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Abstract

Surface studies can be carried out with a scanning electron
microscope (SEM) having an ultra high vacuum specimen
chamber. The main application of this SEM was the micro Auger
analysis, but it is also interesting to combine the usual surface
study technique with SEM observations. Indeed, these latter
give valuable information about the topographic, chemical and
crystallographic aspects of the surface when the secondary, back-
scattered and transmission SEM modes are used. The SEM per-
formances are increased by the use of a field emission gun, the
high brightness beam of this gun gives new observation
possibilities such as the imaging of crystallographic defects on
solid samples.
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vacuum, scanning electron microscopy, ultra high vacuum SEM,

tron secondary observation, scanning transmission electron
microscopy, Auger crystalline effect, Auger analysis resolution,
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Introduction

These last years, scanning electron microscopy (SEM) has pro-
fited by two important improvements: ultra high vacuum (UHV)
specimen chambers allow one to perform surface studies and field
emission (FE) guns which give a higher beam brightness and
thus allow new possibilities of observation (Christou, 1977; Hem-
bree and Cowley, 1979; Todd et al., 1979; Venables et al., 1980;
Ichinokawa et al., 1984). The main interest of UHV-SEM in
surface studies is that it allows Auger analysis on small areas
with an additional electron-spectrometer. It is also advantageous
to combine the usual surface investigations (AES, XPS, UPS,
RHEED, LEED . . .) with SEM observations. The specimen
must stay in high vacuum. These techniques must then be car-
ried out in situ. The specimen chamber is often not large enough
so a supplementary coupled UHV chamber is needed. These
chambers must be equipped with specimen preparation facilities
e.g., ionic bombardment, specimen heating, fracture attachment,
gas introduction device, evaporating system. . . .

The two main technical problems which occur in analytical
studies with UHV-FE-SEM are on one hand, design of baking
components and on the other hand the field emission stability.
We have resolved this problem by heating the tip during emis-
sion to avoid the drift of the emission current over a long period,
and the residual fluctuations are corrected on the detected signals
by dividing these signals by a signal collected on the objective
aperture. This solution gives an effective stability better than
one per cent. Another method is to stabilize the emission by
controlling the extracting voltage applied to the tip driven by
the signal aperture. The beam stability is then as low as 0.2 per
cent, but the variations of the extractive voltage lead to a defocus
in the final spot. Thus this technique can be used only for non-
focus analysis.

List of Abbreviations

AES — Auger electron spectroscopy
BSE — Backscattered electrons

FE — Field emission

FEG — Field emission gun

LEED — Low energy electron diffraction
RHEED — Reflection high energy electron diffraction

SAES  — Scanning Auger electron spectroscopy
STEM — Scanning transmission electron microscopy
UHV  — Ultra high vacuum

UPS — Ultraviolet photoelectron spectroscopy

XPS — X-ray photoelectron spectroscopy
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In the present paper these SEM improvements are demon-
strated with surface results from a high energy UHV-FE-SEM
(HB 50 A VG. Ltd.) and a low energy UHV-FE-SEM (designed
by the firm ISA-RIBER). Four SEM modes are used:

a) the Auger mode to get chemical information; a field emis-
sion gun allows one to reduce the analysed areas

b) the secondary mode, it gives essentially topographic and
chemical contrasts; at high resolution the signal to noise ratio
of the images is better with a field emission gun

¢) the backscattered mode, which gives crystallographic inves-
tigations with the electron channeling contrast and the RHEED
technique: by use of a field emission gun and by the filtering
of the backscattered electrons it is possible to observe individual
crystalline defects on solid samples.

d) the transmission mode, though the surface preparations
are more difficult with a thin sample, the Auger resolution is
improved by suppressing backscattering effect and by using a
field emission gun.

Micro Auger mode

The resolution limit of secondary images for a vanishingly

small beam current (~10-"A, without FE gun) is given by

considering only the diffraction and the spherical aberration of

the final lens (Wells, 1974a). For the Auger analysis which re-
quires a higher beam current (1-10 nA) the probe diameter
depends on the beam brightness, so an SEM with a field emis-
sion gun gives smaller probe diameters in this beam current
range.

Probe diameter is not the only parameter involved in deter-
mining resolution; but it depends on the escape area of the back-

scattered electrons (Morin, 1985a). Indeed the contribution of
the backscattered electrons is not small compared with that of

the primary beam. Thus the resolution of the analysis also
depends on both the probe energy and the nature of the sample.

