The thermal evolution of the dislocation loop siz&tribution was investigated. For
the first time, a size distribution displaying a doublekpeas observed. The size
distribution was shown to be consistent with the Gamsdistribution of two defect
populations of different mean diameter. The thernaalugion of the size distribution
was investigated in silicon implanted samples. A @éself-interstitials from Frank
dislocation loops to perfect dislocation loops was dedudéw evolution of the
dislocation loop sizes was found to be consistent @#twald ripening.

Cathodoluminescence (CL) was used to investigate the&stent properties
of silicon at room temperature for the first time.néw CL system was installed for
this work, initially the CL system was characterised amdutine to ensure a high
degree of reproducibility was formed.

The luminescence mechanism of DE-silicon was shovie tthe same as in
unprocessed silicon wafers; TO phonon-assisted recontnnatine mechanism of
enhanced luminescence from DE-silicon was unambiguousiyrsto be due to the
gettering of electrically active impurities from the sjpeen bulk. A reduction in the
bulk transition metal impurity concentration of up to 3bds was inferred.

In samples which were implanted with boron the degfegettering was
found to show a logarithmic dependence on the dislocdeosity. Using a cross-
sectional mapping technique, implanted samples were slweantain a lower
concentration of transition metal impurities throughttwat entire wafer in comparison
to as-received, unprocessed specimens. Furthermore,ghatintoncentration was
found to be lowest in close proximity to the band olodiation loops. The
dislocation loops were found to act as non-radiativermdsnation centres and their
strength was strongly influenced by the local carr@rcentration. The high doping
levels of samples implanted with boron were found toimmise the non-radiative
recombination action of the dislocations. Low tempemtannealing was used to
improve the luminescence efficiency of DE-silicon furthe
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1: Introduction and literature survey

1.1 Background

In 2004 the estimated revenue of the microelectronics tindwss $218
billion (Van Hoy, 2004). This success can largely belatted to the many properties
that make silicon the semiconductor material of chfuc€€MOS (complementary
metal oxide semiconductor) technology, which accountmfine than 95% of the
whole market of semiconductor integrated circuits (C#¢mens, 1997).

Silicon is naturally abundant and can be purified to unplestted levels: the
concentration of the dominant impurity, interstitial gey, can be as low as ~'10
cm?® (~100 ppb) (http://www.topsil.com). Silicon is easy tonmfacture and handle,
with good thermal and mechanical properties allowing redbtieasy device
processing. The natural oxide of silicon, §i@ an excellent electrical insulator and
can be preferentially etched with ease.

The intensive research activity into silicon processimij@evice fabrication
has lead to a rapid improvement in IC processing powee. atllancement in ICs can
be demonstrated by examining the number of transistoassingle chip, which,
following Moore’s law, has approximately doubled every twarg since 1972 due to
the transistor gate length decreasing as a resultloidégical advances, see Figure
1.1. In practice, the latest Irftetaniunt® 2 processor contains 592,000,000
transistors and has a gate length of 50 nm, while gagéhlenf sub 10 nm have been
demonstrated (leorgt al, 2004). The developments have been driven by the need
for shorter switching times and high-speed electronics (@sidomputers and
wireless communications respectively).

In recent years there has been concern that theefptagress of the
microelectronics industry is reaching a limit as a consscpief fundamental

materials and processing issues. Of particular impoetanthe potential limitation of
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Figure 1.1
Evolution of the number of transistors on a singteffhcentral processing
unit since 1972. Data collected from: www.intel.com/red®@ailicon/mooreslaw.htm
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Calculated gate (Al contact, Si@hsulating layer) and interconnect delay as a
function of the minimum device feature size (data ctdi@drom SIA roadmap 1997).
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microelectronic device operating speeds by the interabmieday (Risch, 2002). The
further improvement in circuit integration requires tise of ever increasing
interconnect length and complexity (5 km€in 2003 and an estimated 20 kmtm
by 2013) (Pavesi, 2003). At present there are up to nine lafysrstallic
interconnects used in ICs; this is expected to increasecstee within the next five
years (www.intel.com). Figure 1.2 shows the signal datag function of the
minimum feature size of the transistor (using aluminintarconnects and Si@s the
dielectric). For gate lengths of less than 200 nm tleeliraiting step is the delay
associated with interconnects rather than the swigctime of individual components.
Research aimed at reducing the influence of the intercodeday by improving the
dielectric layer and using copper wiring have reduced mhiéirig size to ~155 nm
(Pavesi, 2003). It is estimated that the interconndat/ ggoblem could restrict
further improvements in processing speeds within the rexyaars (Theis, 2000). A
possible solution to this problem is through utilising optictdrconnects (Miller,
2000).

Optical methods are used routinely to connect differentputers using
compound semiconductor lasers as signal sources and diptiealas the transport
medium. It is predicted that within 5 years differbatirds in the same computer will
use optical connections, while the use of on-chip optitat¢onnects is being
investigated with a view to use within the next 10 to 15 yeargg$t, 2003).

Due to the demands of the communications industry theaawelint of
photonic based signal processing and transfer have advagweagty in recent years.
However, the photonics industry is disadvantaged in conguatisthe
microelectronics industry, as there is a lack of sigg@inology or single material

leading the market; in recent years there appears tarbadchtowards the acceptance
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of indium phosphide as a substrate material (CommtiorsaTechnology Roadmap,
2005). However, as yet, the production technology ispstithitive (when compared
to the silicon microelectronics industry) with high tasd good reproducibility still
posing many problems. It is only recently that standaadm@ps were drawn up in
an effort to identify the way forward (Communicatidrechnology Roadmap, 2005).
The merging of microelectronic and photonic devices hafgrstargely been
pursued by a hybrid technology approach, incorporating compoundas&tactors
with more standard silicon processing procedures. Tiisesd this approach are
often both expensive and complicated to produce. Desystethe demonstration of a
silicon-based planar lightwave circuit, using a lllasér, has been achieved with
some limited success (Kato and Tohmori, 2000). Howevenmnnst appealing
solution would be devices created entirely of silicorerethe extensive knowledge
of fabrication and processing procedures can be utiliseck(k@od, 1998). It had
been suggested that the introduction of silicon photanizdd be a reality before the
end of the twentieth century (Soref, 1993) and indeed matineafomponents for
such a scheme to work have already been demonstratesiligibim based
waveguides, detectors, optical modulators, routers\aitdnéng systems realised
(Masiniet al, 2002). However, the lack of an efficient silicon-lsheetical emitter

has proved insurmountable to date.

1.1.1 Silicon: an indirect bandgap semiconductor

The energy band structure of silicon and gallium arsem@slaown in Figure
1.3. Inthe case of silicon, the recombination of le lab the X-point and an electron
at thel-point ink-space requires the participation of a phonon in ordeonserve

momentum making the recombination a second order prdoesgeé, 1989). This is

-4 -
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Figure 1.3

Energy-band structures of (a) silicon and (b) galliugeaide. Calculated
using empirical non-local pseudopotential assumptionsr(&thelikowsky and
Cohen, 1976).
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termed an indirect bandgap material. In direct bandgaermatsuch as gallium
arsenide (Figure 1.3b) the X-point angboint occur at the Brillouin zone centre
allowing direct recombination between an electron ane teeasing an equivalent
energy photon with the conservation of momentum. rhissition, which involves
only two particles, has a high probability. It has bestrmated that the transition
probabilities in the two cases differ by a factor otat0’ (Hayes and Nilsson,
1964).

Light emission across the bandgap of silicon, at reaemperature, results
from the recombination of a free electron with a the& (with the participation of a
phonon) (Davies, 1989). The radiative recombination tifes are believed to be in
the milliseconds range (Ossiceti al, 2003 and Fauchet, 2004).

Despite the advances in semiconductor technology andetimonstration of
many of the components required to create silicon-basedmbs, the indirect
bandgap of silicon has thus far proved to be an insurmouriiafsier to the practical
realisation of a viable light emitter, requiring novppeoaches to be investigated.
One such approach is based on dislocation-engineereds{lizg) (Nget al, 2001).
lon implantation was used to generate a band of snsddladition loops in close
proximity to ap-n junction which, when forward biased, injected carnehngch may
recombine radiatively. Preliminary results showednaddy efficient (within a factor
of ten of established techniques), bandgap-related luminesftentsilicon at room-
temperature. However, the mechanism for efficienirscence from DE-silicon is
not well understood and the prospect of increasing thaeaftly to a useful level,
based on an improved understanding, is potentially ventirexc

The work described in the remainder of this thesisnediat achieving a

better understanding of the mechanism of luminescenceDiB+silicon and an
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investigation into the further enhancement of the lummese using dislocation-
engineering techniques.

The remainder of this chapter is structured as followstlyf, electron-hole
pair recombination mechanisms are introduced. This mwelll by a discussion of
the research activity aimed at enhancing room-temperaiiniaéscence from silicon
and silicon-based materials. The dislocation-enging@pproach to achieving
efficient silicon-based luminescence is then examineatétail, including a review of

related work. Finally the structure and aims of thisishae outlined.

1.2 Electron-hole recombination in silicon

At constant temperature and in thermal equilibrium #teconcentration of
holes and electrons in the valence and conduction banddependent of time.
Consequently, the rate at which carriers are generatetha rate at which they
recombine must be equal. Excess charge carriers gg@nbeated at a particular rate
by external interactions, such as high-energy photoegotrons, to a concentration
above the thermal equilibrium values. The steadyg sfa@heration of carriers does not
however produce a continuing build up of carriers. Instesmdmbination of
electron-hole pairs establishes a new equilibrium gacaacentration dependent on
both the generation and recombination rate.

In an infinite crystal with no defects an electrorehpair recombines by the
transition of an electron from the conduction bandh&wvalence band, accompanied
by the emission of either a photon (a radiative procesd)y the transfer of energy to
another free electron (the Auger process), as showigure 1.4a. In reality, a

second type of recombination process also occurs, wheteansition between the

-7 -
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Figure 1.4

Electron-hole recombination processes in semicondudties Gze, 1981):
a) Band-to-band recombination i) Auger or ii) radiative

b) Single level recombination via mid bandgap defect (despg).!
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conduction band and valence band occurs via an allowegyestate in the
semiconductor bandgap. This energy state may be introdu@ededtrinsic
recombination centre such as a point defect, extended defearface state, Figure
1.4b. These recombination mechanisms are described ierfdetail in the
following sections.

The rate, R, at which a recombination event occursagh enechanism is

characterised by the lifetime, where:

RO- Eqgn. 1.1

The minority carrier lifetimetes) is dominated by the process with the

shortest lifetime and is given by:

e e S — Eqn. 1.2

wherety, Ty,....T, are the lifetimes of the recombination mechanigms.... .

1.2.1 Quantum efficiency of luminescence

The ability of a semiconductor to produce photaans lse measured by one of
two factors - the internal or external quantumogincy.

The internal quantum efficiency (IQH)y, expresses the potential of a
semiconductor to emit photons and is given by taetion of electron-hole pairs that

recombine radiatively:
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Nint = Cnonmd Eqgn. 1.3

+71

non-rad rad

whereTnonadlS the lifetime for the recombination paths which doineblve the
production of photons amghgthe radiative lifetime. The IQE of direct bandgap
semiconductors can approach 100% (though are typically ~108%a)$e the radiative
lifetime (a few ns) can be shorter than the nonatack lifetime. For indirect
bandgap semiconductors the IQE is typically as low 2¢dA0’ (Fauchet, 2004).

The external quantum efficiency (EQB)«, takes into account the fact that
not all the photons generated internally exit the spatsneface and is defined as the
ratio of photons emitted from the surface to the nurlbetectron-hole pairs that
recombine. Thus, the EQE is always lower than the I@Eolished silicon wafers
the IQE and EQE are related in the following empinmahner (Kittleret al., 2005):

= Mext

= Egn. 1.4
Mot =5.01% g

The following sections will consider the important nedmnation processes in
greater detail. Firstly, non-radiative recombinatiofi be considered followed by
radiative recombination processes, including a discugsiortheir potential for

creating silicon-based optical emitters.

1.2.2 Non-radiative recombination in silicon
1.2.2.1 Auger recombination

The energy released during an Auger recombination événmginsferred to a

second electron in the conduction band (shown in Figure, Ivhéch then loses its

-10 -
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surplus energy by thermalisatiare. by transfer to lattice phonons with no photon
produced. Inthe case of an indirect band gap matér@atecombination event
requires phonon participation in order to conserve maoumnen

The Auger recombination rateaf3e, can be expressed as:

Rauger = G(°p +p’n) Eqn. 1.5

Where G is the Auger coefficient and is found to be 1x-1@% cnfs™ for

silicon (Sze, 1981) andlandp are the electron and hole concentrations respectively.

1.2.2.2 Recombination via electrically active point defects

The addition of electrically active point defects (&xample copper, iron or
nickel atoms) introduces allowed energy levels (deepdeuab the forbidden energy
bandgap. The introduced energy state allows the reconanirzdtan electron-hole
pair to proceed via the deep level; this process is deddnjp&hockley-Reed-Hall
(SRH) theory and tends to dominate the total recombmasite in indirect bandgap
semiconductors (Sze, 1981).

According to SRH theory, single level recombination caddxeribed by four
processes where the deep states, of densjtafd considered to be in one of two
states which differ by a single unit of electronic chalmgng positive, neutral or
negative, these processes are termed electron caglagtepn emission, hole capture
and hole emission and are outlined in Figure 1.4b. Thedimiting step is assumed
to be the availability of electrons and holes for caphy the traps. By the detailed
balance of the four electronic transitions the recoatiion rate via an electrically

active point defect, R is given by:

-11 -
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6,6,Vy, (PN niz)NT

c, {n + Ncexp{ET_Ecﬂ +o {p + Ncexp{_(ET_EC)ﬂ
KT P KT

whereao, ando, are the electron and hole capture cross-sectesmectivelyy, is the

R; = Eqn. 1.6

thermal velocity is the intrinsic carrier concentrationg N the density of states at
the conduction band edge; Bnd E are the trap and conduction band energies
respectively, k is the Boltzmann constant and thestemperatureThe dependence
of the recombination rate at electrically activénpaefects on defect concentration,
position of the energy level within the bandgaprieainjection condition and
temperature are shown in Figure 1.5.

The recombination rate at electrically active paiefects is highly dependent
upon temperature (with a ~10 order of magnitudecise between 50 and 150 K).
This large increase in the non-radiative recommmnatate provides a significant
barrier to achieving efficient room-temperature in@scence from indirect bandgap
semiconductors as at 25 K, recombination via atsdty active point defects
accounts for over 95% of the total recombinatioiid@ handbook, 1988).
However, as room-temperature is approached (freveddemperatures) the rapid
increase in the recombination rate at point defeesctds to dominate further and
luminescence efficiencies are dramatically reducElis is termed thermal

guenching.

1.2.2.3 Surface recombination
In an infinite semiconductor at equilibrium, thet motion of holes and
electrons is zero because just as many carrierg moone direction as the other.

However, when the carriers are in a region of tiaéemmel where they may reach the

-12 -
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Figure 1.5

The calculated rate of non-radiative recombinatioreatt®nically active
point defects using Shockley-Read-Hall theory as a fumctio

a) defect concentration

b) position of deep level within the bandgap

C) excess carrier concentration

d) temperature.

Assumptions used where not stated wesg= g, = 1 x 103° cnf, ayis

independent of temperatures 1 x 16° cm® andAp = 1 x 162 cm®,
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surface of the semiconductor (or an interface), thimson no longer holds true.
There are generally a large number of surface statehhi deep levels into the
bandgap, therefore acting as non-radiative recombineginties. As a result there is
a net flow of charge carriers towards the surfacee guantity used to describe lost
carriers is the velocityws. More accurately the surface recombination veloSR\()

is defined as the number of carriers recombining at thacider unit area per unit
time per unit volume of excess bulk carriers. The $BWrange from less than 10
cm s* (Schmidtet al, 2001) to an appreciable fraction of the thermal velocTte
SRV is described by the Stevenson-Keyes expressiongdéication of the SRH

recombination theory:

srv=R =, I {0 * Po)
An Unvn(ns+nT)+Upr(ps+ pT)

Eqgn. 1.7

wherens andps are the surface carrier densities, anasNhe surface density of
trapping states (~1tcm? depending on surface treatment) anitheir capture cross
section (Aspnes, 1983).

If it is not possible to eliminate defects completéhg surface recombination
may be reduced by minimising defect capture cross-secthbifisng energy states
out of the bandgap or by pinning the Fermi energy at orareaof the band edges.
SRV is also dependent on the sample doping lewet po), this follows from the fact
that equilibrium between the space charge region anbukemust exist. In samples
with high bulk minority carrier lifetimes (particulgrthose used in photovoltaics)
surface recombination can be significant and can evemadbaroverall

recombination.
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Surface passivation can be employed in order to reducgRWe Effective
surface passivation can be achieved by producing a surfacerernften practised

an interface, with a lower density of trapping states:

Silicon dioxide: The natural oxide of silicon can be an excellent passivanaterial.
For example, Kerr and Cuevas (2002) report record efeeatimority carrier
lifetimes of 32 and 29 ms for IWcm n-type and 15@cm p-type FZ wafers. The
authors produced an oxide layer at high temperature (1050 dCyvah optimised
processing, reduced the surface SRV to as low as 0.63.c# drawback to this

method is the high thermal budget required to produce the/gtsg layers.

Silicon nitride: Chemical vapour deposited silicon nitride has been extepsivel
studied as an alternative low temperature (typicallytless 400 °C) passivating
material (see for example Schmettal, 2001 and Aberle and Hezel, 1997). Schmidt
et al. (2001) report an effective minority carrier lifetime~3.95 ms for a silicon

nitride passivated @cmp-type wafer. The non-stochiometric nature of the
passivating layer has, however, lead to difficultiesubsequent processing,
particularly the wet etching required in device fabricamd stability issues upon
further annealing. Schmiét al. (2001) also report that the deposition of silicon
nitride films upon thin (10 — 80 nm) SiG@iIms can result in an increase of the

effective lifetime of nearly three orders of magnitude.

1.2.2.4 Non-radiative recombination at dislocations
The nature of dislocations as a site of non-radiageembination has been

known and investigated since the 1950s; a single dislocatitwe active region of a

- 15 -
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transistor can have a catastrophic effect on the ei@acformance, often killing the
device (Figielski, 1978).

Weber and Alexander (1979) discovered, using electron spinaiese (ESR)
studies, that dangling bonds at the dislocation coraegely reconstructed resulting
in a low concentration of defect states in the ailibandgap to act as non-radiative
recombination centres. The remaining dangling bonds wegested to occur at jog
or kink sites along the dislocation length. Experimeen@ence suggests that it is
the role played by transition metals such as Fe, tlinsegregated or precipitated
at the dislocation that affects the minority carlifetime rather than any defect core
states as a result of the incomplete reconstrufkeaderet al, 2001). The
recombination characteristics (with respect to tempezatnd minority carrier
concentration) show five distinct trends which have lmeygested to be related to
transition metal contamination levels (Kittleral, 1995 and Sheet al, 1996).

The temperature dependence of a typical electron beameh@ucrent
(EBIC) contrast (a measure of the increased recombmatourring at the
dislocation compared to the bulk) reported in thedit@e is shown in Figure 1.6a
(Kvederet al, 2001). Types L1 and L2 are characterised by small costrasbm
temperatures (less than 1%) and by increasing contrasti@gtieasing temperature,
exhibiting a maximum between 50 and 90 K. The value of peakasbvaries
significantly between studies. Kvedsral.(2001) attribute this to a variation in
contamination levels at the dislocation. Thus typealislocations, with peak contrast
~0.5% are considered to be ‘clean’ and type L2 dislocateek contrast up to 10%,
contaminated by impurities. Increasing the contaminaéieal lleads to a further
class of behaviour with dislocations exhibiting significeontrast at room

temperatures with a decreasing contrast as the tempemtawered (type H1). The
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Figure 1.6a

The temperature dependence of electron beam induced atorerdast (Gis)
of dislocations for different contamination levelscfasing contamination levels
from L1 — L2 —» mixed— H1 — H2) (after Kvedeet al, 2001).

Band bending due to a
Conduction band charged dislocation

Fermi level zza Dislocation level

Valence band

Figure 1.6b

Band diagram of a negatively charged dislocatiomtype material. The
dislocation is below the Fermi level and is thus negbt charged. This negative
charge increases the energy of electrons in the yionhithe dislocation and is
illustrated by the conduction and valence bands bendingrdpwa
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final class has been associated with the formatianetél silicides at the dislocation
(type H2) with contrast being typically 50-60% and greatesi@am temperature.
Nickel silicide precipitates have been observed by @adipblography to act as
internal Schottky junctions, attracting minority carsiand facilitating fast non-
radiative recombination. There is a last class whidfibit a mixture of L2 and H1
behaviour. A contrast of ~4% is observable at room teaype (H1 behaviour) and
upon cooling shows an increase in contrast below 150 2@yfie behaviour)
(Formanek and Kittler, 2005).

All models used to describe the behaviour of carriermbaaation are based
on a band bending concept;nstype silicon, acceptor states are introduced into the
bandgap (Wilshaw, 1984) - these are normally consideredrtoddrand of states
below the Fermi level. Some of the states aremeduand thus the dislocation
charges negatively. This negative charge increasesdigy of electrons in the
vicinity and this is represented by the valence and condulctiods bending upwards
on an energy diagram, Figure 1.6b. An equilibrium charafe s reached when the
Fermi level runs through the dislocation band. Themdxoation proceeds by the
capture of minority carriers, a process aided by theooahic band bending whereas
majority carriers require excitation over the repwdgpotential barrier in order to
make the transition to the dislocation level. Onalet@f recombination at
dislocations by Wilshawt al. (1989) has been widely applied to explain the contrast
observed at dislocations as both a function of teetein beam current and
temperature in EBIC studies between 120 and 370 K. The madehes that the
transition to the bound hole states is the rateiligistep and that the capture process

relates to holes within the space charge region ofithecdtion.
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Kvederet al. (2001) have adapted previous models in order to take into
account the strain field surrounding the dislocation whochlly reduces the
bandgap. Their model of recombination at a dislocatiehasvn in Figure 1.7. Deep
levels (contamination related) and one dimensionad®éstrain field related) are
assumed to exchange electrons and holes. The mainbeeabion channels are
indicated. The probability of direct recombination betuearriers trapped in the one
dimensional bands (path A in Figure 1.7) is low. Thasglean’ dislocations with a
low concentration of deep level states the recomhinatctivity is very small. There
are two further possible recombination paths: (B) recortibmaf carriers trapped in
the 1D bands via the deep level and (C) recombinatioreefdarriers in the
conduction and valence band by mediation of the deep I&aert and Kittler
(2001) calculate that recombination channel B is dominamiaiterial containing
decorated dislocations. Results based on this assungpéicmown in Figure 1.6a.
Calculated data (solid lines) reproduces all the essdatinlres of experimental
results and shows the importance of the contamin&tiaal at the dislocation.

Further to this Seifert and Kittler also suggest thaptistion of the deep level within
the bandgap has little or no influence on the dislocagoambination strength as
long as it is deeper than 0.3 eV below the conduction edgd; again this is

consistent with experimental findings.

1.2.3 Radiative recombination in silicon

As described in Section 1.1 silicon is an indirect bandgapiconductor with
the recombination of a hole at the X-point and antedecat thd -point ink-space
requiring the participation of a phonon in order to corsenomentum. However, at

low temperatures the electron and hole may be boundudgmbic attraction,
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Schematic representation of electron-hole recomloinati dislocations (after
Kvederet al. (2001)). Recombination at clean dislocations occursikegtdexchange
between the 1-dimensional dislocation bangs Ep (path A). When deep levels
(Em) are present, recombination processes involving the deefs ldominate (paths B
and C).
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forming an exciton. At temperatures less than 30 Krédne éxciton consists of

electron and hole states widely separatddspace and as a result their probability of

recombination is low. This is evident when examining acglduminescence
spectrum; the recombination of the free exciton withgauticipation of a phonon
(peak labelled 0) is significantly weaker than the othenph-assisted peaks, as
shown in Figure 1.8.

During the lifetime of the free exciton there is gngiicant probability of the
exciton being trapped at crystal defects where recombmaéin occur. The
probability of radiative recombination of the trappeditexcat a defect may be
significantly greater than in the case of the fregter due its localisation. The
radiative recombination process results in an emittedophwith an energy
characteristic of the defect level.

The binding energy of the free exciton, 14.3 + 0.05 me¥Yopwsever
insufficient for significant concentrations to be @nasat room temperature, thus
room temperature radiative recombination in silicon tgitase via free-carrier

phonon-assisted mechanisms (Davies, 1989).

1.2.3.1 Phonon-assisted recombination

Phonon dispersion curves are shown in Figure 1.9 fongher symmetry
directions in silicon, measured at 300 K. The thremidant phonon modes are the
transverse acoustic (TA), longitudinal optical (LO) arathsverse optical (TO)

modes. The energies of which have been found to be:

hw/2mt=18.4 £ 0.2 meV, TA mode,

hw/2m=56.2 + 1.0 meV, LO mode,
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Intrinsic photoluminescence spectrum of silicon at 2@¢orded with four
different slit widths (100 to 10Q0@n) to give varying resolution and amplification.
Labels refer to the phonon combinations involved. K= optic mode. LO and
TO components are not resolved. Radiative recombinatithiout the participation
of a phonon (peak labelled 0) is much weaker than radiggoembination involving
at least one phonon (after Davies, 1989).

20 qq0 q00 qqq
{75
3, TO
: TO \ >
" LO g
o % B LO — 50 &
- ;
> 10 w
g 5 LA LA g
a2 g
g 5 — 25 g
B
, TA TA
0 0
0 1 0 0.5

Reduced wave—vector

Figure 1.9
Silicon phonon dispersion curves at 300K for propagatigi®@h, (111) and

(110) axes calculated using a five-neighbour Born-Von Karmadah(after Zdetsis,

1979).
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hw/2mt=58.0 + 1.0 meV, TO mode.

The relative ratios of the phonon-assisted luminescpraks at temperatures

abovel5 K are (Vouk and Lightowlers, 1977):

TA:LO: TO=0.03:0.1:1

This is in agreement with the ratios measured by therptiiso technique
(Nishinoet al, 1973). The dominant luminescence peak observed at room
temperature is that due to radiative TO phonon-assistedni@nation. Room
temperature luminescence has been reported in silicaeveral decades (see for
example Onget al, 1983 and Kramest al, 1993), the maximum IQE reported
however has only been 4 x1@nd hence is insufficient for practical use. A typica
spectrum, at room temperature is shown in Figure 1.10, ske lagalled “Planar”
and “Space cell’. The peak apparent at 1130 nm is due to Tiplassisted
recombination, the inflexion apparent at 1180 nm correspontis toansition
between the single TO phonon and the two phonon praéé¢lse TO phonon plus the

Raman phonon (68 meV) (Greenal, 2001).

1.2.3.2 The rate of radiative recombination in silicon

The rate of radiative recombination is given by:

R ~ B(T)(An+n)(Ap + p) Eqgn. 1.8
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Figure 1.10

Room temperature luminescence spectra from a varidiylbicrystalline
silicon light emitting diodes. Spectra labelled “Pirand “Space cells” are
‘standard’ emission spectra with a peak due to TO phorsisted recombination
apparent at ~1130 nm. The “Textured” spectrum relates wdHeof Greeret al.
(2001) with a peak at ~1160 nm due to the effect of photon regtioso
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where B(T) is the radiative recombination coefficiemi An andAp the excess
electron and hole concentrations respectively. &bd@tive recombination
coefficient B(T) (for band-to-band recombination) wapeximentally determined in
bulk crystalline silicon to be ~Idcn?s* at 300 K (Schlangenottt al, 1974). This
is consistent with the recent reports of Trupkal. (2003b) and Rufét al. (1993)

who report values of 4.73 x 10and ~8 x 13° cnt's™ respectively. Schlangenotéd
al. (1974) andrrupkeet al.(2003b) observe the radiative recombination coefficient t
decrease as a function of increasing temperature, Figure THis is in contrast to
the earlier reports of Varshni (1967) and Michaetigl. (1969) who calculate a rise
in B(T) from 1 x 10" cns™ at 20 K to 2 x 18° cn’s™ at 300 K, though Trupket

al. (2003b) suggest that errors in estimating the intringigetaconcentration leads to
the under-estimation by a factor of 50 at low temperatanel 55% at room
temperature in both these studies, so explaining theathife in temperature

dependence of the recombination co-efficient.

1.2.3.3 Efficient room temperature luminescence from bulk silicon

Bulk silicon is generally perceived to be a poor lightteanidue to the indirect
bandgap nature; however some success in producing room teumpera
electroluminescence (EL) has been achieved using thlelisbed processing
techniques of solar cell technology. Greg¢ml (2001) report an increase in the EQE
to 1% at room temperature, comparable to representatec dandgap emitters of
little more than a decade ago (Megeral, 2000). Further work by the same group
(Trupkeet al, 2003a) has seen an increase in the peak efficiency to ¥6&device

is based on the normally weak TO phonon-assisted bayallechinescence and
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coefficient, B(T), as a function of temperature. Starsupkeet al. (2003), filled
circles: Schlangenottet al.(1973), diamond: Ru#t al. (1993), open circles:
Varshni (1967) and open squares: Michaelis and Pilkuhn (1969) Tatfigkeet al.

(2003)).
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several simple designh concepts are employed in ordeaximise the quantum
efficiency.

The IQE is maximised by firstly using high quality FloandFZ) substrates
with long minority carrier lifetimes; competing SRHmoadiative recombination is
minimised. Secondly, high quality silicon dioxide surfpessivation is employed
reducing surface recombination which can dominate in higbntyrcarrier lifetime
semiconductors.

The EQE is maximised by minimising free-carrier absorpti® moderate
substrate doping level (~1.4 x*¥8m?®) and small metal contact areas are employed.
The emissivity of the device is increased (comparedamlished wafer) by using a
textured surface with antireflection coating. Incsih, this emissivity increase may
be by as much as a factor of ~25%2mhere n is the refractive index).

The luminescence spectrum, at 300 K, is shown in Figureldb&@ed as
“Textured”. The device structure and efficiency as @tion of temperature are
shown in Figure 1.12. The luminescence is attributed tpfAd@on-assisted
recombination. Unlike the reports of Oagal (1983) and Kramest al (1993), the
peak position is observed at 1160 nm rather than 1130 nm. &kiaseribed to the
effect of photon re-absorption due to the large phoxdrpath length (many times the
thickness of the wafer). The absorption co-efficigfgilicon falls from 3.5 cf at
silicon’s bandgap (1103 nm), to i6m™ at 1250 nm (Green and Keevers, 1995); this
results in a red shift in the peak position due to theumoform re-absorption of
generated photons across the spectrum.

Despite the high efficiency levels there are sevaralblems that are likely to
hinder the successful implementation of this technolognasptical emitter for

interconnect technology. The requirement of high puiiys&bstrates and the wet
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Schematic illustration of the high-efficiency silictight emitting diode
showing the technological steps to maximise efficienextured surface, SiO

passivation, small high doping regions and antireflectaating (after Greeet al,

2001).
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Figure 1.12b
External quantum efficiency (EQE) and power efficie(lRZE) as a function

of temperature for three diode currents (after Gezeal, 2001).
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chemistry required to produce the surface texturing aretedmnincompatible with
standard CMOS technology. Furthermore, the CMOS pramtuptiocess necessarily
degrades the substrate quality by the introduction of trangtietal impurities. The
long lifetimes of the excited carriers (~10 ms) measureéde work of Greeset al.
(2001) is also thought to make modulation difficult to achi@Pavesi, 2003). A
simple calculation also demonstrates that the pramluct a sufficiently large photon

flux from a reasonable volume of silicon is likelylde prohibitive:

If it is assumed that:

Operation at 10 Ghz is requireg { operation every 1 s)

10* photons/operation needet}* photons/sec emitted required)

10% operating efficiency (1®recombinations/sec required)

Maximum operating volume 10 x 10 x ién (1 x 10° cn)
5
Then we require the rate of recombination to%lggg =10* cm?3s?

Using a radiative lifetime of, = 10 ms (Greeet al, 2001)an excess carrier
concentration of ~18 cm® is required. At this carrier concentration the Auger
lifetime is calculated using Eqn. 1.5 to be 5 %86 The significantly shorter
lifetime of Auger recombination results in a lowHQ@see Section 1.2.1), thus, a

device operating at these carrier concentratiohgjisly unrealistic.
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1.3 Enhancing silicon luminescence

Other methods investigated as potential routes fori@fiduminescence use
materials engineering with the aim of overcoming th&&utl bandgap nature of
silicon. These approaches aim to either enhancertnagic) luminescence
efficiency of silicon by quantum confinement/band gap esgyiimg, or induce
(extrinsic) radiative recombination at intentionalfjdad impurities or defect centres.
In some cases a combination of the two methods are misedattempt to engineer

efficient room temperature luminescence.

