Lawrence Berkeley National Laboratory
LBL Publications

Title
Direct Imaging of Grain Boundaries

Permalink

bttgs:ééescholarshiQ.orgéucgitem402v6351g

Author
Gronsky, R

Publication Date
1979-09-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0pv63516
https://escholarship.org
http://www.cdlib.org/

U s o e b1 7y W

pC -28

LBL-9779C, ’

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

Materials & Molecular
Research Division

Presented at tvhe ASM Science Seminar, Milwaukee, WI,

September 15-16, 1979 RECEIVED
LAYRENC
BERRELEY LA&%REA?ORY
DIRECT IMAGING OF GRAIN BOUNDARIES BEC 4 1979
f LIBRARY AND.
R. Gronsky ' : DOCUMENTS SEC'}IQN

For Reference

September 1979 " Not to be taken trom this room

|24 LL 4 =797

Prepared for the U.S. Department of Energy under Contract W-7405-ENG-48



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.




DIRECT IMAGING OF GRAIN BOUNDARIES ..
~ R. Gronsky |
Materials and Molecular Research Division

- Lawrence Berkeley Laboratory, Berkeley, CA 94720

ABSTRACT

- There are currently two types of mickoscopesvwhich, in principle,

are cépable of imaging atom positions'at grain boundaries. One, the

_kfieldvion microscope (FIM); yields a prbjection of the specimen surface

(apprdximately stereographic) by field ionization of an imaging gas at |

. protruding atom sites, and provides topographic information in high-

index pole regions which may be interpreted atom-by-atom. The other, a

transmission-e1ectfon microscope (TEM), yields a projection (approximately
‘Tinear) of the entire specimén.thickhess by electron optical imaging, and

provides atomic resolution detail throughout the illuminated area. In

this paper, both methods are describéd and compared, using .examples from

practical matéria]s~5ystems.'



I.Jf INTRODUCTION d
Mater1a]s sc1ent1sts have long been aware that there is much. to be

| - learned about the behav1or of gra1n boundarles from a deta11ed understand1ng

. of their structure Prob]ems such as 1ntergranu]ar embr1tt1ement, 1nters

granu]ar corros1on, segregat1on, recrysta11lzat1on texture, and boundary

' _m1grat1on rates are all 1nt1mate1y connected to the nature of atom1c

'bond1ng across a grain boundary.(]) Some - success in descr1b1ng these |
_phenomena has been rea11zed by theoret1ca1 models of boundary structure
~which are based upon the concept of a trans1t1on 1att1ce,(2) but the
shortcom1ngs of these mode]s are most obv1ous in those reg1ons of the B
crysta1 where theyvare most needed. a mono]ayer or two on e1ther s1de
fof the boundary. p1ane R . |

The study of gra1n boundarles 1s therefore best accomp11shed by
'exper1menta1 methods wh1ch prov1de a dhrect 1mage of local atom1c arrange-
1ments across the boundary v1c1n1ty Nh11e 1t is true that some of th1s
1nformat1on may be. obta1ned by 1nd1rect methods, i.e. d1ffract10n,(v)
:there are st111 considerable prob]ems in 1nterpretat1on, part1cu]ar1y :
of the amb1gu1t1es present in d1ffuse scatter1ng -from non- per1od1c defects

“In this context the present paper presents a review of currently
ava11ab1e techn1ques for direct imaging of grain boundar1es field ion
microscopy and transm1ss1onse]ectrongm1croscopy, _Deta1lsvof operation,
1mage formation, image interpretation'and.app]ications.to the study of
boundaries are descrlbed and compared A]thOugh the complementary

capab1]1t1es of both types of 1nstrument for chem1ca1 m1croanalysws are



equally impressive;(4?5) such topics are beybnd the scope bf;the
pfesent-article. Emphasis is instead_placed on the advéntages and

limitations of these techniques, both obvious and subtle, for high

, reso]Qtion Structura]fanaﬂysis,'inc]uding recent progress in the

development of atomic resb1utianmicroscopy.



