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'.»HIGH RESOLUTION IRANSMISSION ELECTRON MICROSCOPY
vR. Sinclair '
Department of Materials Science, University of California
and

Inorganlc Materials Research Division, Lawrence Berkeley Laboratory
-Berkeley, California 94720

Over - the past 15 years transmission electron’ mlcroscopy (TEM) has
played a particularly important role in the growth of materials science.
It provides almost all the data needed to characterize the microstructure
of ﬁaterials; morﬁholqgical froﬁ high magnificatien.micrographs, crystel—
lographie ffom seiected area diffraction pattefns and chemical froﬁ ele- |
tron microprobe or velocity analysis. From correlation of the micro-
structure with properties the faults of materiels ﬁeve been isolated
and the benefits of particular structufes recognized. Consequently,
it has beeome possible to design materials for a given application from
First principles.

The quest by the microscopist for higher reeoldtion to solve
microetructural problems has resulted in the,presedt generation o£ trans-
mission,eleetron microscopes. Lattice planes as closely spaced as 0.1 nm
_can now bhe :eselved add a number of techniques have‘been developed which
takevadvantage of this improved performance. The purpose of this article
is ‘to iliﬁsfrdte some of‘the recent advances in high resolution TEM with
Special fefe:ence to their relevance in materials science. (See references
v 1f4 for detailed.information concerning elecfron mdcroscopy and its

applications).



CONVENTIONAL,ELECTRON_MICROSCOPY:

. The most common mode of opera£ioh of the microscppé is the
formation of an image utilizing only the transmitted electron beam
(bright field image) or one diffracted beam (dark field image). Selec-
tionvof the desired beam is achieved with a small apéxture situated in
jfhe back focaliplane of the objective lénse. |

Magﬁifications up to 600 000 times at the viewiﬁg screen can bé
achieved by modern microscopes,'although itvis rafely ﬁecessary or in
fact desirable to operate under fhese extreme condifioﬁs. Smaller.real
‘areas of the specimen are iméged, intensity is weék resulting in longer
éxposure times angd the fequirement of ideal focusing énd astigmatism
correction becomes mofe stringent. Further magnification can be échie&ed '
by}photographic methods and it is generally believed that a point separation
“of 0.05-0.1 ﬁm on the photographic plate is suffiéient for most resolution
iéurpéses. Thus for a resolution of 0.5 nmva; the specimen, a magnification
by the miéroscppe 100, 000-200,000 times ig'often adeduate;

The_consider;ble progféss in materiéls science'héé come from under-
‘standing tﬁe imperfections in a materiai are related to its properties.
Since much of the important structural detail is fiﬁer than 10 . - high
resolution elecfron microscopy is invaluab1e. Contrast of iﬁperféctiohs
- in the mié:oscope arises from either locai variations of elec;ron scatter—
_ing power in fhe crystgl (e.g. composition differences'between precipitate

and matrix) or local Qéfiations of lattice spaciﬁg and orientation which
affect the diffraction conditions (e.g.'neaf the core of a dislocgtion);

Dﬂe'taileldbs_eries of the vbright and dark field images under controlled

spaecimen orientations are often necessary to characterize the defects, and



a systématic set ofbmiéfogréphs from ﬁhé sameiareé,is-normAIIy more
valuable than random high magnification pictureé'qf éeveral areas.
Examples of the role that TEM has played arevihdeed nuﬁer&us,
and some of the horé important developments are described in references
1-4. 'The_presént gxperiméntal‘investigation at‘Bérkeley ipto the
complex naturevof Struc;ural steels clearly exeﬁplifies the application
of conventional TEM. These studies have led to several suggestions for
the design of martensitic and bainitic steels which are at once strong,
tbugh and economical (5).7 For eéxample at the sémE-strength level |
-twinned mafténsite has generally been found to possesé inferior frac—'
ture toughness to dislocatéd martensite; Hencé the constituents ofva |
o '
strong, tough martemsitic steel should be those in which twinning can
'be avoided (i.e. carbon contents less than 0,4vainimal manganese
content) and an iron—é%vchrohium-O.BSZ carbon steel has been develbped

'~ to meet this requirement.

THE WEAK BEAM TECHNIQUEb

One of the many probleﬁs in imaéing small objects is no longer
that of instrumental reésolution but of obt#iniﬁg sﬁfficient‘contrast from
the object to rendef it visible. The "weak beam technique' not qniy.
enhances contrast bht,éiso produces a sharper.imagei(7).