1.3.1 Quantum confinement

The radiative recombination efficiency of excitonsreefcarriers can be
increased by their quantum confinement in small volumeshndrie free of defects.
Yoffe (1993) suggests that strong quantum confinement effecexpected in
nanostructures when the crystallite size is lesstirasize of the exciton Bohr radius
for the given material. In silicon, this dimensiei3 nm. The bandgap of the
nanostructure is highly dependent on the crystalliteasizeshape. Figure 1.13a
shows the calculated change in bandgap for quantum dotgir@sdusingab initio
calculations. Theory suggests that the bandgap incremses, avhere d is the
guantum dot diameter (Delereeal, 1999). Figure 1.13b shows the comparison
between the theoretical calculations and experimergaltse The theoretical results
gualitatively agree with the absorption results of Loocka/ (1994). However, a
lesser degree of blue shift is consistently observed i ghotoluminescence (PL)
studies (Lockwood, 1994 and Schupmeal, 1994). In contrast, the PL results of
Ehbrechtet al. (1997) for crystallite sizes greater than 3.5 nm in diamate in good

agreement with the absorption and theoretical data.
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Figure 1.13a

Hydrogen passivated silicon quantum dot and quantum wire bandgysps
size. Calculated using empirical tight binding approxinmaflmes) and other
techniques (markers) (after Delereteal, 1999).
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Figure 1.13b

Compilation of the optical bandgaps of silicon cajlges and porous silicon
samples obtained from optical absorption (unfilled syls)and luminescence (filled
symbols). Dashed and continuous lines are the tightigrapproximation curves
calculated values with and without the excitonic coroectafter Deleruet al,

1999).
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The increasing localisation of the electron and hagefunctions in
nanostructures of decreasing size results in the inngeapread of the energy states
in k-space. This increased overlap of the electron andshatles increases the
probability of radiative recombination (Hybertsen, 1994he €alculated phonon-
assisted recombination lifetime is shown in Figure 1.1bycbntinuous line and is
shorter by nearly two orders of magnitude (~3 X 4@ompared to 2 x 1) in a
crystallite of dimensions 1 x 1 x 1 nm compared to a 4 ¥ crystallite. Also
plotted is the zero phonon recombination rate, whieltsis faster in smaller
crystallites. For very small quantum nanostructudéemgeter less than ~1.5 nm), the
zero phonon transition is thought to become the domnaaimtive recombination
mechanism.

The surface to volume ratio in nanostructures is langegaeat care must be
taken into ensuring that surface is passivated as a singdéradpbond (non-radiative
recombination centre) corresponds to a bulk defect coratiemt of ~16° cm® for a
crystallite of dimensions ~1 x 1 x 1 nm (Fauchet, 2004)s fdliance on achieving
the correct surface chemistry in quantum nanostructsigesignificant hurdle to be
overcome for the many approaches aiming to achieving roopetature
luminescence using quantum confinement.

Research aimed at utilising the quantum confinement aécsin silicon
based nanostructures has focused on porous silicon, quantismameenanoclusters

(quantum dots).
1.3.1.1 Porous silicon
Porous silicon is created by the electrochemical @lisea of silicon wafers in

hydrofluoric acid (HF) based electrolytes. HF dissokibson very slowly, at the

-32-



1: Introduction and literature survey

L (A)
o M0 30 25 20 15
1'} LI L | ¥ |
Py | .._"--;:ﬂ_ !
g —~— —
') 4 —— —
= 1w r i "
: -
= ™ ———ae ]
106 i 1 i [
0.2 05 10 15
AE (eV)

Figure 1.14

Radiative recombination lifetime as a function of lih@eshift of the photon
energy away from the bulk silicon bandgap: zero-phdramsition (dots) and TO
phonon-assisted transition (line). Top scale indicatgsvalent cube size of

crystallite (after Hybertsen, 1994).
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Figure 1.15
The advancement of the external quantum efficiency afysosilicon LEDs
since 1992. The solid line is provided as a guide to the é&ge Pavesi, 2003).
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rate of only a few nanometres per hour, however UldocaVered that the passing of
an electric current between the acid electrolytethadilicon sample increases the
etching rate significantly (Uhlir, 1956). Under suitableditans, an array of narrow
pores that run deeply and in general perpendicular to tfecewan be created.
Canham conceived the idea of fabricating this porous struataréhen, by further
HF etching, create a sample with an irregular arrayystalline silicon pillars only
several nanometres wide. Canham (1990) observed inteiide Ak at room
temperature, with the mechanism ascribed to quantumféetsain wires of ~3 nm
diameter and the added advantage of spatial confinemeatradrs reducing the non-
radiative probability.

The initial publication of efficient luminescence frguarous silicon lead to an
intense production of papers describing similar resultfding those by Bseisst
al. (1991), Koshida and Koyama (1991) and Gardalisl. (1991). Strong PL signals
have been observed in porous silicon from near infréreckwood, 1994) to red
(Canham, 1990) and blue (Lockwood, 1994). It has even been pdeditiserve
“white” light (Bensahekt al, 1993). This subject is comprehensively reviewed
elsewhere by Cullist al. (1997) and Canham, (1997).

The wide range of results obtained from porous silisanclear indication of
the flexibility of the material. However, this alads to difficulty in correctly
analysing results. The surface chemistry of poroussilis extremely varied and
indeed, can significantly alter within a single samplystalline silicon pillars,
amorphous silicon and silicon spherites can be formddma sample increasing the
difficulties in analysing their optical properties. Tdisadvantages of porous silicon
are the wet fabrication procedures, which are hard égiate into current

microelectronics, the strong deterioration of the Ima@acal properties with increasing
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porosity (Fauchegt al, 1998), and its EL degradation during operation (Lalic and
Linnros, 1996). It has been suggested that the latter praalarbe avoided by
oxidation and has led to device operational lifetimes efttder of weeks (Tsybeskov
et al, 1996).

Despite these difficulties some success has bdeevad in creating optical
components. The increased EQE (1 to 2% (Gelloz arsthida, 2000), see Figure
1.15) and the tuneable wavelength has lead to porous ditiktremitting diodes
(LEDs) being incorporated into microelectronic circuitptovide an addressable

LED display (Hirschmaet al, 1996).

1.3.1.2 Silicon nanoclusters

Rather than using the etching method, as in porous sdicove, nanoscale
silicon crystallites can be produced by direct growtimftbe gas phase or more
commonly, indirectly by recrystallisation within a mat{Bisi et al., 1999;
Kamimura, 1994; Nayfeht al, 2001; and Kimerlingt al, 1997). These crystallites,
for luminescence studies, are typically 3 to 5 nm in diameAs observed with
porous silicon the PL wavelength is again reported tddpendent upon the
crystallite size. One of the most exciting resatftsilicon nanoclulster techniques is
that unlike porous silicon, some authors have reported gapulaversion, and
optical gain has been observed (Nayd¢hl, 2002 and Fauchet and Ruan, 2003).

The literature is still somewhat contradictory in saVareas, particularly in
the interpretation of the PL results (as in the adg®rous silicon) and the
complexities of the nanocrystal-matrix interface pi@ving difficult to understand

unambiguously.
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Nanostructures of silicon trapped within a matrix aratractive method for
device fabrication when compared to porous silicon dukgartechanical and
chemical stability. Silicon nanocluster systems galhereport a slow recombination
(microseconds range) but there is also evidence to sugfgestcntribution
(nanoseconds range) which is suggested to be due to stinetatesion (Pavesi,
2003).

The silicon nanocrystal technique is proving to be a vayynming technique
in achieving the first all-silicon based laser; indeedegal important ingredients for a
laser have been achieved. Optical micro-cavities basdldedFabry-Perot structures
formed by nanocrystals dispersed in Sifave already been demonstrated (lacetna
al., 2001). Rebohlet al.(2001) have also reported the first all-silicon integrated
optocoupler (quantum efficiency 0.5%) using an ion-implaotamethod into SiQ
Silicon LEDs have been fabricated using the nanoclsgstems with efficiencies in
excess of 0.1% achieved (Fraretcal, 2002). There has also been an unconfirmed
report of near-laser action of these LEDs in theditere (Linet al, 2002). Despite
the apparent success of this technique the role played by mattocrystals,
embedding medium and interface in determining the lumarescefficiency is still

unclear.

1.3.1.3 Quantum well structures

Quantum wells (QW) are produced by growing thin layers séfarated by
wide bandgap dielectrics such as $i0Oak and AbOs (Tsu, 1993). Liet al. (1996)
first reported visible luminescence from ultrathigdaSi/SiQ superlattices grown by
molecular beam epitaxy that exhibited the expected wagtleshift associated with

guantum confinement. The wavelength of PL obtained frosrstiperlattice structure
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is highly dependent on the thickness of the Si laybus & tunable emission
(wavelengths from 500 to beyond 800 nm) is possible. Thigiisftire an interesting
prospect for silicon based light emitters. Howeverthér this luminescence is due
to quantum confinement is still a matter of debate. X@2802%) suggests that from
modelling calculations the role of quantum confinement doéprovide the
observed optical functionality, instead suggesting thastitmeng PL is due to the

chemical modification of the silicon band structure dnefgn atoms.

1.3.2 Atomic layer superlattices

Gnutzmann and Clausecker (1974) conjectured theoretically thatld be
possible to form a quasi-direct band gap in thin layer supeelswhere the layer
thicknesses were of the order of the unit cell. Growthigh quality (SiGs)), (x and
y are the number of atomic planes in a layer ane ntimber of periods) atomic layer
superlattices by molecular beam epitaxy lent signifieagight to this argument. The
superlattice periodicity of d results in a smaller IBuiln zone of sizevd compared
to the original lattice:21/a (wherea is the lattice constant), Figure 1.16. The
electronic band structure is then folded back into this retlmore scheme. Using
this theory the material becomes direct band gap wiere are 10 monolayers of
silicon. However, this simple description does notyfekplain the situation as strain
effects and band offsets play an important role (Breyeejedor, 1987). Pearsatl
al. (1987) showed the first experimental evidence that nuadifin to the SiGe
superlattice band structure was possible. However, Zatlai(1990) and Kasper
and Schaffler (1991) showed experimentally for the firsetthe reduced bandgap

and increase in luminescence intensity predicted using¢hame.
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Figure 1.16

Schematic representation of the Brillouin zone-faddconcept used in atomic
layer superlattice structures. Here the conduction bamdnomm along the X
direction is folded back into tHé point when the silicon layer thickness is 10
monolayers (after Kasper and Schaffler, 1991).
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From an applications point of view, this scheme atgmteshows few signs
that it may be applicable to optoelectronic communicatioThe PL has so far only
been observed at low temperatures with essentiallg@idhching of the
luminescence at room temperatures. Rodrigiies. (1999) however identified
radiative recombination paths in ultra-thin germanium quantells and suggest that
a fuller understanding of the recombination processesati@y some small steps

towards room temperature luminescence to be taken.

1.3.3 Radiative emission via defect engineering

The luminescence mechanisms discussed thus far haveibéastrinsic
routes,.e. using silicon itself as the optically active materiain alternative approach
is to use silicon as a host material in which chargeetarare produced and
transported to a second luminescence medium. The mthdifigculties of using an

indirect bandgap material are therefore avoided.

1.3.3.1 Luminescence via impurity centres

Rare earth elementsThe optical properties of rare earth (RE) ionsoiids
are fairly well understood and have been investigated it detail (for a review see
Dieke, 1968). The emission properties of the RE elenazateelatively unaffected
by placement in a silicon matrix and have thus beerstigated as potential silicon-
based light emitters. Sub-bandgap EL has been obseoracfbium, ytterbium and
terbium ions in a host bulk silicon matrix (Castaghal, 2003). Of particular
interest is erbium luminescence, because the gengratéains are of a wavelength

very much compatible with optical fibre communication.
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The EP* ion emits photons at 1.54 eV as a result of intermed i4f shell
transitions between tHé;s,, and*l13, manifolds when the ion is placed in a solid
matrix (Franzcéet al, 1999). An important characteristic of the erbium luregeace
mechanism is the fact that it can be excited via astrele-hole mediated process.
This transition is relatively independent of the hostamal and ambient temperature
(Zhenget al, 1994). However, the long radiative lifetime (~2 mg)ases the
excited erbium ion to several non-radiative de-exoimgbrocesses. As a result the
EQEs of erbium based LEDs at room temperature arevediatow (~0.05% Franzo
et al, 1999). An extra two non-radiative recombination patesagailable in erbium
based devices compared to bulk silicon: 1) an erbium Adgjexcitation process,
where the energy released from th&"Emnsition is given to a free carrier in the
silicon matrix (Franzét al, 1999) and 2) an energy backtransfer process has been
attributed to the cause for strong thermal quenching diithmescence signal above
130 K (Coffaet al, 1994). An excited electron in the 4f shell of the arbian can
decay non-radiatively by promoting an electron fromvidlence band to a trap level
(erbium related) in the silicon matrix situated 0.15 elWwedhe bottom of the
conduction band. This is essentially the reverse oéxb&ation process and is thus
described as an energy backtransfer. It is thoughthbaidrformance of erbium
based silicon LEDs cannot be improved much further duestthgrmal quenching
due to the non-radiative paths described above and thefierbium concentration
levels below the solid solubility in order to avoid clustg (Fauchet, 2004).
However, a potential solution to the seemingly insurmdalataroblems experienced
with erbium ions in a silicon matrix is the use oiceih quantum dots embedded in a

SiO, matrix as a host to erbium ions.
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The increased bandgap of nanoclusters reduces the likelifivlogl rmon-
radiative backtransfer process and the use of the8#frix ensures there are no free
carriers to participate in Auger recombination. LEDsrafieg at room temperature
have been developed with this system, where an EQE koge 1% (laconat al,

2002) has been demonstrated. Even higher EQEs (10%) aredejoo erbium in
silicon rich oxide films (Castagret al, 2002); reliability is still an issue in these
films however. The efficiencies reported are comiplarto Il1-V semiconductor
LEDs. This coupled system appears to be very promisingder applications, as the
active material (B in Si0,) has already been shown to exhibit lasing properties
(Beckeret al, 1999). In addition to this the processing technolodyghly

compatible with modern CMOS processing.

Second phase precipitatefron disilicide: The ion-implantation of iron into a
silicon matrix and subsequent annealing to f@fFeSj has also been studied in an
attempt to achieve luminescence from silicon basedriakste Under suitable
processing conditions th@FeSjis an optically active direct bandgap material which
is compatible with standard silicon processing techno{@jyistensen, 1990).

Typical processing conditions are iron implantation éde$d’cm?, 180 keV)

followed by annealing at 900 °C for 18 hours (Loureetal, 2001). The direct
bandgap luminescence from tBd-eSp, peakwavelength 1500 nm, suggests that this
approach is ideal for fibre optic type communicatioBfficiencies of ~0.1% have

been quoted at 80 K (Leomg al, 1997). However, thermal quenching has proved to
be of particular importance and has limited researchaant years.

Lourencoet al (2002) report a scheme which shows encouraging signs of
being able to develofF-FeSpas a potentially efficient room temperature luminescent

material, with a reported EQE of ~0.05% at room temperatDiglocation
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engineering is used in order to minimise the effectsarithl quenching; a boron
ion-implantation is performed on the pre-fabricated des/ie-18°cm? at 30 keV)
and annealed at 900 °C for 1 minute; introducing dislocatigpslod he authors
report that the thermal quenching between 80 and 200 K is redueetattpr of
greater than 50. It is suggested that the dislocation lo@yent the diffusion of
carriers to non-radiative recombination centres &saltrof the dislocation strain
field modifying the silicon bandgap causing spatial confinrgme

It is unclear whether the mechanism described wouldpalde of producing
the results suggested. Dislocations are known to beesanit strong non-radiative
recombination, particularly in materials where thera large transition metal
concentration at the dislocation (see Section 1.2.24is likely to be the situation in
this case considering the levels of Fe present in #ferw Lourencet al (2002) also
assume that the dislocations formed by ion implamatre of sufficient density to
create a significant continuous barrier (up to 0.5 e\kiglit). However,
transmission electron microscopy results reported byddvljevi et al. (2005)
suggest that the density is insufficient to produce airuomiis barrier to minority

carrier diffusion.

1.3.3.2 Dislocation related D-band luminescence

Dislocations were introduced as non-radiative recomioinagentres in
Section 1.2.2.4. However, under certain conditions chgion-related luminescence
(DRL) can be observed. There are four spectral tingtsare reported most
commonly in the literature, these are generally refetweasD-band luminescence
and are labelle®1 (0.80 - 0.82 eV)D2 (0.87 eV)D3 (~0.95 eV) and4 (~ 1.0 eV)

as shown in Figure 1.17. The PL intensity of DRL hanlshown to be directly
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Figure 1.17
Photoluminescence spectra from samples deformed &tX%aldong [213] for
dislocation densities as indicated. Temperature 4.290jugonAA = 2 nm;

excitation by 647 nm Kr laser line (after Saatal, 1985).
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related to the dislocation density, thus these bandsbeesm attributed to originate at
dislocations (Sauest al, 1985 and Drozdogt al, 1977). The luminescence is
universal,.e. seen in plastically deformed, abraded, lattice mishsat silicon
surfaces and interfaces, and ion-implanted materiadaderials that contain grown-in
dislocations and oxidation-induced stacking faults (Kimgrt al, 1997).

There is strong evidence tHal/D2 andD3/D4 are produced by two different
underlying mechanisms (Suezaetaal., 1982 and Bradfielét al, 1989). Saueet al.
(1986), Izotowet al. (1992) and Steinmann (1994) all suggest, using low-temperature
high-stress experiments that the energy positionedD®handD4 bands, observed at
low temperatures, are strongly dependent on the disbatesen partials in
dissociated perfect dislocations. The authors conchai®3 andD4 originate from
recombination processes at straight segments°adi§dcations, and further to this
Steinmann also suggests tB& is most probably a phonon-assisted replicBf

Despite much research, the origin of Bie andD2 bands remain difficult to
assign unambiguously. The literature suggests Lomer-Catisilcations,
dislocation kinks or jogs as well as the presencelbfrderstitial or vacancy clusters
at dislocation cores as possible explanations for tgegnaf D1 andD2 (see for
example Kenyort al, 2003 and Kvedest al, 1995).

A large uncertainty also remains over the role of imgin theD-band
luminescence. There are reports in the literatwaettie presence of small
concentrations of transition metal impurity atoms merequisite foD-band
luminescence (Kenyoet al.2003). However, total quenching Bfband
luminescence is thought to occur if contamination isigefitly high that metal

silicides are formed. Even this though can lead to ampiguthe analysis of results
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asFeSp produces a luminescence peak about 0.80 eV, with a simd&nvpdth to
D1 (Leonget al, 1997).

At high dislocation densities, tH#1 line is dominant in terms of the PL
intensity (theD1energy coincides with the absorption minimum in sibeged glass
fibres and as such has been thought of as a potentiatlatatbr use as a silicon-
based optically active material). TB4 band had been previously thought to vanish
at temperatures above 200 K (Sagteal, 1985). However, Kvedat al. (1995),
Sveinbjornsson and Weber (1996) and Kitdeal. (2002) report observations of the
D1 line at room temperature with EQEs of £ @omparable to the phonon-assisted
indirect bandgap efficiency also observed in these sfudiétere is clear evidence
that the presence of oxygen can stabilise the emissiomever, the role that oxygen
and oxygen-related defects play is not well understoemy&net al., 2003).

Recent work by Kvedest al. (2004) has demonstrated efficient room
temperaturdl luminescence; they report an EQE of greater than OTlI96. is the
first report which suggesf3-band luminescence as a realistic option in producing
silicon optical emitters. The macroscopic plastifodeation used in the work
however is incompatible with standard CMOS technolofjye authors suggest that
the generation of the dislocations by ion-implantgtfmmched-out loops from
oxygen precipitates or misfit dislocations at a Si/Siterface may lead to similar
results with processing techniques more compatible witmibeoelectronics

industry.

1.3.3.3 Deep luminescence bands
Magneaet al.(1984), Wemaret al.(1985) and Wagnest al.(1984) all report

the observation of broad, often featureless PL bamdidicon. These bands have
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been largely observed in materials containing small ptetgs (oxygen and
antimony) or clusters of Si atoms. Wenw&ral. (1990) suggests that these broad
bands are strain related quantum confinement at thdaicéebetween the precipitates
(or clusters) and the Si matrix. PL peaks observed& &have been observed at
0.85 eV and 0.94 eV for extended defects (platelets, gas Bllobleydrogen-plasma-
treated silicon (Wemaet al, 1985). These peaks show little potential as efficient
room temperature emitters; the potential wells suggest®ddoganet al. are
insufficient to produce quantum confinement above ~77 K dusetthermal energy

of carriers.

1.4 Luminescence from dislocation-engineered silicon

There may have been significant progress in the desigiticon-based optical
emitters during the last fifteen years, indeed, Liamd) Bsang (2004) and Boyraz and
Jalali (2004) have recently successfully demonstratetdigiplification in silicon-
based waveguides using stimulated Raman scattering, howlegeite the many
promising results, there is still no obvious candidateéhieving CMOS compatible
optical emitters.

Section 1.1.1 introduced the concept of dislocation-engimgees a novel
route to achieving potentially efficient room-temperaturaihescence. In this
section the sample manufacturing route, the electrokesnence and
photoluminescence results, and the proposed mechanisghodfficiency

luminescence of Ngt al.(2001) are reviewed.
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1.4.1 Specimen production

Ng et al. (2001) usedh-type phosphorous-doped (100) Cz-silicon (2Qcm),
containing interstitial oxygen at a concentration of'2tén® (Ng, 2000). A boron
implantation (1 x 1& cm?, 30 keV and off-axis tilt ~8°) was performed to create a
p’-n junction. The sample was then annealed at 1000 °@0fomins in a rapid
thermal anneal furnace. The depth ofphe junction was calculated, using the
TRIM code, to be ~275 nm below the wafer surface (Milosadjet al. (2003). Ng
et al. (2001) observed by cross-sectional transmission elentrcnoscopy (TEM) an
array of dislocation loops in a planar region, patat, and ~100 nm closer to the
surface than thp™-n junction. The dislocations themselves were repddésk 80-
100 nm in diameter and spaced ~20 nm apart.

In order to perform EL measurements ohmic contactsmofifand 3 mrf
were deposited on the (implanted) and wafer reversecssrfaspectively after mesa
etching. The larger back contact contained a windoautiir which emitted photons
could be collected. A schematic diagram of the firraicttire, showing the position
of thep”-n junction, the band of dislocations and electricaitaots is shown in

Figure 1.18a.

1.4.2 Luminescence results

EL spectra are shown in Figure 1.18b for a forward biasgttion current of
50 mA. The peak wavelength at 300 K was found to be ~1150 nm anfilexion
was apparent at ~1180 nm. No other emission peaks were@bseany other
wavelengths, even at low temperatures (80 K). The pea&larayth of the spectrum
was observed to follow the temperature dependence batiegap. A PL

investigation showed similar results (Ng, 2000).
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Figure 1.18a

Schematic illustration of a dislocation-engineergtitiemitting diode. The
top and bottom ohmic contacts are formed by Al and AeSpactively. The infrared

light is collected through the window of the bottom emhtafter Gwilliamet al,
2005).
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Figure 1.18b

Electroluminescence spectra of a dislocation-engatksilicon specimen.
The device was operated at a forward current of 50 mAllfteraperatures (after Ng
et al, 2001).
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Using EL, with a forward biased injection current of 100 rii# EQE of the
unpackaged planar device measured from light collected thtbeghindow was
found to be (2.0 + 0.1) x 0 When edge luminescence was taken into account the
EQE was estimated to be <10This efficiency is comparable to many of the more
established methods for creating silicon-based photonicetexeported in Section
1.3.

Remarkably, unlike most systems used to demonstrate hghsien from
silicon, the EL and PL integrated luminescence wasrebsd to increase by a factor
of 3 from 80 to 300 K, Figure 1.19. The increase in efficiemay found not to be
dependent on the carrier injection mechanism and wddaae intrinsic to the
recombination mechanism (Mg al, 2001).

In subsequent publications by the same group (Loureingly 2002 and
2003 and Gwilliarret al,, 2005) the dependence of the luminescence efficiencyeon th
boron implantation energy, the annealing temperaturéhendnnealing time were

reported, see Figure 1.20. The following trends were observed:

Implant energy (20 to 70 keV) (Figure 1.20&):both PL and EL
measurements the EQE was observed to increase witadety implant energy.
However, in the EL investigation the maximum EQE waseoved at an implantation

energy of 30 keV.

Annealing temperature (20 mins at 400 to 1150 °C) (Figure 1.2Thg
maximum intensity was observed at an annealing temperdt@i& GC for both PL
and EL experiments and increased gradually to this peak aslthe temperature was
raised from 400 °C. The efficiency was observed tcsfarply after 975 °C, such

that by 1100 °C the luminescence was negligible.
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Figure 1.19

The integrated electroluminescence and inset, photolun@nesadntensity, as
a function of measurement temperature. The photoluminesaeas excited by the
488 nm line of an argon laser at a power of 150 mW (aftestid), 2001).
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Figure 1.20

Room temperature photoluminescenggihput power 150 mW) and
electroluminescence) (forward biased current 100 mA) integrated intensities as
function of:

(a) Implant energy; for samples implanted with barothe energy range of
20 — 70 keV and at the same peak concentratiorxof@° B cm 3,

(b) Post-implant anneal temperature; for samplesainiptl at £ 10"° B cni 2
and annealed for 20 mins. The dashed lines are guides feydbe

(c) Post-implant anneal time; for samples impldraelx 10" B cni? and
annealed at 950 °C.

(After Lourencoet al.,2003).
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Annealing time (0.08 to 60 mins at 950 °C) (Figure 1.20d)e maximum
integrated intensity was observed in the specimen Wilshortest anneal time and

observed to fall until a plateau was reached after A3.mi

Ng (2000) briefly reported that samples created by arsapi@ntation (1.01
x 10 cm?, 150 keV) intop-type Cz-silicon (6 - 222cm) also exhibited room
temperature dislocation-enhanced luminescence. Theeefficeind temperature

dependence of the luminescence were not reported.

1.4.3 Discussion

The high luminescence efficiency suggests that DE-gilis@ promising
route towards efficient room temperature luminescerara 8ilicon, especially
considering the relatively limited investigation thus féris also an important
consideration that all processing steps are highly comeatith the ultra-large-scale
integration technology used in CMOS production.

The room temperature spectrum observed in the work @tidgdisplayed a
peak at 1150 nm and an inflexion at ~1180 nm. The inflexion isstenswith the
reports of the transition between the single TO phamhthe two phonon process of
the TO phonon plus the Raman phonon (Gedead.,2001). However, the position of
the main peak was observed at a different wavelengtletstamdard TO phonon
peak, generally observed at 1130 nm (see for exampleeCaig 1983).

Ng et al (2001) suggest that the high EQE is due to the confinement of
carriers to a region of material between the bardisiécations and thg"-n junction,
Figure 1.21. The strain field of the dislocations was sugdds modify the silicon
bandgap resulting in a blocking potential for minority @giinjected towards them,

Figure 1.22. It was proposed that carriers confined toefien between the
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Photons emitted

Dislocation
band

Carriers confine
to this region

p*-n junction

© O ©

Electrons injected towards
dislocation band

Wafer bulk

Figure 1.21

Schematic interpretation of the mechanism suggested ley &lg(2001) for
high efficiency band-to-band luminescence in dislocatiogineered silicon.
Minority carriers are injected towards the dislocatiand where they are confined by
the strain field of the dislocation loops. The elenthole pairs are therefore isolated

from non-radiative recombination centres in the spenitvulk and at the surface.
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Figure 1.22

Schematic energy band diagrams of the proposed lummasceechanism of
Ng et al.(2001) for dislocation engineered light emitting diodes:
(a) Under no applied bias.
(b) Under forward bias. Minority carriers injected into fiie region encounter a
blocking potential®g, preventing the diffusion of carriers to non-radiativ
traps in the bulk and at the surface.
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dislocations and the junction were unable to diffuse g@res of the wafer with a
high rate of non-radiative recombination - such asthi&ace and non-radiative
centres in the bulk - thus allowing efficient lumineszen

The increasing efficiency with temperature is a surprisasglt and isn
contrast to results generally observed in semiconduatainescence studies. Further
to this, the results appear to contradict the latest empetal findings of Trupket al.
(2003b) who found a decrease in the radiative recombinadiefficient of more than
an order of magnitude between 80 and 400 K for unprocessexhsila@fers (shown
previously in Figure 1.10). Net al.(2001) suggest that thermal quenching is avoided
due to the confinement of carriers decoupling the radiagiwembination carrier
population from non-radiative recombination routes.

The suggested mechanism of &lgal. (2001) describes how both the
dislocations angb-n junction are necessary for efficient luminescenteere is,
however, little experimental evidence to support this kemimn, as all specimens
investigated contained both the dislocation loops gmdrajunction. The mechanism
is however qualitatively supported by the results ofaineealing experiments. The
fact that luminescence appears to be fully quenched at C1B0cdnsistent with
reports in the literature of the complete dissolutioexdénded defects at this
temperature (see for example Sobaéal, 2003).

Despite the mechanism seeming to explain a large nuphitiee experimental
results there do appear to be several flaws. The asyioaheoping of thep™-n
junction results in the vast majority of carriersnigeinjected into the bulk of the
specimen in a direction away from the dislocationdomaking the proposed
mechanism appear inconceivable considering the low ctatiens of carriers in the

suggested, active region. Secondly, the effect olbtiige range coulombic band
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bending associated with dislocations is ignored. Deglons are known to act as
centres of non-radiative recombination (Wilshaw, 1984 avetli€ret al, 2001) with
minority carriers effectively trapped at the defecthwus, the dislocations are likely to
act as non-radiative centres to any injected carraher than acting as a barrier to
carrier diffusion.

In order to place the work of Ngf al. (2001) and Lourencet al (2002 and
2003) into context a short review of the ion implantafiorcess, resulting defects,

the effects on the minority carrier lifetime and lnescence studies follows.

1.5 lon implantation of semiconductors

lon implantation is a standard industrial semicondugtocess to controllably
dope the near surface region of semiconductors. Higtggdepant ions are
implanted at a depth from about 10 to 1000 nm below thersiadace. lon
implantation produces damage to the silicon latticeudfinanuclear stopping of
incident ions or recoils. In addition to the productiomdiigh concentration of point
defects and damage during elastic collisions (vacanctesstitials and Frenkel pairs;
a silicon self interstitial and an associated vacpribgre is also a net increase in the
density of the material in the implanted region (Witis, 1998). Above a critical
dose, amorphisation of the host lattice can oceigy greater than 6 cm? for As
ions). An annealing step must be performed to activatddpant and to recrystallise

the lattice, during which process extended defects magrhed.
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1.5.1 lon implantation damage

The energy loss of the incident ions is as a resulieointeraction between the
high energy implant ion and the electrons and nuélgiesubstrate atoms. At
typical implant energies of between 25 keV and 1 Mgjhtlions, such as boron ions,
will lose most of their kinetic energy through ingiagollisions, whereas heavier ions
decelerate via elastic collisions which result indatdisplacements of the host lattice
atoms (creating Frenkel pairs; a silicon self intéedtand an accompanying
vacancy). A large amount of research has been ainredd#lling the damage to the
host lattice after ion-implantation and prior to aasimey. An extensive review of the
topic has been made by Jones and Rozgonyi (1993). Foraesuffi high
concentration of implantation damage it is possibleansform the crystalline silicon
into an amorphous phase (see for example Polk, 1971 and\&trak 1982). The
threshold for amorphisation to occur is highly dependent uppmiplant ion energy,
dose rate and wafer temperature. For example, theathbbron dose required for
amorphisation is ~2 x $®cm? when the wafer is held at 100 °C during implantation
(Jones and Rozgonyi, 1993).

Annealing of the wafer must be carried out after ionlamgation, regardless
of whether amorphisation has occurred, in order to detivee dopant. It is during
this annealing process that recrystallisation of the datheegion occurs and
extended defects may be formed. Extended defects mayef@mif amorphisation
of the substrate has not occurred; the threshold iarfdluextended defect formation
without amorphisation is ~1 x ¥bcm? for boron ions implanted at under 100 keV

(Jones and Rozgonyi, 1993).
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1.5.2 Defect formation and evolution

The defects that form during the annealing conditions us&dtsilicon are
extrinsic and formed by interstitial ions condensing a@nyatallographic plane.
There are four sources of these interstitials thet form defects: (a) the implanted
ions themselves, which when greater in concentratian the vacancy level of the
host silicon become excess interstitials; (b) Hemtwims from the surface - implanted
ions strike a surface atom of the host material wificsent momentum to drive the
atom further into the host sample; (c) recoils fréwm &morphous-crystalline interface
(when an amorphous layer is produced) and (d) separated Franke

A classification of defects has been produced which esabtlistinction to be
made between different secondary defects that occurgdamimealing as a result of
the implant conditions (Prussin and Jones, 1986). Tiegaaes distinguish defects
in terms of their proximity to the amorphous-crystaliimerface (if any) and the
defect morphology. The most commonly observed, andetprently studied, defects
are the “end of range” (EOR) defects, also known as2ypefects, which consist of a
mixture of {311} rod-like defects and interstitial dislocatitoops or only interstitial
dislocation loops, depending on the annealing temperaliyyee 2 defects form
below the amorphous/crystalline interface at or beybadend of range. The defects
observed in the samples described byelNgl (2001) are termed type 1; these defects
form when the implant dose exceeds a critical vahe simultaneously no
amorphous layer is formed. Type 1 defects are typitadgted at a depth
corresponding to the projected range of the implantedesp@¢andervorset al,
1985).

It is thought that the evolution of type 1 defects, upamealing, takes place

from a supersaturation of point defects through the foomaif intermediate defect
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configurations to a layer of perfect dislocation loops (&aal, 1981). The resulting
perfect dislocation loops tend to lie on {111} habit planes,edongated in <110>
directions and have a/2[110] type Burgers vectors perpendtouiae long axis of the
loop. Annealing at temperatures below 850 °C has also lahd tibservation of
{311} rod-like defects, these are relatively unstable ansodire upon annealing after
only three minutes at 815 °C (Eagleshetmal,, 2004). Since the processing
conditions in the present work, and also that oelgl.(2001), are above this
temperature these defects will not be considered here.

Type 1 dislocation loops are much more stable than {311}ikeddefects,
requiring temperatures of 1100 °C to dissolve (Sobelal, 2003). Annealing in
oxygen containing atmospheres can result in oxidation-imtinterstitial injection,
resulting in the growth of the dislocation loops intay&astacking fault areas rather

than their complete dissolution (Jones, 1999).

