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ABSTRACT

Experiments have been performed to investigate the useful thicknesé.
limits for electron transmission under routine operating conditions for
silicon and stainless steel. The criterion adopted for this limit was
that fhickness at which fringe contrast at faults was destroyed by absérp—
tion., The results indicate a roughly linear behavior of this limit at »
interﬁediate voltages, then falling off, but less rapidly than a (v/c¢)? .
1aw._ At 1 meV foils of silicon n 9ﬁ and stainless steel ~ 2y thick are .
adequately transparent for observing defects. The ultimate thickness limi;
is determined by contrast and chromatic aberration,

Measurements of the mean absorption parameter vs voltage in silicon
showed a non-linear behavior above about 100 kV. This result is attributed_
to the effect of many beams which cannot be avoided when using the wedge

Afringe method at high energies.
AIt has been found that simultaneous reflections can lower the ﬁseful_"
thickness limit by as much as 25% due to an increase in apparent absorptioﬁ;

An application of UHV microscopy to the study of interfaces betweén

- epitaxial silicon and its substrate is described.
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§ 1. INTRODUCTION

It is weli recognized that the main édvantage of high voltage elec-
‘tron microscopy is the ability to observe thick materials (Dupouy and

1. 1967, Uyeda and Nonoyama

Perrier 1962-1964, Cosslett 1962, Fujita et
1967). Conséquentiy; it becomes possible to examine materials not easily
‘ observea in conventional 100 kV instruments (e.g. the heavy elements such
as W, U) and to be more certain that substructural features in foils are
representative of those in bulk material.

Very iittle information is available on the traﬁsparencj limits of
crystals. Uyeda and Nonoyama (1967) investigated molybdenite films and
utilized theicriterién that the usefui thickness limit corresponds to
diffraction patterns which contain only Kikuchi'ﬂands. Their results did
not‘enable any conclusions to be drawh regarding the v§ltage dependence -
of the maximum‘transparancy'thickness,vbut dislocations could be obéerved
in foils 3ﬁ thick at 500 kV,

Fujita et al. (1967) carried out metallurgical investigations includ; ‘,: -
ing a determination of the transmissive power fof aluminum and stainless
_sceel_based on measurements of the mean absorption coefficient from wedge -
fringe profiles. They found that aluminum is about 2.3 times more trans- -
missive than iron and showed that static imageé of disiocations could bé |
oﬁtained.ffom foils of about Sﬂ (A1) and 2y (Fe) thick at SQO kv. Hashimot9_ 
(1964) measﬁred the energy dependence of_absorption in aluminum and Dupouyvv
: gg,g;, (1965) measured the transmissive power of Mg0 and found deviations
from the predicﬁed dependence on elecfron velocity (Fujiwara 1962, Howie 1962):

which were later explained'in terms of multiple diffraction'(Goringe'gg_gl,
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1966, Metherell and Whelan 1967). These preliminary results indicate that .

the transparency of crystals is determined by the absorption coefficients,
in generai agreement with theory (Hirsch 1962; Hashimoto et al. 1962), and
that thg limiting factor in terms of image quality is the contrast and
chromatic aberration resulting from inelastic scattering processes leading.
‘to enefgy losses which occur as the beam penetrates the foil.

Thebpresent investigation was initiated to obtain data on the useful
thickness limits for materials of differing absorbing power, viz,,vsilicon
and stainless steel, undér constant knoﬁn diffracting'conditions and

routine microscope operations,

§ 2, EXPERIMENTAL

Foils of sihgle crystal silicon and polycrystalline austenitic stain- -

‘less sﬁeel were prepared in the usual way. Areas of foils were chdsen'in
which stacking faults or twins were present so that the true foil thick-~
ness could be ‘obtained from the projected widths of the fault traces. The

~particular (111) variant of the fault plane was uniquely known from the

ipfecise o?ientation of the foil given by the Kikuchi pattern (Levine gg_él.
.1966) ‘and was checked in sﬁme cases by dark field_experiments at s #bo
(Bell and Thomas 1965).

