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VALENCE LOSS SPECTRA IN STEM. (Scanning
Transmission Electron Microscope)

A. Rivacoba
M.E. Uranga
P.M. Echenique
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Main point (unique to STEM).
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SPATIALLY LOCALIZED SPECTROSCOPY IN STEM

The development of Scanning
Transmission Electron Microscope (STEM)
has stimulated and renewed the interest
in the interaction of high energy electron
beams with surfaces and small particles.

In a typical STEM configuration a
well-focused 0.5nm probe of 100keV
provides a high-resolution transmission
scanning image for samples with compiex
structures, such as catalyst or
semiconductor devices. It also yields
from selected regions of the target,
energy loss spectra (EELS), with a
resolution .of about 1 eV.

Some examples in which the spectra contain details refating to

significant microstructural features which can not be resolved by the
standard STEM imaging techniques.

Walls and Howie.

Suggested the presence of a 1nm layer of SiO

at the Si-SiO, interfase on the basis of an analysis of the observed
intensity of the 8eV interfase plasmon. {Ultramicroscopy, 28,40(1988)]

Ugarte,

Colliex and Trebbia: Ascribe the presence of an

unexpected peak at 3 - 4 eV localised at the external surface of Si
spheres with an oxide coating , to a 0.5nm thick layer of amorfous Si,
formed after reduction of the external oxide surface. Phys. Rev B45,
4332 (1992)



Ugarte
Phys. Rev. B15
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VALENCE LOSS SPECTRA IN STEM (Scanning Transmission
Electron Microscope)
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Figure 1.7, {a) Energy-loss spectrum of 5.3-keV electrons transmitted through a thin foil of
aluminum (Rwthemann, 1941), exhibiting plasmon peaks at multiples of 16cV loss. (b)
Energy-loss spectrum of 7.5-keV electrons transmitted through a thin film of collodion, showing
K-ionization edges arising from carbon, nitrogen, and oxygen (Ruthemann, 1942).

Atomic inner shell excitations (AE~102eV)

The characteristic loss features associated with atomic inner
shell exciations provide rather direct chemical analysis on an atomic
scale and via the study of their detailled shape some information about
local bonding and electronic structure.

Valence electron excitations (AE<50 eV) _
The loss in this region is much more intense, but has not been so
frequently used because the interpretation of the data is much more

complex.
The classical dielectric theory is enough: "A new lease of life for

Fermi's theory” (A. Howie)

-1
Bulk = Fermi = ulm[‘”e‘(a‘,j']

Surfaces
1
Plane and film = Ritchie (1957) = o Im[e'ﬂsb
. y . 3
Sphere (dipole) = Fujimoto & Komaki (1968) = « Im[eaq-ieb]
To study
Interfaces

Small particles
Inhomogeneous specimens

Y



LOCALIZATION IN INELASTIC SCATTERING

The basic mechanism in the inelastic scattering is not a contact
interaction but the Coulomb potential - the spatial localization of the

inelastic scattering is not necesarily determined by the size of the

incident probe.

Es
o[”

The localization of this process can be
visualized by analysing the Fourier
components of the electric field E{(w) induced
at the point 0 by the moving charge when
moving in a medium

_ 1/2 @
Ez‘-"_‘-'g) 316)71}[':2?] Igj[“:,b > «<e' b>ve’
v .
172 d b
o [2] 1 _,mp_} v 1
El=°\—,—2“ [Tt] _E((D) K1[ v ~) oc @ bs>vw

Thus the Coulomb interaction is negligible for values of the

impact parameter larger than vo'"

The former idea can be stated by a simple time of flight argument.

Duration of the electric pulse bv-! = Thusw up to vb!.

\'
b~%

The same result can be obtained from kinematic arguments.

q°= [%’T +q%° o deflection angle

thus when there is not deflection

e~q@0) ~b"

This is really a consequence of the uncertainty principle: the larger the
momentum transfer is, the more highly localised is the interaction.
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EXCITATION OF ELECTRONIC TRANSITIONS BY A COHERENT e°
IRRADIATION.

Probability of the transition |0> - |n> _
induced in the target by a broad e~ beam
in the direction of the z axis.
Time-dependent perturbation theory

(a.u.)
2 2
d
oro =4 [ 2o 500,00,
where q =Kk, k;

Who = W, - Wy

Paolq) =<n|eiq'[0>

Neglecting the recoil, and introducing the impact parameter b as the
variable conjugate to the perpendicular component of the momentun
transfer Q; q=(Q,qz)

2
00~ [0 [210(®)

where

1 dQ ¢ ®no -2
2,00 = 77 [ 22— (@) + o
Q? ©no
v
This expression is (up to the terms involving v‘2) identical to

that obtained for a classical point electron traveling with constant
velocity v at impact parameter b .(First obtained for protons by
Frame(1931) and Mott(1931).

Quantal corrections are small for STEM electrons (v~102
a.u.). |

The spatial extension of the contributing part of the
beam -~ v
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Quantal corrections to the scattering probability of fast
electrons by a hidrogen atom.