1.5.3 TEM studies of dislocation engineered silicon

Milosavljevic et al. (2003 and 2005) reported TEM studies of the DE-silicon
investigated by Ngt al.(2001). A band of dislocation loops (density ~1 X &8i%)
was observed with the loops lying on the four non-parllEl} lattice planes with
an extended axis along a [110] direction, see Figure 1.23di3lbeation band was
observed to be of width 200 + 25 nm and centred 130 + 25 nm bledosutface.
This is consistent with type 1 extended defect formadiaine projected range. The
projected range was calculated, using the TRIM code, i@0am (Ziegleet al,
1985). A bimodal distribution in the mean loop diametes wlaserved; loops

identified to be faulted Frank loops (a/3<111>) were ~175 nnameter whereas the
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alue

[:1:11] ‘4 [004]
s |]_'_|, 1 | 200 nm

Figure 1.23
a) Plan view [001] and b) cross-sectional [110] bright fieldVl images of
dislocations created by boron ion-implantation inaliation-engineered silicon.

Annealed 950°C for 20 mins, implant energy a) 35 keV and b) 25 keV

After Milosavljevi et al.,(2003).
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perfect a/2<100> loops were much larger, mean diameter ~350 henmajority of
defects were found to be of the faulted nature (~90%).

Sobolevet al.(2004) reported, for a similarly processed specimen to
Milosavljevi¢ et al. (2003), a mixture of perfect (2.5 x%dn?) and faulted Frank
loops (4 x 18cm?). The faulted loops had two characteristic sizek diameters in
the range 200 - 230 nm or 380 - 515 nm, the larger diameter defaesot
observed by Milosavljeviet al. (2003). The prismatic loops were observed to be
only 50-190 nm in diameter. The defects were located imdasiregion of the
specimen.

The vast majority of the ion implantation literatw@ncerns investigation of
type 2 extended defects, where both faulted and perfees lare observed to be only
several tens of nanometres in diameter (Pan and Tu,al®@bParet al, 1996). Itis
suggested by Milosavlje¥iet al. (2005) that this may have a role to play in the

surprisingly efficient luminescence observed in DE-gilic

1.5.4 Influence of extended defects on the minority carnidifetime

The extended defects resulting from the ion implanmatimcess are widely
reported as being deleterious to the minority carrietitife of bulk wafers (see for
example loannou and Davidson (1979), MacDowealdl. (2003) and Huangt al,
(2006)), suggesting that the ion implantation process slimalease the radiative
efficiency.

Minority carrier diffusion lengths have been obserteéhll ~21% (17.5
to14.5um) after the implantation of 1 x ¥ocm?boron ions at 400 keV (the

implanted wafer and a control were annealed at 1000 °@0fonins) and ~53% lower
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(41 pm compared to 8@m) when the anneal was carried out at 700 °C (loannou and
Davidson, 1979).

MacDonaldet al. (2003) report a reduction in the minority carrier lifetime
silicon implanted wafers (36 keV, 1xf@r 3x10°cm?, annealed for 60 mins at 900
°C). The effective lifetime fell from 10fs to 10 and %is in the low and high dose
samples respectively after annealing. Removal of sirfaaterial by chemical
etching recovered the lifetime slightly to 65 andusSor the low and high dose
specimens respectively. These values are still |okaar the control wafer, annealed
in the same manner. The reduction in the effectieére in these samples shows
both surface and deeply propagated defects, of uniform saten to depths of at
least 10Qum, remaining after anneals at 900 °C, see Figure 1.24. MatdDetral.
attribute the high recombination near the surface to émdnge dislocation loops.
The deeply penetrating recombination centres are suggedbedstlicon interstitials,
though it is unclear how a 36 keV silicon implantation itdluence a material at such
depths.

Dislocations introduced by alternative methods arelaisavn to reduce the
minority carrier lifetime. Kittleret al. (2001) report modelling results, where an
increase in the dislocation density (fronf 18 1F cm®) reduces the diffusion length
from ~ 65um to ~ 15um in bulk crystalline silicon with a transition metal
concentration of cm®. Extended defects have, however, been intentionally
introduced to processed wafers, in regions far fromedevices, to act as gettering
centres. Here the defects act as trapping centresef@ilic impurities ensuring that
precipitation does not occur in active device regionse Ak minority carrier
lifetime is reduced as a result. However, the devioesaa region of material where

locally the minority carrier lifetime is greater tfistovet al, 2000).
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Figure 1.24

Effective minority carrier lifetime as a functiaf the depth of silicon etched
from the front surface for self-implanted (36 keV) sihcwafers annealed at 900 °C
for 60 mins in a nitrogen atmosphere. Low dose = 1'% d&@?, high dose = 3 x 0
cm? (after MacDonalckt al. 2003).
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1.6 Conclusions, aims and structure of thesis

Despite the fact that silicon is an indirect bandgpaperial there is a large
research effort into producing an all silicon-basedcapemitter for interconnect
applications. However, the ability to produce a room teatpee, highly efficient,
silicon-based light-emitter compatible with standard C3/®chnology is a goal that
has thus far proved unattainable. However, the fietesdarch is relatively new and
as such there is room for novel techniques to be actigegarched. Just such an
approach is the use of DE-silicon (Egal, 2001).

The ion implantation and annealing processes used prolaeiction of DE-
silicon are standard industrial techniques and, as sualg@anumber of studies have
been made into the physical properties of the resultirectieind their effect on
material performance. However, to the best of theaig knowledge, no reports
prior to the work of Nget al. (2000), suggested that the ion-implantation and
annealing processes produced sufficiently efficient roonpéeature luminescence to
be considered as a potential silicon-based optical@mithdeed, the implantation
and annealing processes were thought to have a deletefexia radiative
processes (see for example loannou and Davidson (1979) azbhkdet al.
(2003)). Thus, it is widely assumed that the wafer minp@arrier lifetime is a
maximum prior to specimen processing. As a consequenceifeloeof extended
defects on the room-temperature optical propertiesiobsihas not been studied
extensively.

The luminescence results of DE-silicon, in partictler relatively high
efficiency, suggests that DE-silicon is worth furthereistigation with the view to
being used as a potential light source for optical iot@nects, especially due the lack

of comprehensive understanding. Thus, this project waslamenderstanding the
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mechanism of efficient luminescence and to improve fi@ency yet further. This
was done through the correlation of the luminescence giepef a wide range of

silicon samples with and without dislocations presdifite defect structures of ion

implanted samples were characterised by TEM.

The structure of the remainder of the thesis is asvisll Chapter 2 introduces
the experimental techniques used during the investigation amteCl¥acharacterises
the cathodoluminescence system. A routine throughhithie system collection
efficiency is maximised and the reproducibility between arpental sessions is
optimised are described. Chapter 4 details the specimesstigated and their
methods of production. The subsequent chapters are airhgly aharacterising the
samples: the dislocation structure, the morphologgrofmplanted samples and the
thermal evolution of the defects are investigated using TEGhapter 5. In Chapter
6 the cathodoluminescence from a single DE-siliconispatand a single
unprocessed, as-received wafer are investigated as a fuattiee microscope
conditions. The mechanism of efficient luminesceinom DE-silicon is investigated
in Chapter 7 and a survey of the luminescence effi@snzi a wide range of silicon
specimens presented. The luminescence efficiencieisatessed in terms of the
non-recombination recombination mechanisms present incanggre and attempts to
improve the efficiency yet further are outlined. Myan Chapter 8, the results and
conclusions of the present work are summarised and suguetir further work

made.
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Chapter 2: Experimental methods

2.1 Introduction

In order to investigate enhanced luminescence from digloeahgineered
(DE) silicon, a large range of samples was createdgstématically characterised.
In this chapter the experimental techniques used in the atadgviewed. DE-
silicon can be created by an ion implantation and dmgeprocess which forms a
band of dislocation loops below the wafer surfacee Bloation of the defect band,
the nature of the dislocation loops and their densityssae were investigated by
transmission electron microscopy (TEM). The lumieese properties of all samples

were investigated using cathodoluminescence (CL) at roopetature.

2.2 Transmission electron microscopy

TEM was used for the detailed examination of defectscadea with the ion
implantation and annealing processes. The nature artblocéthe band of
extended defects, the defect density and sizes were detdrfar each specimen and
in a few chosen cases the extended defect (disloc&imgers vectors were
determined.

Philips CM20 and JEOL JEM-200CX microscopes, operating ak¥Z0@ere
used for the TEM investigation. Both microscopes were eqdipfith double tilt
holders, with one tilt axis being eucentric.

All TEM investigations used in this study were carried wgihg diffraction
contrast analysis, the theory and practice of whichbdegen described in several
textbooks (Hirsclet al, 1965; Eddington, 1976 and Williams and Carter, 1996) and

as such the contrast mechanisms will only be describedimeutline.

- 66 -



Chapter 2: Experimental methods

2.2.1 Diffraction contrast in the transmission electron mimscope

To undertake diffraction contrast imaging, a uniform thin tedy@& foil) is
tilted so that a set of lattice planes with Milladicesg = (h k I) are at an angito
the electron beam, wheéeis close to the Bragg angleés. The latter is given bk =
2 d si® s, wherel is the wavelength of the electrons illuminating thecapen, d =
&/(h*+ K2+ 1%) and a is the lattice parameter.

The deviation from the Bragg condition is characterisgethe vectos, called
the deviation parameter and defined as the vector paratleé beam from the poigt
to the Ewald sphere in reciprocal space.

The image obtained in the TEM is an intensity mapexdteons leaving the
back surface of the specimen in a direction selectédebgbjective aperture. In the
case where the direct beam is selected (bright}fidte image appears dark where
electrons have been scattered out of the direct lpadima Conversely, by imaging
using a selected diffracted beam (dark-field), the imageaapeight where
electrons have been scattered into the selected t&ttdeam path relative to a dark
background. Thus, contrast arises because of the rturiof the local diffracting
conditions. The contrast mechanism for a dislocaepends on the conditions of

observation.

Kinematical conditiong> 0): Figure 2.1 shows schematically an edge
dislocation in a thin foil. In the region far fraitme dislocation, the crystal is tilted

significantly away from the Bragg condition and thedeat beam is not strongly

diffracted. This is the case of a perfect crystal,clwhwhen of uniform thickness and
not bent, will be of uniform intensity in the resaljiimage. However, near the

dislocation the planes are bent into the Bragg comdiiiothe dislocation strain field.
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Incident beam

e>>e\B 0 D?B e>‘eB
strong
transmitted diffracted
F|gure 21 beam beam

Schematic representation of an electron transpairegierystal containing a single
dislocation (represented by the extra half-pla6é3,the angle between the electron beam and the
lattice plane. When the planes immediately to thletnand side of the dislocation are bent so that
they closely approach the Bragg conditir=(0g, the Bragg angle) the intensity of the direct beam
emerging from the crystal is reduced. The dislocation appeaa black line in the bright field image.
This corresponds to ‘kinematical bright-field’ difframti conditions.

a) 2-beam dynamical (s = 0),

bright- or dark-field
V + {.— Kikuchi line

o 9

b) Kinematical bright-field (s>0) ‘

‘ c) weak beam (s>>0) ‘

Diffraction pattern
Ewald Sphere in microscope

Figure 2.2

Schematic representation of the diffraction conditiesed in diffraction contrast imaging,
wheresis the deviation parameter: a) two-beam dynamigalyo-beam kinematical, c) weak beam.
In each case the Ewald sphere is sketched on theeledft-side, and a schematic diffraction pattern
showing the position of the relevant Kikuchi lines onrilght-hand side. The curvature of the Ewald

sphere has been exaggerated for clarity.
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In this situation there will be stronger scattering itite diffracted beam. We would
expect a bright-field image of the dislocation to lm&aek line, and a dark-field image
to consist of a complementary bright line.

Dynamical conditionss(= 0): In this case, the crystal is tilted in order to
satisfy the Bragg conditiors £ 0), and the dislocation strain field tilts the izt
planes away from the Bragg conditions. So, simpésitiave would expect the
dislocation to appear as a white line in a bright-fieldge and a dark line in a dark-
field image. However, the image contrast theory ungirahical conditions is more
complex due to the strongly dynamic nature of eleatliiraction (.e. it is necessary
to include the scattering from the diffracted beam haitkthe incident beam). There
are also effects due to anomalous absorption. Nevesthehe physical mechanism
of observed contrast is as described above.

Weak-beam conditiors &> 0): In this mode, the specimen is tilted such
that only very highly strained planes near the dislocataye satisfy the Bragg
condition. Despite the low intensity of the scedteelectron beam this is relatively
strong compared to the surrounding matrix. The techniqua straight forward
because almost nothing is seen on the screen, makungradnts difficult.

Moreover, long exposure times are needed which are ordtigakwith a very stable
instrument. The weak beam technique provides the highedtitiea of conventional
diffraction contrast techniques due to only very highigised regions, close to the

dislocation core, providing crystallographic planes Batig the Bragg condition.

The diffraction conditions and diffraction patterrisserved in the microscope
used in the three modes of diffraction-contrast img@iatlined above are shown in
Figure 2.2. For a dislocation to be visible it must didtoe planes which are forming

the diffracted beam, thus the Burgers vedionf a dislocation can be determined
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from images if the conditions are chosen to satisfydiklocation contrast critergab

= 0 (Hirschet al, 1965).

2.3 Cathodoluminescence using scanning electron microscopy

Cathodoluminescence (CL) was used to study the luminesediiciency of
the DE-silicon specimens. The following section desesrtbe manner in which the
luminescence signal is generated and detected.

The basis of a scanning electron microscope (SEM) @bitity to produce a
focused probe of electrons which may be scanned acepesemen surface. The
interaction of the electron beam with the specimey beamonitored using a suitable
detector. The most common method of using the detegiedl $$ to modulate the
brightness of a visible display screen; at each moirthe screen the brightness is
proportional to the signal collected from a correspamginint on the specimen
surface. The choice of a suitable detector allowargety of specimen information to
be gained. The workings of an SEM and the many modes ddtapeare widely
covered in the literature and only those concerning GlLbeidiscussed here. In the
CL mode it is the luminescence produced by recombinatieteofron-hole pairs
generated by the interaction of the incident beam afgetie electrons and the

semiconducting specimen that is exploited.
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2.3.1 Electron-solid interactions

A high energy electron beam, typically 0.5 — 40 keV ir5&M, penetrating a
semiconductor slows down by a series of inelastic amtlisvents with the valence
and core electrons. These events result in onlyadl sleviation in path and so result
in the continuous slowing down of the electrons whigyttravel in approximately
straight lines. When a core or valence electroegaiart in such a scattering event it
may acquire sufficient energy to make a transitiotihéoconduction band, leaving a
hole in the valence band, so generating an electrenpgaar. Less frequently, the
injected electrons undergo an elastic scattering ewsted by the interaction with an
atomic nucleus of the host lattice, this is a Ruthdrémattering event caused by the
Coulombic interaction and results in a large changgréection with little energy lost
to the host lattice. These two categories of scatf@vents result in the initially
collimated incident electron beam spreading out asléotrens penetrate the
specimen and slow down. Each high energy incident ele&aves a trail of lower
energy electron-hole pairs along its path, with thé patiodically deviating due to
an elastic collision.

The total number of carrier pairs generated per second,dien by:

U = Eseenlsean1~ 1) Eqn. 2.1
Eend
whereEpeamand heamare the beam energy and beam current respectivedythe
fraction of energy scattered back off the speciammhEp is the energy required to
generate an electron-hole pali.is approximately 0.08 for silicon and is mainly
accounted for by the backscattered electrons wha&be the specimen. The energy to

create an electron-hole pair is, in general, abmee times the bandgap energy for
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the semiconductor and is found to be 3.6 eV for silicdri(iK 1968). This energy is
larger than the bandgap as some energy is lost througbmpheating and the
electron-hole pairs themselves possess large amoukteti€ energy upon creation,

which they subsequently lose as they approach thequdibeium with the lattice.

2.3.1.1 Spatial distribution of generated carriers

The spatial generation of electron-hole pairs has aadgly investigated
experimentally and also theoretically using Monte Chyiee calculations. The
results of each are in good agreement and show thdistingution of carriers
generated by an electron beam follows a universal cuniadment electrons in the
range 5 - 50 keV and materials whose atomic number d@he irange 10 to 15. For
elements outside this range a correction factor meistsed. Figure 2.3 shows this
curve. The standard interpretation of the range waseatkby Gruen as the
extrapolation of the linear portion of the depth genenatiarve to the abscissa
(Gruen, 1957). The Gruen range;, & given by R o Epeant'~, where Eeamis the
beam energy.

The Gruen range describes the energy dissipationuaston of depth.
However, this describes the energy dissipated in @ atia given depth and provides
no information about the lateral distribution of tmekgy lost. The lateral
distribution is also a universal function and can béesicaccording to the beam
energy and the specimen density in order to find the $patabution of carriers in a
given semiconductor, as shown in Figure 2.4. The geoeraficarriers is essentially
confined to a volume, termed the “generation voluméseweral microns (or less) in

radius for the beam energies typically used in an SEM
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Figure 2.3

Experimentally determined generation rate of carriel®Mspecimen surface.

In order to convert depth to microns, multiply 8y28x10°E, . *"°p*, where Beam

beam
(keV) is the beam energy apthe material's density (kg ™ (after Everhart and
Hoff, 1971).

Figure 2.4
Lateral variation of the generation of carriers.al8s normalized to the Gruen

range of incident electron. Generation rate showrobyours of equal ionization rate
(after Cohn and Caledonia, 1970).

-73-



Chapter 2: Experimental methods

2.3.2 Cathodoluminescence emission

The generation of electron-hole pairs in the semicowdwgEecimen by the
incident electron beam disturbs the local equilibriumaentration of both majority
and minority carriers (i.o n>n;%, wherep, n andn; are the holeelectron and
intrinsic carrier concentrations respectively). Asatéed previously in Section
1.2.3, the excess carriers recombine, releasing a phothwauacteristic energy. CL
is the process where carriers generated by a high eakgtyon beam recombine
radiatively to emit a photon. The actual number of phetproduced is dependent on
two factors. Firstly, the number of carriers genetdtgthe beam and, secondly, the
proportion of these which are able to combine radiativ€liearly, high radiative

recombination efficiency corresponds to a high CL intgnsit

2.3.3 Comparisons of different luminescence techniques

Luminescence techniques operate by creating free elecnonisoles, which
subsequently recombine producing a photon of characterigtigyenThey are
differentiated by the manner in which electron-holegare generated. In CL
carriers are generated by the specimen’s interactidnaaiigh energy electron beam,
in photoluminescence (PL) electron-hole pairs are rgée@ by the absorption of
photons with energy greater than the band gap, wherealectnoluminescence (EL)
minority carriers are injected into the semiconductoabypplied potential. The
spectra produced by the three techniques have the sameHaree{ al, 1972) and
temperature dependence (Dawesl, 1989). There are, however, significant
differences between the techniques which will be outlingdarfollowing section in

order that the results of this investigation may be coetpwith the literature.
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2.3.3.1 Carrier Generation

The generation of electron-hole pairs by the electemmbin an SEM is a
near-surface event with nearly all carriers generattddn 5 um of the surface, as
described in Section 2.3.1. The carrier generation prafit. experiments is
determined by the photon energy of the exciting lasertadlisorption co-efficient
of the substrate. An appropriately chosen wavelengtigeaerate carriers within the
first few microns only (for example ~2 eV for silicenbstrates), or produce
approximately uniform excitation of defects distributed tigiaout the bulk of the
wafer (for example exciting with 1064 nm (1.165 eV) Nd-YAG a#di, to which
silicon is almost transparent). The EL technique geeemtcess carriers by their
injection into the material substrate by a forwamsbd Schottky barrier orpan
junction. In this case, the source of the excestecsaiis the interface between the

junction depletion region and the bulk material.

2.3.3.2 Input Power

The total power deposited into the substrate in the élintgue is dependent
on the exciting laser. Lasers of several watts neayded to generate large
concentrations of electron-hole pairs. In practice,tdubermal considerations, a
lower power is often used, with moderate powers corsiti® be several hundred
milliwatts. The total power deposited using the CL technigw®nsiderably lower,
limited to less than a milliwatt by the beam currerd aocelerating voltage of the
SEM. EL can produce input powers typically up to 100 m\W awvegrea the size of

the injecting diode (typically up to a few square millinestfor research purposes).
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2.3.3.3 Resolution

Both the CL and PL techniques have the potential to investigatoptical
properties of semiconductors with good spatial resolutidre resolution of the PL
technique is limited by the wavelength of the excitingrlasel the focusing optics.
In practice, PL is rarely used for high resolution magpthe specimen is uniformly
illuminated over a wider area (~1 x 1 mm). Higher resmiutmay be achieved by the
use of focusing optics (scanning PLLePL) and wide-area mapping achieved by the
translation of the specimen relative to the focal poirthe laser. The resolution of
the CL technique can be easily varied, with resolutimmit@d by the generation
volume) better than a micron routinely achieved. dihgorm injection of excess
carriers from a planar interface in EL limits thgasal resolution. In general, the EL

technique averages the luminescence properties over the jwhotion area.

2.3.3.4 Surface recombination

Excess carriers which diffuse to the surface tend tawmbioee non-radiatively
at the surface via surface recombination; this process rethe@umber of electron-
hole pairs which may recombine radiatively. In EL,esscarriers may be injected
away from the specimen surface directly into the specibulk. The large-area,
uniform injection into the specimen bulk results in lommbers of carriers diffusing
to and recombining at the specimen surface. Howevel, m&hy carriers may
diffuse to the surface regions of the material t@sylin a significantly higher surface
recombination velocity, particularly in samples withgka minority carrier lifetimes.
The larger area over which carriers are generated megllts in a lower number of

carriers diffusing to the surface than in CL, but, ntbes in EL. As a result of the
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increased surface recombination of the CL technique, Iquantum efficiencies are

generally observed.

2.3.4 Operation of a Cathodoluminescence system
2.3.3.1 Modes of operation

The CL equipment can be operated in three main moHes first is the total-
light (panchromatic) micrograph mode. In this modeefleetron beam is scanned to
form a point-by-point image whose brightness is depenuetite intensity of CL
emission over a wide range of wavelengths. The setcmnalk is the monochromatic
micrograph mode. The beam is again scanned and a pepttiiityimage is formed,
but a dispersive element is included between the CL cotlacid the detector. In its
simplest form, this may be an optical bandpass fittet most work, including that
reported in this thesis, uses a diffraction grating moruator since this enables a
desired spectral wavelength to be selected with ease signal-to-noise ratio of the
image is dependent upon the intensity of CL emissioneaselected wavelength.

The third mode is the CL spectrum mode. In this caseage is formed; the
electron beam is placed on the feature of interegt@specimen and the emitted
luminescence spectrally analysed. Instead of being setixed wavelength, the
monochromator runs through a range of wavelengths ar@Lietensity is measured

as a function of wavelength.

2.3.3.2 Light collection and detection system
Important considerations in the design of the CL ctitben and detection
system are the solid angle of collection, the fidlgiew of the optics, the transfer

efficiency at the wavelength of interest (i.e. ratfdight arriving at the detector to the
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light emitted by the specimen) and the detectivity (asonesof the noise) of the
detector system at the wavelength of interest.

The design of a CL collection system in an SEM Bst@ined by the limited
distance between the final lens and the specimen. slfitbiance, the free working
distance, is too large, the probe diameter is significamtreased. In the present
system the CL collection optics consist of an offsagiamond-turned aluminium
paraboloidal mirror.

The final lens, the collection optics and the speciarenllustrated in Figure
2.5. The specimen is held in position at the mirror fdguthe specimen stage. The
electron beam passes through a 1mm diameter hole mitigg. The electron beam
axis is normal to the specimen and impacts the specitriba airror focal point;
emitted photons are collimated along one axis of theomiat right angles to the
incident electron beam and guided to the photon detettoe.angular dependence of
emission intensity is close to that of an ideal Larm@ersource.

For the Department of Materials, University of Oxforgstem in the
monochromatic collection mode, the operation is #raesas before (Figure 2.5)
except that the collimated light is incident on thenohromator entrance slit,
illuminating the diffraction grating. The light is @técted into a spectrum and
reflected onto the plane of the exit slit by a secondomiil he exit slit selects a
narrow band of wavelengths and this light passes througkitaslit which leads to
the same detector and housing as used for the totakiigthe. For monochromatic
images the signal is processed as before. The momoatoois illustrated

schematically in Figure 2.6.
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Figure 2.5

Schematic representation of the cathodoluminesceriteeiton optics. The
electron beam passes through a 1mm diameter hole mitteg. Photons emitted
from the specimen are collimated along one axis ofttineor, at right angles to the

incident electron beam.
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Figure 2.6
Schematic representation of the monochromator. ighepath is indicated

by the black arrows.
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Chapter 3: Setup and characterisation of the Oxford Materials cathododstence system

3.1 Introduction

The Department of Materials, University of Oxford, Clst&yn comprised of a
JEOL JSM-6500F field emission gun scanning electron micro4d&Ed), a Gatan
MonoCL3 system (monochromator, collection optics amok@n counting
electronics) and the Gatan DigitalMicrogr@pboftware suite. The CL system was
fitted to the microscope during the course of this projedtaasignificant amount of
time was taken calibrating and optimising the systemndom temperature

luminescence from silicon.

3.2 Cathodoluminescence system setup

3.2.1 The scanning electron microscope

The JSM-6500F electron column consisted of a field-eamnsslectron gun,
three magnetic lenses, double deflection scan coilsnata coils and the final
aperture. The accelerating voltage could be varied §@0nV to 30 kV. The
microscope was equipped with a eucentric specimen stagerisedtin X, y, z, tilt
and rotation. The minimum step sizes in the x anoglections were less than Qubn
and in the z direction 0.05 mm. The vacuum system st@asof a diffusion pump
with two liquid nitrogen traps. A chamber pressure ofdsettan 1 x 19 torr was

required before use.

3.2.2 Photon collection
The collection mirror of the Gatan MonoCL3 systeasva diamond-turned,
off-axis paraboloidal mirror containing a central 1 mnmub&er hole through which

the electron beam could pass. This restricted the fgHdllof view to an area of an
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approximately equivalent diameter. The mirror was tesemanually (along the x-
axis) to a position directly beneath the SEM pole@iand aligned in the y- and z-
directions prior to initial use by Gatan with the asgise of the author, such that the
electron beam passed centrally through the hole imtitrer and that the maximum
number of photons were collected by the mirror andcefteto either the
monochromator entrance or the detector. At the beginriagah session, the
optimum mirror position was determined by maximising thkected signal as the

mirror was moved along the x-direction.

3.2.3 Photon detection

As described in Chapter 1, silicon is an indirect bancgaterial with low
external quantum efficiency (EQE) (typically16 10’ (Fauchet, 2004)). The
bandgap luminescence at room temperature (RT) is infrdR¢auid typically
peaked at ~1130 nm (Greehal, 2001). Thus, in order to observe and investigate
RT luminescence from dislocation engineered (DE)esilja high sensitivity liquid-
nitrogen cooled germanium detector (North Coast E0-817L, dieadeCa25 cr)
operated at a constant bias of -250 V was used ratheththatandard
photomultiplier tube. The germanium detector has a sg@esponse in the range
800 — 1800 nm with a nominal responsivity of 5 X YON™*. The responsivity across
the spectral range is shown in Figure 3.1 and correctedlitfoin the Gatan
DigitalMicrograpH™ software. The detector was pre-set to have a rigedfr800 ms
in order to achieve optimum sensitivity.

The collected light was guided by the insertion (oractton) of flat, high
reflectance Mgkcoated, aluminium mirrors to the detector (panchrarpatr in to

the
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Figure 3.1

The responsivity curve for a germanium detector at 77/tKr(a
http://www.newport.com/file_store/PDFs/tempPDFs/GermaniDetectors_e5575.p
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Figure 3.2

Response curve for actual diffraction grating (600 linesbtared for 1200
nm), supplied by Gatan Inc.
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monochromator. In order that quantitative data could beradal, the detector output
signal was filtered from the background noise by lock-ipldgmation by modulation.
In order to do this, the light entering the detectal been ‘chopped’ at a frequency of
~220 Hz. The Gatan MonoCL3 system contains an omiagdper in the light path
between the entrance slit and the diffraction grat;ygtandard. A second, additional,
optical chopper was installed in the light path direbdyween the collection mirror
and the detector (this was kindly loaned from, and irestadlith the help of Dr S. A.
Galloway of Gatan UK.). The long rise time of theedtor severely limited the

ability of the system to produce CL images, even fostbeest scan rates, and these
were not used except for aligning the system opticsordar to maximise

performance the detector was pumped to a high vacuum protiabuse.

3.2.3.1 The MonoCL3 monochromator

The MonoCL3 system contains a chamber mounted Czerny+4Turne
monochromator, F# 4.2 and focal length 300 mm. The laycatGxerny-Turner
monochromator has been shown schematically in Chapten@brtant experimental
considerations are the selection of appropriate entr@mtexit slit widths and the
choice of diffraction grating. The system was perialtijccalibrated using the 404.66
and 546.07 nm mercury spectral lines of an in-line dischange. la

An Oriel 600 lines/mm diffraction grating blazed for 1200 nns welected for
use in the monochromator to maximise the system eftigien the appropriate
wavelength range. The spectral response of the gratghgign in Figure 3.2 and
was used in order to correct the experimentally coliespectra within the Gatan

DigitalMicrograpH™ software.
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The widths of the monochromator slits play an impdrtale in determining
the maximum spectral resolution: the smaller theastiths, the greater the system
resolution. However, reducing the monochromator stitld reduces the total light
throughput of the system and, thus, the monochromattevidths were selected to
achieve the spectral resolution required while maintaininignopn throughput. The
effect of increasing the slit width is dependent on thece image in the slit plane
and the source spectrum. In the case of near bandgapekoance from silicon, the
source image on the entrance slit is large and unifochapproximates to a
broadband source with a relatively broad spectral digiab. It was found, in
accordance with theory, that doubling the monochronsitoridths gave
approximately four times as much radiation into the nsbrnemator. The slit widths
of 1.5 mm, used for all spectra reported in the remaioftiédnis thesis, were selected
to give a spectral resolution of 8.3 nm which was found nsigtaficantly affect the

luminescence peak (which had a full width half maximum ohi®.

3.2.4 Signal processing

The Gatan MonoCL3 system was controlled using the DigitabgrapH™
software. The software read the output of the loc&mplifier as a fraction of the
full-scale deflection and thus the sensitivity rangéheflock-in amplifier was
recorded for intensity comparisons between spectra.lotken amplifier was set to
zero with the electron beam off prior to recording acspen. A small positive offset
was then added to ensure no negative values were obs¢higdvas then subtracted
from the spectrum in retrospect within the DigitalMigrapH" software.

Due to the use of the North Coast E0-817L germanium detspietra were

taken in serial modee. the grating was positioned for the measurement ofeatse
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wavelength and a reading taken for a length of timediv&! time - which must be
longer than the lock-in amplifier’s time constangfdre the grating was moved, by a
stepper motor, to the next wavelength. The starting leagth, range of wavelengths
sampled, number of steps and dwell time are all user defittbin the software
environment. The photons may be counted either using tdeotaiton count (dwell
time dependent) or as the number of counts per secoredtoi&htime taken for a
spectrum with a dwell time of 2 s, step size of 2 nm ande®&f 500 nm is
approximately 8 mins (typical for spectra reported inwosk).

The software includes detector and grating response owhiels may be
applied to the collected data. All spectrum reported swwhirk have been corrected

for both grating and detector responses so giving an acapateum.

3.2.5 Estimation of the system efficiency
The system efficiency may be estimated by determiniagignal loss at each

component of the light collection and detection system

Paraboloidal mirror (data supplied by manufacturer): 9@5f photons emitted

from a specimen, located at the mirror focal poirg,allected.

Monochromator throughputThe monochromator throughput may be summarised

using the following equation (Oriel Instruments, 2005):

% =FVE, R Eqn. 5.1
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where B is the output power,; B the input power, F reflects any mismatch in the
focal length of the illumination and that of the monmehator (in this case ~1), Vis a
vignetting factor due to the slit aperture being smallen tihhe source image (slit
width dependent), kis the efficiency of the grating (~80%) and R equals the
reflection efficiency of one of the monochromatornmis (the R factor implies 5
reflections before light reaches the detector, R ~)99%bthis case, with wide slit
widths, the maximum fraction of power to exit the momoamator is ~62%. Thus,
the optical throughput of photons emitted from the spetiangving at the detector,

via the monochromator, is a maximum of 46%.

Detector responsivityThe efficiency of typical germanium detectors, at 1150iam,

~80%.

Total system responsivityfhe system responsivity in panchromatic mode was
estimated to be 3.6 x 1®W™ and, in monochromatic mode at a wavelength of 1150

nm and slit widths of 1.5 mm, is estimated to be a maximfi?a3 x 18 VW™,

3.3 Ensuring reproducibility of data acquisition

In order that a high level of reproducibility could be agb@it was necessary
to develop a procedure by which the area of a sample beiastigated could be
located at the focal point of the mirror. The mirfecal point is located
approximately 1 mm below the bottom of the mirror;heg point the collection
efficiency of the mirror is greatest. Two methods rbaysed to determine whether a
sample is at the focal point of the mirror: thstfis the appearance of a bright central

spot in the CL image (rather than crescent shapebdarter- and under-focused
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states). This is illustrated in Figure 3.3 where a mbrmuoatic CL image (1150 nm)
of a silicon sample at the focal point is shown.e Tdw luminescence intensity
emitted by a silicon sample and the long rise timénefdetector make this technique
difficult. The second method, used as routine, foundat& point by maximising
the collected signal (as recorded directly from thed€tector output). This is shown
in Figure 3.4 where the normalised collected signal isvehas a function of the
specimen distance below the mirror. Due to the discrature of the specimen
height adjustment process (minimum 0.05 mm), the fodat péthe mirror could

not be found precisely. This introduces an error in teasured luminescence signal
of ~5-10%. The difficulty in mounting the specimen dkaftat can actually be used
to decrease this systematic error. A small translaticghe sample in the x-y plane
results in a very small change in the collected signalto change in relative distance
of the specimen from the mirror. The actual focadhiewas found more accurately
by maximising the collected signal using this method. Tlusguure was carried out
for each and every quantitative measurement reportie remainder of this thesis,
unless otherwise stated.