The criterion adopted for the thickness limit in these experiments

was that thickness at which fringe contrast was destroyed because of ab-

sorption (absorption thickness limit, ATL). This method gives a visibility -

criterion which is determined chiefly by the mean absorption coefficient

for given contrast (diffraction) conditions. In each case a systematic
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<111> refleétion waé chosen with the foil oriented between [110] and [123]
to avoid exciting simultaneéus reflections as far as possible, since it
has been found that simultaneous reflections produce an apparent increase
in absorption of order 257 (Ayfoles and Mazel 1967). The experiments were
conducted in the following way. An area was selected at high voltage
where fringe contrast was resolved. The voltage was then feduced until
fringés could no longer be resolved. Care was taken to readjust the tilt
Vof the foil to maintain s = 0 conditions as closely as possible, ‘Adjust—
ments are necessary due to the increase in Bragg angle as the voltage is
lowered. A 30y objecti&e aperture was used in each case and a maximum
beam current of suA was employed. Photographs were taken under normal
exposure conditions with defocussed second condenser. Aﬁright field and
dark field images and selected aréa diffraction patterns were recorded in -.
each case and near the limit of fringe resolution several photographs |
were obtained at different objecfive focussing and tilt adjuétments;
the best examples were used for measurements.

The experiments at 100 kV were done on a Siemens microscope and the
majority of the high voltage experiments were done using the Cémbridge
‘750 kV microséope and the Toulouse 1.2 meV microscope. Some preliminary.
experimeﬁts on wedge fringes were-carfied out using the Hitachi 500 kV

microscope.

§ 3. RESULTS AND DISCUSSION

3.1. Thickness Limits

Figure 1 shows a series of experiments done on silicon which illustrates
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the method employed. This case is for a foil ~ 3ﬁ thick and it can be seen
that at 300 kV very few fringes are resolved. Figure 2 shows densitometer
traces of the fringe profiles and this illustrates the increase in absorp-
tion (decreaee in width of the dynamical envelope) with decreasing voltage.
Similar results apply to increasing the thickness at any given voltage.

Figure 3 shows a siﬁilar series of experiments done on stainless
steel, The fringes are visible only under conditions of anomelous trans-
mission as can be seen from the aiffraction patterns of Figs., 1 and 3.

The results‘of these experiments are plotted in Figure 4. The values
given are fd; images where e maximum of three outer fringes are resolvable.
It can be seeﬁ that silicon is’ considerably more transparent than sfainless' N
steel and extrapolation to'1 meV indicates thai the ATL's are of the order'fﬁ“.
of 9uvfor Si and ZQ for seainless steel.. At the lower voltage ranges the
ATL is roughly linear with voltage and then appears to fall off slightlj
~above 500 kV, but not as rapidly.as predicted by a (v/c) or a (v/c)? law.
This result indicates that the visibility of the fringes is not simply
) dependent on the mean absorption parameter. No evidence for enhanced trans-
mission due to the channeling phenomena discussed by'Hewie (1966) . was

detected.

3.2. Transmissive Power

Transmissive power is usually defined as the reciprocal of the mean
absorption coeffieient;v The latter can be estimated by'takiﬁg photegraphs
of thickness extinetion contours at wedge shaped crystals as described by o
Hashimoto et al. (1962). The values of the mean ebsorption distance are

not affected by the size of the objective aperture (Metherell and Whelan
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1967), but difficulties are encountered at high voltages due to the un-
avoidability of exciting many reflections. |

-According to the two beam dynamical theory (see e.g. Hirsch et al.
1965), the mean absorption disﬁange E; should be proportional to the square
of the electron velocity. It has been proposed that deviations from this
" law (observed by Dﬁpouy et al. (1965) in MgO) are due to many-beam effects
(Goringe et al. 1966). Receﬁtly Metherell and Whelan (1967) showed |
.theoretically that when many-beam effects are considered the linear depen-
2

for aluminum breaks down above ~ 200 kvV.