Normally'during the charaéterizaﬁion of défects.by TEM the specimen
is carefﬁiiy'afientéd'SO thaﬁ only one beam is strongly diffracted (i.e.
cibse:to the Bragg reflection poéition). The elect;on beam in this
i cohd}tibn is very_senéitive to.smali stréinvfields_and the image width

is pftén much broader than the disturbance,centef (e.g. the image of a



 dislocation is ~ 10 nm whéreés the core may.énly,be 0.3-0.5 nm wide).
In the weak’beam technique, the specimenvis imaged in dafk field'using
a reflecfion‘which is faf'from the Bragg poéition for regioné'of
perfect crystal.: Thevimage is very diﬁ bﬁt where it is locally undér
large strains the lattice pianes may be distorted sufficiently to be_near
the Bragg position for the éhosen reflection, producing a bright imagg.
Contragt is high and the corresponding image width narrow (e.g. typiéal :
dislocation images are v 1.5 nm by this technique).
‘This method is a particﬁlafly important development for the

study of dislocations and their interaction with‘defeéts {e.g. pp 1-22

of reference 4). 'Dislocaﬁions as closely spaced as 3.0 nm can be readily

resolved, and the rédiation'damage produced'in ion-implanted silicon is

now being successfully studied at Berkeley (8).

LATTICE IMAGING

At present, one of the more cbntroﬁersial areas of TEM concerns
the interpretation of "lattice images". Tﬁese are produced when the
transmittéd Eeém and one diffracted beam (or sometimes more than one)
are allowed through the aperturerto form the image. The resultant
iﬁage is composed of é set of fringes both parallel to the lattice
planesvin the crysﬁal which give rise to the chosen reflection and of
spacing equaivto the separation of these lattice pianes. By analogy
with the AbBé principle in optical diffraction thebry; it may Be shown
thaﬁ the fringes represent the projection of the lattice planes; Thus,

any distortions revealed by the fringe pattern should correspond to




real distdftions in the crystal (3). Hdwever this simple treatment of
lattice images has Been critized on the grounds that the more complex
dynamical theory of electron diffraction must_be invoked, yielding
results wﬁicﬁ in general tend to invalidate the above argumént 9).
Whilst it was shown that interpretation ofvlattice images for faults
inclined té the imaged planes'must be treated with caution, it is stiil
nof certain whether a one to one corréépondence between planes and
fringes is invalid for faults Earallél‘to the planes.

Although the meaning of the friﬁges is far from clear the first
results of this method are extremely encouraging'fof'its.application to
the study of crystal defects. The disturbance.of tﬁe 1at§ice image near
a low anglgvgrain boundary has been compared with the excellent fit of the
fringes at épherent twin boundaries (3); tﬂe'distortioné at G.P. zones
in aluminqm copper alloys have beeﬁ shown to be consistent with a zone
ﬁodel deduced from x-ray diffraction results (10); and more recently the
present author has demonstrated that the out-of-phase naturé of antiphase
ﬁoundaries in ordéred copper-gold alloys is revealed by this technique.
It appears that this may ﬁecome a viable_and importénﬁ méde of TEM in

the study of iiperfections in materials.
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SELECTED AREA DIFFRACTION

As an‘extensiOﬁ of its role in deriving crystallograbhic informa-
tion, the sélected area diffraction technique aléo.haé cbnsider&ble
importance-iq providing information‘about very small heterogeneitieé.

The shape of diffraction spots is related to thg shapé Qf'the'objéct
producing them and examination of the diffraction pattern may yield
informatioﬁ not evident.in the high resolution electron images. For
example §treaked diffraction spots arise froh thin disc shapéd precipitates;
Often in strong‘alloys the density of distribution of the strengthening.
particles is too high fo£ iﬁdividual precipitates to be observed |

(e.g. in coppér—bgryllium alloys) and the supplemehtary‘information in the
diffraction paftérn proves invaluable.