At the start of each microscope session a standarplsavas used to align
the system to ensure optimal set up. The systematicietroduced between
sessions was found to be less than 1.5%, allowing thda doegparison of results
between different experimental sessions. Therefdirexperimental results

presented in the remainder of this thesis are self-siemsi
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Figure 3.3
Low magnification monochromatic cathodoluminescentage of a silicon
sample at the mirror focal point as illustrated bylhght central spotA = 1500 nm,

slit widths = 1.5 mm, beam current = 200 nA and acceleraitage = 30.0 kV.
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Figure 3.4

Normalised luminescence intensity as a function otttlection mirror and
specimen separation distance. The peak indicatesstiamck at which the specimen
is at the focal point of the mirror. The solid lirseai Lorentzian fit of the data points.
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3.4 Effect of system parameters on the cathodoluminescence
efficiency

3.4.1 Variation in the collection efficiency across the fig of view

The variation in the collection efficiency of thermoir across the field of view
was investigated by focusing the electron beam to a staditbnary spot which was
moved point-to-point across the field of view, recording luminescence intensity at
a constant absorbed specimen current. The variatideicollection efficiency of the
system was investigated using two samples; a gallium desand a silicon
specimen. The results are shown in Figure 3.5.

The variation in the luminescence intensity withipos across the field of
view was found to be large in the gallium arsenide sanmflemall, central region
~200 x 200um was observed to display high collection efficiencg antside of this
a low efficiency was observed. However, the silisample was observed to show a
significantly lower variation in the collection effency.

The gallium arsenide sample has a short diffusion e jum) and thus,
photons are emitted from the sample in close proxitoitye electron beam.
Therefore, the results from the gallium arsenide ispe&t accurately show the
collection efficiency of the mirror from photons étad from a specific point on the
sample. However, in the silicon sample, due todhg minority carrier diffusion
length (typically several hundred microns) photonskEagenerated far from the
position of the electron beam, averaging the collaatibiciency from a wide area
and resulting in the low variation in the collectidhagency across the field of view.
Furthermore, in samples with long diffusion lengthsrtteasured luminescence
intensity is significantly less than the emitted lnescence intensity as: i) photons

are collected from regions in which the mirror hasg tmllection efficiency and ii)
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Variation in the collection efficiency of the systecross the field of view for:

a) a silicon doped, gallium arsenide specimen (5 nA) andititan specimen (150

nA) (Courtesy of K. J. Fraser).
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some electron-hole pairs diffuse outside of thelfadlview and are not collected.
This reduction in the fraction of detected luminescesggaater the longer the

sample’s minority carrier diffusion length.

3.4.2 Scan area

The luminescence intensity as a function of th@ scaa is shown in Figure
3.6 and was found to be approximately uniform when the scareads significantly
greater than the generation volume. However, agegheration volume of the
electron beam approached an appreciable size in comp#aridmscanned area

(~50%), a small reduction, ~3%, in the luminescence effey was observed.

3.4.3 Scan rate

The luminescence intensity was investigated as a fumofithe electron
beam scan rate in the range 10 to 0.01 Hz. For thedtigban rate possible, ~10
frames per second and 600 lines per frame, minority cauaiercalculated to diffuse
a distance of 60Am for one line time. Thus, the electron beam chearass in a
point-by-point manner rather than over the larger scanmead arhis was observed
experimentally; the luminescence intensity was obsetiwé@ independent of the

scan rate for all samples investigated.

3.5 Effect of specimen production

3.5.1 Sample fixation
Samples were mechanically and electrically attachedmicroscope stub
using either electrically conductive Acheson Silver &tedag or carbon loaded sticky

pads.
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Variation in the luminescence intensity as a funcbibthe area in which
electron-hole pairs are generated by the electron be#rma dislocation-engineered
sample nB2a (B, 30 keV, 10cmi?, 900 °C for 15 mins). The electron beam was
focused to a small point and the diameter of the genarabibme was assumed to be

6.5um.
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lllustration of the decay in the panchromatic lursitence intensity as a
function of time of a chemically etched sample exposdtd electron beam. As-
received, phosphorous doped, €16m wafer. Beam current 100 nA and beam

energy 30 keV.
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Little difference was observed between the two fixatechniques: some limited
contamination of the sample surfaces was observalie isecondary electron
imaging mode for both, though the carbon loaded sticky pegimed to produce
slightly greater surface contamination levels. Théasercontamination, however,
did not produce an observable drop in the luminescenassitte Thus, the carbon
pads were favoured for their ease of use and liquid-nitrbges were employed in

the microscope to minimise the contamination effect.

3.5.2 Presence of a native oxide

Samples were investigated in the as-received cond#imhafter a ~30 sec dip
in 40% hydroflouric acid to remove any native surface oxNe.difference was
observed between the two sets of specimens and thus dlinydcoacid preparatory

dip was deemed unnecessary for further samples.

3.5.3 Sample processing

In the course of the investigation of DE-silicon, &@snecessary to submit
specimens to further processing; some samples werdaaimetched whilst others
were chemomechanically polished, these processes tiredun detail in the
following chapter.

For samples that were chemomechanically polishedirspas were
subsequently placed in an acetone ultrasonic bath (attexoperature) for 10 mins
and then cleaned using the RCA routine outlined in Sedt®b3. Samples were
given a final rinse in methanol before examinatiorhaicroscope. The

luminescence intensity was found to be identical goand after processing.
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For samples which were chemically etched, a rapidrfalie luminescence
intensity was observed when samples were exposed &ldattron beam. Rigorous
specimen cleaning using the RCA process was found to mentimss effect, but it
was often necessary to use only moderate beam cuflesgghan 50 nA) as even
rigorous cleaning often proved insufficient. Below aicaitthreshold current, no
decay in the luminescence signal was observed. Faisamvhich did not exhibit
the luminescence quenching, the luminescence efficienag aé-received and a
chemically etched and cleaned specimen was observedidertical.

The quenching of the recorded luminescence intensity isrdbesl in Figure
3.7 for an as-received, XBcm, phosphorous-doped wafer. Upon initial exposure to
the electron beam high luminescence intensity wawrded (times less than ~1 s).
The magnitude of this signal was unknown due to the skwtime of the detector.
The luminescence intensity then fell to a low valesgIthan the unprocessed wafer)
within a few seconds and continued to fall to a valueia@ntly less than in an as-
received sample.

There are several explanations for this phenomermmmever, at the present
time, the mechanism is not understood. Firstly, teetedn beam may cause the
cracking of organic compounds on the sample surface valistrb emitted photons.
These would be invisible in a secondary electron imageatheir low atomic
density. Secondly, the chemical etching process has prvlmen associated with
the injection of hydrogen to depths of up toptf at room temperature (Sacsteal,
2000). Hydrogen is known to be an excellent passivatelecfrically active defects
(Kittler, 2005). Exposure of the sample to the elecbh®am may disassociate the
hydrogen from the defect resulting in an increase indhepeting deep-level

recombination rate. Thirdly, hydrogen liberated during chah@tching may
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passivate the surface reducing surface recombination (Méarin 2004). Exposure
to the electron beam may then de-activate the surfasgvption, resulting in the

decay of the luminescence efficiency.
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Chapter 4: Production of specimens

4.1 Introduction

Dislocation-engineered (DE)-silicon was described iafiér 1 as a potential
route by which relatively efficient room temperature in@scence from silicon may
be achieved. However, the mechanism of this effidientnescence is not
understood well. The work reported in the remainder of hieisi$ is an attempt to
produce efficient luminescence, understand the mechanismhahced efficiency
and, if possible, improve this further. In order thaséhaims may be achieved a
range of samples containing dislocations was produced agietywof methods: ion
implantation and annealing (as used byd¥ligl. (2001) to produce DE-silicon),
abrasion, oxidation induced stacking faults (OISFs), machhdeformation and
oxide precipitation.

This chapter introduces the specimens and processing cosdised in the
investigation. The substrate materials and the processimtions used for the
production of a wide matrix of specimens containing diglona will be described.
The Cz-grown and FZ samples were kindly provided by Dr Ralster of MEMC
Materials Ltd and Dr O. Anderson of TOPSIL Semicondubaterials A/S

respectively.

4.2 Production of specimens containing dislocations by ion implantation

4.2.1 Substrate material
One-side mirror-polished, Cz-grown (100) silicon waférs {0Qcm), n- or
p-type (phosphorous or boron doped respectively) were usatatates. The

wafers were eight inch in diameter and ~@®0 thick.
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Theback surfaceof the wafer (non-mirror polished side) contained
dislocations generated by soft backside damage (SBD). iS8Bechnique in which
high velocity silica slurry is directed at the surfates produces damage in the form
of surface pits, typically 100 - 500 nm in diameter. Olestgon by TEM has shown
that the pits have associated dislocation tangleewnsity ~1 x 16cm? (de Coteau,
1993). SBD is known to be effective at gettering traosimetals from the wafer
bulk, so increasing the wafer minority carrier lifemHowever, due to the near-
surface nature of SBD defects, only sufficiently-faffuding elements are efficiently

removed from the specimen bulk (Istrathal, 2000).

4.2.2 Implantation conditions

lon implantation of boron, silicon or gallium was aeainto the polishettont
surfaceof each substrate material. The boron and siliogplants were kindly
performed at the University of Erlangen-Nuremberg by Dr @uke and Dr P.
Pichler. Each wafer was blanket implanted. The galiimplantations were
performed in Oxford using an FEI focused ion beam (FIB) 2@@ascope. The
gallium source was quoted to be 99.99% pure. Only small €@eZ&smmn) of a
wafer could be implanted with gallium due to instrumeanetconstraints. The
implantations produced six distinct sample categora®matically illustrated in

Figure 4.1:

1) ‘nB’ — Boron implantation inta-type material (dislocations present in a
highly p-doped region with @"-n junction present), analogous to the samples

investigated in the University of Surrey studies (seexanmgple Nget al, 2001).
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Boron and gallium implants

bQ O Q000
p* Kdislocatons/. 0"

" p
p-njunction nop-njunction

Dislocations in highly doped region

Silicon implants

QQQ.. ic?ns./..d

dislpcat

P n

Dislocations in moderately
doped region

Figure 4.1

Schematic representation of the specimen structunei@fténplantation and
annealing. The dislocation band and specimen doping dicatiad. Note: this
morphology was deduced from the transmission electiorostopy investigation

reported in Chapter 5.
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2) ‘pB’ - Boron implantation intg-type substrates (dislocations present in a
similarly highlyp-doped region but with np-n junction).

3) and 4) ‘nGa’ and ‘pGa’- Gallium implantation imeor p-type material
respectively, (dislocations present in a highigoped region with or without@a -n
junction present).

5) and 6) ‘nSi’ and ‘pSi’ - Silicon self-implantation ah- andp-type
substrates respectively (dislocations present in maalgi@dped material with np-n

junction).

The boron and gallium implantations were carried 630skeV and the
silicon implantations at 80 keV. An off-axis tilt of Was used in order to avoid ion-
channeling. The wafers were maintained at room temperduirgy the implantation
process. The boron implantation conditions wereweehe amorphisation threshold
whereas the silicon and gallium implantation condgiosed have been shown to
generate a buried amorphous layer (Jones and Rozgonyi, 1993).

The six categories (nB, pB, nGa, pGa, nSi and pSi) &@ inghe sample
identification code used to label specimens in the remaofdérs thesis.

A selection of implantation doses and annealing routirege wsed to create a
wider matrix of specimens. Three boron doses 5% 10« 13° and 1 x 18° cm?
(represented by 1, 2 and 3 respectively in the sample adeigle silicon dose of 1
x 10 cm? (2 in the sample code) and gallium doses of 1’ a6d 1 x 16 cm? (2

and 3, respectively, in the sample code) were investigate
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4.2.3 Annealing routines

The annealing routines performed on the boron and silicplanted
specimens were largely performed at the University crigien-Nuremberg. For
boron implanted samples these were carried outtegred300 or 1000 °C for 15 or 60
mins. Specimens implanted with silicon were anneal®@®@t’C for 10, 30 or 120
mins. All anneals were performed in an inert atmosphEezh annealing routine is
identified by a letter (a - g) in the sample code. Gakium implanted samples were
annealed at 900 °C for 15 mins in evacuated silica capstlescooling schedule of
all the annealing routines followed a standard pattermpt&es were cooled to 800 °C
at a rate of 10 °C/min at which point samples were rehdrom the furnace and air
cooled.

As an example of a full specimen code, nB2a reprefieatspecimen(s) made
from ann-type substrate, implanted with boron at a dose o1@*Xcni? and given an
anneal of 900 °C for 15 mins, followed by cooling to 800 °C at@aaf 10 °C/min
before being air cooled to room temperature.

During the course of the investigation several sampé&s further annealed
in Oxford in an effort to understand the luminescence ar@sim and enhance the
efficiency. Specimens nB3a, pB3a, nSi2e and a Qg as-received sample were
annealed at 1150 °C for 5 mins in an argon atmosphere (dnnekhis was
performed in a sealed and evacuated silica tube in arceinimise contamination.
The silica tubes were given a 10% HF etch prior torsga@é a cleaning process.
This anneal was performed to remove all the dislocafromns the specimen.

Other parts of the same wafers were also annealegbftr 6 months at 200
°C in an ambient atmosphere. These low temperatueabathspecimens were

further split into 2 categories, with half annealed edhark, wrapped in aluminium
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foil, (anneal j) and half annealed under white light (ahkgaThe white light was
produced by a 20 W halogen bulb operating within the furnaaalstance of ~30
mm from the polished surface.

Table 4.1 shows the sample identification codes describengpecimen
processing conditions of all ion implanted specimengoldout page is included in
Appendix A the ion implanted sample codes and the comelapp processing
conditions are given for ease of reference. Theskes will be referred to throughout

the remainder of this thesis.

4.3 Non-thermal processing applied to some ion implanted spimens

In order to investigate fully the role of dislocationghe luminescence from
ion implanted specimens it was necessary to remowveeidnesurface regions of some
specimens. This was done using two methods: chemomechaaiisaing and

chemical etching.

4.3.1 Removal of surface layers by chemomechanical polishing
Chemomechanical polishing with colloidal silica (Mofi®é30, Morrisons)
was used on some wafers to remove surface materiah¢eanmiextended defect-free,
‘mirror’ finish. In order to measure the amount of er&l removed by this polishing
process, a small area of each sample was coverea wiih piece of mica adhered to
the specimen surface using Crystal Bond wax. The misaswasequently removed
by dissolving the Crystal Bond wax in acetone and thgathen cleaned using the
procedure outlined in Section 4.3.3. A profilometer was tiged to determine the

amount of material removed relative to the original énpecotected area) surface.
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1x10°
Ga3a

Gallium Dose(cm?
Ga2a

1x10°

Silicon Dose (cm?)
1x10°
Si2e
Si2f
Si2g
Sizh’
Si2j"
Siz2k

1x10°

B3a
B3b
B3c
B3d

B3e

B3j

B3k

1x10°
B2a
B2b
B2c
B2d

Boron Dose(cm?)

Bilb
Blc
Bid

5x 10*
Bla

900, 15
900, 60
1000, 15
1000, 60
900, 10
900, 30
900, 120
1150, 5

200 in the dark

200 in the light

Anneal (°C, mins)

* Indicates that this sample has been previousiggssed as B3a
" Indicates that this sample has been previouslygssed as Sila

Table 4.1

Processing conditions of the ion-implanted and anneglecirsens; all
samples are identified by either n or p followed byd#eple code indicated. Thus
for example nB2a represents the specimen(s) madeainortype substrate wafer,
implanted with boron at a dose of 1 X316m? and given an anneal of 900 °C for 15
mins. followed by cooling to 800 °C at a rate of 10 °C/mifof@being air cooled to

room temperature.
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4.3.2 Removal of surface layers by chemical etching

A planar etch, 40 wt% HF : 70 w.% HNO>99 wt% CHCOOH in the ratio
1:7:2, was used to remove surface material from selecéstsy Small areas of the
wafer surface were protected from the etching solutiomgutacomit varnish’ (Agar
Scientific Ltd.). After etching the lacomit was renedwsing xylene and the sample
cleaned using the procedure outlined in Section 4.3.3. Therdmbmaterial
removed was determined using profilometry and the etclwadedetermined to be
~1 um/min for an etching solution made immediately prior te fas etch times less
than 30 mins.

This chemical etching was found to produce large-scale pdagas with a
uniform amount of material removed on unprocessed wafiénsa doping density of
<10'°cm®. However, the etching process was found to work Etisfactorily for

samples with a doping density F16m?.

4.3.3 Specimen cleaning after surface removal

After the removal of material, careful specimeraciag was necessary before

CL examination. Each of the following cleaning steps easied out:

* Acetone (in an ultrasonic bath at room temperature)
* Methanol (60 °C)

» Trichloroethane (60 °C)

* Methanol (60 °C)

» Trichloroethane (60 °C)

e HyO:HO;: HCI (6:1:1) (120 °C)

* HyO:HO,: HNG; (6:1:1) (120 °C)
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Specimens were left in each solvent for 10 mins and gieea a final rinse in
methanol before examination. All chemicals used \B&el Aristar grade. This
cleaning routine will be referred to as the RCA cleanimmg@ss throughout the

remainder of this thesis.

4.4 Other silicon specimens investigated

In order to understand fully the role of dislocatiomshe luminescence
mechanism of implanted specimens, a number of other diglaccontaining

specimens were investigated. The fabrication processesutlined below.

4.4.1 Starting material

All material used in this investigation was single crystiton, the majority
of which was grown by the Cz process, though some FZ gsabstrates were also
investigated. A range of wafers (500 — XBdm) doped with a variety of elements
have been studied. The Cz substrates were thoughttaircead® cmi® oxygen
atoms and less than 5 ¥2@ni*transition metal impurities when received from the
manufacturers. The luminescence efficiency of sohtkese wafers was then studied
without further processing whilst others were processednadince dislocations
using: mechanical deformation, abrasion using silicori@d@paper, oxygen-
induced stacking faults and oxide precipitates. Each eéttechniques will be

described separately in the following sections.

4.4.2 Wafers containing oxidation-induced stacking faults
Five wafer substrates have been investigated that havepbecessed in order

to produce large oxidation-induced stacking faults (OISF).sd keabstrates are (100)
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orientation Cz-Si. The five substrates were: bommed (10Qcm, 1.2 x 16 cm®),
boron doped (10 facm, 9 x 18® cm?®), antimony doped (10 to 20®em, 4 x 16®
cm?), arsenic doped (1 to 5@em, ~1 x 16° cm®) and phosphorous doped (1 to 2
mQcm, ~4 x 10 cm®).

The substrates were exposed to high velocity silicaystarintroduce SBD,
and were subsequently oxidized in a dry oxygen atmosphéfea °C for 5 hrs. The
defects formed by the SBD process are shown in FigureTh@ oxidation process
induces extrinsic stacking faults lying on {111} planes boundea tiglocation with
Burgers vectots(111).

In order to estimate the surface defect densitiesy#fers were Schimmel
etched (Cr@(0.3 M):40 wt.% HF in the ratio 5:4) for one minute. @éptical
micrograph of the etched surface is shown in Figure 4t wafers produced line
features 10 - 15im in length along the <110> directions. These are assumbe
the OISFs intersecting the wafer surface. The smalé like, features are assumed
to be the residual small dislocation tangles as fuetaring did not lead to the
production of line features. The dislocation density esignated to be ~ 6 x 18m
2, According to measurements made by the manufacturertpritipping the
wafer’'s average minority carrier diffusion length e tL0Qcm material was reduced

from ~1000um to ~500um after the formation of OISFs.

4.4.3 Mechanically deformed specimens

Several ~X2cm specimens were mechanically deformed in order todotre
dislocations with the assistance of Dr A. GiannattaSibis was performed using a

Six step process:
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Figure 4.2

TEM (001) pole image of silicon sample after exposarsilica slurry.
Surface pits and associated dislocation tangles cegalddy observed (from de
Coteau, 1993).

20um

Figure 4.3

Optical micrograph of oxidised sample after one minutedefect revealing

etch solution. Dark lines and small etch pits can éarby observed.
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Bar cleaved with edges in [-1-12], [1-10] and [111] directibos (111) FZ-
Si.

The edges of the bar were ground and polished to remowegkdamage to
produce a bar ~ 40 x 5 x 0.6 mm.

Approximately 50 Vickers mechanical indentations were perfdromethe
polished surface, centrally along the length of thenbtdr a load of 10 g for
10 s. The average indent spacing was +#80

Samples were mechanically deformed using the four-pomtibg technique
at 500 °C for 120 mins, stress ~100 MPa.

Approximately 5Sum of surface material removed by planar etching in oler t
remove indentation and associated dislocation tangles.

A further mechanical deformation using the three-pointlmentechnique at
600 °C for 60 mins was used to produce a range of dislocatioiieeasong
the length of the specimen. A load of 5 kg was used andigtence between

the outer knife edges was 12 + 0.4 mm.

The mechanical deformation was performed using an Intt65 and a

molybdenum jig. Quartz bars (Lmm diameter) were indent® the rig to act as

knife edges in performing the three- and four-point bendsquartz apparatus was
cleaned using the RCA procedure prior to use. All high teriyeraending
processes were carried out in a nitrogen atmosphereind&nt is produced with a
diagonal of ~5um and depth of ~um. At room temperature relaxation of the crystal
occurs by punching out prismatic dislocation half-loops froenibdent. Tangles of
dislocations can also form underneath the indent. fG@inepoint bending technique

then generates elongated half-loops with three segrpardgiel to the three <110>
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directions in the glide plane, a long straight segmparallel to the surface and two
shorter emerging segments - the character of whisheitaer screw or 60°
(Giannattasio, 2004). The planar etch removes the tradehassociated dislocation
tangle, leaving a regular array of elongated half-loops/gioy the four-point bend
process. The three-point bend creates a range otdiiin densities from 0 chto
~10® cm? between the outer knife-edges and the internal knife-edte specimen
as the controlled dislocation half-loops multiply axgand according to the stress

they experience, see Figure 4.4.

4.4.4 Abraded specimens

Abrasion using No. 600 silicon carbide paper was performdabtim0.01 and
5 Qcmp-type Cz wafers at room temperature, followed by cleaninggusiganic
solvents. Previous work by Stickler and Booker (1963) sddWwe abrasion produces
cracks and fragmentation in the wafer surface withaate disordered dislocation
tangles, largely of Burgers vector ¥2(100), up tquibbelow the wafer surface.

Stickler and Booker report typical dislocation deesitof 16°cm?, see Figure 4.5.

4.4.5 “Saw-damaged”/swirl defect

The investigation of a high nitrogen concentration wgfe} = 2.2x13°cm’®)
FZ (100) wafer if-type, 5Qcm, 1 x 16° cm®) in other work by Dr A. Giannattasio
revealed large scale bands of defects in a concentrigattern after Schimmel
etching. These defects were not characterised furthendytave been either “saw-
damage” from the wafering process that had not begnriethoved during

subsequent polishing or A/B swirl-defects, resulting fronctlystal growth process.
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7
a) )
n
| >
Knife-edges—
b) Dislocation half loo
———— e —
Increasing dislocation density
c)
Figure 4.4

a) Schematic representation of the stress distobugetween the knife edges

in the three-point bending technique.
b) Schematic representation of the dislocation dgating the length of the

bar after three-point bending (observed in top view).
¢) Scanning electron microscope image of etch pitsaatiengthe presence of

glide dislocations on the surface of (111) silicon sasplTypical of the central

portion, of a mechanically deformed, sample.
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Figure 4.5
TEM bright field image of the severely distorted disibon network formed
after abrasion with No. 400 silicon carbide paper. Spetimas been chemically

thinned from the reverse side (from Stickler and Booker, 1963

Figure 4.6

Cross-sectional scanning electron micrograph of amiallg gettered wafer
after a defect revealing etching. Oxygen precipitates earbberved through the
bulk of the specimen, with the exception of the prégipifree zone in the near-

surface region (from http://www.memc.com/t-oxygen-gatteasy.
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If the defects are due to saw damage the resulting défectuse would probably be
similar to that caused by abrasion as described abdwe A/B swirl defects, on the
other hand, are created by the incorporation and aggibimeof self-interstitials
during the growth process (Falster and Voronkov, 2000). Ttiefécts have been
found to be extrinsi®s(111) dislocation loops (Foel and Kolbsen, 1975) and the B

defects small, globular clusters of interstitialst(6% and de Kock, 1976).

4.4.6 Specimens containing oxide precipitates

Internal gettering is a common technique employed to reitheceansition
metal impurity concentration in the active regions nfvafers using the large oxygen
concentration inherent to Cz-grown silicon. A largegety precipitate concentration
throughout the bulk of the specimen is created, whédendar surface regions (~80
nm) are precipitate-free, see Figure 4.6. A three stegentl annealing process was
used so that the bulk of a 10@&m (1 x 18* cm®) p-type wafer contained a high
density (typically 16— 10 cm?®) of oxygen precipitates (less than 600 nm in
diameter): an initial high temperature (1000 °C, 15 ming)dgenisation anneal was
used to dissolve the as-grown precipitates. The oxygeceatration in the near
surface regions is lowered considerably by out-diffusioinduhis anneal. A
nucleation anneal was then carried out at 650 °C for 3@rurs growth anneal (800
°C for 4 hours followed by 1000 °C for 8 hrs) was then penéat.

The oxygen precipitate concentration, measured by Schieticighg on a
cleaved surface, was estimated to be'%d® (Reznic, 2002). TEM investigation
revealed spherical precipitates ~100 nm diameter withcaged punched out

dislocation loops produced during the growth process (Re2002).
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4.5 Specimen preparation for experimental techniques

4.5.1 Specimen preparation for the TEM study

TEM was used to evaluate the extended defects created mnth
implantation and annealing processes. In this investigatialefects studied by
TEM were in the near-surface regions on the polisiesl the silicon wafers and
were observed using electron transparent specimens irfditthplan view and (110)
cross-section orientations. Specimens were preparedthsimgn milling technique.

Plan view specimendn order to prepare an (001) orientation plan view
specimen a ~3 mm x 3 mm sample with edges parallel tolth@> directions was
cleaved from the wafer. This sample was then moumetdRyrex disc using melted
Crystal Bond wax with the polished surface against theXxPgisc. Two scrap silicon
‘backing’ pieces were placed either side of the spetimerder to aid uniform
thinning of the sample. The sample and backing piecesthvemnemechanically
ground to a thickness of ~36n using 600 and 1200 grit silicon carbide papers
sequentially. The damage created by the silicon carbid@iry process was then
removed by mechanical polishing using 6 apchlKemet oil-based diamond pastes.
The specimen was then dissolved from the Pyrex disg @sietone, carefully cleaned
using a sable-haired paint brush and acetone before beungedoon a copper ring
support (TEM grid, 3.05 mm diameter, with 2.00 mm central)hslatable for the
TEM specimen holder, using cyanoacrylate glue. Thekawas then mounted in a
Gatan dual ion mill with the polished surface protected pieee of scrap silicon.
The sample was rotated and thinned from the backside aising beam until a
small hole was obtained and the damage remaining freiéimond polishing was

removed (approximately 7-8 hours were required). The millimglitions used were:
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ion beam energy 5 keV, gun current 0.4 mA and a beam to sgeeingle of 16°. In
order to remove any surface milling damage, a final iohngivas performed for 10
minutes with: ion beam energy 2 keV, gun current 0.25 ndAaamincidence angle of

12°.

Cross—sectional specimeniBor the preparation of the (110) cross-sectional
specimens, two bars ~ 2 mm x 3 mm were cleaved fromwalfier with edges parallel
to the <110> directions and glued with the polished surfiac#sg each other using
Araldite Rapid adhesive. In order to achieve as thin a glue line ashi@ssis
process was carried out with adhesive, which was heatkstiared at 150 °C for ~15
sec immediately prior to use with pressure applied durkadiéin. This sample was
then mounted such that the glue line was perpendiculaetByrex disc surface
between two scrap silicon ‘backing’ pieces using CryBtald wax. The specimen
was then ground to a thickness of ~%00 using 1200 grit silicon carbide paper and
then turned over. The sample was again ground using 120digoih siarbide paper
and polished using 6 angith diamond polishing paste at a thickness of 4300
The sample was then turned over again, ground to a tiskrie-35um and polished
using 6 and um diamond polishing paste. The specimen was then dissia
the Pyrex disc, cleaned and mounted to a copper TEM gddsasibed for the plan
view case. The specimen was then rotated and ion midled both sides using an
Ar* ion miller until a small perforation near the glireelwas obtained, taking
approximately 4 hours. The milling conditions used were id&into those described
for plan view specimens. This procedure produced an eletctnosparent specimen

without introducing any damage into the crystalline ‘bukthe specimen. The
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sputtering process can, however, leave a thin amorphygersda the specimen

surface which could occasionally be observed in the TEM.

4.5.2 Specimen preparation for cathodoluminescence study
Plan view specimend.ittle preparation was needed to examine specimens
using CL. Small pieces (typically 5 mm x 5 mm) weragkd from the silicon

wafers with their edges parallel to the <110> directions.

Cross-sectional specimeng cross-sectional specimen (~666 x 10 mm x
10 mm) was cleaved from a wafer with edges paralleléc<iii0> directions. The
sample was then mounted in the slot of an alumirdist (~5 cm diameter, 1cm thick
with a single slot cut into a face of ~1 x 0.5 cm) usimgs€l Bond wax with a
cleaved <011> surface contacting the large surface flaiedlotted disc between two
silicon ‘backing’ pieces, Figure 4.7. The cleaved edge wasiechanically ground
flat using 1200 grit silicon carbide paper. The specimen keasdissolved from the
disc using acetone and then re-attached to the slogedvdh the ground <011>
surface now acting as a stable base, hence easingtluatian process. The second
<011> surface of the sample and ‘backing’ pieces wererttezhanically ground flat
using 1200 grit silicon carbide paper, polished, using Kemetsid diamond pastes
(6 then lum grade). A final chemomechanical polish (colloidal aildorisol W30,
Morrisons) was then used to produce a mirror finish anddah®le dissolved from
the slotted disc using acetone.

In order that the specimens could be examined with tes<gection surface

normal to the incident beam in the CL system, the gsswere sandwiched between
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two ~5 mm stainless steel nuts which were adhered teutffiece of the microscope

stub using carbon-loaded sticky pads.
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slotted aluminium disc

X
sample
V'
backing pieces == R
~~._surface to
be polished

Figure 4.7

Schematic representation of the specimen productiomaidor cross-
sectional CL. Specimens are mounted in the slot afamninium disc using Crystal

Bond wax and supported by two backing pieces.
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Chapter 5: lon implantation defects, investigated by transmisdemtron microscopy

5.1 Introduction

In order to investigate the efficient luminescence ofdillEon, a matrix of
specimens containing a range of defect structures wasdre@hese were formed by
the implantation of either boron or silicon (at @&l different doses and at different
energies) and subsequent annealing (for different tetopesaand lengths of time).

It is the purpose of this chapter to describe the defegbhmoérgies formed, and
furthermore, to investigate their evolution.

This chapter begins by presenting typical transmissliectron microscopy
(TEM) images which allow the nature of the implantatond annealing related
defects present in a specimen to be ascertained. dinebody of the results
summarises the defect morphology. The thermal ewolutf the defects is described
and discussed in relation to the work published in teealitire. In contrast to some
reports in the literature, it will be shown that therimal evolution of ion implantation
related defects may be described using classic Ostwaldrigpe A small number of

samples displayed anomalous results; these are instestign Section 5.4.

5.2 Experimental methodology

So that the defects resulting from the boron or silimoplantation and
annealing processes could be characterised, all speciménstyite substrates and
selected specimens wightype substrates were analysed in the TEM. Crossgeatt
specimens were used in order to observe the locatithe afear-surface defects and
for the examination of such specimens the samples ms&eged into the microscope
such that the glue line lay along the eucentric tilt aXise length of sample imaged

in each case was ~1 4.

- 117 -



Chapter 5: lon implantation defects, investigated by transmisdemtron microscopy

In order that all defects could be observed, crossesedtT EM specimens
were initially examined by imaging along the [110] zone as#g the central spot
(000). Images in both {220} and {004} two-beam conditions weentirsed in order
to observe specific defects in greater contrast. peeimen thickness was
determined by a small rotation of the sample aroundlib@) (axis. This produces
thickness fringes undegr= {220} imaging conditions and allowed the specimen
thickness to be determined using tabulated extinction ledageh(Hirschet al,, 1965).
A number of specimens were also investigated in plan &leng the [001] zone axis,
the sample area in each case wasp®f The central (000) spot was used to
observe all defects and both {220} and {004} two-beam conditivare used to
observe specific defects in greater contrast.

For some specimens the defect density was suffigibigh that individual
defects could not be imaged using standard diffraction come@miques and hence
weak beam dark field imaging was required. The diffractmmditions used werg=

5g for both {220} and {004} imaging conditions.