1

dence of Eé with v
Figures 5a, b show bright and dafk field images of wedge fringes in
silicon at 1.2 meV and Fig. 5c¢ shows the diffraction pattern. At least
120 reflections are exéited to some extent. The pfobabiiity of exciting
many reflections increases with increasing‘voltage because of the decrease
in Bragg angle and increase in radius of the reflecting sphere. These fac—
‘ tors'coupled‘with the effect of the form féctor giving rise to relrods
in patterns from the edges of the foil méke it very difficult to évoid
exciting many reflections. Because of these facﬁors it is difficult to
obtain meaningful data on absorption constants and extinction distances
from wédge fringes at high voltage.
Figure 6 is a plot of the reciprocal of the meaﬁ absorption parameter
’ (Eé/Zn Eg) vs (v/c) for silicon obtained by the wedge fringe method. The
value at 100 kV was obtained under good tw0'beaml[lll] conditions and at
higher‘voltages for principally systematic <111> diffraction. However,
above about 300 kV it was difficult to avoid simultaneous reflections (é.gﬁ

Figure 5) and this probably accounts for the non-linear behavior of the
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transmissive power with v2.in agreement with thevprbposals~of Goringe et

al. (1966) and Metherell and Whelan (1967).

3.3. biffractingﬁConditions

Another effect which has been observed is that under simultancous
diffraction conditions there is a decrease in observ;bility of fringes,
i.e, an.apparent increase in absorption. This effect can pg’seen by com-
paring Figs. 7a and 7b and their diffraction patterns. In Fig. 7a the’
orientation is such that principally systematic <111> reflections operate,
After tilt-rotation towardS'the [110] pole simulténeous reflections have
been excited and it canAbe seen that the intensity of the fringe contrast
is lowered and that the‘number of viéible friﬁgés has been reduced by about
25%. These results indicate that in ofder'to optimise visibility and .
transmission, it is essential to avoid exciting simultaneous reflections.
In order to achieve this i; is necessary to orient the foil away_frém poles-
4of high symmetry and reference to the appropriate Kikuchi map facilitates
these required operations. Furthermore, it is also important to use the

lowest order reflections in order to maximise contrast.

3.4. Contrast and Visibility

Whilst therekperiments described above enable a comparison to be made
of the transmission under identical conditions, the limité shown in Figure
'4 are by no means absolute thickness limits. For example;.differen; values
of ATL'éan Be obtained by changing the diffractién conditions, since this
will change the contrast at defects and will affect their visibility. The

results were obtained essentially at s = 0 conditions, yet simple theory
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predicts that in bright field maﬁimum intensity.occurs at s > 0 if one
utilizes anomalous absorption, but the condifion s = 0 should still be
maintained for maximum dark field intensity. However, these rules must
break down under the condifions'where anomalous absorption 1s no longer
useful., Under these situations the useful image iﬁformation will be
limited by chromatic aberration due to the energy spread resulting from-
inelastic scattering within the specimen. For a given thickness the aper-
ture dark field image shows better resolution with increasing kV due to
the decrease in chromatic aberration as, e.g., Fig. 8 shows. |
It has been found that dislocation images are observable even though
fringe contrast has been destroyed, for example, dislocations can be ade-
quately resolved in stainless steel 2u thick at 1 meV, This is due to tﬁe
fact that the contrast conditions for obserQing fault fringes and dislo-

cation images are not the same. Figures 3 and 9 show examples of disloca-

tion images visible when no twin boundary fringes are resolved. As expect-

ed, the dislocation images have lost their oscillatory characteristics
(compare to Fig. 8), but still have adequate contrast over background to
be observed. In Figure 9b the photograph was taken under extrémely diffi-
cult operating conditions, viz., the contrast on the screen was very poor
at a beam current of BQA, making focusing and adjustment of optimum dif-
fracting Fonditions extremely difficult. Under these conditions, which
approach the maximum usefﬁl operéting limit, increasing the beam current
can increase brightness but not contrast, but also leads tg the problem

