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54 Scanning Electron Microscopy

THE BACKSCATTERED ELECTRON SIGNAL

Backscatiered electrons are those electrons which have undergone single or
rﬂult_iple scqtt‘e‘ring events (36,37) and escape back through the surface of the
specimen with energy greater than 30 eV. This definition corresponds with a

widely accepted convention of bracketing those electrons escaping the surface

'_wit'-h energies of 50 eV or less as secondary electrons. The backscattered group,
in terms of this broad definition, will contain electrons with a wide range of
energies: however, they are thought to possess on the average about 80 percent
of their original energy (2). In other words, a primary electron beam of 25 KeV
could generate a backscattered signal of 20 KeV.

Backscaltered electrons possessing energies near those of the incident beam
behave in a fashion similar to beam electrons. They may subsequently interact
with atoms of the specimen to produce secondary electrons, x-rays,
cathodoluminescence, and Auger electrons. Backscattered electrons travel in
straight lines, being impervious to attraction by the low valtage secondary elec-
tron L‘Glleator (Fig. 2-20 and 3-6). As depicted in Figure 3-2, backscattering in-
creases as the atomic number of the specimen increases. In fact, backscattered
electron production shows such a strong correlation with atomic number, that
-rh_is relationship has become the basis for a contrast mode in scanning'eléct-réﬁ
microscopy. 1I the atomic numbers of two phases in a specimen differ by more
than three, those phases may be distinguished in the backscattered electron
image. The element of higher atomic number will show stronger emission,
resulting in lighter (brighter) areas on the sereen (9). A graphical Ct}mp'aris:on
-::rf this relationship has been plotted (9) and can be seen in the -génerﬂlized
diagram in Figure 3-7. 1t should be noted that secondary eleciron generation
also generally increases with higher specimen atomic number.

Due to their straight line paths ofl travel, the detected backscattered elec-

3-0. Comparison of (A) a backscallered electron imnge 1o (B) a secondary electron image.
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tron signal is weaker than the secondary electron signal. This signal's weakness

is demonstrated by the ability to collect a strong secondary electron signal in
spite of the constant noise cantribution of the backscattered electrons because

only those backscattered electrons directly in line with the detector will be im-
aged. In order to use the backscattered signal in image formation, the second-
ary electron signal must be prevented from reaching the detector. To ac-
complish this objective, the positive detector bias is disconnected. Some
microscopes have the ability to apply a slightly negative bias to the detector Lo
repel secondary electrons. Other techniques employ modified scintillator
detectors (23,32,38) or other accessories (26,30) as seen in Figure 3-8.

The area of excitation from which backscattered electrons are emitted is at
least ten times larger than that of secondary electrons (Fig. 3-5). 1f beam cur-
rent is increased for a stronger sigmnal, resolution of backscattered electrons
will differ from that of secondary electrons by more than one order of

of Backscattered
Produced -

Quantity
Electrons

1 Atomic Numbar —> 100

3-7. Diagram demanstrating the vield ol backscattered electrons produced in relation Lo the
atomic number,
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magnitude. Despite the lower spatial resolution, the backscattered mode has
been useful for several applications. One is atomic number contrast, Another

is topographical contrast, which maximizes the effect of the straight line paths

of these electrons. Instead of imaging around corners as secondary electrons
permiit, the backscattered electrons may be obscured {rom the detector by a

topographical irregularity (Fig. 3-6). This results in Interesting shadowing
effects. Relatively smooth specimens are particularly suited for this imaging

mode, since slight topographical irregularities appear more distinct due to
shadowing (Fig. 3-9).