5.3 Experimental results

5.3.1 Identification of the defect types present

A typical plan-view TEM micrograph of a boron impladtsample (specimen
nB2a) is shown in Figure 5.1. All defects are obseivddgure 5.1a, imaged using
the central (000) spot along the [001] zone axis. The mbgtian related defects

were observed to be small dislocation loops; no roeldigfects were ever observed in
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Figure 5.1

Bright field plan-view TEM micrographs of specimen ngBa30keV, 16°
cm?, 900°C, 15mins) illustrating the analysis used to detertiid 1) Burgers
vector dislocation loops using different {220} two-beam atiads. Some of the
disappearing (and re-appearing) loops are indicated by(&)'g = (000), (b)g =
(220) and (cp = (-220).
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Figure 5.1 continued

d) Weak beam dark field plan-view imagg %g, with g = 400) of sample
nSi2g (Si, 80 keV, 1 x ¥®cm?, 900 °C, 120 mins) illustrating how ‘elliptical’ and
‘elongated’ defects, assumed to be faulted and perfeotdigdn loops respectively,
could be differentiated. The marker ‘B’ indicates thatentified to be perfect

dislocation loops.

Wafer surface

Specimen bulk

Figure 5.2

Cross sectional bright field TEM image of sample pBlRistrating the
parameters used in the description of the implantaé@ted dislocation band: w -
width of the dislocation band, d - depth of the baridvéhe wafer surface, a — an
example of an elliptical faulted dislocation loop and & example of an elongated

perfect dislocation loop.

- 120 -



Chapter 5: lon implantation defects, investigated by transmisdemtron microscopy

any samples studied in this research. All defects weserged to lie on {111} habit
planes. Some of the dislocations were observeceiiT BM images to be elliptical
whilst some were found to be elongated, with straighinsegs parallel to <110>
directions, these are marked as ‘a’ and ‘b’ in Figure 312 Burgers vector of the
dislocation loops may identified using t@é = O criterion. Figure 5.1 illustrates the
analysis of sample nB2a, showing how under suitablatatien of the sample, those
dislocations which satisfy this condition disappeaQmy show a weak residual
contrast. For two-beam conditions, using {220} reflectionsaFigures 5.1b and
5.1c, some of the loops disappear (indicated by the md&grsThese are faulted
Frank dislocation loops (FDLs) with Burgers vectigrs111>. From a similar
analysis, using {004} reflections, the Burgers vectors efidéinger loops were
determined to be perfect ¥2<100> loops (PDLSs). In theosilimplanted samples, the
defects were observed to be small dislocation loogsain the case of the boron
implanted samples, no rod-like defects were ever obdei/eak beam dark field
imaging was used for the characterisation of defedtseirsilicon implanted samples.
Figure 5.1d shows how ‘elliptical’ and ‘elongated’ dislocasiavere able to be
distinguished. The dislocation loops were found to bexéuna of FDLs and PDLs.
The marker ‘B’ indicates those dislocation loops tifezd to be ‘elongated’ PDLs.

A small number of samples were found to contain seconseghr@cipitates

rather than the dislocation loops, these specimerdismessed in Section 5.4.

5.3.1.1 Discussion
Previous work presented in the literature shows tleaiothh implantation and
annealing process creates a band of defects below tke suaface; the nature of the

defects is governed by the processing conditions usee . mést commonly reported
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defects have been found to be small {311} rod-like defectsnsic faulted Frank
dislocation loops (FDLs)H = 5(111)] and extrinsic perfect dislocation loops (PDLS)
[b =%2(110)] (Jones and Rozgonyi, 1993). However, other woikegstigating
material using similar ion implantation and anneal daonas to those used in this
study observe a mixture of only FDLs and PDLs (seeXample de Mauduigt al,
1994). The results of this investigation are entirely istest with the findings of the
bulk of the literature (see for example de Maueétial, 1994 and Milosavlej¢iet al,
2005).

FDLs have been found, by trace analysis, to lie on {111} hd#ies and
have a Burgers vectorf 15<111> perpendicular to the loop plane (De Maudtidl.
1994). There are four variants of this circular shapeecti@hich, when projected on
to the plan-view TEM image plane, appear ellipticale PDLs were also found to lie
on {111} planes and have a Burgers vector of ¥2<110> (De Masatalt 1994) and
it has been observed that they are elongated alongatatular<110>direction on
their habit plane which is perpendicular to the Burgersor (Seibet al, 1994), 12

variants of this defect exist.

5.3.2 Quantification of defect densities and distribution
The ion implanted specimens were investigated in thd iREorder to

characterise for each set of implant and anneal donsdithe following:

a) defect band width, w (see Figure 5.2)
b) defect band depth, d (see Figure 5.2)
c) dislocation densities

d) mean dislocation loop diameter

And, in a few selected specimens: e) the proportidaudfed and perfect loops.
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In order to investigate the dislocation distributioritmumber was counted
and their diameter measured along their longest axistlyifeom TEM images. In
common with other workers in the field, the dislocatioops were assumed to be
circular (for example Pagt al, 1996).

In general, the defect density in a band of dislocatiopdanay be described
using four different criteria: 1) The number of diskion loops per unit volume of
crystal (cn?), i) the number of dislocation loops per unit arearyktal (cnf), iii)
the dislocation line length per unit volume of crystafi@} and iv) the total
dislocation line length per unit area of crystal min the present work, the
dislocation density is defined as the dislocation lergth per unit volume of crystal
and measured between the top and bottom of the dislodzind and the loop density
as the number of dislocation loops per unit volume @fcttystal measured between

the top and bottom of the dislocation band.

5.3.2.1 Boron implanted samples
Representative, two-beam, bright field cross-sectioBM micrographs of
boron implanted specimens containing a band of sub-surfslogation loops are
shown in Figure 5.3. These include specimens implantiédardose of 5 x 16, 1 x
10" or 1 x 16° cmi® and annealed at 900 or 1000 °C for 15 or 60 mins. In some cases
these images are sufficient for the parameters descnibSection 5.3.2 to be
guantified. However in others (for example Figure 5.3e)défect densities are too

low for statistically meaningful data to be obtainemhira single micrograph.
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Figure 5.3

Representative cross-sectional TEM bright field micrpgsaof boron implanted (30
keV) samples, imaged usigg= {220}

a) Sample nBla (5xifcm? 900°C, 15 mins) d) Sample nB2a (#cm?, 900°C, 15 mins)
b) Sample nB1b (5xffcm?, 900°C, 60 mins) e) Sample pB2a (#fcm? 900°C, 15 mins)
c¢) Sample pB1b (5xTfcm? 900°C, 60 mins) f) Sample nB2b (6cm?, 900°C, 60 mins)
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Figure 5.3 continued

Representative cross-sectional TEM bright field macaphs of boron
implanted (30 keV) samples, imaged usyyg {220} unless otherwise stated

g) Sample nB3a (Zfcm?, 900°C, 15 mins) i) Sample pB3c (#6cm?, 1000°C, 15 mins)
h) Sample nB3b (Icm?, 900°C, 60 mins) j) Sample nB3d (16cm?, 1000°C, 60 mins)
weak beam dark fieldy= 5g) conditions k) Sample pB3d (f6cm?, 1000°C, 60 mins).
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For these specimens a montage of micrographs was edaly$ie quantitative data
obtained from this set of samples is presented in Tébleand 5.2.

The error in the magnification of the microscope wsisr@ated to be ~10%
(Marsh, 2001) and ~3% for the estimation in specimenieis&. Typically several
hundred defects were analysed in each specimen introduciadditional error of a
few percent, resulting in an estimated error in thedaion density and dislocation
loop density of typically 15% and the error in the mespldiameter of typically
~12%. However, for specimens nB1lc and nB1ld the defecttgevess so low that
only 6 and 3 dislocation loops respectively were imaged.

In summary, the following trends can be identified:

Increase in doseAn increase in the implant dose resulted in a largease in the
dislocation density but the mean dislocation loop diamended to decrease. This
can clearly be observed in samples nBla, nB2a and nB3a ®B3ee 5.3d and
5.3g), where the dislocation loop densities were 3.1'% 207 x 16° and greater than
10'° cmi® and mean loop diameters 165, 145 and less than 10 nm fonirdpkses of

5x 10 1 x 13° and 1 x 18° cm? respectively.

Increase in annealing temperaturéin increase in the annealing temperature from
900 to 1000 °C resulted in a large decrease in the disloodginsity and a large
increase in the mean loop diameter. A population oflsegular loops tended to
become a lower density of larger diameter, irregulapst loops, see for example
samples nB3b and nB3d (Figures 5.3h and 5.3)). Sample pB3tessed at 900 °C,
had a dislocation loop density of 9.1 X16m* and mean loop diameter of 15 nm,

whereas sample nB3d processed at 1000 °C, had a dislocapddnsity of 1.5 x
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Mean dislocation Dislocation loop Mean diameter Defect band
Sample density (cm™) density (cm™) (nm) width (nm) | depth (nm)

nBla 3.1x10° 3.1x10% 160 260 80
nB1lb 2.0x10° 9.2 x 10" 360 200 60
nBlc 8.0 x 10 5.0 x 10*" 260" 240" 50"
nB1d 42 x107 2.4 x 100 280 250 457
nB2a 4.1x10° 4.7 x 10" 140 210 50
nB2b 5.5 x 10° 4.9 x 10" 190 250 60
nB2c 2.8 x 10° 2.5x10"% 180 220 100
nB2d -

nB3a >1x 10" >1 x 10'° <10 230 100
nB3b 8.3 x 10" 9.1 x 10" 15 240 100
nB3c - - - - -
nB3ad 3.9 x 10° 1.5 x 10" 420 880 10
pBib 2.3x10° 1.1 x 10" 350 210 55
pB2a 5.6 x 10° 7.1 x10™ 130 230 50
pB2d - - - - -
pB3c 6.8 x 10° 2.5 x 10" 450 600 10
pB3d 3.6 x 10° 1.1x107 540 960 10

Table 5.1

Summary of the mean dislocation density, dislocation loopitgepssition of the
dislocation band and mean loop diameters of boron implaategles directly calculated
from the TEM images. The error in the data is estimatdx typically 13%7 indicates that
less than five dislocations were imaged in each castharetrors are significant. Samples

nB2d, nB3c and pB2d were found to contain second phase pagespiather than a band of

dislocations.
Sample | Perfect loop Faulted loop Perfect loop
percentage mean diameter | mean diameter
(nm) (nm)
—_—

nB1lb ~ 45 110 380

nB2a ~18 120 340

nB2b ~25 180 380

nB3d ~90 150 520

pBZa ~20 120 320
Table 5.2

Summary of the nature of the dislocation loops in seldmbedn implanted samples

and mean loop sizes for both perfect and faulted Hoopkdislocations.
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10 cm® and mean loop diameter of 420 nm. The increase in meprdlameter

was observed to correspond to an increased proportieblod compared to FDLs.

Increase in annealing timeAn increase in annealing time from 15 to 60 mins
resulted in an increase in the mean loop diameter dedraase in the total
dislocation loop density. This may be clearly obseimeshmples nBla and nBlb
(Figures 5.3a and 5.3b respectively) and samples nB2a and lRig2bkeg 5.3d and
5.3f respectively). The dislocation loop density of seemB1b (annealed for 60
mins, 9.2 x 18" cm®) was lower than in sample nBla (annealed for 15 mins, 3.1 x
10" cm®) but the mean loop diameter of sample nB1b (360 nm) waerlénan

sample nBla (160 nm).

Variation between n- and p-type substratd$ie substrate doping was found to have
no effect within experimental error on the overadlalcation structure formed after
implantation and annealing. For example, samples pBdmBhb (Figures 5.3c and
5.3b respectively), pB2a and nB2a (Figures 5.3e and 5.3d respgcineélsamples
pB3d and nB3d (Figures 5.3k and 5.3j respectively) exhibited sichdircation loop

densities and location of the defect band.

Position of the dislocation bandTlhe width of the defect band, w, was found to be
approximately 230 nm and the depth, d, ~50 nm in most spec(senfor example
Figure 5.3f) however for samples implanted at the higthese¢ (16° cm?) and
annealed at 1000 °C the defect band extended much furthéinenépecimen, see for
example Figure 5.3i (sample pB3c) where the defect bant wiaé ~600 nm and

located only ~10 nm from the wafer surface.

Proportion of faulted Frank dislocation loops compared to perfect dislocatimpst

The FDLs tended to dominate in the majority of speosrgisplaying small
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dislocation loops; for example 82% in sample nB2a (meap diameter 140 nm).
However, as the mean dislocation diameter increaseduction in the density of
FDLs was observed, for example only ~10% in sample nB&aiirdiameter 420

nm).

The implantation and anneal conditions used in this waxe created a large
matrix of samples exhibiting a wide range of dislocatimrphologies; a low density,
2.3 x 16 cm?, of relatively large (350 nm) diameter loops (sample pBtthsmall
~15 nm loops with a density greater thaf'ri? (sample nB3a). Specimens with
similar dislocation densities with significantly diféat dislocation loop
characteristics have also been created; dislocatiosities of ~5 x 1®cm?, with
predominantly small FDLs, 190 nm diameter, or larger predamly PDLsS, 420 nm
in diameter (sample nB2b and nB3d respectively).

The dislocation densities can be analysed further ms@f the depth within
the defect band and this can be correlated with the dopimgentration produced by
the implantation. This is illustrated for specimeBd.a, nB2a and nB3a in Figure
5.4. The dislocation density in these samples waslagdclin strips of 10 nm width
along the length of the dislocation band parallel ®gpecimen surface. The relative
position of the band of dislocations, the variationéfiect density across the band, the
p-njunction and the boron concentration profile, calted using the TRIM-95 code
(Ziegleret al, 1985§ are shown. The dislocations were observed to lsddat or
below the projected range of the implanted ions. Thlechtions were situated in
highly doped regions of the wafer (boron concentratipesater than 18 cmi®) and

extended often beyond the depth ofphe junction. In all specimens, the general

! The TRIM-95 code is a Monte Carlo simulation of the gnéoss of an implanted ion. Each ion is
modelled individually with the ion’s energy, angle ofidence and the host material’'s physical
properties input by the user. The stopping point of eacksidatermined, and many trajectories used
to determine the concentration profile.
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Figure 5.4

Representation of selected boron implanted (30 keV) lssmp nBla (5 x
10*cm?, 900°C, 15mins), b) nB2a (f@m?, 900°C, 15mins) and c) nB3a (fem?,
900°C, 15mins) indicating the location of the band ofbd&tions, dislocation density
variation within the band of dislocations, the boronaamtration (background doping
level ~6 x 18* cmi®) and thep-n junction.
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sample structure was of a band of dislocations predomtyrianated in highly doped
material, between the specimen surface apidrajunction orp*-p junction.

A histogram of the dislocation density as a functbthe loop diameter is
shown in Figure 5.5 for samples nB2a and nB2b. An ovezdlliction in dislocation
density by almost an order of magnitude was observed, cowjiledn increased
mean diameter with annealing time, from 140 to 190 nm afteealing for 15 and 60
mins respectively. The distribution of the loop siresamples nB2a and nB2b, after
normalisation showed a similar distribution curve, inceleat of annealing time (see
Figure 5.6). The frequency of occurrence is normaliseditexamum value of one
and the loop diameter normalised by the modal loop diamétex curve shows an
asymmetrical distribution with a peak at smaller loggntiters and a large tail up to

five times the peak value.

5.3.2.2 Discussion of boron implanted samples

In this work the following observations were madea mixture of FDLs and
PDLs located at/or below the projected range, ii) ildation population was
heavily dependent on the implantation and annealing ¢ongditised and iii) the
dislocation loops underwent a coarsening process withased annealing times,
where a high density of small loops evolved to becoiogvar density of larger
loops. These results are consistent with ‘type-Xiioplantation defects reported in
the literature, where a band of dislocation loopd@uwad in samples where no
amorphisation of the crystal lattice during implantatacurs (Jones and Rozgonyi,
1993 and Milosavlejviet al, 2005).

Sample nB2a was processed using similar conditions Eksilicon

specimen of Nt al. (2001). They observed a band of interstitial dislocalb@ps of
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Figure 5.5

The dislocation density versus dislocation loop diamfar samples nB2a (B,
30 keV, 16° cm?, 900°C, 15 mins) and nB2b (B, 30 keV.16m?, 900 °C, 60

mins).
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Plot of the normalised dislocation loop diameter veteasnormalised
frequency of occurrence for the specimens shown in Figre The loop diameter is
normalised by the modal diameter and frequency by the coosthonly recorded. A
universal distribution in samples nB2a (B, 30 ke\VA>1iri?, 900°C, 15 mins) and
nB2b (B, 30 keV, 18 cm?, 900 °C, 60 mins) was observed. The solid line
corresponds to the summation of the two Gaussian ligsdotted and dashed lines).
The inset shows the two dimensional distribution freques@rsus normalised size
curve for Ostwald ripening (after Ya al, 1992).
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width 200 = 25 nm and centred 130 = 25 nm below the surfacedi3lbeation
density was estimated to be 1 X £@i°. A bimodal distribution in the mean loop
diameter was observed; loops identified to be faultadkloops (a/3<111>) were
~175 nm in diameter whereas the perfect a/2<100> loops werie larger, mean
diameter ~350 nm. The majority of defects were founcetoflihe faulted nature
(~90%). The dislocation density, the location andwitth of the dislocation band
and the nature of the dislocation loops are entirehgistent with the observations of
this study.

The size distribution and evolution of such dislogat@ops has been studied
by a number of authors, with suggestions that the disivilbig described by a single
Gaussian function (Laana al, 1994), an asymmetrical triangular distribution
(Chandhry, 1995) and a distribution displaying a similamftw that observed in this
study (Figure 5.5) (Paet al, 1996) — that is, the smaller diameter dislocation loops
dominate the distribution profile with a long tail ofdar diameter loops. P&t al.
(1996) report the observation of a universal curve, independannetling time,
which describes the dislocation loop population aftembrmalisation of the loop
diameter (by the modal value) and the frequency of oaateréo a maximum value
of one). The authors consider the distribution asglesipopulation of defects and
show that coarsening is a conservative proggssthe total number of atoms
bounded by the dislocation loops as a function of anmgéne is constant. The
results of this work are in agreement with the resflBanet al. (1996). In general,
the conservative evolution of defects is described bglssic Ostwald ripening
model. This predicts a defect size distribution as shiovthe inset of Figure 5.6 for a
population of two dimensional defects. The maximum isizly ~1.5 times larger

than the modal size and a large tail towards smaltes $6 observed (Yaat al,
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1992). The size distribution of defects observed in thidys and those reported by
Panet al (1996), are clearly inconsistent with this Ostwald ripemmoglel. Paret al
(1996) postulate that the discrepancy may be due to the effd® strain field
associated with dislocations. The distortion engrgryunit area, E, is shown to
depend on the radius, R, of the dislocation loop bydl@wving relationship (Paet

al., 1996):

dR? r

E:— 2 (Cln{5}+Lj Egn. 5.1
where C is a constant depending on the modulugidifty, Poisson’s ratio, the
Burgers vector and the type of dislocation logs the dislocation core radius and L
is the energy per unit length.

From Eqn. 5.1 it can be seen that the growthd$lacation loop is
energetically favourable, in terms of the dislo@atenergy, for all practical loops
sizes and that this favourability decreases asavtkeage loop size increases. Btan
al. (1996) note that the varying loop line energy ewles growth by a logarithmic
dependence of the stress field on the loop rathissuggests that the growth of large
coherent loops would tend to be more energetidallgurable than the equivalent
growth of large incoherent precipitates as in eta@stwald ripening where the
surface energy is assumed to be constant. ThogtRéd,(1996) propose that it is
this effect which leads to the difference in theerved size distribution of dislocation
loops compared to classic Ostwald ripening. Howeamalysis of the size
distribution profile of sample nB2a, assuming tvedeitt populations, shows that a

fitting using two Gaussian peaks recreates therebderofile accurately, Figure 5.6.

-135-



Chapter 5: lon implantation defects, investigated by transmission @hegticroscopy

Moreover, the two fitted peaks agree well with the expentally observed mean
loop diameters of FDLs and PDLs and the total area udér @& the two fitted
Gaussian curves reflects the fractions of FDLs andsRbat was observed
experimentally (see Tables 5.1 and 5.2). This suggestthéhawo fitted Gaussian
curves represent the size distributions of FDLs andsPD'his effect is clearer in the

silicon implanted specimens and described in more det&iction 5.3.2.4.

5.3.2.3 Silicon implanted samples

Representative, two-beam, bright field cross-sectioBM micrographs of
silicon implanted specimens containing a band of sub-sudetocation loops are
shown in Figure 5.7. These include specimens implantédaxdose of 1 x 10 cm?
at 80 keV, annealed at 900 °C for 10, 30 or 120 mins.

In each case a band, 110 nm wide and 190 nm deep, of smalhtsio
loops, 10 to 140 nm in diameter, was observed. The diglodaand was situated at a
distance beyond the ‘end of range’ (1600 A) as calculatedeb¥RIM-95
programme. The dislocations were a mixture of FDigRDLSs (as reported in
Section 5.3.1). In the sample annealed for 10 minutedditicaal band of
dislocations, 100 nm wide and 25 nm deep, was also observetedat/pper
dislocation band’ in Figure 5.7a). These dislocatiwware also found to be a mixture
of FDLs and PDLs. This additional band will be referr@ag the ‘upper dislocation
band’ and the defect band observed at all three anneihag teferred to as the
‘main dislocation band’. The quantitative data obtdiftrem this set of samples is

presented in Table 5.3. In summary, the following tremel® observed:

Upper dislocation bandThe upper-band of dislocation loops exhibited a lower

dislocation density than the band of dislocation lodppsised beyond the ‘end of
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\92022

ot S _ 200 nm
‘ Main dislocation band ™=

Upper dislocation band

Figure 5.7

Representative cross-sectional transmission elebtrght field micrographs
of silicon implanted (18 cm?, 80 keV) samples

a) Sample nSi2e (900 °C, 10 mins) - the ‘upper’ and ‘mainbdéion bands
can be clearly seen

b) Higher magnification of (a) showing individual defects
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Figure 5.7 continued
Representative cross-sectional transmission elebtrght field micrographs
of silicon implanted (18 cm?, 80 keV) samples
c) Sample nSi2f (900 °C, 30 mins) — only the main defeal pa@sent. The
dislocation band closer to the surface has been anrmatled the sample
d) Sample nSi2f (900 °C, 30 mins) — increased magnificabioeveal
individual dislocation loops
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Figure 5.7 continued

Representative cross-sectional transmission elebtrght field micrographs
of silicon implanted (18 cm?, 80 keV) samples

e) Sample nSi2g (900 °C, 120 mins)

f) Sample pSi2g (900 °C, 120 mins).
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Defect parameters Specimen
nSi2e nSi2f nSi2g
Upper band

Defect band width (nm) 100 - -

Defect band depth (nm) 25 - -

dislocation density (10° cm™) 4.3 0 0

Mean defect diameter (nm) 54 0 0

Main Band

Defect band width (nm) 110 110 110
Defect band depth (hm) 190 190 190
FDL density (10° cm?) 6.8 3.0 1.3
PDL density (10° cm™) 3.1 3.0 1.9
Total dislocation density (10° cm™) 9.9 6.0 3.2
FDL loop density (10™ cm™) 51 23 12
PDL loop density (102 cm™) 8.0 10 3.8
Total loop density (10* cm™®) 59 32 16
Mean FDL loop diameter (nm) 32 40 52
Mean PDL loop diameter (nm) 51 56 90
N, FDL (103 cm™) 3.4 2.4 2.2
N, PDL (10" cm™) 13 1.9 2.0
Total N, (10" cm™) 4.7 4.3 4.2

Table 5.3

Summary of the dislocation densities, loop densitie=an diameter, character
and location of the defect band in selected siliconamted samples.Implanted at
80 keV to a dose of 1 x ¥0cm® and annealed at 900 °C for 10 (nSi2e), 30 (nSi2f) or
120 mins (nSi2g).
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range’ (4.3 x 1®cm? compared to 9.9 x 2@m?). The dislocation loops in the upper
dislocation band were generally larger in diameter withaximum observed loop
diameter (190 nm) significantly larger than observed éenntiain defect band (60 nm).
The upper dislocation band was annealed out at some tintergitesn 10 but less

than 30 mins.

Main dislocation band:An increase in annealing time from 10 to 30 to 120 mins
resulted in an increase in the mean dislocation loametier (of both FDLs and
PDLs) and a decrease in the dislocation density. nikigbe clearly observed from
samples nSi2e, nSi2f and nSi2g (Figures 5.7b, 5.7d and 5.7etreslpg and is
demonstrated in Figure 5.8 where the dislocation densitgcdison loop density and
mean-loop diameter, for both PDLs and FDLs is shown grafihias a function of
annealing time.

A large decrease in the FDL loop density was observieteka annealing
times of 10 and 120 mins; 5.1 x'#@ 1.2 x 16° cm? respectively. In contrast, the
PDL loop density was reduced by a smaller amount; from 8®%cm? to 3.8 x 1¢?
cm? for the same annealing times. The mean loop diarfetepth types of
dislocation increased with annealing time; the mean &ameter increased from 32
nm at 10 mins to 52 nm after 120 mins and the mean PDL diaifin@in 51 to 93 nm
for the same annealing times. An approximately lineaease of the mean loop area
of both FDLs and PDLs is observed as a function of@mgetime at 900 °C.

Figure 5.9 shows the dislocation loop density versusadisiton loop size in
the main-band for the three annealing times. A double geakarly observed in
each case. Each peak is well fitted by a Gaussian auitvethe sum of the two

Gaussians accurately recreating the histogram. The dowdenpture is confirmed
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Figure 5.8

Time evolution of perfect and faulted dislocation loopsilicon implanted
samples (80 keV, ¥0cm?, 900 °C) a) dislocation density, b) loop density and c)
mean loop diameter.
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Loop density versus size distribution of silicon lamed (80 keV, 18 cm?,
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900 °C) samples a) nSi2e (10 mins), b) nSi2f (30 mins) an8i2p (120 mins).
Data is fitted using two Gaussian distributions, indicdgthe solid lines.
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by statistical analysis using the Kolmogorov-Smirno®)Kest (Chakravarét al,
1967), a measure of the deviation from the ideal Gaussséiibdiion, with the KS
value for the double peak being less than half the value $orgle-peak Gaussian
distribution. As is the case in the boron implardathples, the maximum of the two
peaks correspond to the observed mean diameters dbtteedhd PDLs (smaller and
larger peak in each profile respectively), supporting timelagion that the two
Gaussian curves correspond to the size distributionBb$ lend PDLs.

The number of silicon atoms per unit area enclosed bgigt@cation loops,
Np, may be calculated using the following expression (assythat the dislocation

loops are circular and lie on {111} planes):
N, = 0y, (A)DW Eqgn. 5.2

wherepy11y is the density of atoms on {111} planes (1.57 XHoms crif), <A>

the mean loop area, D the dislocation loop density pévahime and w the width of
the dislocation band. The evolution of the number @fgttontained in the
dislocation loops is shown in Figure 5.10. The numbetarha stored in the PDLs
increased with time while it decreased in the FDLs h@wneahe total number of
atoms bounded by both types of loops was found to remastatdrupon annealing

(~4.2 x 18° atoms crif) within experimental error.

5.3.2.4 Discussion of silicon implanted samples

Defect band location and dislocation characteristidhe dislocation loops
observed in the silicon implanted specimens are sigmifig smaller than those
generated by the boron implantation process after amxipgately equivalent

annealing process. The lower band of dislocations \ada@cated at, or beyond, the
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Figure 5.10
Number of atoms bounded by perfect and faulted distocdédops in the
silicon implanted samples (80 keV,'t@m?, 900 °C, 10 mins) as a function of

annealing time.
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Figure 5.11
Calculated formation energies of faulted and perfestbcktion loops as a

function of the loop radius.
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‘end of range’ rather than at the projected range. i$higical of ‘type 2’ or ‘end of
range’ defects which form below the lower amorphoustafyse interface (Jones
and Rozgonyi, 1993). The upper dislocation band is thought to atthe upper
amorphous-crystalline interface and is dissolved anaealing time between 10 and
30 mins. The surface has been shown to act as a sinkrfgrsinterstitials and
dislocation loops less than 100 nm from the surface bega shown to be highly
unstable (Noda, 2002).

Samples created by the silicon implantation and themmaealing have been
shown to contain an approximately equivalent dislocat@msity to the boron
implanted sample nB2a (the sample which is most glosatched to the DE-silicon
sample of Nget al (2001)). The dislocation loops are located at a sirdikiance
from the surface but are present in material doped to~dnky13* (n- andp-type)
and the samples do not contaip-a junction.

Thermal evolution of implantation related defect$e coarsening process
during extended thermal annealing can be clearly observedthei mean loop
diameter increasing as the total defect density decre&kmsever, the size
distribution profiles of the dislocation loops do not thspthe typical curve for
classic Ostwald ripening. Ostwald ripening describes thectisize distribution
during conservative growtte. where the total number of atoms bounded by the
defects remains constant. The constant valid @t a function of annealing time
found in this work indicates that under the conditiossed and for a defect layer
sufficiently far from the surface (greater than 100 rthg,defect population evolution
can be considered to be a conservative process, @mnsigth Bonafo®t al. (1998)

and Cristiancet al. (2000).
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Previously, authors have considered the evolution odéifect population
with annealing time. Paet al. (1996) postulate, as described in Section 5.3.2.2, that
the growth of ion implantation related defects is dbsdr by a coarsening process
which favours the growth of large coherent loops, ireeg®f that expected under the
classic Ostwald ripening model. However, the naturd (BICFDL) of the defects
was not considered.

The results of this investigation show that PDLs gppeferentially in
comparison to FDLs, as has been observed in the literédee for example Cristiano
et al.,2000). Cristianaet al. (2000) ascribed this to be due to the difference in the
defect formation energies. In contrast to these windia the literature, the thermal
evolution of implantation related defects in this workyrba understood in terms of
the coarsening of two defect populations as the followradyais demonstrates:

The ion implantation process creates damage, produdangeaexcess
concentration of interstitials. As in any systemy deviation of the total free energy
from the minimum results in the production of a drivingce for its reduction. The
excess interstitial concentration, and the total sydtee energy, is reduced by the
formation of lower energy, extended defects. Undemptiocessing conditions used in
this study, these extended defects are FDLs and PDlesloWer energy defect
configurations are characterised by the energy reductitheafystem when an extra
interstitial atom moves from the bulk onto the defe&s a result of the defect
capturing an interstitial atom, the defect energy irsgedut the net system energy
decreases due to the reduction in energy of the intakstithis change in energy can

be considered the binding energy, & the interstitial to the defect:

E, =AE =%AN where AN =1 Eqn. 5.3
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where E is the total system energy and N the numfdatesstitials bounded by the

defect. Dislocation loops grow by the condensationteftitials on the bounding

dislocation, which then climbs outwards, increasingatiea of the dislocation loop.
For a PDL of radius the defect energy,dg., is given by the elastic strain

energy of the dislocation line cEHull and Bacon, 1984):

2 2
E,. =E, |3, S . f2r Eqgn. 5.4
416 6(01-v) o
whereyp is the shear modulus (7.55 x"10lm?), ais the lattice parameter (0.543 nm),
v is the Poisson’s ratio (0.3), anglassumed to equh) is the dislocation core radius,

whereb is the modulus of the Burgers vector (0.338 nm).

A similar approach can be followed to evaluate thegnef an FDL, Ep,,

which has an associated stacking fault energy, E

ri 2a® 2r
E. =E.+E, =ar2y+i In| £- Eqgn. 5.5
FDL SF o — Y 4{3(1_\})} (roJ q

wherey is the stacking fault energy per unit area (70 im{@ristianoet al, 2000)).
The other values are as stated above for the PDLesasptb, the modulus of the
Burgers vector, is now 0.313 nm.

The calculated energies of PDLs and FDLs are shovigure 5.11. It can
be seen that the FDLs are significantly lower in gpndor dislocation loop radii of
less than ~20 nm, and that, though PDLs become lowey\edefects for radii

greater than ~45 nm, the difference in energy betweetwi forms of dislocation
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loop is small for loop radii greater than ~20 nm. This sstggéhat FDLs would be
preferentially nucleated in comparison to PDLs, but tkamdiameter of the PDLs
which are nucleated is greater than the mean diamfeteicteated FDLs. This is
consistent with the experimental findings where thgdanajority of dislocation
loops observed in the sample annealed for the shairtes{10 mins) are FDLs
(~84%), but the mean PDL diameter is greater than g#enrikRDL diameter — 51 nm
compared to 32 nm respectively.

A schematic illustration of the free energy of slystem as a function of the
position of an interstitial atom is shown in Figure 5.1Phe system is shown to
contain two defects; defect one has large formatiorggraard, correspondingly, a
low interstitial binding energy, and defect two has fownation energy, and thus, a
high interstitial binding energy. Ostwald ripening proceedthbyhigh energy defects
tending to dissolve with a net flux of interstitiadsvards low energy defects. In the
case of implantation related defects, the defect gnemetermined by their size and
character (FDL or PDL). The defects observed in taidysare generally greater than
30 nm in diameter and thus the difference in energy betevé@®L and PDL of
similar size is small. Thus, the driving force for ceaisg is simply determined by
the size of the dislocation loop. As PDLs are latg®n nucleation these tend to
grow in preference to the smaller FDLs.