I1.° FIELD ION MICROSCOPY = |
| _II 1 Principles f- SR R ’n o ';__' , B _~::.' B .
| Erw1n Mu]]er S deve]opment of the f1e1d emission m1croscope (FEM) o |
led promptly to the f1e1d ion m1croscope (FIM) pr1nc1pa11y as a. resulta
'of his search for 1ncreased resolut1on (6) Due to the lateral ve]oc1ty__,
component of its em1tted e]ectrons the FEM 1s restr1cted to ~25A |
| 'reso]ut1on, whereas the FIM can achleve an order of magnjtude better,
| thereby making it a-Candioate foh'imaging atOmic structure; The essential
features of the two 1nstruments are the same a pointed emitter tip whiéh
is fabr1cated from the spec1men mater1a], an aop11ed potential to produce |
- and accelerate the 1maq1ng partxc]es, an evacuated column, and an image
1ntens1f1er/record1ng system, usually based on a f]uorescent screen
i Deta1ls of typ1ca1 systems are: available in severa] good reviews. (7 8) _

| In the FIM, “the 1mag1ng part1c1es are gas ions, obtained by bleeding .
neutral gas mo]ecu]es at low pressure (=10"% torr) into the specimen
chamber.v These molecules are preferentially ionized at the locations
of highest e]ectric field suhrounding'the-positjveTy-charged emitter'tip'
and subsequently acce]eratedvfrom these iOnjzatfonrsftes'to,the imaging
screen, which is held at ground potential. It is emphasized'that the
| ,tieId ion image is actuallyva mapping of the electr1C'fte1d distribution
a small distance'above‘the emitter-tip;(9) this.fact has important
imp]icationsvin imaqe interpretation as explained in. the next section
Note also that there are no focus1ng lenses 1n the FIM making . 1t more -

of a projection dev1ce than a "m1croscope.“ However, the projection. process



results in appreciable magnification (=107X), enabling the individual

ionization sites to be distinguished.

' II.2=Image Formation-and interpretation_v: | |

'The'FIM image, therefore,'eXhihitsrthe.arrangement of gas ionization
s1tes very'hear'the.soecimen'surface; Obviousiy, if the atomic structure
of the specimen is to be resolved byvthis technique, then.each_ionizatioh
site must be separated by a s1ng]e 1nteratom1c spac1ng - Reference to.
the f1rst f1gure shows that this cond1t1on is somet1mes, but not a]ways
'rea]1zed.

Figure 1 depicts the geometry;‘in roUgh'schematic'form, of a.typical
FIM emitter tip,}!Although thevovera11:shape‘of‘the tip is'smooth; there
"canfbe'seuere dtstdrtions_in_]ocal'radjus;»depending uponj1oca1“at0mic
‘structure;v These:in turn.affectvthe'ioCalvfield distributioh,}such‘that"
the-electric‘ffeld is highest at surface atom protrusiohs.: Note from
Fig. 1 that such sites (S) which mark the siteS‘at which gas molecules
will be preferentia11y ionized, are'widelyvspaced in the Tow-index pole
‘regions.(e,g}, L) of the'tip,-but become much more closely soaced in the
high-ihdex pole regions (e.g.,'H). 'Based sO]e]y.upoh tip geometry, then,
reso]ut1on of atomic structure will only occur where the specimen surface
s ‘paraliel to the high- 1ndex p]anes of the atomic lattice, or where the
Tow-index p]ane surfaces are very small in area. (]O) Isolated atoms which
by chance protrude from 1arger segments of 1ow-1ndex plane surfaces will
also be,observed, but thelr'structural re]at10nsh1pvto contlguous atoms

will not be‘obvious.



_ spec1men

Another geometr1ca1 aspect of the 1mag1ng process which affects
.1nterpretat1on and resolution 1s the nature of the prOJect1on itself.
'The dashed ]1ne in F1g 2 represents a reasonab]y probab]e traJectory(7)'
"of an 1on in 901ng from the surface of the em1tter t1p at X to the
_ 1mag1ng screen at X'? the exact traJectory path has not yet been
'established;(jl) ‘The extrapo1at10n of al] p0551b]e Tines X' X back
-through their 1ntersect1on with the center11ne ax1s of the emitter
tip define a proaect1on po1nt P 1ocated at d1stance Nr behind the -

' Spherica1 surtace (radius.r) of the emitter tip. Also p]otted at the
_:screen pos1t1on are the po1nts at wh1ch X would appear in standard
gnomon1c {G), stereograph1c (S), and orthographlc (0) proaect1ons,

for which N = 0, 1 and o respect1ve1y “An alternatlve, nonsstandard
proaect1on suggested by Brandon, (12). ‘which sets. N equa] to 2, is a1so f
plotted (B) Note that in genera], none of these proaect1ons give o
an exact fit to the typical FIM 1mage It has ‘recently been-shown(]l)
however that most FIM m1crographs can be proportlonally sca]ed to a-
stereographic proaect1on v1a a constant‘factor. For analysis of atom1c
harrangements at structural discontinuities, this.factor must be determ1ned
with high prec1s1on A | | | |

Figure 3 demonstrates the 1nterpretat10n of a f1e1d ion micrograph

in terms of a standard stereographic projection. The m1crograph in (a)
is a particularly striking exampie,_taken.trom a fu11y'ordered Ni4w
(]3) It is abparent'that the oVera]T‘symmetry 6f the b.c.t.