As noted previously the contrast of a small object may be insufficient
to allow it to be seen in the image but.carefully taken diffraction patterns
may indicate the presence of an inhomogeniety. Recent work on short
_range brdef in a.vériety of nickel and gold based alloys is an excellent
example of the use of diffraction patterns in this way (11). By
thoroughly overfocusing the illumination of the specimen and, to compensate
for the éorrespondingly weak electron signal, phptographing the patterns
Wifh a long exposﬁre time the authors found weak superlattice spots hifherto
undetected. Consequently they were able to deduce the presence of small
microdomains_(approximatély 1.5 nm) éf order in'the_aisordered state of the

alloys.
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| CHEMICAL ANALYSIS AT HIGH RESOLUTTON
The.composition_of-sﬁall regipns.ﬁA§ be'qﬁtéined ftom suitably
modified-_micrOScopes,thus alloﬁing~dife¢t correlatidﬁﬂof ébﬁposiﬁion
variaﬁions wifh microstruétgral5featu?ésvin the imégé,-v To date the
‘-highest resolution éttaiﬁédAby such_teqhnidueé is " 10 nm and useful data
B is now being'collécﬁed'canerning forveXAmple Segregétion of‘constituents
‘near precipifates or other'défecté in mététials;'>Thié is provingbto Be
vparticulérly iﬁportant to the study of grain 1boundafies, which afe“v
often thé cause of premature:failure due to brittleness.
In théVenergy analyzing éiectron micfoscope the spectrum of the
" energies of eleétrons léaving the specimen is deﬁermihed. Energy loss
vﬁeaks, which are ;elated to thellocal‘compositipq,.qccur due to
' interactionslbetween fhe high_energy electroﬁs tra&eling through.the
specimen énd.tﬁe electrons in the'material; Wﬁiist tﬁe method.is
confined oﬁiy to the lighter elements, a‘variety 6f aluminum alloys are
beingwsthdiedbas'eXampies of‘parti;ulér metallurgica1 microstructures ‘
“(e.g. pp 188-221 of ref. 4). '
|  Thé Eléctron.Miscfoécope;with MicroFAnalysis‘(now available commefcially :
_through AET as EMMA—A).has been developed from the‘larger scale elect?on.
 microprobe,'§tilizing the cﬁafacteristié'*jrays genefated by-ﬁhe electron
beam striking the specimen; The‘béam can be focuééd to about 160 nm and
the x-rays emitted from this small area analyzéd'by'érystal spectrometry.
" Although thé épatial resolﬁtion of this instrument is not as good as for
the eﬁergy analﬁ?ing.microscope, its rénée,of applicétiqn.is much wider.
P;eiiminar& results (pp. 222-235 of ref. 4) have.a}ready aided in |

 elucidation of microstructural éhanges occurring during superplastic



deformation of zinc-aluminum'élloys and of the effect of gréin boundary

segregation on stress corrosion of aluminum-zinc-magnesium alloys.

HIGH VOLTAGE ELECIRO& MICROSCO?Y

.~ The appiication of TEM to the'stpdy of materials has greatly
expanded_sincé the recent development and availabiiity”of'high voltage
electron microscopes. As non-metallic materials are extremely difficult
to prepare as thin foils, the increased penetration with increasiﬁg
energy particularly allows study'of'such thicker séﬁples. Metallography
is thus progressing into a wide range of materials at voltages in the |
range 6f 1 million volts compared with the normal operéting voltage of
100,000 volts.

Recent work at Berkeley into the vapor deposition of epitaxial
layers of gallium arsenide dobed’with tellurium.onto gallium arsenide
illustfatés the advantage of the penetration'(IZ)} Combinations of such
‘layers are used in making pﬁlsefgenefating dEVicesbﬁtvelectrical breakdown
is knowm Fo occur at the epitéxial-interface. High voltage TEM showed
the cause of breakdown to be defects at the intefface from which dis-
1ocations'andvdiSlocation téngles emanate. The defects were subsequently
identified by microprobe analysis to be silicon and fhus by enéuring
the absencevof silicon during the evaporation failure of the devices

may be averted.



HlGH RESOLUTION HIGH VOLTAGE ELECTRON MICROSCOPY

At high voltages it” is not normally p0551ble to operate under the
- two beam condition which is commonly used at 100 kv, Several reflections
are simultaneously closer to their exact Bragg position. ) Certaiﬁ
advantages cao'oe gaioed from'this,teSpecially if the.specimen is oriented
so that a low index systematic row of reflectioms is excited (i.e. all
thelreflectiops lie in a row in reciprocal space and thus have indices
in the same ratio: (hkl);'(2h2k2£) etc.)