It was observed experimentally that: i) the meameter of both FDLs and
PDLs increased, ii) there was a significant reductiotihvé FDL dislocation loop
density, iii) there was only a small reduction in PD&laltation loop density and iv)
there was a net flux of interstitials from FDLs tOlE3. These observations are
entirely consistent with the Ostwald ripening model assgrthat PDLs nucleate with

a larger mean diameter than FDLs.
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Schematic representation of the free energy of @sygthich contains two
different defect states. ,f£and E; are the binding energies of an interstitial to defect
1 and defect 2 respectively angdnhd E are the energies of defect 1 and defect 2

respectively.
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5.4 Analysis of samples containing second phase defects

The majority of the boron or silicon ion implantggecimens investigated
were found to contain a band of dislocations below pleeisnen surface. However, a
small number of samples, namely nB2d, pB2d and nB3c, fwenel to contain
second phase precipitates rather than a band of dislod@bps. Two different types
of defects were observed in these specimens. The adedephologies are outlined

and the likely nature of the defects postulated in tHeviarig section.

5.4.1 Evaluation of second phase precipitates

One set of defects which were observed were largelgtesh approximately
spherical precipitates with a diameter in the range tof25 nm and were located at
(or near) the wafer surface. These precipitatesaddled as precipitate type A in
Figures 5.13 and 5.14. The precipitate density was calcutatesi~5 x 1&cm?.
Under strongy = [-2-20] plan view illumination, individual precipitateshebited
moiré fringe contrast perpendicular to the {220} directidiine width of a single
black or white fringe was calculated directly from theM Enages to be ~40 A. A
single colony of these precipitates was also observedmple nB1d. The colony
was observed to be approximately 300 nm in diameter andirmeehta?5 independent
precipitates. The colony density was estimated todsethan 1 x 10cm?.

The second form of defects were a group of severahdgaloase precipitates,
the group of defects is labelled B in Figure 5.13 and are nfageto 4 distinct
precipitates labelled R, S, M and F in Figure 5.14. TBegefects, with a density of
~1 x 10 cm?, were observed to consist of: i) a rod-shaped pretgpitaich

penetrated the wafer along inclined <101> directions to degjproaching 200 nm,
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Figure 5.13

Representative bright field transmission electrorragraphs of second phase
defects observed in samples nBBq 30keV, 16° cni?, 1000°C, 60mins), pB2d (B,
30keV, 16° cm?, 1000°C, 60mins) and nB3c (B, 30keV,*46m? 1000°C, 15mins).

a) Plan-view image of second phase defects

b) Cross-sectional image of precipitates A and B aiear the wafer surface
C = colony of small spherical precipitates, A = indival spherical precipitates

(copper silicide) and B = group of secondary phase pagticle
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Figure 5.14

Representative plan-view transmission electron bfigtt micrographs of
second phase defects observed in samples nB2d (B, 30k&\¢ni{) 1000°C,
60mins), pB2d (B, 30keV, 1dcm? 1000°C, 60mins), and nB3c (B, 30keV,' 40
cm?, 1000°C, 15mins), displaying secondary phase particlesvidogi spherical
particles (A) and grouped second phase particles (B in Figli8y consisting of a
rod-shaped precipitate (R), an approximately sphericalptate and irregular mass
of material showing a mottled contrast (S and M respedg) and a faceted

crystalline precipitate (F).
a) A typical defect imaged usimgg= (2?0)
b) A similar defect imaged usirgy= (400).
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being bound at one end by the wafer surface. This preeipstébelled R in Figure
5.14. The rods had a lateral dimension of ~30 nm for nmare 70% of their length.
The precipitate was found to be tapered towards the erabootd by the wafer
surface; the thickness reduced to ~15 nm in a distare@ . These rod-shaped
precipitates displayed moiré fringe contrastjin [-2-20] plan view illumination. The
fringe width was calculated directly from the imagese®7 + 3 A. i) An
approximately spherical (~45 nm diameter) precipitatevsigpa mottled contrast
under bothg = {220} andg = {400} was observed with every rod-shaped precipitate.
The approximately spherical precipitate was surrounded byemular mass of
material exhibiting similar contrast, labelled S and Bpeztively in Figure 5.14. iii)
In less than 10% of cases a third form of precipitatbiwthe irregular mass of
material was also observed. These were facetedsulitls seemingly independent of
the host silicon lattice, labelled F in Figure 5.14. Waerelectron beam (~50 nm
diameter) was focused on these defects, a ring of ditfraction spots was observed
in the selected area diffraction pattern. No pretgkaorientation with respect to the
silicon host lattice was observed. The spacing ofdttiee planes which gave rise to

the ring of diffraction spots was calculated to be 20L2A,

5.4.2 Discussion

Individual spherical precipitates (and colonieshhe small, isolated, spherical
precipitates are thought to be individual copper silicideipitates. The morphology
and contrast fringe width are consistent with the olag&ms of de Coteau (1993),
Tice and Yan (1976) and Das (1973) who all observe precipéidsntical

morphology with a moiré fringe thickness of ~40 A.
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It was not the objective of the present investigation terdene the nature of
the precipitates and their formation mechanism. Hewet is well established that,
upon cooling, the supersaturation of the copper concentiatimides a driving force
for heterogeneous nucleation either at the wafer ceida at defects within the
specimen bulk (Nes, 1978).

The majority of copper silicide precipitates observethis study are in the
form of isolated spherical precipitates. In samplaglvwere intentionally
contaminated these were observed to act as nucleatibres for colony growth (de
Coteau, 1993). However, in this work, only a single colwag ever observed. The
observation of individual precipitates suggests that tisemdow concentration of
copper which limits the formation of large scale colsnie

Rod defects and associated precipitatése morphology and moiré fringe
width of the rod-shaped precipitates are consistetit @bservations di-iron silicide
in the literature (see for example Seibt and Schi@@89) and Cullis and Katz
(1974)). The precipitates observed by Cullis and Katz (19@4¢ significantly
larger than those observed in this work, typicallyn2 in length, and without other
associated defects, though their orientation and shageasebserved in this study.
Seibt and Schroter (1989) report that in some casessilioide precipitates exhibited
additional small precipitates. These small crystalparticles resembled precipitates
of copper silicide, which were suggested to have formedutileirfor heterogeneous

iron silicide nucleation. The extra diffraction spassociated with the faceted

precipitate are consistent with the strongly diffeab(liZD) lattice planes of the
hexagonal close packedCus;Si phase (Myers and Follsteadt, 1995).
The concentration of contaminants in these samplsignificantly lower than

in studies intentionally investigating transition metagypitation and gettering,
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shown by the vastly lower density of precipitates dmaar tsignificantly smaller
dimensions, and is likely to be due to contamination dwsargple processing. This
is consistent with the fact that copper, iron (and Hjcke the most common
transition metal impurity atoms unintentionally foundsilicon (Falster, 2001). The
source of contamination during wafer processing is undleaugh the fact that all
other samples do not show second phase precipitatkslisth suggest that the ion
implanter and annealing furnaces are unlikely sources ¢dicmmation, rather that

the rogue samples may have been in handled incorpealyto processing.

5.6 Summary and conclusions

The defects created by the ion implantation and amgeptocess have been
characterised using TEM. The vast majority of sampla® found to contain a band
of small dislocation loops located below the waterface (typically ~100 nm deep
and 200 nm wide). The dislocation loops were found to heistent with either
faulted Frank or perfect dislocation loops, with Burgezstor's(111) and %2(110)
respectively. Samples with a wide range of dislocadiensities were created, 4.2 x
10" — 10+ cm?, with or without the formation of p-n junction.

The boron implantation process was found to creatediefeps consistent
with ‘type 1’ defects, located at or below the projectadrange. Whereas, in the
silicon implanted samples a band of ‘type 2’ or end nfjeadefects was observed. In
sample nSi2e a second band, closer to the surface seeskalerved. This was
thought to be located at the upper amorphous-crystalliagface.

The evolution of the size distribution and naturehefdislocation loops was

evaluated as a function of the annealing time. Borotaimted samples were found
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to possess a universal normalised distribution, whichokad previously observed by
Panet al. (1996). However, the silicon implanted samples wéserved to display a
double peak size distribution. In both cases, the s&tgluition could be modelled
using two Gaussian curves which were assumed to be eibhesrdf PDLs. The
experimental observations can be accounted for usingaldstipening theory

without needing to consider the relative formation eiesrgf the two defects or the
effect of the strain field as suggested in the literatsee Cristianet al,, (2000) and
Panet al, (1996)).

A small number of ion implanted samples containedrab&s of second phase
precipitates rather than ion implantation relatedbdesion loops. These were
consistent with individual copper silicide precipitateppfoximately 2% of these are
thought to nucleatp-iron silicide precipitates heterogeneously. It isuiat that

rogue rather than systematic contamination is the aafubese results.
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Chapter 6: Cathodoluminescence from unprocessed and dislocation-engineered.sili

6.1 Introduction

In this chapter the cathodoluminescence technique is uséukffirst time to
investigate the room-temperature luminescent propertisswafral unprocessed, as-
received wafers and a single dislocation-engineered-gilEon wafer. For each
specimen the luminescence spectrum, the measured quafitikemey (MQE) and
the variation of the luminescence intensity withiseanple and wafer are investigated
and compared to the literature. The dependence of thedsoence intensity from

these specimens on the microscope conditions issalsieed.

6.2 Cathodoluminescence from unprocessed wafers

Silicon samples:A number of unprocessed, as-received, phosphorous doped
(~10Qcm, ~5 x 16* cm?®), 660um thick, (001) Cz- and FZ-grown silicon wafers
were investigated. These unprocessed wafers were rsimtlae wafers used for the
manufacture of the DE-samples witltype doped substrates.

No luminescence could be detected from the vast majoirthe unprocessed
wafers investigated (MQE detection limit ~2 x%0 However, a small number of
Cz- grown wafers were found to emit weak luminescefidte luminescence spectra
of all unprocessed specimens were noisy, even when asiggiivell times, large
beam currents and wide monochromator slit widths. Heweke luminescence
spectrum displayed a peak at ~1140 nm with full width half mam FWHM ~80
nm, see Figure 6.1a.

The luminescence intensity was investigated as a fumafiposition,

representative results, from a single sample, odkstance of ~0.3 mm, are shown in
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Figure 6.1
a) Room temperature cathodoluminescence spectrum anel \griation of
the luminescence intensity of a phosphorous dopedQeif) unprocessed specimen.

lbeam= 250 nA, Eeam= 30.0 keV, dwell time = 8 s and monochromator slit widths
1.5 mm.
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Figure 6.1b. The variation in the luminescence intengitlyin a single sample was
investigated by focusing a stationary electron beam tcadl spot and then the
microscope stage translates were used to move theesagigilve to the fixed
collection optics. This produced a luminescence intehisityscan across the sample.
The distance of the specimen below the mirror wasilyi set as described in
Chapter 3 and not adjusted during the scan. At the eratbfsean, the change in the
collection efficiency (due to the change in focal heigvas found; this was found to
result in a change in the measured luminescence interfisggs than 5%. The data
displayed in Figure 6.1b has been corrected to accouritisovdriation, assuming a
linear change in the collection efficiency with positiofhe variation in the
luminescence intensity within a single sample wasdaorbe negligible.

The MQE may be calculated using the number of electode{bairs generated
(Egn. 2.1), the measured signal and the system respgr{seé Section 3.2.5). The
maximum MQE of the unprocessed wafers was estimateel apgroximately 6.4 x

10® at an electron beam current of 200 nA and an electram keaergy of 30 keV.

Gallium Arsenide:A single, silicon doped, gallium arsenide wafer was also
investigated. A sharp luminescence peak centred at 872 nfAWittM 18 nm was
observed, shown in Figure 6.2. The MQE at an eleceamixurrent of 5 nA and an

electron beam energy of 30 keV was estimated to be ~0.02.

6.2.1 Discussion
The cathodoluminescence technique was used, for thérfiestto investigate
the TO phonon-assisted, free carrier luminescence lndknsilicon at room

temperature. The luminescence was observed to be ngnpeaked at 1140 nm and
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Figure 6.2
Room temperature cathodoluminescence spectrum froms@nsioped,
gallium arsenide wafer.p,dim= 5 DA, Beam= 30 keV, dwell time = 2 s and

monochromator slit widths = 0.5 mm.
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the MQE of 10Qcm, phosphorous doped, silicon wafers in the unproceased,
received condition was observed to be 6.4 % dbless. The luminescence peak was
red-shifted by ~10 nm from that typically observed facein TO phonon-assisted
recombination (see for example Krane¢ral, 1993) and that predicted theoretically
(Trupke, 2006). However, the minority carrier diffusiondéhs of high quality
silicon wafers are typically many hundreds of micrand potentially, several
millimetres (Falster and Borionetti, 1998). Thus, photars be generated from large
depths within a sample and it is necessary to considexftlct of photon re-
absorption on the spectral distribution.

If photons are generated at a point x below the msafdace (Cl), the

measured luminescence intensity (Q‘(Q can be calculated by assuming an

exponential decay of the emitted photons due to theteffgahoton re-absorption:

CL,.,, =CL,exp(-ax) Eqgn. 6.1

whereaq is the absorption coefficient and is a functionhef photon wavelength; the
band-to-band absorption coefficient drops from 3.5 ansilicon’s bandgap (1103
nm) to 10° cm® at 1250 nm (Green and Keevers, 1995).

Figure 6.3a shows the spectrum that would be detectegli@tibns were
generated at distances of between 0 and®0@om the wafer surface. The data was
calculated using the theoretical spectrum from Trupke (20@6)tavas assumed that
the parasitic contribution to absorption was negligéid that photons which were

internally reflected do not contribute to the measuigias
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Figure 6.3
a) Calculated luminescence spectra from unprocessedrsiiafers
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absorption after Trupke (2006).
b) Calculated wavelength of the spectrum peak as a functide @hoton re-

absorption path length.
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The re-absorption process strongly affects wavelergitbger than 1150 nm,
whereas the spectrum at longer wavelengths remainedfaunchanged. For re-
absorption distances greater than zero the spectrakwpes found to be red-shifted
from the TO phonon-assisted value of 1130 nm and the FWHM teduced. The
degree of red-shift in the peak wavelength as a functitimeofe-absorption distance
is shown in Figure 6.3b. The experimentally measured pesitiqn of ~1140 nm
was found to be consistent with a mean photon eseagéhl of ~20Qum.

The estimated MQE of the unprocessed silicon wafagisfieantly lower
than EQE values quoted in the literature, typically 5%2@0° for EL studies
(Greenet al, 2001). However, the MQE of the gallium arsenide specimen (0A@R)
observed to be consistent with the literature, wh&&%&of between 0.01 and 0.1 are
routinely reported (see for example Coffa, 2003). ThHermihce between the MQE
of the silicon samples investigated in this study andE®QEs from the literature may
be explained by: i) the collection efficiency of Bk system and ii) the increased
effect of surface recombination in CL in comparisoRtoand EL:

i) The characterisation of the CL system in Chaptshowed that high,
uniform collection was realised only in the central jporof the field of view (~100 x
100um in size) and that for samples with long diffusiongths the collection
efficiency of the system may be significantly reduc@tus, a significant proportion
of photons emitted from the front surface of the unpree@silicon specimen are not
efficiently collected by the CL system and thus, theBVvi@necessarily lower than the
EQE.

i) In the CL technique, the long minority carrier dgfan length of silicon
results in a higher number of electron-hole pairsmésning non-radiatively at the

specimen surface in comparison to gallium arsenide,enherminority carrier
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diffusion length is short. Thus, the effect of suefaecombination is not important in
determining the difference between the MQE and the BQ@&llium arsenide,
whereas in the silicon samples the MQE may be sagmifly lower. Inthe EL
technique, minority carriers are injected directly adayn the specimen surface

resulting in little surface recombination.

Thus the MQE of a gallium arsenide sample investigated big Gimilar to
the MQE observed when using EL; however, the MQE of@silsample

investigated by CL may be significantly lower than whemsoeed by EL.

6.3 Cathodoluminescence from dislocation-engineered sitin

In this section the cathodoluminescence from the Méerisample nB2a is
described. The DE-silicon sample closely matchedpbeisen investigated by Ng
et al. (2001): the substrates were ~26m, phosphorous doped, Cz-silicon wafers
and the implantation conditions used for the two specimens identical (boron,
dose 1 x 18 cm?). However, sample nB2a was annealed for 15 mins at 900 °C,
rather than 20 mins at 950 °C, and contained soft backsidaegaa{8BD).
Nevertheless, the morphologies of the dislocationsdal as a result of the two
processing conditions were found to be similar: smadd@minantly faulted
dislocation loops (~140 nm in diameter), situated in a@b&®0 nm wide and 50 nm
below the wafer surface with a dislocation density®k 10 cm? (see Chapter 5).

Figure 6.4 shows the luminescence spectrum from samgle aBroom
temperature. An asymmetrical peak was observed withxamae at ~1150 nm
(1.07 eV) and FWHM 90 nm and an inflexion apparent at ~1185 rootier

luminescence peaks were observed at any other wavelgigii the sensitivity of
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Figure 6.4
Room temperature luminescence spectra from the diglaeatgineered
specimen nB2a. Processing conditions: B, 30 keV, Ixchd?, 900 °C for 15 mins.

lbeam= 200NA, Eeam= 30 keV, dwell time = 2 s and monochromator slit widtiHs5
mm.
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the detector (800 to 1800 nm). For a beam current of 10 dAerelerating voltage
of 30 kV, the MQE was estimated to be (1.20 + 0.02) % 10

The luminescence intensity was investigated as a fumofiposition for a
single sample and from a number of different specinfrems the same wafer. The
luminescence within a single sample was investigated usngpthnique described
in Section 6.2 for unprocessed samples. Figures 6.5a shewariation in intensity
over a distance of ~1 mm (within a single cleaved piand)Figure 6.5b shows the
variation over three wafer radii. The mean valuthefluminescence data displayed

in Figure 6.5b is 15.6 (a.u.) and has a standard deviatio@Db{&.u.).

6.3.1 Discussion

Relatively strong luminescence (MQE 1.2 x°LWith a peak in the spectrum
at ~1150 nm was observed from the DE-silicon sample nBRa.spectrum peak is
red-shifted from the TO phonon-assisted peak observed ffmocessed specimens
(Figure 6.1a), though the two spectra are similar in formaaelengths longer than
1150 nm.

Figure 6.6 shows the comparison of the normalised spectirgample nB2a,
and the spectrum from a DE-silicon sample investigateddogtidl (2001) using EL
at a forward biased current of 50 mA. The luminescenacerspare similar in form;
an asymmetrical peak, with a maximum of ~1150 nm and aximfl@pparent at
1185 nm. The two spectra are identical for wavelengthgelothhan 1150 nm,
however, the spectrum of Ng al (2001) displays a FWHM of ~80 nm, compared to
~90 nm for the spectrum observed in this work.

In the work of Nget al. (2001) the emitted photons are collected from a

window in the back ohmic contact of the sample and ¢migted photons travel
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Figure 6.5
Variation in the luminescence intensity as a forcof position in sample
nB2a - B, 30 keV, 18 cm?, 900 °C for 15 mins:
a) across an ~ 8 x 8 mm sample (data adjusted for theigariatthe collection
efficiency across the line scan)

b) across three wafer radii.

lbeam= 200 nA, Eeam= 30.0 keVA = 1150 nm and monochromator slit widths = 1.5
mm.
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Figure 6.6
Comparison of the normalised room temperature luminescgrectra of
dislocation-engineered specimen nB2a (this work) - bonptant (30 keV, 18 cm
%) annealed at 900 °C for 15 mins - and that of a dislac&imineered specimen
published by Neet al. (2001) — boron implant (30 keV, F&xm?) annealed at 950 °C
for 20 mins. The two spectra have been normalisedraxdmum value of 1.
Sample nB2a (this work) was investigated using cathodolscemee Jeam=
200 nA, Eeam= 30 keV and monochromator slit widths = 1.5 mm) whereadget
al. (2001) specimen was investigated using electroluminesegrc®rward biased

current of 50maA.
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through the thickness of the wafer before being coltecéhe experimentally
observed peak wavelength of 1150 nm in the work oét\agj. (2001) is therefore
consistent with TO phonon-assisted recombination andserption through more
than 500um of silicon (Figure 6.3b). However, in the present wantktons are
collected from the surface at which electron-hole paresgenerated by the electron
beam. If the mechanism of luminescence in DE-silisona TO phonon-assisted
radiative recombination, then a photon re-absorpgogth of ~50Qum is required in
order to explain the experimentally observed spectriihis is incompatible with the
mechanism of high efficiency luminescence proposed bgtNd (2001) (described
previously in Section 1.4).

The estimated MQE of the DE-sample nB2a is signifigdawer than the
EQE published in the study of Ng al. (2001) (1.2 x 18 compared to 2.0 x 19.
However, other EL results from DE-silicon in therd#®ire report a maximum EQE of
5 x 10° using boron implantation (1 x 0cm? at 30 keV) into 40@cm
phosphorous doped substrates (Sobeteal.,2003) and 2.6 x I0for the case of
phosphorous implantation intgoetype substrate (Arguirost al, 2004). The EQE of
sample nB2a is not known accurately, but with the expartal considerations
described in Section 6.2.1, the EQE is likely to be ctarstisvith other values from

the literature.

6.4 Dependence of cathodoluminescence on microscope ctinds
The following section describes how the panchromaticiastence intensity
(i.e.the total light incident upon the detector) from &Xfn, phosphorous doped,

unprocessed wafer and the DE-specimen nB2a depends micthscope conditions.
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The luminescence intensity was investigated as a funefitre electron beam

diameter, the absorbed specimen current, and thecidmtam accelerating voltage.

6.4.1 Cathodoluminescence as a function of the electron beamrmeter

In order to understand the effect of the carrier cotnaéon in the generation
volume, the luminescence intensity was investigatedfaaction of the electron
beam diameter at accelerating voltages in the range&6 kV. The beam diameter
was roughly estimated using simple geometry given thdheiobjective aperture
was 60um in diameter and ii) the focal length of the eleoctb@am was stated by the
microscope operating system. The electron beam wasdlinstationary and focused
to a point and then defocused using the microscope offiiosn time-to-time, the
quality of the microscope vacuum was poor and contaminat@®sobserved on the
specimen surface. The diameter of the electron beasrcanfirmed by secondary
electron images of beam-induced surface contaminati@inel when using a
stationary beam and high beam currents.

The excess carrier concentration in the generatihnmewas estimated using

the following formula (Donolato, 1978):

G,A

Ap(0) = D
h

Eqgn. 6.2

where G is the electron-hole pair generation rate, A esdhea of illumination andD
the hole diffusion coefficient. The generationwmak was assumed to be spherical

with a uniform excess carrier concentration, is=given by:
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| eamE

—  beam
G, = —beambeam

beam Eqn. 6.3
E..V a

e—h
where heamand Eeamare the beam current and beam energy respectivelys Ehe
energy required to create an electron-hole pair arglthei generation volume. The
carrier concentration in the generation volume vadsutated to be in the range of
~10"to 5 x 16% cm®,
No change in the luminescence efficiency was obdexgea function of the

beam diameter for either the unprocessed sample @Eksgpecimen nB2a.

6.4.2 Cathodoluminescence as a function of beam current

The luminescence intensity was investigated as a funcfitre absorbed
specimen current for accelerating voltages in the rah@es - 30 kV. The results are
shown in Figures 6.7 and 6.8 for the unprocessed sampleabBiEtspecimen nB2a
respectively. The two sets of data were produced usingjagdeexperimental
conditions and the luminescence intensities in Figarésand 6.8 are therefore
directly comparable. The luminescence intensity ol bloe unprocessed sample and
the DE-specimen were observed to depend super-lineartyregpect to the
absorbed specimen current, and no saturation in the sigsabbserved. No data
could be collected for the unprocessed sample at 7.5 k\bdhe tetection limits of
the system.

An estimation of the luminescence efficiengyili arbitrary units) may be
approximated by determining the measured luminescence intésigital) per

electron-hole pair generated:
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Figure 6.7

Luminescence intensity of a phosphorous dopedQdf, unprocessed wafer
as a function of the absorbed specimen current forostope accelerating voltages in
the range 10 to 30 kV. The lower graph is a rescaledoveddithe upper graph.
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Luminescence intensity of sample nB2a (B, 30 keV® &@i%, 900 °C for 15

mins) as a function of the absorbed specimen currembstiope accelerating

voltages in the range 5 to 30 kV. The lower graph is aledwersion of the upper

graph.
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/7 :er Eqn65
| xE

beam beam

where heamand Eeamare the electron beam current and the beam enespgatavely.
All efficiency results presented in the remainder of #&ction are directly

comparable. The luminescence efficiency as a function of beameatiis shown in
Figure 6.9 for the unprocessed sample and the DE-sampé&following trends can

be identified:

» The efficiency of both the unprocessed sample andi2€ksen increases
with increasing beam current for all accelerating vobageestigated. The
maximum efficiency was observed at the highest abdmspecimen current

and highest beam energy.

* As the specimen absorbed current was increased the koamee efficiency
was found to saturate, though the greater the efficigheyhigher the

absorbed specimen current before the onset of saturation

* For an increase in absorbed specimen current from 36 b\ (at 30 kV) the
efficiency increased by 49% for the unprocessed sample ando2@be DE-
specimen. However, the percentage increase in eitigibetween 2.5 and 30
nA was found to be dependent on accelerating voltage dartprocessed
specimen; ~34% increase at 10 kV, whereas the percentagasiadn

efficiency was independent of accelerating voltageeDE-specimen.
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Figure 6.9
Luminescence efficiency as a function of the absospedimen for:
a) phosphorous doped, Iicm, unprocessed wafer
b) dislocation-engineered specimen nB2a (B, 30 keV? d®?, 900 °C, 15
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[

The efficiency is calculated as the collected sigaal.] per generated carrier and the
y-axes of a) and b) are directly comparable.
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6.4.3 Cathodoluminescence as a function of incident beam egegr

The luminescence efficiencies (luminescence intensitgeeerated carrier)
of the unprocessed sample and the DE-specimen as ofuatthe accelerating
voltage are shown in Figure 6.10a, for a beam current oA10n order to ensure
that the low excitation regime was maintained duringetigeriment, a defocused
electron beam (diameter ~ ffn) was used.

In both the DE-specimen, and the unprocessed wafencesase in the
electron beam energy resulted in an increase in thmé&scence efficiency. The
unprocessed sample showed an increasing rate of chamgelimtinescence
efficiency with increasing electron beam energy, wherdee DE-specimen exhibited
a significant increase in efficiency between 5 and 15 &ed/ a further more moderate
increase in efficiency between 15 and 30 keV. The lumarescefficiencies of the
DE- specimen and the unprocessed wafer as a functitve @ruen range are also
shown in Figure 6.10b and 6.10c respectively. In the catbee &E-specimen, a
relationship similar to that described for the dependendhebaccelerating voltage
was observed. However, the unprocessed wafer was foutspiay an

approximately linear relationship between the efficienoy thhe Gruen range.

6.5.4 Discussion

It was observed that the luminescence efficiency waspendent of the
electron beam diameter, and hence the carrier ctratien in the generation volume.
This has two significant implications: firstly, theeaif Auger recombination within
the generation volume is minimal and secondly, trer®ichange in the excitation
regime in which photons are generated. The rate ahvegctron-hole pairs diffuse

from their point of generation is sufficiently largathhe rate of Auger
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Figure 6.10

a) Luminescence efficiency as a function of the elecbeam voltage for
dislocation-engineered sample nB2a and an unprocessetésamp

b) Luminescence efficiency as a function of the Gmaage for an unprocessed
sample.

c) Luminescence efficiency as a function of the Gmaage for DE-specimen nB2a

Specimen nB2a: B, 1dcmi?, 900 °C, 15 mins; unprocessed specimen: phosphorous

doped, 1@cm, as-received wafer. Beam current = 10 nA.
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recombination is not significant throughout the bulkhef specimen and photons are
not generated in the high excitation regime. (he carrier concentration is lower than
the background doping level).

The luminescence intensity was found to be super-lindartine absorbed
specimen current for both the DE-specimen and the unmectegafer, indicative of
an increasing QE with increasing input power. The MQteDE-specimen
increased from 9.7 x 10to 1.2 x 1 as the absorbed specimen current was increased
from 3 to 40 nA, at a beam energy of 30 keV. The increas#iciency was
observed to saturate for both the unprocessed sampleraheé IOE-specimen,
though a larger absorbed specimen current was requirect beéoonset of saturation
in the DE-specimen. This is typical of luminescenseilis (see for example Green
al., 2001) in the low excitation regime. For an accéiegavoltage of 30 kV, the
collected signal from the DE-specimen was found to atéuhe detector at beam
currents in excess of 40 nA. However, a beam curre20@hA and beam energy of
30 keV was typically used for monochromatic investigatiofise MQE under these
conditions is estimated to be ~2 xX°10

The reduction in the luminescence efficiency with #auction of the incident
beam energy was observed for both the unprocessed asdrijides. The linear
trend of the reduction as a function of the Gruen ramd¢jee unprocessed sample is
most likely to be due to the increased surface recombmedie as carriers are
generated in closer proximity to the specimen surfaceveder, the DE-specimen
exhibits a large reduction in efficiency, particularlyeatrgies less than 10 keV. This
reduction is in excess of that observed for the unpredesample, suggesting an
additional increase in the rate of non-radiative rednation beyond that expected

simply due to surface recombination.

- 179 -



Chapter 6: Cathodoluminescence from unprocessed and dislocation-engineered.sili

This suggests that the proposed model oENgl. (2001) for the high
luminescence efficiency of DE-silicon of efficienthhinescence from the region of
material between the dislocation band andpdmgunction is unlikely to be correct. If
the proposed model were to be correct an increase innfinescence efficiency
would be expected when a high concentration of cangangected directly into this
region of the sample rather than deeper into the secbulk; this is not observed

experimentally.

6.5 Summary and conclusions

Cathodoluminescence was used to investigate unprocessedea®d,
phosphorous doped (I2cm) wafers and a single DE-silicon wafer; specimen nB2a
Weak TO phonon-assisted luminescence (MQEs less thanl®% with a peak in
the spectra at ~1140 nm was observed from some of the espeacwafers. In
comparison to the literature and theory the peak wavdlengs red-shifted by ~10
nm; this was attributed to the effect of photon re-gttsmm through a distance of
~200um. In the other wafers, no detectable luminescenseolaerved.

Relatively strong luminescence (MQE ~2.0 **L&ith a peak in the spectrum
at ~1150 nm was observed from the DE-sample. The lungnes peak was found
to recreate the luminescence peak ofallgl. (2001), though a difference in the
FWHMs was observedWhen the effects of collection geometry and photon re-
absorption were considered, the luminescence peak oddgr\get al. (2001) was
shown to be consistent with TO phonon-assisted recotidrmnaAnalysis of the DE-

sample investigated in this work shows that luminesceac&O phonon-assisted
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recombination and the proposed mechanism oéiNg (2001) for efficient
luminescence from DE-silicon are incompatible.

The MQEs of unprocessed and DE-silicon samples investigathis work
by CL were found to be significantly lower than the EQEsimilar samples in the
literature which were investigated by EL. However, tH@B/of a gallium arsenide
sample investigated in this work by CL was found to beisters with EL EQEs
from the literature. The lower MQEs of silicon sdegowere attributed to the long
diffusion lengths of the samples reducing the collecgifficiency of the system and
increasing the rate of non-radiative surface recombinatio

The luminescence efficiency of an unprocessed and DE-speciBRa were
investigated as a function of the microscope condit@mswas found to be
independent of the carrier concentration in the generatitume in the rage of ~1b
to 5 x 16% cm®. It was deduced that the effect of Auger recombinatidhen
generation volume was negligible and that recombinatemurs in the low excitation
regime. The luminescence efficiencies were founddeease with increasing
electron beam energy and increasing specimen absorbedtcthoeigh the efficiency
was found to saturate with increased specimen absorbeshtsur The luminescence
efficiency of the unprocessed specimen was found to digdiagar dependence on
the distance at which electron-hole pairs were gereeratewever, in the DE-
specimen nB2a the luminescence efficiency was observasl ggnificantly lower
when carriers were generated close to the dislochiod compared to deeper in the
specimen. This suggests that the mechanism for enhamgwécence from DE-
silicon is not associated with the generation of phstfrom between the dislocation

band and the-n junction.
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Chapter 7: Understanding and improving the luminescence efficafrdiglocation-engineered silicon

7.1 Introduction

In this chapter the experiments to determine the mechaniisfficient near
band-edge luminescence from DE-silicon are reported aodsdisd. A survey of the
luminescence efficiencies of a range of silicon wafehich contain extended defects
is presented and cross-sectional luminescence profiRE-gilicon samples are used
to understand electron-hole pair recombination paths irsié&n. This improved
understanding of DE-silicon allows the design of expenisi¢o improve the
efficiency yet further. Low-temperature annealing i dark, and under white light
illumination, are used and, for the first time, showimprove the luminescence

efficiency of DE-silicon.

7.2 Experiments to determine the mechanism of effian

luminescence from dislocation-engineered silicon

In the following section an investigation of the madkmn for efficient
luminescence from DE-silicon is described. This wasoped by determining the
influence of: i) thg-njunction- by comparison of DE-samples containing identical
dislocation structures, with or withoufan junction, ii) theband of dislocations
removed by high-temperature thermal annealing and iiilpaéimel of dislocationand

the highly doped region removed by room-temperature chemical etching.

7.2.1 Investigation of a dislocation-engineered sample with men junction
Sample pB2a, formed using identical processing conditiotieedBE-sample

investigated in Chapter 6, but withpaype substrate, was found also to produce

enhanced luminescence compared to similarly doped, unprocpssachens. The

spectrum was identical in form to that observed for $amB2a (Chapter 6), see
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Figure 7.1, and the MQE was estimated to be ~1.8%cbénpared to a value of 2.0 x

10° for the specimen processed in an identical mannerdmtaioing ap-n junction.

7.2.2 Investigation of dislocation-engineered samples whereetddislocation
loops were removed by high-temperature annealing

Specimen nB2a, pB2a and an unprocessedtn®) sample were all
annealed at 1150 °C for five minutes, using the procedure ouitirigetction 4.2.3.
At this temperature, all dislocations are annealed flwspecimen (Jones and
Rozgonyi, 1993), this was confirmed by the use of a defecalirgestch on samples
prior to, and after, annealing.