'stereograph1c proaect1on 4in (b) occurs: in the image; however, atom1c '
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’ level d1screpanc1es are readily found by closer. scrutlny of the

image spot patterns These are common to ail FIM 1mages and represent

an increase 1n magn1f1cat1on for poles 1nc11ned at large angles to

| the tip axis. (8) A B |

' Other more severe effects wh1ch prevent atom1c reso]ut1on in the
"FIM stem from tnevspat1a1,d1stort1ons in the emjtter t1p induced by

‘ the high app]ied‘field. .These stresses may modify the atomic arrangement

being studied, such thet'the actual structure is grossly*misrepresented.

‘"’Frequent causes are: a non-oniform distribution in the applied fde1d;(]4)
~ e]ast1c anisotropy of the spec1men,(]4) preferential field eyaporation N

of atoms at the core of defects,(15) and - po]ar1zat1on bond1ng(16) which
results in "zone ‘decoration.” Less severe,'but equallyvdamag1ng't0s

- reso]ution;fare image instabilities produoed when surface atoms-ereo_'

: brought to their evaporation threshoid by the local ffe]d. Often such
“effects oan only be identffied-by c0mparisons with computed images

(cf. Fig. 4). | |

I1.3 App11cat1ons to Gra1n Boundaries

Each of these limitations, of course, oeCOmes all the more pronounced
when'app]ied.to_the imagfng_of atomio,StrUCturéeatfgrain boundaries; |
Recognizing that the most significant resu]t to be obtained from such
" an experiment is the nature of bonding aeross the boundary piane, the
constra1nts 1mposed by - the geometry of the spec1men are illustrated
| in F1g. 5. This schemat1c ‘FIM image of a grain_ boundary demonstrates

that contrast at a boundary,1s produced by the m1smatch;of the-characteristic
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In another study,(zo) oXygen segregation to tbngsteh gréin

boundaries was imaged at monolayer thickness (see Fig. 9); however , -
resolution was again insufficient to determine the_exa¢t~hature of

the solute sites.
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'III TRANSMISSION ELECTRON MICROSCOPY

_III 1 Pr1nc1g]es '
_i Unlike the FIM a fransmission electron-microseepe (TEM)'isu'
_faccurate]y c]ass1f1ed as . an. eIectron 0pt1caI dev1ce and 1ts operat1ng ;" B
~ principles are f1rm1y estab11shed 1n trad1t1ona] theor1es of opt1cs..v .
vahe 1nstrument cons1sts of an e]ectron gun illumination source, a
ser1es of electromagnetic Ienses, a stage for man1pu1at1on of the
spec1men under the beam, and an 1mage d1sp1ay/record1ng system, a]I
' housed in an evacuated cqumn The TEM s generally in more w1despread
use than the FIM and’ its app11cat1ons in mater1a15 sc1ence have been :-.
descr1bed 1n numerous reviews. (21- 23) _ |
| Because 1t operates in a transm1ss1on mode, the TEM requ1res>
l spec1mens wh1ch have been th1nned to eIectron transparency “The electronsev:
wh1ch traverse the foil are brought to focus by an .objective Iens that
is coupled to a projection system for dISpIay on a f]uorescent screen
at up to IOGXvenIargement. Atom1c resolution 1mages,obta1ned'1n,th1sb
way‘are thereforeva projection of;atomic columns through the thickness
of the foil. In addition, there are no fnherentumechanismsvin thei.
image formaiion.process which physicallj~prevent seeing the structural
arrangement of neighboring atoms in the projection plane. This is a
consequence of ény optical system: each objecthpoint-(atdm'Columns)
can potentially be mapped, simultaneously, as an image point with ..
: Sufficiently precise experimental control. The required extent of this

control is outlined in the following section.



III 2 Image Formation and Interpretat1on

Convent1ona] 1mage fomrat1on in theﬂEM1s ach1eved by nagn1fy1ng
"_e1ther the forward scattered beam ‘to form a br1ght f1eId -image, or one .

