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HVEH ccmbined with a large area spccimen thinning
technique, comparcd to conventional 100 kV electron
microscopy, offers several advantages, e.g., elcc­
tron transparent areas ~ 1 mm 2 and incrcased thick­
n<lSS of sampies (2 \Jm - 5 \Jm). By this technique
process-induced defects (dislocations, stacking faults,
precipitatcs) in bipolar and MOS devices were studicd.
A strong correlation betwcen scveral spccies of dc­
fects and device failure modes was found. A speciaL
type of diffusion-induced stacking fault could be
shown to cause emitter-collector shorts in bipolar
dcvices with shallow pn-junctions. Largc oxidation­
induced stacking faults are often vcry complicated
with respect to their crystallographic structure
and were frequently identificd to bc rather micro­
twins than stacking faults.

I. INTRODUCTION

It is nowadays weIL cstablished that crystal defects can be detri­
mental to silicon semiconductor devices (see, e.g., the review articles
/1,2/). A large number of diagnostic methods exist (e.g., chemical
ctching, x-ray and IR-topography, scanning electron microscopy in
special modes and transmission clectron microscopy (TEH)l which can bc
used to investigate crystal defccts in starting material and in devices
Each of these methods offers advantages and disadvantages. Optimum in­
formation can be obtained if several methods are applied in conjunction
with each other.

It is the aim of this paper to demonstrate that, in particular,
high-voltage electron microscopy (HV01) combined with an appropriate
specimen preparation technique is a powerful tool, often irreplaceable
by other methods, for the study of the microscopic nature of crystal
defects. It is especially suitable to establish one-ta-one correlations
between specific defects and certain failure modes of silicon devices.
In the follo·..<illg we will briefly describe important aspccts of the
method and give some selected examples of crystal defects which caused
catastrophic failures in devices. In same of these examples HVEM was
practically the only method which was able to identify the true nature
of these defects.
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2. EXPERIMErITAL

Conventional transmission electron microscopy (CTEM) performed at
bcam voltages around 100 kV, has been used for about 15 years to study
defects in silicon starting material and processed wafers. The restric­
tion to silicon foils of a thickness oE ~ 1 ~m is a ser ious disadvantage.
Normally such thin foils contain only a fraction of the electrically
active layer oE thc device of interest. Especially the pn-junctions are
no longer contained in those foils. Furthermore, the preparation of
such thin foils is cumbersome, especially with the common techniques
/3,4/.

Most of these difficulties und restrictions can be overcome byHV~1

combined with the 'large area thinning procedure' /5/ for the specimen
preparation. Depending on the actual beilITl val tage of the HVEM and t:Je
resolution demanded, silicon foils with a thickness of <1 -8 ~m are in··
vestigable. In thc case of largc-scale integrated circuits 2-5~mthick

specimens frequently contain the whole electrically activc laycr
(1.e. thc epitaxial film) ilnd may be lnvcstigatcd without difficultics.

For the invcstig.:ltion of ,.'OS dcviccs it is often important to prc­
pare specimens Io.'hich include the oxide laycr or at least parts of it
(e.9., the l00nmthick gate oxide). Without this oxide layer valuable
information about defccts at thc Si-8i02 interface cannot be obtained.
An amorphous oxide layer on a silicon specimen otheewise strorllily rc­
auces its transparency to thc clectron beam because of its diffuse
scattering of the electrons. For the investigation of such spccimens a
HVEM is therefore often an imperative requirement.

'Thick' HVEM spccimens can easily and quickly be prepared compared
to corresponding CTE/1 samples. Thc application of thc large arca thin­
ning proccdure /5/ permits a simple and precise area selection of a
large number of liVEN speclmens simultaneously from one wafer. The. area
of the specimen which is transparent to the electron beam is only
1 imited by the goniometer gf!ometry of the 11VE~1 (in our casc thc inner
diameter of thc ~pecimcns lo.·a5 generally about 1 mm).

