STEM PROBE SPREADING

L.D. MARKS
Department of Pnysics, Arlizona State University, Tempe, AZ BR2E7

ABSTRACT

Tne theoretical ideas for STEM probe spreading uwaing spnerical wave
Y=ray diffraction tneory and expn imental results of diffractive probe
apreading are briefly deseribed., Clear evidence is Found for two beam
Bormann fan effects arlsing from nign order diffracted beoams.

INTRODUCTION

One of tne growing areas of application of electron mioroscopy in
materials science is microanalysis, By using tne elementary cnaracteristic
losa processes of a awift ( 100keV) electron probe propogating tnrougn tne
spezimen, local onemical compositions can be determined, In particular,
important inlformation about, for instance, tne nature and extent of any grain
boundary segregation can be obtained., In order Lo quantify tne experimental
results, it is essential to know wnat is the volume of tne specimen wnicn tne
elestron probe sees, in particular the transverss spreading perpendicular to
tne incident probe direction, If this transverse apreading is asmall, for
inatance 54, segregation as a funetion of distance fr a boundary can be
determined to & nign acourscy, If it ia large, say 1000, then some form of
desonvolution progedure ia the only route to detailed information,

Ower btne last lew years a number of authora nave investigated the probe
spreading in a STEM tneoretically (e.g. [1=0] and the references therein).
All tnese theorlea nave employed & ballistic model for the electrons, i.e.
classical nard particles wnien have a certain probability of belng scattered
as a8 funotion of distence, However, electrons need to be treated Quantum
Hechanleally, ratper Etnan by a ballistie model, For instance, balliatie
models fail to represent diffraction correctly whicn i3 freguently the
dominant scattering process for swift electrons.

In thnia paper we deal with an improved analyasiz of the STEM probe
spreading based upon apnerical wave X-ray diffraction theory (e.g. [5-81),
and snow experimental results whien clearly snow the diffractive spreadihg.
Preliminary reports of the tneory [9] and experimental results [10] nave been
presented elsewnere, and more detailed descriptiona of tne theory, STEM probe
aspreaading and experimental results are being prepared.

DIFFRACTION THEORY

In thia section we will briefly sketen the main tneoretical ideas for
deseribing the STEM probe spreading.

Witnin a apecimen, the electron wave o (r) can be expressed in terms of
Blooh waves, 1.e.

Wr) = :I'j Atk BEL.EJHEEJ =1
wnere 31{1.5‘13 is a Bloen wave of form:
Ej{I'EJ] ] ﬂp(Zul!J.EI :gcg"ptg-. ig.r) -

and A (k. ) is determine by matening at tne entrance surface of tne specimen,
A nm*e_r‘j ef "j* levels are ocooupied, typleally twe to five., Tne integral
form of equation 1 arises wnen we nave an incident wavepacket as in a STEM
instrument, We note that tne integral in equation 1 ia to be performed over
thne dispersion aurface,

In general tne wave propogation can be deseribed by optical tecnniques,
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Following Kate [11], each Bloen wavepanket is expanded by anm optical anzatz

" =
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4 =4 J=rJ =dJ J4 = J "

leading to & wavepacket wnien propogates along the direction normal to tne

dispersion surface. Eacn of tne branches propogate in general in different

directions, as illustrated in Figure 1.
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Figure 1 pisperaion asurface
for nign energy electrons,
wikhn Ene propogation
directions for two different
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Tne precise results are quite atrongly dependant uwpon tne orientation of
tne =material, tne structure and tne atrengtn of tne scattering. For most
materials at a gzone axlis tne dispersion surface is quite flat. By analogy
with aolid-state theory we can describe the material as tightly-bound. Here
tne probe apreading §s small with the electron wave onannelling down tne
atomiz columna, as snown in Figure 2.
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Figure 2 Tne snape of a probe caloulated by 8 multislize analysis,
initially about 3R (i.e, for a VG STEM inatrument) as a function of
tnickness tnrougn a diamond specimen on a <100» zone axias, Tne
probe remains amall, perticularly by comparison witn thne later
Figurez, Tne thickneases in angstroma are marked.
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Away from the zone axis, and in particular wnen thne central orientation
of tne probe ia near to a kinematical orientation or near tne Brillouin zone
boundary of tne projected two dimensional structure the spreading of tne
probe is far larger, an example being snown in Figure 3,
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Figure 3 Tne snape of a probe near & Brilloiuiln zone orientation
for diamend (100}, Tne tnicknesses are snown on Lne Figures. Tne
same algoritnm and initial conditions were used as lor Figure 2,
Tne substantiaslly larger apreading snould be noted,