As the'specimen is tilted so that higher order.reflections of the-
- systematic set are excited the image width of defects in the bright field
image_reduces considerably (12). However the contrast of the defeet
also decreases so;that avcompromise must be met at intermediate reflections
to optimize reaolution égd.visibllity. Nevertheless the improved clarity
of'the image can be quite striking and is often comparable with that of
the weak beam technique (13). Although originally developed under high
voltage conditions a systemat1c row orientation can be produced at 100 kV
Thus with the ease of focusing a brlght field 1mage and the shorter
exposure times involved it may become an attractlve-alternatlve to
‘weak’beam imaging.

An exciting development in high voltage electron mlcroscopy has
evolveds1nce the discovery. of the lcrltlcal_voltage effect . For
- particular_incident electron”energies the intensity'of the second order
Bragg refleetion in a systematie row is a minimem and the critical
voltage (Vc).at which this oeeuts Cap be determined by suitably varying
the accelerating_voltage during mlcroscopy. Vc depends on the electron

‘scattering factors of the first and second order reflections of the set
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and on the ﬁnitvceil”dimensions of the‘material,_and is thus sensitive
to any inhdmdgeneity whiéﬂ locally éhanges these parameters. It has.
already been used to study segregatidn effects in:alloys (e.g. Vc for |
the (400) reflection of Mickel deéreéses.from 600 KV to 200 kV on the
additioh of 30% gold), lattice parameter changes,vdegree of order of
partialiy ordered alloys, and also to determine acéﬁrate atomic séatter—
ing factors and Debye temperatures (14 and pp 23-59 of ref 4).
Furthermore it has also been shown that dark field imaging under
critical voltage conditions enhances the contrast and reduces the image
width of defects which locally alter Vc. The possiﬁility of readily
deriving Both chemical and microstructural information is provided by this
technique and it ;s one which should aSEumé greatér importance over the

next few years.

vCONCLUSION.S |
Several new téchniques in transmission electron microscopy have
been'described, both for operation at conventional and ét.high voltages;
These cdnsiderably diversify the study.of materialsvat high magnificatioﬁ
and render thé correlation of microstructure and_ﬁroperties a more
precise science. In the future TEM shoula continue in its importance
to the materials scientist and the emphgsis'bf microécopy should become

increasingly more positive in its approach to the design of materials.

|
|
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" FIGURE CAPTIONS
VvFig. 1. A iattice imége‘of_gold, showing tesolhtionvof thé (200)
.planes SPaCed 0.205 nm aparﬁ. (Magnifiéatién
Fig. 2. 'A.échematiC'diagram 11lustrating the main functions of the
transmission electron microséope.
.Fig. 3; Fracfure toughnesé versus yield strength fop Fe-Ni-Co-C
vmaf:ensitic'steéls.' Low fractute.toughness‘is assdciéted
with twinned martensite, high fracture‘togghness with the
.dislocated ﬁartensite as indicated by tﬁe inset micrqgraphs.
(Courtesy ASM, ref. 6). |
»Fig. 4. Bright fieid (a) and weak beam dark field (b) images of ion-
o ,1mpiantatioh damage in the same area of a silicon specimen.
The improvemént of the weak beam image allows the crys;al-
lographic néture of the defects to be cieafly_recognized.
~(Courtesvaadiétion'Effects, ref. 8). |
Fig; S.I-Lattice imagé ofvperiodic antiphase domain boundaries (APB'Q) ’
" in ordered copper gold. The superlatticéﬁ(110) planes
(spacing 0.276 nm) abutt at each APB illﬁstrating their
antiphase nature (Magnification - | .
Fig. 6. Selecﬁed area diffraction patterng of disofaered NisNo
showing the presence of weak superlatticg reflections.
’(a,'[OOI] pattern (b) [110] pattern; (Courtesy Acta Metal-
lurgica,:ref.vll). | v
. Fig. 7. High voltage ﬁfight‘field electron micrographs (at 650 kV)
| of dislocations emanating from faults, ét epitaxial interfaces

in GaAs electrical devices (Courtesy R. Osiecki, ref. 12)
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Fig. 8. ‘High voltage dark field image of'diélocatiods in aluminum-7%
- magnesium taken at 400 kV, the criticai vdltage conditions for

- the (222) reflection (coﬁrtesy W. Bell and G. Thomas, pp. 23-59
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Fig. 4a
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Fig. 4b
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Fig. 5

,L' ¢
XBB 739-5694




il B

XBB 717-3406A



~24~

XBB 716-2378

Fig. 7



.

XBB 702-1088 Right

Fig. 8



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