(R.H. Ritchie, Phil. Mag. A44,931 (1981))

E = 100 keV
E210 keV

E=1 KoV |

10! 10° 10! 102 108

differential probability of excitation of a hydrogen atom by fast electrons with
various energies ¥ as a function of impact parameterb. The results, calculated
as if the electron were a point classical particle, are shown as solid lines, and
the quantal corrections are shown as dashed lines. The latter are all negative
but are shown in magnitude only. The hydrogen atom is assumed to be
excited from the ground state to the 2p states. To render the results easily
visible, the distributions corresponding to =1 keV have been scaled down by
? factor fof1 300, while those corresponding to 10 keV have been scaled down by a
actor o .
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Quantal corrections to the scattering probability of fast
electrons by a sphere (dipolar mode).

(R.H. Ritchie, Phil. Mag. A44,331 (1981))

!O" Ol | | 1
E= 10O keV

,o-z L
E =100 keV

103+
E stkeV

= —4
o {0 E=stkeV
o — @

_—__—}‘7/\\ \‘
|

&ra 1o E =10 heV \
B E=100 keV

— e A S— — e,

'O-G -

10° 10 102 10°
b (a.u.)

differential probability of excitation by fast electrons of the spherical dipole
surface plasmon on an aluminium sphere with a radius of 50 A. The dis-
tributions are plotted as a function of impact parameter b for electron kinetic
energies of 1, 10 and 100 keV." The solid curves depict the classical results,
while the dashed curves show the quantal corrections. The quantal correction
at 1 keV for values of b lying in the interval 30 <b <95 a.u. is actually negative
but has been plotted as shown for convenience.
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PLANAR INTERFACES

Many cases
v

T j: /A 7/ BN

Charge moving parallelly to the interfase.
External beam

W 2 [ ,eb g(w)-1
dz. " 2 J.Ko( v Im[e(m)ﬂ] de
0

P.M.E and J. Pendry J. Phys. C8 2936 (1975)

T _-2by q2+(co/v)2

8. o

Free electron case: Imaginary part of the self-energy:

20 On:;mc (:: %0 00
50 - 3 k5] 0m 2
02 '
04
E -in(—xz-) x<<t
- b - \/2T_x 8" x>>1
-0

Figure 1. Variation of the imaginary part of the self-
energy (eY) with the distance (au) to the surface for
parallei incidence: w, = 15/ /2 eV. E = 40keV.

The divergence at the surface is due to the fact that at such a
smail distances large momentum transfer is involved - the

g-dependence of the response function can not be neglected.
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Fig. 4. Scattenng intensity'as a function’ of unpact parameter
for two.energies eompared to-the model results::






I E(0.w) - 1
E(Q.w) + 1

Fig. . Surface energy-loss function calculated using the Mearmin dielectric function «{X, w) given by capression (21}, with 7, =1.75
and damping constant v =8 ¢V a1 & funciion of eoergy {in units of the surface piasmon energy,w,) ind momentum @ s units of the
Fermi momentum ky: (3) coatour plots; (b) three-dimensional ploL
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Figura IILS: Espectros de pérdida de energfa calculados con las expresiones no locales, para distintos valores
del pardmetro de impacto, en un intervalo de 10 A a través de una interfase Al-vacfo. La energia
del electrdn  incidents es de 100 KeV. Los valores negativos del pardmetro de impacto z,
corresponden a trayectorias en ¢l metal y los positivos a trayectorias en ¢l vacio.
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Figura IIL.7: Probabilidad de excitacién cn funcidn del parimetro de impacto para la energia del plasmon de
volumen (c) , (d) y de superficie (a), (b). La energia del electrén del haz es de 100 KeV. La
probabilidad local se ha representado con linea a trazos y 1a no local con linea continua. Para z,
< 0 el clecurdn viaja en el Al (r = 2.07, Y= | ¢V) (figuras (a) y (¢)) oea C (1, = 175, y=8
eV) {figuras (b) y (d)) y para z, > O en el vacio.
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Figura IIL4: Probabilidad P(kx,m) de excitacion de plasmones de (2) superficie de energia 0= p/\G Y
(b) de volumen de encrgia «, y de transferir momento k, al medio, en funcién del pardmetro
de impacto del electrén, a través de una interfase vacio-metal. El metal es aluminio (rs =207y
amortiguamiento Yy = 1eV) y la energia del electrdn incidente 100 KeV, :
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SPHERICAL PARTICLE

[ Dipolar aproximation b >> a

E{z) ~ constant over the sphere
J(w) =-ioP(w)

b [ The energy loss W

W= Idt J.dr J.E. = jm do P(w)
sph.

gl

P(w) is the probability of lossing the
energy «. |

P,(b) =&~ Im

In the non-retarded limit

P(w)= 4—a2 :m[i@u] [%‘"‘i—]z[ KE (LR 4 Kf(ﬂ)]

v g(w)+2 v Vv

This expression is properly the first term of the following series,valid
for any value of b >a

I(e{w)-1) coa] b
P,(b) = 22“ m)|(|+m)! Im[le(m)+l+1] K ?{ﬂ)

where the contribution of all the multipolar terms has been taken into
account (Ferrel and P.M.E, (1985))

Here the dependenée on the impact parameter is given by

ob) .22
sz(T]« o " b2 2ve

-
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Ugarte
Phys. Rev. B15

Figure 4
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. Fig. 5

¢

Count probability (x100 )

'l L ] ] A L

0 10 20 30 40 S0 60

- B(A)

Probability of exciting energy hw (over the range 2-3-4.9 eV) as a function of the reduced
impact parameter B = b — q for an 80 keV electron incident on an Ag sphere of radius
450 A: x, calculation; O, experimental points.