In our investigation of crystal defccts in silicon devices we have
used chemical etching (Slrtl etch) and X-ray topography besides lN~L

The results of these three methods were compared to findinqs previously
obtained by electrical measurements at test patterns which were repre­
seritative for thc function and the properties of the devices of in­
terest. The main aim was to cstablish one-to-one correlations between
devices failures, e.9., emitter-collector shorts ('pipes' /6/) in bi­
polar transistors with shallow pn-junctions and crystal dcfects. For
this purpose test trilnsistors "dth Cl single emitter (cmitter area
5 x lO)(m2 ) >-.:ere used normally. These 'single' transistors were contained
in cvery chip of anormal device or in special test chips of the wafer.
principall,Y 'good' and 'bad' test devices have been investigated in
the tWEN in order to be sure of the significance of the results. Up to
now the number oE pn-junctions investigated (or 5i-8i02 interfaces,
respectivelyl exceeds some thousand.
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3. RE5ULT5

Although the crystal defects found in the processed wafers are
oftcn of eomplieated nature and cannot be described properly in the
usual terms of 'stacking faults' or 'dislocations', for the sake of
sirnplicity, we may classify thern into four groups and discuss thcir in­
fluence on electrical parameters of deviccs separately. These groups
are i) dislocations, ii) stacking faults, i11) precipitates and
iv) substrate defects.

3.1 Dislocations

'Glide dislocations' frequcntly are introduccd during the epitaxy
process or during the heating or eooling periad of high-temperature
processes. It is weIL known that glide dislocations can cause pipes in
bipolar transistors /7,8/. We have obtained almest a one-to-one corre­
lation between these dislocations and piped 'single' transistors. In
no c.:l~C' was a dccoration of the f1is]ocations causinq a pipe observC'd.
In M05 devices with oxide laycr the traces of glided dislocations are
visible as broad dark lines, indicating that marked stresses are pre­
sent at the 5i-5i02 interface. These glide traces annealed during tlle
electron bombardment within a few minutes and became invisible. It
$cems that in devices containing a large number of these glide tra~es

thc minority carrier lifctimc i5 decrcascd, but therc is no strong.
corrclation.

'Oxide-cdge dislocations' are often obscrvcd in bipolar transistors
which are electrically isolated by oxide wells produccd in a localized
oxidation process /9,10/. F'ig.1 shows a 'single' transistor with a
dense dislocation array.· The dislocations also penetrate the cmittcr
area, their dcnsity locally can amount up to 109 cm- 2. It is supposcd
/11/ that stresses introduccd by the volume expansion of the oxide are
responsible for the generation of tllese dislocations. Between these
dislocations and pipes (or soft breakdowns) of single transistors,
apart from a few exccptions, a one-to-one correlation was found. The
investigation of these devices supplies a typical cxamplc for the su­
perior possibilities of HVEl-l. It is practically im ssible to prepare
such specimens for CTEM because bctwecn the transistors and the sur­
rounding arcas typically a thickness step of about 2 llm in the silicon
occurs.

'Dislocation clusters', fJclleratcd by mcchanical damage, e.g., in­
dentations of twcczcrs, scratches ctc., were sometimcs obscrved in test
devices of both bipolar and M05 wafers. Dislocation clusters pcne­
trating the pn-junctions of bipolar transistors (Fig. 2a) caused ca­
tastrophic pipes, in thc casc of ~~S capacitors (Fig.2b) an cnormous
dccrcase in the minority carrier li(etirne was ascertained.

F'inally, it should be noted that further 'kinds' of dislocations
(e.g., misfit dislocations, dislocations resulting fram: stacking fault
reactions, prismatic locp punching,point defeet condensation etc.) are
observcd frequently. They are generally fcund to be cf detrimental
influence on electrical device parameters.
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I.