of exciting x-rays to a dangerous levei. This may necessitate remote

control of the experiment, which is not very convenient. Thus for routine
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electron microscopy, the limitsvgiven in Figure 4 caﬁ be regarded as the -
optimum practical operating volfages at beam currents undér SﬁA. The ul-.
timate>thickness is still restricted by image contrast rather than by image
brightness. ‘This is to be expected, since the effects of inelastic and in-
coherent scattering increase the background level to such a limit that con-

trast (intensity above or below background) is completely lost.

3.5. Ancillary Observations

In general, provided systematic orientétions are observed, the general
predigtiohs of the simple dynamical theory of contrast are maintained at high
voltage (see e.g. Hirsch et al. 1965). it has Eeen féund, for example,'fhat
the symﬁetry propefties of fringe patterns are not changed, even if simultan-
eous conditions are eﬁcountered. In the latter case, complications in the
détail of the image may arise, e.g. fringe doublets or tripleté (see etg;vthe :
faults in Fig. 5), and the general contrast is lowered. 1In any case, it is
fairly eaéy to choose the thickness and orientation at any voltage such that‘
essentially two beam conditions are achieved (e.g. Fig. 3c) and thereby facil-
itate operating‘at high voltage under routine conditions typiéal of_convention;
al 100 kV microscopy, so that existing theory can be applied for analysis. |

Hashimoto (1964, 1967) has éhown that in thicker crystals the images near
the top surface may be more diffuse than those of the bottom surface, partic— 
ularly iﬁ dark field due to the increased chromapic aberratiqh. This effect
was explained as being due to the increased divergence of the beam in thick
specimens because of inelastic scattering. In the pfesent work no noticeab}e
effect due to this phenomenon‘was observed even ﬁear the ultimate useful thick-
ness limits (e;g. Fig. 9). |

In thick specimens difficulties arise due to radiation damage, e.g.
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a copper atom is displaced by electrons.of n 500 kéV. Small defect cluéters
can be observed in thick foills after several minutes exposure to a high -
energy beam, particularl§ if the beam current e*ceeds n lOﬁA (depending

on thickness and material). Figure 10 shows examples of the typical black/
white strain contrast images due to vacancy or‘interstitial clusters (see
e.g. Harwell Conf. 1966). In Fig. 10 the defects appear to be all at the
same level, since all the images have_their black and white po?tions to

the same direction. It is not known whether these defects are due to
electron irradiition or to ion damage.

The useful information from the image is also limited by incoherent
scattering, e.,g. when the defect density is high there is considerable
overlap of strﬁcture. High voltage microscopy will not fhereforé be use=-
ful for observing very thick foils of high aislocation density, except to
indicate, és Fujita et al, (1967) have done, tﬁe thickness limit above
which meaningful values of e.g. dislocation density can bg measured. What
high voltage microscépy can do is to facilitate observing crystals of low
defect density and can bridge the gap between x~ray topography and electron
_ micfosc0py.

One specific application of high voltage microscopy was undertakeﬁ
.viz. the study of the interface between an epitaxial layer and its sub-
strate. priqally transistor devices of silicon are made this way and
impérfections have been observed in the epitaxial layer by many workers,
e.g. Booker and Unvala (1965), Finch et al. (1963). At high voltage, due
to the ability to penétrate thick Specimens; iﬁ is possible to prepare

specimens easily so that the interface is preserved in the foil. Fig. 11-



-10- ’ UCRL-17842

shows an example where stacking faults can be seen to originate from in-
clusions (not identifiable) at the interface. This result indicates the
importance of impurities at the substrate surface on the structure of the

deposited layer.