~Ql-



346 P. M. Echenique et al.

Fig. 8
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Sec. 3.3 Electron Scettering Theory 175

I
° 1 2 3

twp/v

Figure 3.24. Total probability P, of surface-plasmon excitation (by normally incident-eloctrons
of velocity ») for & sample with two clean surfaces, calculatad as a function of specimen
thickness ! asowming & free-clectron model (Ritchie, 1957). Also shown is the reduction AP,
in the probability of volume-plasmoa excitation.



Probability of excitating surface plasmons in films

P(cns).v
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Surface energy loss in films
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Volume Plasmon
Scanering lniensity

quencies and spatja]
within the Sphere,

-30-

v ¢

o



l

“ (®)

- K (A)K' (A) (e-1
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Effective dielectric response theory

1) Simple averaging (e =8=f¢, +(l-0ep)

((1+2f)£A+2(l-f)eB)
B ((1-De, +2+Dgy)

2) Maxwell-Garnett €, =E

€ -€ £ - €
3) Bruggeman f—L A ,q.p_<CL B _

Zac"+aA ?-chr"'sa

4) Mixture of closely similar dielectric e g=€-f(f-¥ (eA-eB)ZISE

T

(Landau and Lifshitz)

-

Excitation theory based on electron 'traj’ec'torigs

L () b2 ) m(32)))
R

&int = } relative importance of interface to bulk
excitations in the small spheres of material A

Eext

-1 .
gim - l+3am'

This leads for gip, = 1 and to for gey; = 2f/1+2f (seems reasonable) to the
Maxwell-Garnett expression: which can be rewritten in the form

) = (5 ) 2 [ %)
Im €yt = Im €g +1_'_2f Im (]+20€A+2(]-QEB - Im €5
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PROBABILITY PER eV
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SECONDARY ELECTRON GENERATION PROCESS AND THEIR DEGREE
OF LOCALIZATION.

STEM

Recent work by Howie et al (1985,1989) has shown that it is
possible to obtain SE signals with 1nm spatial resolution and
1eV energy resolution (and that reflection SE images of
oxidized Cu show oxide islands and their interaction with

surface steps)

Generation of SE.

Complex process Electron cascade process
Slowing down - knockons

Decay of inner shells
Decay of coliectives states

Chung and Everhart
Rosler, Braner
Luo and Joy

Localization

Relevant impact parameter or distance from the electron
beam where the secondary e” is generated.

Energy transfer method. (Ritchie et al (1990))

DIMPFT = Impact Parameter

d°A”! v r [ b
ET 1 J' I xdx [w i__m ]
o dw 5 K J,(xb)
dzb u2v3 3 J ka v v o

+ kK, (kb) J1['0\)Tb]] 'm[éiﬂ

it appears that the narrow spatial resolution of these IPR
distributions is due to the presence of relatively large
momentum components in the interaccion spectruim of the
swift electron and the electron gas.

42—



R . H . Ritcmel

Tt

Figure 5. A Feynman dia.grun reptuenung the process
of creation of a virtual uui—particle followed by the
excitation of an electron—hole pair in the medium. o
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Plasmons in STEM Electron Spectra
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A plot of d9A-1/d%b, the inverse mean free path

i tial in impact ameter b, versus b, for three

different electron es, calculated from Eq. 28. For

convenience in plo:::f, the curves have been scaled by

multiplying the ts from Eq. 28 by the factor
3xkvi/eduy?, where v is the electron speed.
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1. - Time-spectra for primary encrgy loss corresponding to surface (21 ¢V) and bulk plasmon eacrgy (34 eV) in
CVD diamond.
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Fig. 2. Secondary clecuon spectra genenated by surface and bulk plasmon energy loss in CVD diamond calculawd
from the time-spectra in figure 1. The spectra are normalized to the same maximum number of counts.
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| DEFLECTING FORCE
V(2)

'y

%F 2 2

. Ft (o/V) X/NV) Lo,

/ A® ~ —7—~ = ~ 10 rads.
L v \ 7 ,

- ke

% ~b 3 orders of magnitude

% gseaﬁ‘“t_han experimerit
V4 £y R -Howre - a1 5l s (Cowlay !).

AO ~ infinite medium but L!

2-6

4 c 2A+1
AD = Z om ®)] (92 wb, ., ,0b
when K'_(x) indicates derivative with respect to x
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DEFLECTION OF ELECTRONS BY AL SPHERES.
Dependence of 6 with B=b-a (at constant a)

Free electron e(w) with damping

Ee=1 00Kev

B(nm)

Q’x106

(a) a=100 nm.

(a)
(b) 2=50 nm.

{c) a=25nm.
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