3.2 Stacking faults

'Large stacki"? faults' (SF) (S-50\Jmin length, 1.S-3pmin depth,
extrinsic nature) are often formed during epitaxial growth and/or high­
temperature processes in oxidizing environment and dealt with in
numerous papers (see, e.g., /12-16/). In heavily diffused arcas some­
times even SF networks, similar to misfit dislocation networks, are
observed (Fig.3a). These SF occur frequently as multiple sr's, i.e.,
many stacking faults overlap closcly and have often exactly the same
shape. Fig.3b shows a SF which is at least nine-fold. These multi­
stacking-faults may equally weIl be described as microtwins. In fact,
a re~arkable fraction of the SF's shows a strong contrast, if imaged
with a {220} diffraction vector at which normal stacking faults are not
in contrast, provided the foil no~al is titled exactly in the {IIS}
position. Then the {lll} planes of the microtwins are in Braqg posi­
tion, the fault appears in a strang dark contrast. Fig.4 shows an
examplc of a large SF, small SF's and a microtwin. It is weIl known
that these SF can causa pipes /G,7/. He have found an unambiguous
statistical corrcLltion bctwt!cn thc numbcr of Sr: in a multi-emitter
transistor and the number of piped transistors. It is feIt that thc
elcctrical differcnccs of SF are correlated to their differences in
structurc. Multi SF or microtwills, respectively, secm to be of more
detrimental influence than nom,l SF.

SlJk)ll stacking faults (_ 211m in lerqth, _ O. 4 um in dopth, extrinsic
nature) were faund früquently in special bipolar ihtegratcd circuits
(Fig.5). They are qeneratcd durin) base diffusion processes. In thc
presence of largo SF's they occur only in a strongly roduced concentra­
Uon. \4ithin ilbaut 100 of Lhof>o ~m<lU SF's generally one spcci('s of
spcci.:l1 sh.:lpc war; obsorvcd whidl o[ten rest'mbles tha lxxly or ,1 sililillg
baat (Fig.6). These 'sailing-boat' stacking faults which are also
qcnerated during the base diffusion process vory often change their
structura by a shearing process during the subsequent cmittcr diffusion
processes (Fig. 7a). Parts of the fault were removed and pcrfect dislo­
cations were formed. The dislocations of the fault are often dccorated,
presumably with small prccipitates of impurities of abaut 10-25 nrn in
sizeJ. Tbe penetration dept.h o[ these '5ailing baat' can be 2pm or cven
more (thus such a defect can bc studied only by IIVEM). TrClnsistors
which containcd a SF in the cmittcr arca are invariably pipcd. Thc
crystall~raphic structurc of these defccts is somewhat complicatcd and
given schematically in Fig.7b. They originate from the interaction of
two small SF's which are genera ted by the same nuclei on neighbouring
{lll} lattice planes.

In MaS capaci tors sornetimcs il strange SPCC1(,S of dcfects "",'5 [ollnd
....hich originates [rom lacC)c 5t.:l~:kin9 falllt"s. 1'Wo modific,ltlonf> ur thC':$C
defects were Gbservcd. The first olle originales [ror.t an un(aulling o[
a large SF, the resulting perfcct dislocation 1001' aod now also the
intersection of thc sta.cking fault primarily present at the Si-Si02
interface can be seen (Fig.8, dcfect '0'). The second modification
(Fig.8, defect 'I') i5 complctely located at the S1-Si02 interface as
has been ascertaincd by stereo microscopy. This fault develops from tlle
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1'- first one by a glide process of the pcrfcct dislocation to thc inter­
face driven by image farces. All parts of the two modifications which
werc located at the interface vanished during observation within a few
minutes duc to radiation damage in thc 5102 layer (Fig.8bl. In NOS
capacitors th~se defects cause a distinct decrease of thc minority
carrier lifetime.

Ta summarize, it should be emphasized that thc simple 'stacking
fault' as observed by etching techniques cr in parts by X-ray topogra­
phy er even by CTEH 15 priJctically not existent. In silicon dcvices thc
'slacking faults' are mostly of a highly complex structure and guite
different. Thus their different behaviour with respcct to clectrical
propcrties of thc deviee is not amazing. In the following we shall use
the term 'staeking fault' in a genQral sense to denote all types of
planar defeets.

3.3 Preeipitates

GenQr.ally, preeip~tates or a deeoration of defects was observed
rather seldom. In heavily diffused deviee regions sometimes small pre­
cipitates (10-50 nm in size) are found, prQsumably formed by the
dopant atoms. ThesQ preeipitatcs, sinee normally not present in the
pn-junctions, have no influenee on electrical parameters oE thc.devicc.