After annealing no detectable luminescence could be dabé&om the
samples which previously contained a band of dislocdtiops. However, no change
in the luminescence efficiency of the unprocessed kawgis observed, see Figure
7.1. Inthis case, the estimated MQE was ~3.2 xtth prior to, and after,

annealing at 1150 °C.

7.2.3 Investigation of dislocation-engineered samples whereetdislocation
loops and thep-n junction were removed by chemical etching
The band of dislocations, the highly doped region ang-th@inction (if
present) of samples nB2a and pB2a were removed by chestabalg at room
temperature. A maximum of §0n of material was removed. The chemical etching

process has been described previously in Section 4.3.2.
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Figure 7.1

Room temperature luminescence spectrygd 200 nA, Eeam= 30 keV, dwell time
2 secs and monochromator slit widths of 1.5 mm from:

a) dislocation-engineered specimen pBgdype substrate, processing: B, 30 keV, 1 x
10" cmi?, 900 °C for 15 mins)

b) unprocessed 0.8cm sample prior to, and after annealing at 1150 °C fomS m

C) specimen nB2anftype substrate, processing: B, 30 keV, 1 ¥ ¢61°, 900 °C for 15

mins) and pB2a ~2(Am removed by chemical etching.
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In both samples strong luminescence was observedcattenical etching.
The luminescence efficiency as a function of thekiiéss of material removed is
shown in Figure 7.2. Spectra were taken and found to baddkin peak position
and form as to when no material had been removed {geeF.1). A small increase
in luminescence efficiency was observed once theddiittns and high boron
concentration (pB2a) or the dislocations, high bororcentration angb-n junction
(nB2a) were removed, before small decreases in eftigievere observed as further
material was removed. Data was unattainable for ssmwpith 0.25 to 1gm
removed due to surface pitting as a result of the etchirgepso The luminescence
efficiency of an unprocessed sample€)@&m) was found to be unaffected by the

etching process.

7.2.4 Discussion

The luminescence spectrum was observed to be idemtitainn prior to and
after the dislocation loops and the highly boron doped negfi®E-specimens nB2a
and pB2a were removed by chemical etching. This confirmghibdtiminescence
mechanism of DE-silicon is TO phonon-assisted fregezairecombination, observed
in bulk silicon (Davies, 1989).

Thep-njunction was observed to have little effect on lumeese efficiency
as DE-samples with and withopxn junctions exhibit comparably strong
luminescence efficiencies, with spectra of identioamn. The enhanced
luminescence efficiency was observed to persist to depttdemst 6Qum after the
removal of the dislocation band and highly boron dopearegnd, if present, then
junction. The experimental results show that enbdmgminescence efficiency of

DE-silicon is not directly due to: the region of ma&kbetween the dislocation band
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Measured quantum efficiencies of samples nB2a and pB2endp-type
substrates respectively, B implanted™1@m?, 900 °C for 15 mins) as a function of
the thickness of material removed by room temperatwgencal etching.
Accelerating voltage = 30 kV, beam current = 50 nA.
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and thep-n junction (as suggested by gal. (2001)), the dislocation band itself or,
the proximity of thep-n junction. However, it is clear that the dislocatlmand plays
a critical role in the enhanced luminescence mechansshavn by the quenching
of the luminescence efficiency when the dislocatiwase removed from the sample
by annealing at 1150 °C.

The results may be explained in terms of the gettedfiigansition metals to
the dislocation loops during the production of DE-silic@mansition metals present
in the bulk produce deep electronic levels which act asgtnon-radiative
recombination centres (with behaviour described by the $hoe&lead-Hall (SRH)
equation described in Section 1.2). By the gettering oétimepurities to the near-
surface region, and hence the removal of these ddfentghe bulk, the non-
radiative lifetime is increased and consequently theieficy of TO phonon-assisted
band-to-band radiative recombination increases.

When the near-surface region of the material is k@w@t room temperature
by chemical etching, the dislocations, the highly dopedregnd the decorating
impurities are removed without redistributing the impuriti&$ws, the concentration
of deep levels in the bulk remains low, even in the alesehdislocations and the
luminescence enhancement is retained. However, wlatiglocations are removed
by high-temperature annealing, the gettering action isalo#te solid solubility of the
impurity species rises allowing impurities to ‘boil-offid dislocations and re-enter
the specimen bulk in solid solution. Thus on coolingjestantial metal impurity
concentration is again present in the bulk and the eeldaradiative recombination,

originally produced by the action of the dislocationsemoved.
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The change in the transition metal concentratiadhénspecimen bulk may be
estimated using the following analysis assuming that S®binbination is the

dominant bulk recombination mechanism and that low ex@itaibnditions are used:

CLOR,, =2P Eqn.7.1
Z-rad
Ap = & Eqn. 7.2
Z-total

1: 1+1= L Eqgn. 7.3

Z-total Z-non—rad Z-rad Z-non—rad
CcLO L i i Eqn. 7.4

Z-rad Z-non—rad NT

where CL is the collected luminescence signak iR the rate of radiative
recombinationAp is the excess minority carrier concentratiog, is the radiative
recombination lifetime (fixed by the luminescenceamanism), G is the carrier
generation rate per second (fixed by the microsocopelitions) Ty is the total
recombination lifetimeTnonragiS the non-radiative recombination lifetime angidl
the concentration of impurity centres.

The luminescence efficiency of a DE-sample afterdislocation loops were
removed by room temperature chemical etching wasddo be ~20 times greater
than for a similarly doped, unprocessed wafer. &&ably, following Eqn. 7.4, this

suggests that the processing carried out in thissiigation actually creates silicon
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wafers with a lower transition metal concentratiban of the highest device quality
material as-received from the manufacturers. The vahad the dislocation band,
and the gettered impurities, by chemical etching impliesahaxtended defect-free,
silicon wafer with an electrically active defectddw20 times lower than industry
standard is created.

This interpretation is consistent with the reportSobolewet al, (2003) and
Arguirov et al, (2005) who both propose that the enhanced luminescencie g
of DE-silicon is as a result of the gettering of impes from the wafer bulk. An
identical system using boron implantation into 40ém phosphorous doped
substrates has been studied by the Soleilal (2003 and 2004). In contrast to the
observations of the work reported in this thesis piak luminescence efficiency was
observed after thermal annealing at 1100 °C, at which tetyperdislocations are
dissolved and none could be observed by TEM or prefatefiemical etching.
However, in common with the conclusions drawn by thiar of this thesis, the
results are tentatively explained as related to themgagtof the non-radiative
recombination centres and/or the introduction of new réamation centres rather
than the spatial confinement of carriers. However itfluence of gettering (in the
work of Sobolev’s group) does not fully explain their tessuThe observation of peak
efficiency when no dislocations are present in the $aogntradicts the suggested
mechanism.

The case of phosphorous implantation infetgpe substrate has been
investigated by the group of Kittler (Arguir@t al, 2004 and Arguiroet al, 2005)
who also suggest that the gettering of electricallwadalefects is the mechanism of
enhanced luminescence from DE-silicon. This was fudberonstrated by the

investigation of a sample thinned from the back (un-implargiei@) by ion milling
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resulting in a sample of varying substrate thicknesgyi#ov et al, 2005). It was
shown that the luminescence was largely generated spdg@men bulk rather than in
the region of material between then junction and the dislocations. The results of
Kittler's group are entirely consistent with those need in this thesis.

However, there are reports in the literature oflsinsystems that produce
different although not inconsistent results. Indeednge@a al. (2006) report that the
presence of dislocations is detrimental to the lumigese efficiency of DE-silicon.
This can be explained by assuming that in these spectimemirease in the non-
radiative recombination, associated with the impladiskbcation loops, is greater
than the reduction in non-radiative recombination enliblk by gettering.

Sunet al. (2003 and 2004) report the observation of a spectrum of similar
form to Nget al (2001), and that observed in this work, at room tempeastur
However, two extra luminescence bands with maxima adudb and 0.95 eV are
observed at temperatures less than 80 and 260 K respecfieyadditional peaks
observed were suggested to be related to the formatitypé doping spikes and, at
room temperature, these doping spikes act as reserv@rgitdns which are released
as free electron-hole pairs where they can thenibatérto efficient band-edge
recombination. The doping spikes may explain the lowptrature additional
luminescence peaks; however, it is unclear that theoged mechanism would
produce efficient room-temperature luminescence, whichbaagxplained by the
action of gettering as demonstrated in the present watlas proposed by Sobolev
al. (2003) and Arguiroet al (2004). Furthermore, the presence of doping spikes is
not important in the work reported in this thesisefigient luminescence is observed

(and increased) after the removal of the near-sutéyee (dislocation loops and
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highly doped region) by room temperature chemical etching,rémesving any

doping spikes present.

7.3 The relationship between luminescence efficiency atige

dislocation and doping parameters

The following section details the luminescence effidesnof all the samples
investigated. Firstly, samples which contained inteafignntroduced dislocations
and unprocessed, as-received wafers are reported. dt¢esping conditions were
described in detail in Chapter 4. The variation in timihescence of boron DE-
specimens with various implant dospgype substrates and silicon DE-specimens as
a function of the microscope conditions is investigatedorder to understand the
luminescence efficiency variation within the thicknesshe wafers, selected samples

are also investigated using the cross-sectional CL techdepezibed in Chapter 4.

7.3.1 Luminescence efficiencies of various samples containiiglocations
7.3.1.1 Boron implanted specimens

All specimens implanted with boron and annealed at 900@0 °C were
found to exhibit relatively strong luminescence, withcspeof the form observed for
sample nB2a, investigated in Chapter 6. The MQEs vaimated to range between
1.1 x 10° and 3.8 x 18 and are shown in Figure 7.3. A variation in the luntieese
efficiency of less than 10% was observed across eafgr.wahe maximum

efficiency observed was a factor of ~2 greater thanagh®ek investigated in
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Figure 7.3

Measured quantum efficiency survey of all the boronamigd and annealed
specimens. Accelerating voltage = 30 kV and beam currg@0=A. Full specimen
processing conditions may be found in Chapter 4.
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Chapter 6, which had been processed in a similar manttettmvestigated by Net
al. (2001).

In summary, the following trends were observed:

» Samples with an-type substrate were largely found to be more efficiban
those with g-type substrate for similar processing conditionsygothe

difference was often less than 10%

* Samples with increased annealing times and temperateresound to
display reduced MQEs. For example: sample nB3a (&thaa900 °C) was

found to be >50% more efficient than sample nB3c (aedea 1000 °C)

* Anincreased implantation dose was observed to resuitieased MQE for
the same annealing conditions: 1.6 £102.0 x 10 to 3.8 x 1 for an
increase in dose from 5 x @0 1 x 16°to 1 x 16° cm? - samples nB1a,

nB2a and nB3a respectively.

The influence of the dislocation density on the MQElbboron implanted
samples is displayed in Figure 7.4. An approximately lineaease in efficiency
was observed when the dislocation density is plotted logarithmic scale.

The back side of the boron implanted DE-samplesalsgsinvestigated.
MQEs in the range of 3.0 x 100 3.3 x 10 were observed for all samples
investigated and no strong correlation with the implaontednd annealing conditions

was observed.
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Figure 7.4

Plot of the measured quantum efficiency of boron imigld, n-type substrate
specimens as a function of the dislocation densityipirarea (as measured directly
from the TEM investigation). Efficiency determined3fitkV and 200 nA. Note: the
total dislocation density of specimen nB3a was too higletméasured accurately but
was estimated to be greater than 2.4%(&01"). This is represented on the graph by
a point showing the lower limit of the dislocation dgnand an arrow indicating the
direction of shift in the point’s position. The lindagst-fit line was made without

considering sample nB3a.
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7.3.1.2 Silicon implanted specimens

All specimens implanted with silicon ions were founckxthibit relatively
weak luminescence. The MQEs were estimated to be iratige 5.8 x Idto 9.5 x
108, the results are shown in Figure 7.5. The silicoriamed samples with ar
type substrate were found to be more efficient thasehath ap-type substrate,
though the difference was observed to be less than 10%.

In contrast to the boron implanted samples, the M#pEilicon implanted
samples (with both- andp-type substrates) was observed to increase with a decrease
in the dislocation density.€. an increased annealing time), Figure 7.6.

The back side of the silicon implanted DE-samples alss investigated. An
MQE of ~1.9 x 10 was observed for all samples investigated and nogstron

correlation with the annealing conditions was observed.

7.3.1.3 Gallium implanted specimens

The two specimens implanted with gallium ions overraa af ~25qum’
using the FEI FIB 200 were found to emit weak luminesceriteam MQE of only
~3 x 10®, shown in Figure 7.7. This was less efficient tharstiveounding regions of

the sample which had not been implanted.

7.3.1.4 Silicon wafers with dislocations not generated by ion implantation
The luminescence efficiencies of samples containingaitions created by

techniques other than ion implantation are presentedyurd=7.7. All specimens

containing near surface-dislocations (OISF and abradedes)myere observed to

emit relatively weak luminescence (MQEs ~1 X 16 3 x 10') whereas, no
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Survey of the measured quantum efficiencies of adiailimplanted
specimens. Accelerating voltage = 30 kV and beam currg@0=A. Full specimen

processing conditions may be found in Chapter 4.
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Figure 7.6

The measured quantum efficiency of silicon implanted speas withn-type
substrates as a function of the dislocation densityngessured directly from the TEM
investigation). Accelerating voltage = 30 kV and beam atirre200 nA.
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Survey of the measured quantum efficiencies of silgamples containing
dislocations not created by boron or silicon implaatat The sample codes are
outlined below:

SF1-B, 1@cm (1.2 x 16 cni®), OISF MD — Mech. deformed, 8cm (3 x 16° cni®)
SF2 — Sb, 10-20 f&cm (4 x 16° cmi®), OISF  OP1 — Oxygen precipitate, 1@cm (1 x 16*

SF3 - B, 10 ecm (9 x 16° cmi®), OISF cm’®)

SF4 — As, 1-5 ficm (1 x 16°cm®), OISF~ SD — Saw damaged or swirl defect FZ (5
SF5— P, 1-2 @cm (4 x 168 cm®), OISF Qcm 1 x 16°cm®)

nGa2a — Ga ®cni? 900 °C 15 mins Abl — Abraded, B, ®cm (3 x 16° cmi®)
nGa3a — Ga I®cmi? 900 °C 15 mins Ab2 — Abraded, B, 10 fcm (9 x 10° cmi®).

Full processing conditions may be found in Chapter 4.
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detectable luminescence could be observed for the mealigreformed and oxide
precipitate samples.

In the samples containing near-surface dislocatiamsprrelation between
dislocation density and the luminescence efficiency eserved. For example, the
OISF specimens (SF1, SF2, SF3, SF4 and SF5 in Figure 7.@h&lred identical

dislocation densities yet the luminescence efficieraryed by a factor of ~3.

7.3.1.5 Unprocessed silicon wafers

The luminescence efficiency of unprocessed, as-receigézts as a function
of the doping concentration is shown in Figure 7.8. A peaificiency is observed
at a carrier concentration of ~1 x*1@nd between 2 x 1band 3 x 18’ cm® for
unprocessed- andp-type wafers respectively. Unfortunately, pype wafers with
a doping level between 2 x faand 3 x 16’ cm® could be sourced for the
investigation. The efficiency of unprocessed wafers waal) cases, lower than that
observed for all the boron implanted DE-silicon sasbulk carrier concentration

~6 x 13 cm®, measured using the four point probe technique).

7.3.1.6 Unprocessed wafer with surface passivation

A single antimony doped wafer (10-2@xm, 4 x 16° cm®) was investigated
with a thermally grown oxide ~100 nm thick. The luminescesifieiency was
observed to be 40% lower when the thermal oxide was resnoy a hydrofluoric
acid dip, for accelerating voltages in the range of 30t&V. No luminescence signal
could be detected at accelerating voltages below 5 k\é. va@lue for this specimen
plotted on Figure 7.8 relates to the efficiency measuted i@moval of the oxide

layer.
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Figure 7.8

Plot of the measured quantum efficiency of unprocessadceived, wafers
as a function of the doping level including: a) dislaatngineered samples nB3a
(B, 10" cm?, 900 °C, 15 mins) and nSi2g (Si,'16m?, 900 °C, 120 mins) after
removal of the band of dislocations by chemical etchimylg silicon wafers which
contain dislocations, data labels refer to the saroptie described in full in Figure

7.7. Accelerating voltage 30 kV and beam current 200 nA.
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7.3.1.7 Dependence of luminescence on microscope conditions

The dependence of the luminescence efficiency on vamitrescope
conditions was investigated in Chapter 6 for an unpredesiicon sample and a
single DE-specimen, sample nB2a. DE-specimensmtiyipe substrates were
observed to display similar luminescence dependencidsedreaim current, electron
beam diameter and accelerating voltage to sample nBRe following section
describes the variation in efficiency of the lumineseeon the microscope conditions
for DE-specimens with a varying boron dose and silicatier than boron,
implantations.

Implant dose: The variation in the normalised luminescence efficy with
the incident electron beam energy for samples nBl12a@iBd nB3a is displayed in
Figure 7.9. The samples have identical annealing condaioagsliffer only in the
boron dose received. The highest dose sample (nB@akgsdithe largest reduction in
efficiency and the lowest dose (nBla) the lowest reduati@fficiency as the
accelerating voltage is reduced from 30 kV.

Implant species:For the silicon implanted samples the luminescence
efficiency was observed to be dependent on the excess camcentration produced
in the generation volume when investigated using a stagiaglectron beam. The
carrier concentration was altered by defocusing thereleteam as described in
Section 6.3.1. This dependence is shown in Figure 7.10 \@henereased carrier
concentration from ~¥0to ~5 x 18’ cm® was found to result in almost an order of

magnitude increase in the MQE.

- 200 -



Chapter 7: Understanding and improving the luminescence efficafrdiglocation-engineered silicon

11 T T T T T T T T T T T T

.0 S Ve oo

107 R
> 0.9 D/A T -
c 0.8- / o i
() 1 N / i
‘O 0.74 I o -
= i
“4— (0.6 ]
o 0 /
- 0.5- A 4
Q J o o J
O 04+ -
© 034 ]
E 0.3 1 A —O0—nBla 1
= 0.2 —A—nB2a|
o 1 / —O0—nB3a 1
Z 0.1+ o ]

0.0 T T T T T T T T T T T T

0 5 10 15 20 25 30

Electron beam accelerating voltage (kV)

Figure 7.9

Normalised luminescence efficiency as a functiorhefdalectron beam
accelerating voltage for boron implanted samples f&8% cm?), nB2a (1&° cmi?)
and nBla (5 x 10 cm?) annealed at 900 °C for 15 mins. Beam current = 100 nA.

1x107 ——
—
P
8x10° .
P .
(&)
c
3 :8 6x10°- 1 —— .
> %
S € 4x10°- : |
>
= g
CU | m—
3 2x10°- .
Generation volume carrier concentration (cm™)
Figure 7.10

Measured quantum efficiency as a function of the @aconcentration in the
generation volume for sample nSi2g (Si*>1@hi?, 900 °C, 120 mins).
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7.3.2 Removal of dislocations from a silicon implanted specime

The effect of the dislocation loops on the lumineseeefficiency of a silicon
implanted specimen, sample nSi2g, was investigated by ragithem from the
sample by chemical etching at room temperature, using ttl@ddescribed in
Section 4.4.

Removal of the dislocation band by chemical etchinglted in a large
increase in the measured MQE: 8.1 ¥ With ~250 nm removed, compared to 9.5 x
108 for the original sample which still contained the afisition loops, Figure 7.11.
As further material was removed the MQE decreased éafoapproximately
constant MQE of 5 x 10is reached for specimens with greater thanphOof

material removed.

7.3.3 Cross-sectional investigations

Selected samples were analysed using the cross-sétsiomaique described
previously in Section 4.5.2. The luminescence efficienaga function of the
distance from the implanted surface were obtained frOm2Qcm, phosphorous
doped, unprocessed sample, specimens nBla, nB2a, nB3a 2gd mBe results
from these specimens are shown in Figures 7.12, 7.13, 1A Hs the CL

efficiencies are presented in arbitrary units which amxcty comparable.

7.3.3.1 Unprocessed specimen
Figure 7.12 shows the cross-section CL profile of theagessed specimen.
A symmetrical curve was observed with the central 2@0displaying approximately

uniform luminescence efficiency. As the implanted aackiside of the wafer were
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Figure 7.11

Measured quantum efficiency as a function of the tl@skrof material
removed by room temperature chemical etching for samjidg r{Si, 13° cm?, 900
°C, 120 mins). Accelerating voltage = 30 KV and beam curdil nA.
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a) Luminescence efficiency cross-section profilsarhple nBla (Boron
implanted 5 x 18 cm?, annealed at 900 °C for 15 mins). Accelerating voltage =
kV and beam current = 200 nA.
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Figure 7.13 continued

Luminescence efficiency cross-section profiles gfsample nB2a (Boron
implanted 1 x 18 cm?, annealed at 900 °C for 15 mins) and c) sample nB3a (Boron
implanted, 1 x 1t cm?, annealed at 900 °C for 15 mins). Accelerating voltage = 30

kV and beam current = 50 nA.
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approached the efficiency was observed to drop to a minimvhiah was only ~5%

of the efficiency observed at the wafer centre.

7.3.3.2 Dislocation-engineered specimens

Boron implanted specimeng:or the three DE-specimens implanted with
boron, the luminescence efficiency was observed todiehthroughout the entire
wafer in comparison to the unprocessed sample (Figure &tiZhowed a different
trend; a large difference in efficiency between théemal near the implantation
induced dislocation loops and that near the SBD was wda$esee Figure 7.13. The
back surface showed reduced luminescence efficiency léygisally only 0.5% of
the maximum and the central portion of each wafer slaotlve maximum
luminescence efficiency. A plateau in the luminescafifieiency was observed,
with only a relatively small drop in efficiency closethe front surface of the wafer.
The luminescence efficiency near the surface was 6&)d6@6 of the maximum in
sample nBla, nB2a and nB3a respectively. In sample aB2aB3a a small peak in
efficiency ~ 30um from the back surface was observed, labelled P in&ig3.

In contrast to specimens nBla and nB3a, the CL prdfsample nB2a
(Figure 7.13b) displayed an approximately linear increati@ifuminescence
efficiency from the back side of the wafer to the maximlocated approximately at
the wafer centre. The linear increase of the efficy from near the back surface to
the central portion of the wafer is thought to be dueotwr gpecimen production: in
this specimen, the chemomechanical polishing step is thowudletinsufficient to

completely remove the dislocations generated during theligg and polishing steps.
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Silicon implanted specimenthe CL cross-section trace of sample nSi2g,
Figure 7.14, displayed low efficiencies at both the backsidee wafer and near the
implanted side. An asymmetrical curve is observed:frame, implanted surface
exhibits a lower efficiency than the wafer reverse amimig SBD with an
approximately continuous rise in efficiency recorded ftbmimplanted front surface
to the wafer reverse. Small peaks in the efficieneyodaserved ~2Qm from each

edge of the specimen.

7.3.3.3 Chemically etched dislocation-engineered specimens

Specimens nB2a, nB3a and nSi2g were investigated afteatmgles were
chemically etched to remove the implantation relatsldchtion loops and the SBD.
~20pum was removed from samples nB2a and pB2a angw®as removed from
sample nSi2g. Samples suitable for cross-sectionadtigetion were then fabricated.

Boron implanted samplesthe two samples investigated displayed curves of
similar form, see Figure 7.15. Increased efficiency wagmed throughout the
specimen bulk, a high approximately constant CL efficier@L0um wide, was
observed in the central portion of the wafer. Nbaritplanted surface, a second
plateau of lower efficiency was observed, ~150 and.28@vide for samples nB2a
and nB3a respectively. At the wafer reverse the Ckieficy fell to ~0.5% of the
maximum and no plateau was observed.

Silicon implanted samplesAn approximately symmetrical curve with an
increased efficiency compared to the original sampleakasrved, see Figure 7.15c.
Small peaks in efficiency just below the implanted anekrse surface were again

observed with the peak at the implanted surface being ldrge at the reverse.
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Luminescence efficiency cross-section profile of Sem®i2g (silicon
implanted, 1 x 1& cm?, annealed at 900 °C 120 mins). Accelerating voltage = 30
kV and beam current = 50 nA.

- 208 -



Chapter 7: Understanding and improving the luminescence efficafrdiglocation-engineered silicon

1.0 T T T T T T

o
S 0.9 a) -
©
~ 0.84 = 4
a o0
2 074 QL 00 .
] % %o
) 0.6 < 4
= 054¢ o -
@ %00y
Q041 o %@ ]
S
c ] oy SR
o 0.3 °N
XY
B o2 = 20 um etched % o
Q ¢ Un-etched
£ 0.1+ o
<
% 0.0 ——— & ¢
_| 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance from implanted surface (mm)

— T T T T T T

=5 144 b) 4
(U- l-

~ i ﬁ i) - B
g 1.2 ‘Fﬁﬁﬁﬁﬁ =

[&]

% 1.0 -
2 WWW@W%M °lo o

= 0.8 & m .
@ o

@ 0.6 U i
S 5

@ 0.4 -
3 = 20 pm etched S

Q 0.2 ¢ Un-etched & i
C

g 00 T T T T T T

3 0.0 0.1 0.2 0.3 0.4 05 0.6 0.7

Distance from implanted surface (mm)

_ 10 —
S c)
S 08 ® 2 um etched |
> ¢ Un-etched
8)
o
§ 0.6+ N
=
()
© 04+ .
o
C -
(¢}
SOOVOVOOOCAOOS e
B 02 5000000P0000¢ voo0c® |
[}
£ o
g 00 1 T T T T T T
a 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Distance from implanted surface (mm)

Figure 7.15

Luminescence efficiency cross-section profiles ofsajiple nB2a (boron, 1x ‘o
cm?, 900 °C for 15 mins), b) sample nB3a (boron, 1¥ &61% 900 °C for 15 mins) and c)
sample nSi2g (silicon, 1 x 0cm?, °C 120 mins). ~2fim removed from front and back
side of boron implanted samples andur2 removed from silicon implanted sample.
Accelerating voltage = 30 kV and beam current = 50 nA. Thetcimed data from Figures

7.13 and 7.14 are included for comparison.
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7.3.4 Discussion

It was shown in Section 7.2 that the efficient luesicence mechanism of DE-
silicon was due to the gettering of electrically activiedis from the specimen bulk,
thus increasing the efficiency of TO phonon-assisted{tasband recombination.
However, the MQE was estimated to be ~2 X &4Ad thus, the total recombination
rate of electron-hole pairs in DE-silicon is dominabgdhe competing non-radiative
mechanisms (previously outlined in Chapter 1). In ordertheaefficient
luminescence of DE-silicon may be understood fully ihexefore necessary to

understand the non-radiative recombination paths throughsarple.

7.3.4.1 Recombination in unprocessed silicon wafers

The calculated bulk minority carrier lifetime asuamdtion of the majority
carrier concentration is shown in Figure 7.16a for gararessed sample containing
iron at a concentration of ~10cm®. The two main competing non-radiative
recombination mechanisms in the specimen bulk are S&Hntg@nation at
electrically active point defects and Auger recombimatiét carrier concentrations
greater than ~5 x 1Bcmi® the minority carrier lifetime is limited by Auger
recombination and below this level SRH recombination témd®minate. A peak in
the minority carrier lifetime is observed at a @argoncentration of ~2 x ocm?,
The theoretical curve plotted in Figure 7.16a is recreattidby the observed
luminescence efficiencies of as-received, unprocessestsv@ésults shown in Figure
7.8). The peak luminescence efficiency of unprocessedsvates observed at a
doping level of ~1 x 18 cmi® and between 2 x 10and 3 x 16’ cm® for n- andp-

type substrates respectively.
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Figure 7.16

a) Minority carrier lifetime as a function of suizge doping level, illustrating
the contribution of Auger and Shockley-Read-Hall lifeggr{after Palaist al., 2000).
b) Schematic representation of the luminescencei@ifiy as a function of the

substrate doping level for a range of generated minaityec (Ap) concentrations.
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The luminescence efficiency of unprocessed sampleswiythe substrates
was observed to be consistently greater than simitimped samples withtype
substrates. This difference may be accounted for bgitteeence in the rate of SRH

recombination in the two substrates.

Variation in the minority carrier lifetime throughout an unprocessed sample:
The observed cross-sectional profile of the unproce§s@8Qcm (1 x 167 cm®)
sample (Figure 7.12), appears to be consistent with a unifalkrminority carrier
lifetime throughout the entire thickness of the wafdre luminescence efficiency was
lower near the sample edges due to surface recombinatidarainom the specimen
edges an approximately uniform, high efficiency was obser¥ég. symmetrical
nature of the curve implies that the surface recomloinatelocity at each surface is
approximately equal and the transition metal conceatraiofile throughout the

specimen is constant.

An estimate of the minority carrier diffusion lengtt a majority carrier
concentration of 1 x 6 cm? the effective minority carrier lifetimer) is largely
determined by the rate of Auger recombination. The Augsirie at this carrier
concentration was determined, using Figure 7.16a, to b@s:3bsing this value of
the effective minority carrier lifetime, the effaet minority carrier diffusion length
(L) of a sample may be estimated using this value oétleetive minority carrier
lifetime, the minority carrier diffusion coefficieiD), the luminescence efficiencies
plotted in Figure 7.8a, the variation in the rate diaive recombination as a function
of carrier concentration (Eqn. 1.8) and the relationship(Dt)”. The maximum

minority carrier diffusion length of an unprocessemste (-type, ~1 x 16° cm?®)
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was estimated to be ~158én. This is slightly lower than measured by the
manufacturers who, in similar material, observeddgpminority carrier diffusion
lengths of several millimetres (Falster, 2006). Howetrex, manufacturer’s
measurements were performed using the electrolytical areddysis tool (ELYMAT)
technique. Inthe ELYMAT technique the wafer is immerisea hydrofluoric bath
which minimises surface recombination effects and the inijgltion regime is used
to investigate the minority carrier lifetime. Falstad Borionetti (1998) report an
order of magnitude increase in the minority carrietiffie between medium and high
injection conditions in samples where interstitiahi is the impurity which limits the
minority carrier lifetime. The lower injection coiidns and high surface
recombination velocities of the CL method thus underestisnidie minority carrier
diffusion length in comparison to the ELYMAT techniqueplaining the
inconsistencies between the values for effective ntyoarrier diffusion lengths

deduced in this work and those measured by the manufacturer.

Surface recombinationA single sample with an oxide passivated surface was
investigated. The doping level of the sample was ~1*%cf° and thus the
dominant recombination mechanism in the sample bulk wagArecombination.
The minority carrier diffusion length in this samplasestimated to be ~3@@. An
improvement in the luminescence efficiency of 40% waseoved due to the

reduction in surface recombination (minority carrierufon length = ~355m).

Excitation conditions:From the dependence of the luminescence efficiency
on the doping level of the substrate (Figure 7.8a), it eashelduced that the carrier

injection levels used in this work are in the low ex@taregime as the measured
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luminescence efficiency would be independent of the satlestarrier concentration if
the generated carrier concentration was greater higasutostrate doping level. This
is illustrated schematically in Figure 7.16b. It waseobsd experimentally that the
rate of radiative recombination was not dependent oexbitation levels and thus,

the injected carrier concentration is inferred to lss tan ~1 x 16 cm?®.

7.3.4.2 Understanding gettering in silicon which contains dislocations
Transition metal impurities are generally presentliocsi wafers in
concentrations which far exceed their low equilibriuduitity concentrations at
room temperature. The three most common electriaatiye defects in silicon are
copper, nickel and iron (Falster, 2001) and these elemevessté&remely low
solubilities at room temperatures and are present in upeaed concentrations -
iron is typically present at a concentration of ~B0¥ cmi® due to the wafer
manufacturing process (Falster, 2006). The solubilitiebasfe three elements are
described by the following equations (Silicon Handbook, 1988) kg as a

function of temperature in Figure 7.17a:

Ceopper = 55%10% exp[—%j cm? Eqgn. 7.5
KT
C,on =1.8x10% ex{__2.94qj criv Eqn. 7.6
KT
Con = 15%10% ex;{—%j enid Eqn. 7.7
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a) Equilibrium solubilities of the three major elecally active defects in
silicon as a function of temperature

b) Diffusivity of the three major electrically ag¢ defects in silicon as a
function of temperature

c) Distance that the three major electrically\actiefects in silicon diffuse as
a function of the annealing time at 250 °C.
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where ¢ is the electronic charge, k is the Boltzmamstemt and T is the temperature.
The equilibrium solubilities of the three elementslass than 10cm?® at room
temperatures and thus, there is a thermodynamic drieneg for the reduction in

their bulk concentration to lower energy (getterintggsssuch as silicide precipitates
and dislocations (Bentaet al, 1995). However, at low temperatures the gettering
process may be kinetically limited due to the low diffugs of impurity species in
silicon. The diffusion coefficients of the threlements are described by the
following equations (Silicon Handbook, 1988) and plotted fasietion of

temperature in Figure 7.17b:

Deopper = 4:7%107° exp{—%j cnfst Eqgn. 7.8
KT

D,,, =13x107° exp{——o'68qj cnfst Eqgn. 7.9
KT

Dy = 20%10° ex;{— %} st Egn. 7.10

where ¢ is the electronic charge, k is the Boltzmeonstant and T is the temperature.
For example, iron, thought of as a fast diffusipg@es is calculated to diffuse a
distance of ~3 nm in 24 hours at room temperatiiteis, the thermal history of a
sample and the prevalence of gettering sites gueritant considerations in
understanding the gettering process. In the remeaiof this section the experimental
results are discussed in terms of the getteringyabf the samples and the processing

conditions used.
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Samples containing dislocations but with no thermal processiing: abraded
(Abl and Ab2) and saw damaged/swirl defect (SD) specimers kmown to contain
a high density of extended defects but were not subjectéérimal processing. In
comparison to unprocessed, as-received wafers, no entamtcenthe luminescence
efficiencies was observed (see Figure 7.8b). This is stensiwith the mobility of
the dominant impurity element being too low for effectiviageng at room-

temperature.