.‘of the Braggsscattered beams, to form a dark field image. . The mechanisms
‘respbnsible for contrast Undér these cohditiohs have been uhderstood and |
~ utilized for quite some timeI(Z]) Nevertheless, single beam imaging
_canndt reveal the atomic structure ofﬁthe specimen dUe'to its high]y
restricted sampIing'of reciprocal space. -Figure.IO schematicaIIy'
'v illustrates the nature of this probIem | | |
Accord1ng to Abbé S theory( ) the compIete diffraction pattern
'appear1ng at the back focal plane of the obJect1ve lens is actually
a.mapping of the Fourier transform of'thevspecimen; .MaxImum‘informatidn
about the specimen; j.e., at highest-reso]ution, shouId.therefore be
_obta1ned by an 1nverse Four1er transform where: aII Four1er coefficients
| have been retained. Th1s is reaI1zed in practice: by including aZZ |
beams from the diffraction pattern in the imaging aperture.- Unfortunately,
this process is oh]y possible for a perfectiobjectfve lens of infinite
aperture. vReaI eIectron~opticaIlsystems introduce modifications in both
amp11tude, due to a finite aperture s1ze and phase, due to lens aberrat1ons,
of the 1ntens1ty d1str1but10n at the back focal plane. (25)

. The phase distortion of a beam Iocated at q from the opt1c axis -

is descr1bed( 6) by a funct1on E
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' where C 1s the spher1ca1 aberrat1on coeff1c1ent and Az the extent
of defocus of the ob3ect1ve for an electron wavelength A. Note that '
at underfocus (negat1ve Az) the detr1menta] effects of spher1ca1 o

7).

“aberratlon can be part1a11y compensated ( In genera] however,-
:‘ the Spat1a] 1nformat1on conta1ned w1th1n a part1cu1ar beam at q1 w111 -
be fawthful]y transferred to the image on1y when its correspond1ng :
'phase factor exp(i X(q1)) is near un1ty For th1s reason the var1a-" ‘
't1on of exp (i X(q)) over all rec1proca1 space, known as the contrast’
_transfer function (CTF), gives an 1nd1cat10n of the imaging capab111t1es
of. an objective Tens As shown in Fig. 10 the d1ffract1on spectra
are mod1f1ed by the CTF before inverse transformat1on to the 1mage
plane. | Obv1ous]y, the exact relat1onsh1p between 1mage deta11 and
» ,obJect detail is also conta1ned in the transfer funct1on |

It is instructive to examine the behav1or of the CTF w1th changes
'fn focus, since th1s 1s usua]ly the only parametr1cvcontrol left to the.
operator of a given. TEM - One examp]e is presented in Fig. 11, computed-"5
on the basis of - Equatlon 1, and show1ng the. var1at1on 2:sin X(q) VS. gv
for 1OQkV e]ectronsvand CS = 0.7 mm. The correspond1ng defocus va]ues

re: (a) 0, (b) -600, (c) -1200 and (d)p#1400-3; It.is obvious from

'this figure that, contrary to intuition, there is actually.less resolutionA
inva “perfectly “focused" micrograph (Az ='0) than in.one_which is taken
"out of focus." This conclusion stems from the maximum value of the
transfer funct1on at the h1gher Spatlal frequency va]ues (1arge q), where

>resolut1on is greatest, in (b) (c), and (d) Note in (b).the emergence
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Vof*a—broad'tranSfer'interva15 representing a re]ative]y’]arge‘region.
of rec1proca1 space over which obJect detal] is preserved in the image.
'Th1s main transfer 1nterva1 then moves to even h1gher q with 1ncreas1ng]y
larger underfocus. By compar1son an 1mage taken at exact focus 1s '
. _ljmited,to =SR point—tofpo1nt resoluttonr(gm .25 in (a)) wh11e at
. ?12003 underfocus, resolution is improved to = 2.5A p01nt-to—p01nt
r(qmax .4 in (b)) From thls settlng, a further change in focus of
only 200A (cf._F1g ll(d)) reverses image contrast, i.e. atoms appear1ng
. as’ wh1te dots above a black background become black dots on a wh1te
| 'background _ ,
An exper1menta1 determ1nat1on of the transfer funct1on wou]d be '
a usefu1 aid in image 1nterpretat1on ThlS can be accompllshed by 1mag1ng
-~ in the TEM a specimen. which is representat1ve of aZZ p0551b]e spat1a1
-frequenc1es, e.g. an_"amorphous" mater1a1. Using the negat1ve TEM -
image as a diffraction grating,dan optical diffraction pattern would
then show which SpatiaT frequencies were actua11y_1maged,(28) and which
were filtered out due to the local minima in the CTF, i.e.,:the "power
 spectrum. " Figure 12 is an‘eXamp]é of such an experinent - In going
from "exact focus" in (a) to. 800A underfocus in (b), to 2200A underfocus
in (c) ‘the outward motion of the main transfer interval 1s apparent
Note that as the majn interval, dep1cted by the diffuse halo, extends.
radially, the diffraction spots emanating from image detail increase in
71ntens1ty, represent1ng an 1ncrease in 1mage contrast A]so.in (c) a’