§ 4. CONCLUSIONS

1. The transparency thickness of crystals.increases with'voltage,
but no conclusions could be drawn regarding the‘voltage dependence except
that -the transmissive power varies'roughly as (v/c)? depending on the dif-

fracting conditions.
g

2. The value of the thickness limit decreases with atomic number
(and/or density) of the specimen, i.e. ﬁhe moré strongly absorbing the
materials the lower is the useful thiékness‘limit. Silicon, like‘alum—
inum, is highly transparent, being about a factor of four times as trans-
parent as stainless steel. The useful thickness limits at 1 meV are ap-
proxiﬁately 9u (Si) and 2y (stainless steel) for the operating criterion
~adopted here. For stainless steel there does not appear to Ee a great

gain in transmission above about 500 kV and more experiments are needed

on heavier metals, such as tungsten and uranium, and at 1 meV and above.

3. For practical applications UHV microscopy in thick foils can be 
-carried out most conveniently if systematic diffraction conditions are
employed. Simultaneous reflections should be avoided because fhey cause
complications in the image and increase the apparent absbrption. Two
beam orientations can easily be achieved by control of thickness and ofien-

tation.-
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4, The useful thickness limit is determined by contrast rather than
brightness and the information in the image is ultimately limited by chrom-
atic aberration due to inelastic scattering of the electrons by the speci-

men.
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FIGURE -CAPTIONS

The same area of a silicon foil after reducing the voltage
from 1200 kV to 300 kV showing the loss of fringe contrast
due to absorption. a) 1200 kVv; b) 1000 kV; c) 750 kv; d) 500

kV; e) 300 kV. The corresponding‘diffraction patterns show

. that the orientation remains constant with systematic [111]

reflections operating. Thickness ~ 3y.

Densitometric traces across the fault shown in Fig. 1.

Similar to Fig. 1 for austenitic stainless steel showing bright

and dark field (aperture) images; systematic <111> reflectioms. -

a) 1200 kV; b) 500 kV; ¢) 300 kV. Thickness ~ l.4u. Notice
that although fringe contrast is lost in c), the dislocation
contrast is still good in bright field, but the quality of the

dark field (aperture) image is fair due to chromatic aberra-

tion.

A plot of the thickness limit for silicon and stainless steel

determined from experiments such as shown in Figs. 1, 3 (sys-'
tematic <111> reflections). It can be seen that the limits

are not proportional to (v/c)?.

a) Bright field; b) aperture dark field; and c) selected area

diffraction pattern of thickness extinction fringes at the edge

" of a silicon foil at 1.2 meV. Notice the very large number of

reflections operating in addition to the principal <111> sys-
tematic. The doubling of the fault fringes is a result of

simultaneous reflections.
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Fig. 7

Fig. 8

Fig., 10

Fig. 11

-15- UCRL-17842

A plot of the dimensionless factor [Eé/ZwEg]against (v/c)
for silicon; mainly systematic <111> conditions except at

higher voltages (see Fig. 5).

Showing a comparison of the images of stacking faults in silicon
under a) principally systematic <111> conditions and b) sim-
ultaneous conditions at 1,2 meV. The sign of g has been reversed

from a) to b).

Comparison of a) bright field and b) dark field (aperture)
g = [200], images of twin fringes and dislocations in stainless

steel. Thickness ~ 0.6y at 1.2 meV.

Bright field images of twin boundaries and dislocations in stain-
less steel a) 750 kV; b) 500 kvV. ’Thickness ~v l.4p.  Fringes are
not observable in a) but the dislocations are in good contrast.
The ultimate uséful thickness limit in b) is indicated by the

poor contrast and resolution of the dislocations due to chromatic

aberration.

Showing small defect clusters in silicon after 20 minutes ex-

posure at 700 kV; beam current ~ 3ypA.

Showing the origin of stacking faults from inclusions at the

, substrate-epitaxial layer interface in silicon. Thickness of

the layer v 6-1/4p; photographed at 1 meV.
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