CHARACTERISTIC X-RAYS

Characteristic x-ray emission is one process by which an atom may stabilize
itself following ionization by the electron beam. When an electron from an in-
ner atomic shell has been dislodged by the beam, an electron from an outer
shell will fill the vacancy. The difference in energies between the initial and
final states of the transitional electron may be emitied as x-radiation (22). The
various shells of an atom have discrete amounts of energy. It follows that their

- . . . ;i‘: % gt - . 5 A : - -a
7 " = " " . . ; A :HE' i i . ] Ty o T
TR _:':. - ] '_ Y " A = . _5& !i ‘3
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349,  Backscanered electron detection of the polished surface ol dolomite, (A) Secondary elec-
ron tmage. (B) Backseatlered electron image (lopography). (C) Backscaltered electron im-

age (composition) (Micrographs courtesy of JEOL.),
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energy difference, emitted as x-radiation, is also a discrete quantity and is
characteristic of the atom from which it was released (this mode of the scan-
ning electron microscope is covered more completely in Chapter 4).

X-ray spectroscopy in the SEM involves the identification of radiation of
specific wavelength or energy for elemental analysis of the specimen. This
analysis requires a special detector which may be one of two types. A detector
system which separales X-rays according to wavelength is a wavelength disper-
sive spectrometer. One which measures the energies of the x-radiation is
termed an energy dispersive spectrometer (Fig. 3-10),

The set of peaks which rises above the Bremstrélung radiation (continuum)
during measurement of x-ray energies or wavelengths of a given element is the
spectrum of that element (Fig. 3-11). For example, an electron falling from the
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L to K shell zenerates Ko radiation specific for a given element; the transition
from M to K gives K3, and so on.

Information concerning the distribution of a given element may be ob-
tained by allowing the x-ray signal from that element to modulate the Y axis of
the cathode ray tube. Modulation of the Y axis as the beam makes a single
sweep across the region of analysis in the X direction results in a line profile
(Fig. 3-12). The vertical (Y) displacement corresponds to the intensity of x-rays
from the selected element. Modulation of CRT brightness by the x-ray signal
results in an x-ray map of the distribution of the chosen element as the beam
travels through a raster pattern over the region of analysis (Fig. 3-13).

Spatial resolution of the x-ray signal from the specimen surface is deter-
mined by a number of factors. Characteristic x-rays are detectable from a
prealer specimen veolume than that of the primary excitation, which greatly

decreases spatial resolution of x-rays as compared to secondary electrons. The

atomic numbers of elements in the specimen are also impeortant in resolution,

since a high atomic number elemént is more electron dense and yields more

x-rays for a given voltage. The effect on resolution of these and other factors,
such as accelerating potential and specimen topography, are discussed in
Chapter 4.

Spectral resolution (measured in electron volts, eV) is the ability of the in-
strument to separate wavelengths or energies that are near each other In
magnitude. This property is largely dependent on the detector itself, and is
represented by the width of a specific peak generated in the SEM by a
specimen of known composition at standard conditions.

AUGER ELECTRONS

When an outer shell electron fills an inner shell hole caused by primary or
backscattered eleciron excitation, small quantities of the excess energy
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3-12.  X-ray line profile ol a gold gnid on-an aluminum stub demonstrating a line sean for gold,
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available may be carried away through the emission of a low energy Auger
slectron. The Auger electron has energy approximately equal to the difference
hetween the two shells involved in the transition. This electron energy Is
~haracteristic of the atom from which it was released, and can be used in
chemical analysis of the specimen surface. Two instances when Auger Electron
Spectroscopy (AES) might be preferred over x-ray spectroscopy are in studies
of specimens of low atomic number and in surface studies involving only the
(op few layers of the specimen. Due to the low energies of Auger electrons,
they have an éscape depth of about 0.5 to 2 nm (19) which accounts for their
giving accurate information of monelayers near the surface. The Auger yield is
higher in elements of low atomic number because the electrons are less tightly
bound to the nucleus. These characteristics are quite different from those of
X-ravs, as x-rays are transmifted from a volume greater than that of secondary
electrons, and their production increases with increasing atomic number, Fur-
ther theoretical considerations on AES can be found in a review by Venables
and Janssen, 1978 (34).