new set of h1gher order d1ffract1on spots appear, represent1ng an 1ncrease in
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resdldtibn In this manner,'an opttmum 1maglng cond1t10n for atom1c e
leve] deta11 can be read11y determ1ned

S1m11ar man1pu1at1ons of the transfer’ funct1on have resuited in
: spectacu]ar TEM 1mages of atom1c structure The exanp]e given in

(29) compar1ng the wh1te dot images of atom

Fig. 13 is one ‘such case
COiumns in a [110] oriented si]icon crystal with a schematic projection.
~ of the atomic positions in a []TOj orientedﬁdiamohd.cubic'1attice; o
The agreement is ohefto-onehat 1.4A resolution. | o

II11.3 Applications to Grain_BdUndaries,

The difficu]ties,invo]ved in imaging atomic positions_at'grain
boundaries become obvious when it,fs realized that this requires
sufficient breadth in the main transfer interval to accommbdate_hot'
only the Bragg peaks from a s1ng1e perfect crystal but the Bragg peaks
'from a second, m1sor1ented perfect crystal, and the d1ffuse scattering
arising from the defect structure of the boundary as we]] A typical
experimental case might be as_shown in Fig. 14. Here, the limit of
- effective contrast transfer has been set at the position of the dashed
Tine. Note that although all of the low index planes from grain 1 will
be 1maged in this case, on]y one set of such p]anes from graln 2 w111
appear. S1nce atomic pos1t1ons are de]?neated by the intersections of
thése planes, the atoms in only one grain will be seen, w1th the deta11ed
structural configuration across the boundary necessarily lost in cqnsequence.
There are other»concerns in high resolution imaging of boundaries |

which derive purely from the choice of imaging reflections. These are
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111ustrated via a one-d1mens1ona1 optical ana]og 1n F1gs 15 and']6"
The "spec1men" chosen for th1s exper1ment is: p1ctured by s1mp1e

photogram 1n Fig. 15.’ It is an ‘electron m1croscope support gr1d

3 mm in. d1ameter w1th two d1st1nct sets. of gr1d spacings, half of them

narrow and half w1de, Jo1ned 1n the center A small square at the center

represents two d1mens1ona1 deta1] at the "boundary“ olane and there

i are obvious "po1nt“vdefects one in the wide grld reg1on, one.(sma11er)

in the narrow grid reg1on. The actual gr1d (wh1ch is the Fnegat1ve

vof this 1mage) was placed in an opt1ca1 bench and 1maged with 1aser |
H}111um1nat1on under the cond1t1ons shown 1n Flg ]6 o
By fu]] recombination of the entire d1ffract1on pattern (F1g 16(a))
“all the detailed features of the object werevaccuratelj imaged. However,
a moreirea]isttc representation of the limitations‘of-an optica]ltransfer
function was produced7by'inserting a.f mm diameter.aperture at the back -
foca] p]ane of the obJect1ve truncat1ng the h1gher order d1ffracted '
1ntens1t1es ' The result (Fxg 16(b)) is again a. recogn1zab1e 1mage in
which the prom1nent features of the obJect have been reta1ned Note,-
'however, that the centra] square is now c1rcu1ar due to the loss of the -
higher order harmonics in the_Four1er spectrum,‘and that while the
Smaller point defect is gone " the larger one-is still apparent.

| -Under even more ‘restrictive 1mag1ng cond1t1ons, s1mu1ated by a
l.600 um aperture at the back focal p]ane the 1mage of the boundary
can be»severely-aberrated‘ F1gure 16(c) demonstrates -that by mlstaken1y

choosing the dfffracted intens1t1es from the wide gr1d region only,
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(e.g., a singie'grain), the image loses all evidence of aigrain

- boundary. In fact, the wider grid spacings are reproduced across the -

entire fmage; even into the harrow'grid"regioh; It is therefore-not
surprising that the two d1men51ona1 deta1ls are also unrecognlzable.
_F1na11y, F1g 16(d) shows that even wwth the 1mpos1t10n of severe-
'aperture'reStrict1ons, as ‘in the case of a 11m1ted transfer 1nterva1,
the charaCteristics of'the’boondary region can be salvaged ‘Here, the
aperture was positioned so as to 1nclude a single reflection from each_ :

-~ grain, represent1ng a Four1er transformation in wh1ch only the flrst

'1 order coefficients have been reta1ned,. Note that in spite of the loss

- of two-dimensional-detail the'“bouhdary“ has indeed*been properly .
'1naged with the correct number of "lattice p]anes" on. either side.