In many cases, and in particular for our purposes nerein, we only need
to consider two "j" brancnes, tne standard two beam approximation, Tne
solution for thi= case was first givem by Kate [12], and grew out of thne
f{=-ray topograpny experiments of Kato and Lang [131]. For an ineident delta
function on the apecimen, the diffracted beam amplitude i=

2m i

to,2) = i

E
wnere Fip,z) = Jﬁl - [(xgz/2) -p1 1 21 <Agz, E =
el 2 gz orp gD -5

wiilat tne transmitted beam amplitude is



250

43{5.:} e 23Ffaz + Apalfop

where the total electron wave ia =
pledo= [ ¢DE|1,21 * ;.E{E.zJH:‘-{Eri;.['.llﬂpEEuiE.EJ =T
and the incident wave st the entrance surface is
Mrd s fexpl2oikar )k -5

z being the beas dlrecktion, ¢ in the plane normal to z, The intensity of
both the trangsitted and diffracted beams span a Borrmann fan along g of
width Mgz, The propopgation of both beams tepether through the specimen in
the zame direction is one of the main differences between Cuantun Mechanical
and classical elecktrons = for a classical model the diffracted beam propo-
gates In & different direction to the transmitted wave, For & non delta
function incident wave, we can (approximately) convolve the result by the
form of the incident proke. With a more realistie incident probe end
diffracting conditions the result 13 more complicated, but the main result of

a diffractive streak along g remains valid,

EXPERIMENTAL FROCEDURE

Experiments were performed in a Philips 400 T FEG electron microscope.
In manoprobe node, a probe can be produced of order 201 in Jismeter and
{nared straightforwardly in TEM mode at high magnifications. The specimens
used were <111» priented silicon single erystals, chemically thinned and
cleaned by standard sesiconductor solvents Immediastely hbefore use. Tne
latter both reduced contamination problems and reduced the amorphous 510
coverago to a thickness of 15-200 (determired by high resclution electrof
mieroscopy). To further reduce contamination, the specimens were cooled to
liquid nitrogen temperatures, The thiekness of the spoeimons were
determined from the two beam mierodiffrection patterns arcund the (M40} spots
{in Figure 4},

DXPERIMENTAL RESULTS .

One probles with detecting the diffractive probe spreading is that the
effecta [rom low order diffracted beams is smaell, of order ' gz. Further-
more, ‘gz is an upper limit for nearly free eleciron Dloch waves whilst most
materials at 100kY are guite tightly bound. (The spreading for tightly bound
levels is subkstantially smaller sines the diapersion surlaces are relatively
flat,) Therefore to experimentally detect the spreading due to low order
besms a substantially smaller incident probe would he required,

What ecould in practise be readily observed were effects from higher
order spots = with a large converence angle it is essentlally impessible to
aveild exelting "stray" spots, A series of imapges showing the diffractive
astreaks from these high order spots for different thicknesses are shown 17
Fipure 4, with a nultislice ealeulation of the probe shape for a similar
and thiekness and diffraction conditien also shown in the Figure, The
experimental and calculsted images are with an objective aperture around the
central beam to oinimise effests fram the post specimen lensea, Therefore
the rine detstl in Figures 2 and 31 {due to eoherent lattice fringes
associated witk the diffracted beams) is missing.
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Experimental results for the probe spreadir
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DISCUSIION

The apreement between the theoretical prediction of diffractive streaks
and the experimental results is quite encouraging. The qualitetive agreement
between the experimental results and the calculation of Figure 4 confirm that
the probe spreading is a Quantum Mechanical diffractive phencmenum, The
correspondence hetween the diffraction patterns in b) and k) of this Figure
iz swceedingly pood, The main difference at present bebtween the theory and
experiment is the central region in a) and g). This will be sensitive to the
ineoherence of the incident prohe, and further work 1s required to develop
models for partially coherent probes. There may be additional complications
arising from inelastie scattering, whieh have been avoided by using silicon
specimens, (5ilicon has very little phonon scattering, particularly at
liguid nitrogen temperatures, whilst as pointed ocut by Howle [14], plaamon
scattering only iatroducea primarily an energy spread racther than any trans-
verse apreading.) A ballistic analysis will certainly mot reproduce the
syperimental results, Unfortunately we must alse abanden the simple
anaiytical elegance of ballistic theories of the probe spreading — 23 is well
known, 2iffraction is very structure and orientation dependant and not simply
& function of mass density and thickness, It may prove to be necessary to
perform detailed mmerjcal ealeulationsa for each specimen and orientation, as
is now standard for high resclution imaging. Fortunately thers are some
simplifications, As mentloned earlier, the probe is Far smaller for a
tightly bound potential, In particular, zone axis orientations for quite
heavy and dense materials are tightly bound, Thia will be one route to
chtaining accurate local analytical information. This orientation dependance
will be diascusaed in more detail elsewhere,
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