Samples thermally processed but with low dislocation denSitg specimens
which contained OISFs have a low dislocation lengthupérarea, ~5 x Tocm™.
These samples were thermally processed at temperatuk#60 °C, at which
temperature the impurity elements are both highly mobile apon cooling, are
present in supersaturated concentrations. Howevelyrtheescence efficiencies of
the OISF specimens do not show an improvement in thméseence efficiency
when compared to similarly doped, unprocessed wafers (FigBing.

In the highly doped OISF specimens (SF2, SF3, SF4 and SK&jtgnearrier
concentrations in the rage of 4 x4 1 x 16° cm®) the effective bulk minority
carrier lifetime is limited by Auger recombination. Thasdecrease in the rate of
SRH recombination due to a reduction in the bulk transietal concentration by
gettering would not be observable using CL. However,arcse of the OISF
specimen SF1 (majority carrier concentration ~1 % &6, a significant decrease in
the rate of SRH recombination was not observed. thogght that the low
dislocation density acted as a weak gettering centrairgsin little reduction in the

bulk transition metal concentration.

- 217 -



Chapter 7: Understanding and improving the luminescence efficafrdiglocation-engineered silicon

Samples thermally processed with high dislocation densibEsspecimens
implanted with boron or silicon inte- or p-type substrates displayed enhanced
luminescence efficiencies in comparison to similaidyped, unprocessed wafers.

All boron implanted samples investigated displayed sthemghescence in
comparison to all other specimens investigated in this wdhe maximum MQE
observed for a boron implanted sample (3.8 ) 1Gas ~35 times more efficient than
a similarly doped, unprocessed wafer (see Figure 7.8a).

The MQEs observed for silicon implanted samples waree than an order of
magnitude less efficient than the boron implanted sasnpHowever, the silicon
implanted sample MQEs were also greater than simithoped, unprocessed wafers.

The chemical etching of DE-silicon at room temperatuet{Sns 7.2.3 and
7.3.2) removed the dislocation loops and, in boron iniptheamples, the highly
doped, near-surface region to leave an extended-defecaingde. The
recombination processes in these chemically etchedlissuae thus directly
comparable to unprocessed, as-received wafers. The D&ishmples investigated
in this work were fabricated using substrates with antgjcarrier concentration of
~6 x 13* cm*and therefore, in comparison to the rate of SRH réduation, the rate
of Auger recombination at this carrier concentration megigible. The MQEs of
DE-samples nB2a and nSi2g after chemical etching wendisantly greater than
unprocessed, similarly doped specimens, shown in Figure Tt8aincreased MQE,
relative to unprocessed wafers, suggests that the mechaingsrhanced
luminescence efficiency of DE-silicon is not limitexdthe implantation of boron and
subsequent annealing.

In boron implanted DE-specimens, it was observetthigadegree of gettering

(i.e. luminescence efficiency) was logarithmically dependennupe dislocation
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density present in a sample (Figure 7.4). The annealingetatope and duration
were shown in Chapter 5 to determine the dislocatiosiyemowever the annealing
time and duration were not observed to directly influeneduminescence
efficiencies. For example, samples nB1b and nB3dfas®nilar dislocation density
(~ 2 x 18 cmi®) but differ in anneal conditions (900 and 1000 °C for 60 mins
respectively) and the luminescence efficiency of thedamaples was approximately
equal. Furthermore, the Burgers vector of the dislocdtiops had little or no effect
either; samples nB2b and nB3d, with ~75% and 10% of distechtopsb ='5(111)
respectively, exhibited similar luminescence intensitiBlsis suggests that the
important factor in determining the luminescence efficyawica DE-sample was the
dislocation density (cif) within a sample, and that the gettering occurs during the
cooling process which was similar for all DE-samplesWwe300 °C.

This interpretation then explains the experimenta¢olagions of Arguiro\et
al. (2003) who observed no enhanced luminescence efficienay sémples were
processed using rapid thermal annealing (RTA), but when sarap processed
using conventional furnaces the enhanced luminescenceéfjovas observed. The
fast cooling rate of RTA processing significantly redutesléngth of time in which
impurity elements are both supersaturated and sufficiemglyile such that gettering
may take place.

Recent modelling results have shown that the totabeumf impurity atoms
removed from the specimen bulk to be dependent upon greyttrof the gettering
centre (Fraser, 2006). The total number of impurity atem®ved from the bulk
displayed a regime in which there was a logarithmic dégere on the strength of the
gettering centre. As the strength of the getteringreentreased further, the total

amount of material removed was found to saturate. sktigation was not observed
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experimentally suggesting that a further increase inafaé dislocation length per
unit area may further increase the luminescence aftigief DE-samples.

After the dislocation band was removed by room temperatigmical
etching the luminescence efficiency of the silicon mmpéd DE-sample nSi2g was
found to be a factor of ~2 lower than the boron im@drsamples nB2a and pB2a
even though the three samples contained an approxinegpeilyalent dislocation
density. One explanation for this discrepancy in thecéffeness of the gettering
may be explained by the role of boron. Bergbal.(1996) have shown that regions
of high boron concentration can act as effectiveegiety sites by the electronic
interaction between interstitial iron and the dopambh ions. Interstitial iron is
known to have either a neutral or a positive chargke sthich is dependent upon the
position of the Fermi-level in the bandgap. When thenkFkevel is below the deep
level (E, + 0.39 eV), iron is in the positive charge state anttriaced to the
negatively charged boron ions. Thus in the boron imethBE-silicon there is an
enhanced gettering strength of the implanted layer in adsgn to the silicon
implanted specimens. However, the dislocation loops thought to be necessary
for appreciable gettering as no enhanced luminescencebsassed from samples
nB2a or pB2a when the dislocation loops were removeghhgaling at 1150 °C,

leaving the high boron concentration near-surface region

Variation in the transition metal profileThe maximum luminescence
efficiency in a silicon implanted DE-specimen was obsgwhen ~250 nm of
material had been removed by chemical etching (the sshalleount removed),
Figure 7.11. Upon the removal of further material, tireihescence efficiency

decreased. Thus, it can be inferred (using Eqn. 7.4) thédwest concentration of
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electrically active defects was in the region ofgshenple in closest proximity to the
dislocation loops. This is supported by analysis of theszsectional profiles of the
chemically etched specimens (Figure 7.15). In comparisthetonprocessed
specimen, all the DE-specimens investigated in crossatisplayed an increased
efficiency throughout the cross-section profile; this sutpgas increased minority
carrier lifetime throughout the entire wafer thickneBsirthermore, the profiles differ
in form to the unprocessed specimen - implying a spati&tiam in the transition
metal concentration. In each boron implanted DEpdanthe implanted surface does
not display the large decrease in efficiency observéakaback side of the wafer, or
at both edges of the specimen as observed in the unprdaesaple (Figures 7.15
and 7.12 respectively). This implies a region of malteiiidn an increasingly long
SRH lifetime with increasing proximity to the dislocatiband.

One explanation that may account for the transim@tal profile is by the
consideration of the gettering of a single impurity eletnef initially high
concentration during the cooling process from 800 °C. Tty concentration is
below the solid solubility at 800 °C and is distributed amifly throughout the wafer.
The solid solubility falls rapidly as the sample @oted resulting in the impurity
becoming supersaturated, and a thermodynamic driving forcgeftaring is
generated. At this temperature the gettering process isnatically limited and the
gettering results in the uniform reduction in the impuc@yncentration throughout the
entire wafer. As the temperature reduces further, ttiergg process becomes
kinetically limited resulting in the impurity carrier woentration far from the gettering
centre being ‘frozen-in’. However, closer to the getig centre the transition metal
concentration continues to reduce. As cooling proceedsdiande from which

transition metals are gettered becomes less andTéss results in a transition metal
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concentration which, in comparison to an unprocessedlsampowered throughout
the entire wafer and is reduced from this level in clos&imity to the gettering
centre.

In boron implanted samples, the degree of getteringshvasn to be
logarithmically dependent on the strength of the gettexamgre (Figure 7.4). The
increased gettering during the kinetically limited periog miso be inferred from the
cross-sectional profiles of the samples nB2a and nB8aanemical etching. The
dislocation density of sample nB3a was greater thaipkanB2a and
correspondingly a larger plateau immediately belowrtianted surface was
observed, ~200 compared to 14 respectively.

Samples nB2d, pB2d and nB3c which were found, during the TEM
investigation of Chapter 5, to contain second phase pra&eipitvere also observed to
produce relatively efficient luminescence (MQEs ~1.7 R)10This suggests that the
contamination of the wafers was a localised anomadiythe TEM sample
investigated in Chapter 5 was not representative of theewinafier as the observation
of efficient luminescence suggests the large scale mres# dislocation loops acting

as gettering centres.

7.3.4.3 The direct effect of dislocations on non-radiative recombination
Dislocations throughout the specimen bulkie mechanically deformed and
oxygen precipitate samples contained a high densitys@faditions throughout the
entire specimen bulk and no detectable luminescence sasveld — the high rate of
non-radiative recombination at the dislocations througtimisamples is thought to

effectively quench the luminescence efficiency.
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Dislocation loops with high contamination level§the gallium implantation
was directly comparable to the boron and silicon imaons then an enhancement
in the luminescence efficiency of a DE-sample img@drwith gallium would have
been expected. However, the gallium was implanted &rea of 25um’ using the
FEI FIB 200 and annealed in non-cleanroom conditions. fAroisessing is now
thought to be both insufficiently clean, and too limitedc¢ale, to produce significant
gettering - this is thought to result in a greater ineeaa the rate of non-radiative
recombination at the dislocation loops than the reduatidine rate of non-radiative

recombination at point defects in the bulk.

Non-radiative recombination at dislocations in dislocation-engineered silicon:
In all DE-samples the dislocations were observed tasaon-radiative
recombination centres, however, the recombinationgtnesf the dislocations was
found to vary between samples. In silicon-implaridédspecimens the dislocation
loops were found to act as strong non-radiative recormbimeentres: removal of the
dislocation band by chemical etching resulted in a largeease in the MQE from 9.8
x 10%to 1.1 x 1 (Figure 7.11) and, in specimens which still contained thel bé
dislocations, an increase in the dislocation denssty @abserved to produce a decrease
in the luminescence efficiency (Figure 7.6). Howeuweharon implanted DE-
specimens the dislocation loops were found to act asuelly weak non-radiative
recombination centres: when the luminescence effigiehsamples nBla, nB2a and
nB3a were investigated as a function of the acceteyabltage (Figure 7.9) an
increased dislocation density was found to result in ere@sed non-radiative

recombination rate when the carriers were generateldse proximity to the
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dislocations. Furthermore, only a small increase inummenescence efficiency was
observed when the near-surface region was removed byadietahing (Figure 7.2).
The difference in the recombination strength of thiedagion loops in the
boron and silicon implanted DE-specimens may be understdedns of the
Wilshaw model of recombination at a dislocation (Wilsh&a®84). The theory
predicts that the recombination strength of a dislonasaependent of the doping
level of the material in which the dislocation igisted. The minority carrier
recombination strength of a dislocatignjs dependent upon the minority carrier
capture cross-sectione. the radius of the space charge region (SCR) asedaath

a contaminated dislocation core, r, according to (Wilsl£84):

Eqgn. 7.11

where 0 is the minority carrier diffusion coefficient andis the minority carrier
lifetime within the region of the defect. The radafshe SCR is proportional to the
Debye length. The dislocation loops in the silicoplanted DE-samples are situated
in material with a majority carrier concentratiod x 10" cm® compared to the boron
implanted DE-samples where the dislocation loops twatsd in ~18' cm® material,
the Debye length is 170 nm and 0.4 nm respectively (Sze, 1980}, the
recombination strength of dislocation loops in silicmplanted samples is
significantly greater than in boron implanted sampl€lis is consistent with the

large increase in luminescence of the silicon imgldsipecimens after the removal of
dislocations, the reduction in luminescence efficieniti increased dislocation

length in silicon implanted samples and only a smalhgbhan luminescence
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efficiency after that the removal of the dislocatioaps in the boron implanted
samples.

Furthermore, the dependence of the luminescence afficef silicon
implanted DE-specimens on the carrier concentratidhergeneration volume may
be explained (Figure 7.10). The dislocation loops werergbd by TEM to be
located ~200 nm below the surface (see Chapter 5), thile latam energies used
the dislocations lie within the generation volume. €feme, the capture cross section
of the dislocations, and the rate of non-radiativ®nebination, is determined by the
electron beam conditions rather than the substraggmgl@oncentration. To the best
of the author’s knowledge, this is the first time tha&t dloping dependence of the
recombination strength of a dislocation, predicted bytilshaw model in 1984 has
been observed experimentally.

The difference in the recombination strength of thiodaions is also shown
in the cross-sectional profiles. The boron impldrgamples containing dislocations
(Figure 7.13) do not show a significant difference in behawo when the
dislocations were removed by chemical etching (Figure 7 A®mall increase in the
luminescence efficiency was observed throughout thereatethe luminescence
efficiency near the implanted surface remained at a biggl.| For the silicon
implanted sample, nSi2g, the strong non-radiative réaaation of the implantation
related dislocations is shown by the reduced efficiehayughout the sample and, in
particular close to the dislocation loops (Figure 7.14)e fieduction in the efficiency
close to the implanted loops is greater than at thk $arface which contains SBD.
This is consistent with an increased dislocation dgmasiting as a stronger non-
radiative centre as the dislocation density of ik®dation band (4 x facm?) is

greater than that of the SBD (S10m%).
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7.4 Experiments to increase the luminescence efficignof

dislocation-engineered silicon

In an attempt to further increase the luminescerftaerfcy of DE-silicon,
samples nB3a, pB3a and an unprocessedctb boron doped wafer were annealed at
250 °C for prolonged periods of time (up to twenty weeks)staadard metallurgical
furnace. The temperature was selected such that tteicgély active impurities
were relatively mobile (see Figure 7.17) and to ensurehhbdikelihood of the in-
diffusion of surface contaminants was low. Samplesevannealed in the dark or
under illumination by a halogen bulb (this process is destriio full in Section
4.2.3). Troxellet al (1979) report that the rate of diffusion of electticalctive
impurities in silicon may be increased by a carrier-ndzioation enhanced diffusion
mechanism.

The generation rate, G, of electron-hole pairs whempkss are illuminated by

the halogen bulb is given by (Sze, 1981):

G=—=— " Eqn. 7.12

wheren is the quantum efficiency.€. the number of carriers generated per photon,

0.9 — 1 in silicon), Ry is the incident optical power (0.4 W)ghonis the photon

energy, A is the area of the sample (~F)cand D is the sample thickness (0.66 cm).
Assuming the halogen bulb emitted uniform spectral sitgm@across the

visible spectrum, the minority carrier concentratiorotighout the sample was

calculated using Eqn. 7.12 to be ~5 X%dm>. However, the rate of photon

absorption decays exponentially within a sample and thasnajority of photons
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generated by the halogen bulb are absorbed withiruril0f entering the sample.
This results in high carrier concentrations (*1ri°) close to the specimen surface.
Thermal annealing at 250 °C is known to generate a caorgeatration of ~1 x 19

cm?® (Sze, 1981).

7.5.1 Experimental results

The luminescence efficiency as a function of anneaiimg s displayed for
samples nB3j (dark), nB3k (light), pB3k (dark), pB3j (light)d the unprocessed
sample (light and dark) in Figure 7.18. After one week]uhenescence efficiency
of all samples was found to be lower than prior to almg. The samples exposed to
the white light showed a greater decrease than thosgrspes annealed in the dark.
The largest decrease was observed for the illuminatedcegsed wafer (61%) and
the smallest decrease was observed fonitype DE-specimen annealed in the dark
(21%).

As the annealing process was continued, the luminesedfifrency tended to
increase. For the unprocessed wafer, an increasaaieetfy of ~25% was observed
after 16 weeks for both the samples annealed in the darknded white light,
though the efficiencies were significantly lower thaimpto annealing: MQEs of 3.5
and 3.9 x 18 for the light and dark specimens after 16 weeks respgcto@mpared
to 6.4 x 1 initially. The efficiency of the DE-samples tendedricrease with
further annealing to levels which exceeded the values\asbs@rior to annealing at
250 °C.

Despite the initial greater decrease in efficienlogre is some evidence to
suggest that samples exposed to the white light displayeti@ased efficiency

relative to the samples processed in the dark, ultignatdlieving the maximum
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Figure 7.18

Estimated quantum efficiency as a function of anneaiing &t 250 °C for samples
a) nB3j and nB3k and b) pB3j and pB3k (previously samples nB@®RB3a respectively: B,
30 keV, 16° cni?, 1000 °C, 15 mins) and c) unprocessedein boron doped wafer. ‘j and

‘k’ indicate that the specimens were annealed in thealaaKkight respectively.
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MQE observed in this work, 5.1 x @or sample nB3k - annealed under illumination

for 16 weeks.

7.5.2 Discussion

The luminescence was initially observed to decrease ahort (less than
one week) annealing time. One explanation may be duatheraecombination-
enhanced electrical activity of defects. For example gffficiency of boron doped
solar cells is observed to decrease when minorityecarare generated thermally, by
incident photons and/or through the injection of carrieyfa forward biasegd-n
junction (Reis%t al, 1996). The mechanism for the degradation has been widely
attributed to the dissociation of iron-boron pairs cduseexcess carriers; this is a
recombination-enhanced defect reaction (Fischer and Rdehul973). The iron-
boron defect pair has been shown to dissociate undeniniation forming interstitial
iron (Graff and Pieper, 1981). Interstitial iron is, unkbv-injection conditions, a
more effective recombination centre than the irorehgrair, and hence leads to a
strong degradation in the minority carrier lifetime i3t al, 1996). The increased
electrical activity when electron-hole pairs recombgeot restricted to iron:
Wilshawet al. (1994) studied the effect of a low energy electron bednd 30 keV)
on the electrical activity of copper, iron and nickebathn- andp-type silicon
wafers and similar samples which contained dislocatiorhe authors observed that
the action of the electron beam, in generating eleetiole pairs, increased the
electrical activity of impurities located in the bulkairdislocations. The initial
decrease in the luminescence efficiency observed invtbrik is consistent with
recombination-enhanced activity of electrically activeedes and their relative

concentrations within the samples. The unprocessedr(lsmped) sample is thought
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to contain a higher bulk impurity concentration than@esilicon samples and
consequently shows the greatest reduction in efficiency.

Prolonged annealing at 250 °C resulted in the increadédieecy from the
low level recorded at the shortest annealing time tiyeted (1 week). The
improvement was such that the highest MQE of any silafer investigated in this
work was observed from sample nB3k, 5.1 £.10his improvement is thought to be
due to the further gettering of electrically active impesit In the case of the DE-
samples this is gettering to the dislocation band andpéeimen surfaces and in the
unprocessed sample to the specimen surfaces only. Ehat rahich the increase in
efficiency occurs is consistent with the diffusionrain through the wafer bulk to the
dislocation band, see Figure 7.17c. There is some evidestggest that samples
which were illuminated showed a faster increase inuhenescence efficiency than
those samples processed in the dark. One explanatipbev@due to light-enhanced

diffusion of point defects in silicon.

7.6 Summary and conclusions

The enhanced luminescence efficiency mechanism of esivas
conclusively shown to be due to the gettering of tramsiti@tal impurities from the
specimen bulk. Remarkably, this result suggests that tleegsing procedure used to
manufacture DE-silicon creates wafers with bulk miyazarrier lifetimes which are
greater than as-received wafers. This interpretatioansistent with the findings of
Sobolevet al, (2003) and Arguioroet al, (2005).

For the first time, the SRH lifetime variation hih DE-silicon was
investigated. The lifetime was found to be increased thrthekntire thickness of

the specimen. Furthermore, when the dislocation baddeen removed by
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chemical etching, the regions of the wafer closest taliglecation band were found
to be of even longer lifetimes than the remainder osgezimen bulk. The width of
this region was found to depend on the dislocation density.

The band of dislocations was found to play a dual roteetermining the
luminescence efficiency. The presence of the distmtawas necessary for the
gettering of impurities, but, once contaminated, the dagions acted as non-radiative
recombination centres. In boron implanted samplesindreased dislocation density
resulted in an increased degree of gettering, the lumines&dficiency displaying a
logarithmic dependence on the dislocation density. Horveweincreased dislocation
density also resulted in an increased non-radiative reic@ation contribution from
the dislocations themselves. The non-radiative dmrtton was found to be
minimised by using a high doping level, whereby the captugsesection of the
defects is reduced.

In order to improve the efficiency of the DE-silicoy the reduction of the
bulk impurity concentrations further, samples were amaeasing a standard
metallurgical furnace at 250 °C for extended periods of.tiAker the initial
reduction in luminescence efficiency, which was attridutethe recombination-
enhanced electrical activity of defects, the luminesceffegency was observed to
increase as a function of annealing time. After ~16 wd@kssamples annealed at
250 °C were observed to be more efficient than priont@aling. The improvement

was attributed to the further gettering of electricaltyive impurities.
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8.1 Introduction

The aim of this study was to investigate DE-silicoma g®tential material for
room temperature silicon-based photonics. Previous walkndgcated that samples
containing dislocation loops andn junction, generated by ion implantation and
thermal annealing, produced relatively efficient luminesedhiget al, 2001).
However, the mechanism of the efficient luminescemas not understood well.

A matrix of specimens was created using either boraiioon ions and a
range of implant doses, anneal times and anneal tempesatThe nature of the
defects created by the ion implantation and annealing ggaeere characterised by
transmission electron microscopy and their thermalution was investigated.
Cathodoluminescence was used to investigate the lummtgs@perties of DE-
silicon. The mechanism of efficient luminescence determined and attempts at

further improving the luminescence efficiency were made.

8.2 Summary and conclusions

8.2.1 TEM characterisation of the ion implantation defects

The dislocation loops generated by ion implantatichamealing were found
to be consistent with a mixture of faulted Frank and pedeslocation loops. The
ratio of the two forms of dislocation loops was depehd@rthe processing
conditions used.This is consistent with the bulk of the literaturee(far example
Milosavlejvi¢ et al, (2005) and de Maududgt al, (1994)).

In general it was found that a band of small dislocabtops was formed
approximately 150 nm below the wafer surface. The densiysae of the
dislocation loops were found to be highly dependent opiheessing conditions

used: a high density (10cm?) of small dislocation loops (~15 nm diameter) were
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observed at high doses {@m?) and short, low temperature anneals (15 mins at 900
°C) compared to a low density (1 x}1@m?) of large loops (545 nm diameter) at low
doses and long, high temperature anneals (15 mins at 1000Ft@hermore, a
similar dislocation density was observed in samplesaining very different
individual loop characteristicsg., a dislocation density of ~ 5 x 46m? with either
largely ~195 nm diameter faulted dislocation loops or ~42%liameter perfect
dislocation loops.

The size distribution of dislocation loops was invgeted and for the first
time it was shown that the distribution profile cobklunderstood using two defect
populations with different mean loop diameters. It wlaserved experimentally that
faulted dislocation loops nucleated in a higher conaéintr than perfect dislocation
loops. Further annealing resulted in a coarsening procese alsmaller number of
larger diameter loops were observed. The faultedddisittn loop density was found
to decrease significantly more than the perfect loop teasd a net flux of
interstitials from faulted to perfect dislocation loapas observed. The results were
explained by classic Ostwald ripening theory, on the prethatenucleated perfect
dislocation loops were larger in diameter than faudtislocation loops. The
experimental observations can be accounted for witheedling to consider the
relative formation energies of the two defects ordfect of the strain field as

suggested in the literature (see Cristiahal, (2000) and Paet al, (1996)).

8.2.2 Determination of the mechanism of efficient luminegnce from
dislocation-engineered silicon

DE-silicon samples produced a cathodoluminescence pedd a0 nm, with

FWHM ~90 nm and with an inflexion apparent at ~1180 nm. Théksuence peak
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was observed to be of identical form when the digloodoops had been removed by
room-temperature chemical etching and thus the observeddsogince was ascribed
to be via TO-phonon assisted recombination. The changeakk position from 1130
nm observed in the majority of the literature waslaited to photon re-absorption.

The measured quantum efficiency (MQE) of the sampli®gaoas to that
investigated by Ngt al.(2001) was estimated to be ~5 x°10This was a factor of
~20 lower than the EQE published by Blgal. (2001) but is consistent with
subsequent reports in the literature (Sobeleal, 2003 and Arguiroet al, 2005).
The low absolute value of the MQE is thought to be dubd@xperimental
technique. The luminescence was determined to up to ~85 timre efficient than
as-received, unprocessed wafers from one some of the'svieading, single crystal,
Czochralski and Float Zone silicon manufacturers.

The enhanced luminescence efficiency mechanism was deterto be due
to the gettering of transition metal impurities from theék. When the dislocation
band (and gettered impurities) was removed by chemical et¢chmtpigh
luminescence efficiency was found to persist throughmuthickness of the wafer.
However, when the dislocations were removed by higipéeature thermal annealing
the high luminescence efficiency was lost as imputibyrs returned to the wafer
bulk. This confirms the hypothesis of Soboé#al. (2003) and Arguiroet al.
(2005). Remarkably, this result suggests that the procgasingdure used to
manufacture DE-silicon creates wafers with bulk miyararrier lifetimes which are
greater than as-received wafers. It has traditiotedgn a widely held belief that any

processing after the wafering process has a deleterifmas @falster, 2003).
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8.2.3 The investigation of dislocation-engineered silicon

The results of the cross-sectional cathodoluminescemwvestigation were
understood in terms of the gettering of impurity centrebeédand of dislocations
from the wafer bulk. Gettering was found to occur durivgdooling of the samples
and the impurity concentration was lowered throughouetitiee wafer. On further
cooling, as the gettering process became kineticallydanan increased amount of
gettering occurred from areas of the wafer close talidlecation band. The region
of material in closest proximity to the band of dislamas was inferred to have a
lower transition metal concentration than the speaifoulk. In boron implanted
samples, the luminescence efficiency was found to exnibiarithmic dependence
on the dislocation density (dislocation length per urgtaf the crystal).

The dislocations were found to play a dual role in aeiteng the
luminescence efficiency; the presence of the disioeatvas necessary for the
gettering of impurities from the specimen bulk, but theg acted as non-radiative
recombination centres. Inthe case of boron impthetenples, an increased
dislocation density was observed to result in increhsathescence efficiency but in
the silicon implanted samples the opposite trend Wwasreed. The increased
dislocation density resulted in an increased degree @rigpettand thus longer
minority carrier lifetimes in the bulk. However, mcreased dislocation density also
results in an increased non-radiative recombinatiotribomion from the dislocations
themselves.

The experimental investigation revealed that the adlative recombination
contribution of the dislocation loops was minimised kintaining the dislocations in
regions which were heavily doped. When the dislocadtiops were removed, by

chemical etching, from samples with dislocation loapssed in moderately doped
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regions (silicon implanted sample nSi2e), a largeemse in the overall efficiency of
the sample was observed. However, in samples camjeam approximately
equivalent dislocation density, but, with the dislamaioops situated in highly doped
regions, the removal of the dislocation loops hate léffect on the luminescence
efficiency of the sample. A similar finding was alseagirned from samples
investigated using cross-sectional analysis. Dislocastinated in moderately doped
regions of the wafer (either from silicon implamator soft backside damage) were
observed to act as strong non-radiative recombinatiotmes whereas dislocation
loops resulting from the boron implantation were obserto be only weak non-
radiative recombination centres. This was found to quiatlist agree with the
Wilshaw model of recombination at dislocations (Wilsha@84) where the capture

cross-section of a dislocation is dependent on thy/®#&ngth of the host matrix.

8.2.4 Increasing the luminescence efficiency of dislocati@mgineered
silicon

The investigation of DE-silicon found that the mecheaned enhanced
luminescence efficiency was gettering. Furthermoxesszsectional analysis
suggested that the impurity species which dominated the buobxityi carrier
recombination rate (assumed to be Shockley-Read-Halmgioation) throughout
the wafer after gettering was non-uniform. A regibsmecimen, up to 200m
below the dislocation band, was observed to exhibltdrigninority carrier lifetimes
than the remainder of the specimen bulk. Thus, theragppliocess of DE-silicon was
not optimised for the gettering of impurities. In ortkereduce the bulk impurity
concentrations further samples were annealed usingdastiametallurgical furnace

at 250 °C for extended periods of time. After theahiteduction in luminescence
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efficiency the luminescence efficiency was observeddrease as a function of
annealing time. After ~16 weeks, DE-samples annealed aeloperature (250 °C)
were observed to be more efficient than prior toatmeealing process. The

improvement was attributed to the further gettering of intiest

8.3 Design of an improved dislocation-engineered silicon hg
emitting diode

The results presented in this thesis, together wtbrte from the literature
allow for the design of an improved DE-silicon-basetitliemitting diode. The
design would use the features of the silicon solarteefinology which have achieved
the highest quantum efficiency of any bulk, crystallinesilidevice thus far:
textured surface, antireflection coating and exceBentace passivation (Greenal,
2001). However, the work reported in this thesis shitvasthe dislocation-
engineering process is capable of producing silicon wafehsbuik minority carrier
lifetimes in excess of those in Floating Zone sitico

The substrate should be thicker than the minorityieradiffusion length and
n-type with a carrier concentration of ~1.2 X%6m?®. Chemical etching is used to
create a textured top-surface for maximising photon outpl ion implantation and
annealing process is then used to generate a high dislodatisity in the back
surface of the LED. A-type dopante.g.boron, is used to generate the dislocation
loops and g-n junction. Low-temperature surface passivation (silidmxide and
silicon nitride layers) is applied to the top surface sidds, and a reflective coating
applied to the reverse surface and sides. A low tempergétitering anneal is then

applied to reduce the bulk impurity concentration. Finalhgall ohmic contacts are
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fabricated in the wafer front and reverse for eleatrohescence. Thus, minority
carriers are injected into the specimen bulk, wherdothenon-radiative
recombination rate and low surface recombination allo@gpfMonon-assisted
radiative recombination to be greatly enhanced with hitgrnal and external
guantum efficiencies. A schematic illustration of timal light emitting diode is
shown in Figure 8.1.

The precise processing conditions require further inyatsdin in order that
they may be fully optimised. However, the above ppies should allow for the

design and operation of the most efficient bulk siliGght emitting diode to date.

8.4 Prospects of dislocation-engineered silicon for use adight

emitting diode

At the beginning of this project, the mechanism forcedfit luminescence

from DE-silicon was not understood. This work (simodtaus with others) has
shown the mechanism to be due to the enhanced band-to-bainddaence due to
the reduction in transition metal impurities from thbeamen bulk by gettering.
Thus, the arguments used in Chapter 1, which demonstratdauitkailicon is highly
unlikely to be useful as a light emitting material, ageially pertinent when

examining the potential of DE-silicon.

8.5 Proposals for further work

The results presented in this thesis suggest that theadjgm of DE-silicon
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surface passivation and
ohmic contact anti-reflection coating

n-type -2 x 106 cm3

p-n junction
OO0 OOQROOO

p-type ~ 102 cm=  high density of dislocation loops

A

ohmic contact

reflective coating

Figure 8.1

A schematic representation of an improved dislocatiogineered light
emitting diode. Sample created by boron implantatibm the reverse side of a
textured, thickn-type (1 - 2 x 18 cm®) silicon wafer. Sample annealed to generate a
dislocation density greater than'1@m?®. Surface passivation layer and reflective
coating applied at low temperature, followed by an opticthie&s temperature

annealing regime.
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as an optical source is unlikely. However, in view eftéduction in the electrically
active defect concentration of the substrate by usingadisbn-engineering, the
knowledge and understanding gained during this investigation tiidyeshighly
useful. At present, the control of transition me@icentrations during the crystal
growth process is adequately well controlled such thaiaisbn-engineering would
not provide significant returns (Falster, 2005). Howe\res ftirther development of
the microelectronics industry may require the furthduogion of transition metal
concentrations in the future, dislocation-engineering thay become a viable option
for the improvement of wafers for microelectronic aggdions. Thus, the low
temperature gettering of impurities from the bulk shoulthbestigated further with
the aim of reducing the total processing time and furtt@easing the luminescence
efficiency.

It was not possible to directly compare the luminesceffa@encies measured
in this work by CL to those in the literature which usédoPEL due to the difference
effects of surface recombination and the collectiorcepif the CL system. Thus,
experiments on the DE-specimens using EL or using a daiibspecimen in the CL
specimen would be highly desirable.

The introduction of dislocations to silicon using a nunifealternative
methods was also investigated; however, no thermakmetteeatment was applied
to these samples. Thus, the gettering potential gbsilcontaining dislocations
introduced by other methods is worth investigating asi@xpiensive alternative to
ion implantation. Cathodoluminescence has beenasadyuide for the variation
of minority carrier lifetime within the sample. Howex, the analysis of samples with
long minority carrier lifetimes, and thus with long ity carrier diffusion lengths,

is complicated and requires a rigorous analysis. Madhieah modelling of the
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carriers would enable a full, quantitative analysishef¢ample cross-sections
allowing a greater evaluation of the competing recombingiaihs. The cross-
sectional analysis of samples could then be used to tadeérsccurately the variation
in the transition metal concentration within a wadad help to understand fully the

role of gettering in DE-silicon.
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