An exper1ment of th1s sort: empha51ses that there is much to be
gained from direct 1mag1ng of boundaries u51ng on]y two beams wh1ch
reveal the matching of lattice planes at the boundary reg1on (30)
Two examples of this technique are presenteqlln the fol]ow1hg m1crograph$.

~ Figure 17 shows. an image of the cTose-packedr(11])-p1anes in an
aluminum-base-alloy as they cross a small angle grain boundary.' At this
“level of resolution, the accommodatidh of»mismatch can be 1ocalized to
within a sxngle 1att1ce plane (sol1d arrow) however, reg1ons of extended
- accommodation are also visible (between open arrows). By imaging the
lattice p]anes wh1ch parallel the boundary plane (Fig. 18) m1croledgestructures

are’ c]ear]y revealed (arrowed), even. though they are only a single

lattice plane spacing in height. The ledges are observed at adensmty



: which estabTishes“the macroscoptc orientation changes in:grain boundary
facets | | _ B _ | | y

Most meta]s and alloys are suff1c1ent1y c]ose packed so that even
.vw1th the use of a h1gh order transfer 1nterva] in a convent10na1 TEM,
| reso]utlon is limited to the 1att1ce p]ane 1eve1 as shown above )
 However, with specimens of a more open structure the probab1]1ty of
achieving mu1t1 d1mens1ona1 lattice 1mages or structural 1mages, 1s
vastly 1mproved; A large c]ass of commerc1a1 materlals based upon the
diamond4cubic structurevfa11 1ntorth1s category, €.g., Sj,or Ge semi-
conductor devices. | | | B

- By, comb1n1ng all f1rst order ref]ect1ons in a [110] zone, the

structural 1mage of a smal] ang]e grain boundary 1n Si,- shown in . F1g 19
" was obtained.. The 1nterest1ng aspect of this 1mage is the crysta]lography
.of the large sca]e facets in the boundary p]ane which follow the traces
of all of the 1ow index families.  Detailed studies of the atom1c matching
across the_boundary_show that the reg1ons of_greatest d]Sturbance are at |
the 1ntersections ot these 1edges, and may represent extended core regions
of the boundary d1s]ocat1on net _

" The same 1mag1ng cond1t1on applied to a higher ang]e boundary ‘yielded
the result in Fig. 20(a) for'a Ge spec1men.( )v A number of microtwins
(arrowed) is seen in add1t1on to the hor1zontally or1ented gra1n boundary,
which is character1zed by~an'a1ternat1ng array of-1arger and smal]er-wh1te
spots than those seen w1th1n the ne1ghbor1ng gralns. The»detailed model'

of the boundary, der1ved from th1s 1mage and shown 1n Flg. 20(b) depicts.
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' the atom1c structure of the boundary as alternating seven-membered :
'and f1ve—membered rings of Ge atoms wh11e the surround1ng matrix
structure 1s s1x-membered There is clearly no d1screpancy in ther
" nature of- atom1c arrangements across the boundary p]ane, no dang]1ng
}lbonds are observed and the co1nc1dence site 1att1ce (Z = 9, 39°<011>)
can be prec1se1y dxst1ngu1shed | |

In more recent techno]og1cal advances the performance of higher
voltage TEM's has been improved such that atom1c resolutlon.lmag1ng of
grain boundaries.in'even the most closeépacked-materials-is now pos-
sible. (32) Figures 21 and 22 arevexamoles taken on a TEM operating
at an acce]eratlng potent1a1 of 1 MeV, and show all atom pos1t1ons
across the boundary p]ane dec1s1ve1y reso]ved At th1s operat1ng
,voltage ‘the 1nstrumenta1 resolution (AX), g1ven by

x-och4 e (@

-1s obviously dom1nated by the smaller e}ectron wavelength even with
an accompanying order of-magnltude increase in spher1ca1 aberratlon