OE more interest are precipitatQs in connection with stack.ing
faults. Apart from the small precipitates in eonncction with thc
'sailing boat' SF already mentioned (and which, as should be borne in
mind, may also be small disloeation loops as in the ease of 5wirl de­
feets, cf. /17/) in some specimens all intermediate stages between
staeking faults and precipitates are found. In the first step precipi­
tates are attaehed to the partial disloeations of the staeking fault.
Using dynamical imaging conditions, they appeared in a 'tree-ring'
contrast (Fig.9a). It eould be shown by contrast experiments and stereo
mierographs that these precipitates are rather planar, with a displace­
ment vector pcrpcndieular to their plane. Thus the fringes eannot be
due to thickness variations, their. origin is not understood so far.
High resolution weak beam mierographs (Fig.9b) show that these precipi­
tates are composed of a large number of very small agglomerates
(diameter 10 nm). At a later stage, the precipitation occurs also in
the plane of the stacking faults, misfit dislocations may be genera ted
and a complex structure is observed. In connection with the small SF
(except 'sai1ing boat' SF) precipitates are of no bad inf1uence. Preci­
pitates eoupled with large SF's were never observed in pn-junctions.

In contrast, thc normal stacking faults appeared to be decoration­
free. Using {113} rQflections, no residual contrast, wh ich might indi­
eate a deeoration (cf. /10/), was observed.

3.4 Substrate defects

In the substrate material often regions with defeets of different
density and different strueture could be distinguished in proeessed
wafers by X-ray topography and by etching. These differences of the
defect structure in the substrate are refleeted by differenees of the
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defect structure in the epitaxial layer, c.g., occurrence of oXide-edge
dislocations, or of large or sr:lall stacking faults. HVEM investigations
of the substrate material after several high-tcmpcrature processes
yicldcd the following rcsult: Thc typical substrate dcfccts are systems
of conccntric faul ted dislocation loops of cxtrinsic type which addi­
tionally contain concentric circular chains of small dislocation loops
(diameter ~ 100 nrn) of cxtrinsic type. boo (Fig.lO). Only in thc ccntrc
of the defect a random distribution of the small loops 1s obscrved.
These defects are similar to the defects obscrvcd in Czochralski-
grown silicon after one or two annealing processes in /18.19/. but are
much more complex duc to the larqer number of different high-tempera­
ture processes. Moreover. the defects observed in our specimens did not
show distinct precipitation effects.

The diffcrences between the defects from regions looking different
in the X-ray topographs or etch patterns are the following:
In regions with a higher defect density the defccts exhibit a lower
degrce of complexity in the H~1 (Fig.tOal. in regions which contain
a lower concentration of defects the defect structure is of a higher
cornplexity (Fiq.lOb).
Other defects like seall precipitatcs or dislocations and dislocation
clusters (cf. Fig.10b) are also obscrvcd in the substrate material.
These are well-known /18,19/ and were not extcnsively studied in oUF
werk.
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a 511m
~ OXide-edge dislocations in a single transistor. (a) overview,

(b) section of the transistor with high dislocation density.

I

1

a
Fig.2 Dislocation clusters.

transistor, (b) cluster in a MOS

10pm

Fig.3 (a) Stacking fault network, (b) nine-fold
stacking fault.

a,
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Fi$.4 Microtwins, imaged with two different {220} reflexions. The
microtwin is always in contrast, the 'normal' stacking faults
vanish completely in the appropr!ate reflexion.

Fig.5 Small stacking faults and a Fig.6
,sa!ling boat stacking fault in
the emi tter reg ion of a transistor.

Typical example of an
unfaulted sailing beat
SF.

'I ~:".
I
I-

a

/

b

Fig.7 (a) Sailing boat stacking fault after an unfaulting rcaction.
(b) Schematical drawing of its crystallographic structure.
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F19.8 Typical example cf MOS defects located at the 51-5102 interfac~

(a) At '0' adefeet resulting from the unfaulting cf a large SF,
at 'I' adefeet completely located at the interface. (b) After
seme minutes cf irradiation the parts cf the defects located
at the interface have vanished.

'Fig.9 Precipitates correlated with
denK>ns-

•

Fig.IO Substrate defects. l(a) Typical defect in regions of low defect
concentration. leb) Typical defect in regions with a higher
defect concentration.
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