313, Characteristic x-ray detection of mineral deposits i a trichome on a Deuwtzia leal. (A)
Secondary electron image. (B) Magnesium Kee image, (C) Potassinm Ko image. (D)
Calcium K imnave, Line scale is equal 1o 50 pm (Courtesy of JEOL, Ltd.).
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Chemical analysis in this mode 18 based on analysis of S.E-‘Cﬁlji.jlﬂl'}: el?crmn
o ns that have undergone Auger transitions pi (:d_uc_e
peaks in the eleciron energy distribution curve (20). The r¢51llt1_.ng, Speit_r%rln
oives a series of peaks, of families, for each E‘lﬁ‘l‘[}f:fﬂ'[ p_res_e?l 1{1 det?tg._i
amounts at the specimen surface. Like X-rays, 'lhe:mgn.al c_;f a selthcd eemlen
mayv be used to modulate the Y ax]i_s an3d F;;ghtness of a CRT to produce line
rofi nans (16,21,33, and Fig. 3-14). __ -

pm"rll%fj Ezi T;Dm( Auger electron spectroscopy ix} surfaf:ff Studlﬁ'.‘j 13 'I:lfl_g}ll_ ac-
complished in @ scanning electron microscope equipped wnh :zuzi mll lliaﬁll;?
pump system. Contamination of most solid surfaces by residual chamb:
easses occurs at a rate of 1 mo

nolayer per second at 10" torr. At a vacuum of
1:' torr, a few tenths of @ monao

laver per hour would be deposited at the sur-
eace (35). Since an oil diffusion pumping system d&e:_s not _gm}era}ly pr.rmwde ?
vacuum higher than 107 torr, an acceptable level of contaminalion for most

AES surface studies must be obtained by ion pumping with '_{l:'l‘? vacuum.
column being sealed with metal gaskets '(1?). In adc!itlﬂn L{f:-_thfr-}
ger electron speciroscopy requires c{:an1.11g or .Ql.l'lt‘t'
irfaces of the specimen while inside the vacuum

chamber and
vacuum requirements, Au
means of exposing fresh

314, Auger analvsis ol Al-14% Be al
the annalar porlion appears
image. (D) Beryllium' Auger line
(Coartesy ol JTEOL, L.id.).

Loy . (A) Secondury electron image. Beryllium n:egr_v:gamd i
lighter. (B) Beryllium Auger image. (C) Oxyeen {Rugwr
prafile supgrimposed upon the secandary trmagze
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chamber. Since cleaning solutions leave residues, other methods such as ion
bombardment (31), high temperature heating or cleaning in vacuuin are used.

Since escape depth of Auger electrons is low, the emission volume is small,
and spatial resolution is limited by beam diameter. High resolution chemical
nrofiles are routinely obtained from thin films (19,20) and surface elements
may be detected in concentrations of 100 ppm (16). Spectral resolution n
AES, as with x-ray spectroscapy, is a function of analyzér efticiency and varies
with each instrument (Fig. 3-13),

CATHODOLUMINESCENCE

Certain classes of materials radiate visible, ultraviolet, or infrared
wavelengths when electrons recombine with holes formed by ¢lectron beam in-
teractions. This phenomenon, termed cathodoluminescence, has been ob-
served and employed as a scanning electron microscope signal in studies in the
fields of biology, medicine, semiconductor technology, mineralogy, and
others (4,5,6,7,10,11,13,14,18,28).

To observe cathodoluminescence from a suitable material in an SEM not
previously adapted for this mode, one would remove the scintillator from the
secondary electron light pipe. The secondary electrons will not be converted to
photons after this modification is performed, and only those photons present
due to cathodoluminescence will be detected (Fig, 3-16). Maost newer
microscope models may be obtained with a second light pipe and
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3-15. A scanning electron microscope equipped with Auger electron analysis zguipment
(Courtesv ol AMRAY).