(32) 'Th1s is c]ear]v the most des1rab1e pathvof.develope

coeff1c1°nt
ment for transm1ss1on electron microscooy, and holds the promise of
rout1ne atomic reso]ut1on 1mages of graln boundar1es 1n a]] classes

of mater1a1s,'
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- Iv. SUMMARY A

| Although one of the earl1est successes of the FIM was its

| c]ar1f1cat1on of the structure of h1gh angle grain boundaries

(viz., ru11ng out the "amorphous boundary 1ayer"'concept),(_) 1t ‘has
1ost con51derab1e ground to the TEM in more recent attempts at d1rect
._1mag1ng of boundary structure The ]1m1tat1ons of the FIM in th1s o
'regard are overwhelming geometr1ca] aberrat1ons in the ion projection
vpath, 1oss of detaii in low index po]e‘reg1ons,.f1xed specimen or1entat1on,
and field induced distortions, including preferentia] eyaporation'at;the
boundary'p]ane. AsSdciated,with this latter problem is the_requirement
that the specimen be able to sustain a high surface field in the”first
place. This immediately ]imits the'pOssible range of FIM.Specimens to
good e]ectrtcal conductors, and even then many metals_(e.g{; Al, Mg, In,
Ti) succumb to the high e]ectrostatic”forces on.the emittervtip-during
Operationv | o | |

As a: consequence of these d1ff1cu]t1es gra1n boundary studies with the

FIM have shifted emphas1s away from structure towards composition. When
interfaced with a time-of-flight mass spectrometer, the‘FIM-atom probe(33)
has the potential for determining the precise concentration and distribution
of segregate species at grain boundar1es in candidate specimens. (34)
Judg1ng from the more recent reviews on the top1c,(35) this type of
app]1cat1on, coup]ed with TEM ana]y51s,_appears_to‘be the most likely

course of future deve]opment:inffield jon microscopy.
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N In extremely rapid para]]e] deve1opment the»resolut1on and -
v'stab111ty ref1nements cont1nua11y be1ng 1ncorporated in the convent1onai
. TEM have made p0551b1e the recent appearance of the atom1c resolutlon ,
}m1croscope (ARM) w1th essent1a11y no. need for further enhancement,;
d'deconvo]utlon, or process1ng, the photographs produced 1n the ARM

g1ve a direct v1Sua1 representat1on of atom1c structure: as prOJected
through the th1ckness of the spec1men Metals, sem1conductors, 1nsu1ators; '
and comp]ex alloys are all amenab]e to study by th1s technlque(36) and '
_the first in- s1tu observat1on of atomic mot1on across a mov1ng 1nterface
"has already been reported. (3 ) 0bv1ously, there is 1mmeasurab1e benef1t

to be derived from the further'deve]opment and_1mmed1ate_app]1cat1on:

‘of atomic reso1utionvmicroscopy in grain boundary research.
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Fig.

 Fig.

Fig.

Fig.

Fig.

Fig.

FIGURE CAPTIONS

’Scheméti¢‘i11Ustration'of the atomic arrangement in an

vFIM”emitter'tip Note that the-density'of protruding-

_surface atoms (S) is greater near h1gh-1ndex p]ane

o surfaces (v1z , H) than at ]ow-1ndex p]ane surfaces

(viz., L).

: Schematic i]luStratjoh'showing_the actual trajectory (dashed

- Tine) of“ao ion striking the screen at X' and the points -

B predicted by'various standard:geometricaT projections (G,S,B,

and 0; see text for detalls) from the same obJect point, X
(a) FIM m1crograph of a fu]ly ordered u14w specimen and
(b),,]ts correspondJng‘stereographjc‘proaect1on (courtesy _
HofrTohg'and Washburn,:ref. 13). " | |
Computer simulated,FIM‘image»of an-f.c;c. cry§ta]'in.ao_

[001] zone orientation (courtesy of J. Washburn):

. Schematic i]lustration showing grain boundary contrast in an

FiM'image.,_Atomic.1eve] detaiT_at (a) is likely to be distorted

due ‘to ofoAXis projection and at (b), appears only within one
of the cont1guous gra1ns |

(a) FIM m1crograph of antiparallel twin boundary (A A) in

ordered N14w and (b) corresponding stereographic proaect1on.
- Note that where the boundary passes ‘the congruent p]ane

(121)//(]21) and (211)//(211), ring m1smatch d1sappears (coutesy

of Tong and Washburn, ref. 13)..
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Fig. 9
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‘Fig. 11
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: FIM image of)an'iridium'Spécimen,shbwihg a grain boundary

'hode made up of three small ang1é)gkain boundaries' all re-

lated by rotat1ons about an ax1s near to the [100] tip dlrectlon,i'

‘after B. Ralph, ref. 17 _ N
FIM mlcrograph of a high angle gra1n boundary in tungsten,_
'marked by_1nked-1n.wh1te spots., The m1sor1entat1on.ls 64°

- about [110] (from Bayuzick and Goodrich, ref. 18).

FIM micrograph-of tungéten7eqdi]ibkated in a Tow préSsure df
oxygen, showing bright spots at the grain ‘boundary (arrowed)
assoc1ated with oxygen segregat1on, after Smith and Smith, ref 20.
Compar1son of theoptncalray d1agram,and_mathemat1ca1 descrlptlonv
of thé.image'fbkﬁation procesé fdr_transmisSion electron |

m1croscopy

'Computed phase contrast transfer. funct1ons 2 sin X(q) for

100 kV electrons and C = Q. 7 mm. - Defocus values are (a),O,“
(b) -600 (c) -1200, and (d) —1400A respect1ve1y

Optical. d1ffractograms from TEM 1mages at. (a) "exact“ fbcus,
(b)_-800A defocus and (c) -2200A defocus. The diffuse halo

répresenting the main transfer,interVal extends radially-:

. outward with underfocus,fcauSing'an increase in image contrast

(note 1ncrease in d1ffract1on spot 1ntens1ty from (a) to (¢)), -

and reso]ut1on (new, higher order spots in (c)).
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© Fig. 13

~ Fig. 14

Fig. 15

Fig. 16

Fig. 17

. Atomic-reso1ution:image'of [110]foriented silicon, showing

exact agreement,wjth the projected atomic structure (one'unit

cell shown) even atd1;4A'interatomic séparation, after Izui,

cet. al., ref. 29.

Schematic‘eiectron"diffraction pattern of a grain boundary.

_ For the transfer limit Shown”by'dashed.lines, all of the low

'index'planes in grain 1 will be: imaged, denoting atom positions

_'by the1r 1ntersect1on However, only a single set of low

~index p]anes from grain 2 w1]1 appear and atom1c 1eve1 deta11

s therefore Tost.

| Photogram of a 3 mm d1ameter e]ectron m1croscope support

“gr1d used in the opt1ca1 s1mu]at1on exper1ments of F1g 16

The spec1men in this case possesses a central boundary

between regions of wide and narrow grid spacings.

'OpticaI reconstruction of the_“specimen" in Fig. 15,'showing:

(a) an accurate image using full reconstruction;7(b) Toss

of detail using high ordervtruncation;e(c).disappearance of
boundary using’identicai first order ref]ections and (d)
retrieval of boundary using dlfferent flrst order reflections.
Details are exp]a1ned in text. |

Latt1ce image, formed by comb1ning the forward-scattered

beam with one Bragg -scattered. beam from. each grain, of a sma]]

ang]e boundary in an Al-Zn alloy Reg1ons of local m1smatch

. accommodation are arrowed.
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. 'fig.{TB - Lattice_image df»the‘same-a1loy as“Fig; 17, but showing
N - the CIOSé-packed'planes th¢h paballeI the boundary pTéhe,
Arrowed migfo]edges;are a sing1e interp]anér spé;ihgfinf,
height. | |
- Fig. 19 | SfruéturaT'imaQe'éf a §ma11 angle grain'bOundary in-silicoh'
o formed by combiﬁingvéil-of the first order_ref]ettiohs within
a [110] zone. | S | o
Fig. 20 (a) Stfuétural_image of a'highfangJe grain‘bqﬁndary:invGe
. (misorientation 39° aboutv[011]) dsing all reflections out
'tb 0.353'2 theextent of the first.tkansfer interval).. The
detailed model of the*atomicsarrahéementsf(b),resoTVe every
atom across the'boundary-pléne_and no'dang]ﬁng bdnds'are:
‘observed (courtesy of 0.L. Krivanek, ref. 31). |
Fig. 2] Atomic resolution image of tWin band;fn a gold foil for
f110] oriented cryétal; twin b]anes ére'arrowed (courtesy
Y. Ishida, ref. 32). | o |
Fig. 22 1Atomic»resofution:image of é £ =11 CSL boundary in gold.
Lattice point fitting revé&TS‘that mismatch is accommodated
fwithin.the spécfhg of severa].{311}fp]anes adjacent to the
boundary, -and no cojncidehce sites ére.actually observed at
’théﬁboundary. 'FOiT:orienfation_ng[]1Q] (gourtésy of Y. Ishida,

ref. 32).
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Fig. 16(a)
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