It is generally agreed that the square of the probe diameter
(df,) is equal to the sum of squares of the aberration diameters
with the square of the gaussian diameter. This gives:

df =41/ (x? By o E) + 1/4 C2a® + (0.6 N)? /
a? + Cq, (e/E)? o2 (1)

where B is the effective brightness at input of the optical
system; e is the spread energy of the beam; Cg and C, are the
spherical and chromatic aberration coefficients; X is the elec-
tron wavelength; E is the beam energy. There is an optimum
illumination angle (2 «) giving a minimum probe size (Wells,
1974b)

dn = (2/27 R (Q2 + 12 PR)*2 + Q 36 PR—Q?) 14 (2)

with P = 4/72 1/8p E-! + 54 10-8 E-!
Q = (Cene)? E72
R=025¢%

For thermoelectronic or cathode LaBg guns, it is the final lens
aberrations which are predominant. The beam diameter will
be calculated using the aberration coefficients of a magnetic lens
focusing the beam from a distance of about 1 cm. For a field
emission gun in the case of focusing 1 cm from the final lens,
it is the first focusing lens aberrations which are the most

important (Fontaine, 1979). Figure 1 gives the minimum probe
diameter in terms of electron energy for thermoelectronic
cathode LaBg and field emission gun. The values of the various
parameters for this calculation are given in Table 1. The beam
current is taken equal to 10 nA, to obtain an Auger signal with
an acceptable signal to noise ratio.

To compare the analysis resolution of various probe forming
systems we can suppose that the resolution is given by the
expression:

)

D=vVd+d 3)

where dg is the escape area diameter of the backscattered elec-
trons; dg is taken equal to the half of the range R of the elec-
trons (Goldstein, 1975). From Holliday and Sternglass (1959):
R = 0.049/pE!-5 (um); where p is is the volumetric weight
(g/cm?) and E is the beam energy (keV), dg is given in Figure
1 as a function of beam energy for a copper target (copper having
an average density, p = 8.93 g/cm?). Figure 1 shows that with
a low energy beam, it is probe size which determines analysis
resolution, and with a higher beam energy the resolution is given
by the escape area of the backscattered electrons.

Thus there is an optimum beam energy giving an optimal
analysis resolution in the range of 1 to 10 keV. We have built
an electrostatic SEM with a field emission gun composed of
a single lens. The focal distance, dg, is 10 cm (Morin and
Simondet, 1984). The probe size as a function of the beam
energy has been established experimentally with a beam cur-
rent of 10 nA, the results give a curve (Fig. 1) which complies
with the law

d, = 037 E-07

The analysis resolution of this gun can thus be written as above

D = v(0.37 E-07)2 + (0.025/pE!65)2

D is minimum for Eqy = 2.7 p%43 (keV)
which gives Dpin = 0.223 p =03 (um)

Duin and Eop are represented in Fig. 2. The heavier the
material the better the resolution (for Au D.,;, = 90 nm with
Eopt = 10 keV, and for Mg Dy,ip = 175 nm with Eg, = 3.3
keV).

Electron secondary SEM mode and Auger analysis

The use at the same time of secondary electrons observations
by Scanning Electron Microscopy (SEM) and Auger Electron
Spectroscopy (AES) is quite interesting. SEM information is
almost indispensable to complete those given by AES. This in-
formation is essentially intensity variation of the secondary yield
due to the topography, the chemical inhomogeneity or the various
surface crystallographic orientations of the sample. They per-
mit one to localize and sometimes to identify the analysis area,
and also to back up AES information.

The observation of the roughness of a surface sample, in the
resolution limit of SEM which is approximately of the magnitude
of the electron beam on the surface sample can inform on the
validity of the AES measures (Wehbi and Roques-Carmes,
1984). For important rough surface the AES intensity is lowered
down to 40 % with regard to a relatively smooth surface (Hollo-
way, 1975).

For high resolution Scanning Auger Electron Spectroscopy
(SAES), if the beam current intensity is too low (1-10 nA) to have
a good Auger signal/noise ratio to plot a chemical mapping
of the surface sample, it is possible with SEM to show up
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Fig. 1. AElgCl' analysis resolution as a tunct.mn of electron Table 1. Values used to calculate dg (Wells, 1974
energy with a 10 nA beam current for various gun types. :
T (kev) I Bo Cs Ceh €
Gun nA A/(cm? Sr keV)  cm cm eV
Lo Th. 10 2 103 2 0.8 158
’ LaBg 10 2 104 2 08 2.5
EE. 10 107 20 8 0.3
= An example of the complementarity of these two techniques
is the preparation and then the characterization of the InP(100)
2 surface done in the HB 50 A of Vacuum Generator. It is a high
resolution SEM (~ 10 nm) with a field emission gun and AES
M facilities. After introduction of the sample in the Ultra High
, Vacuum (UHV) chamber of the SEM, a preparation is required
0 10 20 p (g/em™)

Fig. 2. Optimal analysis resolution (Dy,i;) and beam energy
in terms of sample density for a field emission gun with a
focusing distance of 10 cm.

chemical contrast and then to do localized analysis on the differ-
ent zones of the samples. This method can also be useful for
the analysis of samples sensitive to irradiation damage.

Crystallographic contrast (Boiziau et al., 1983) can also be
useful to localize grain boundaries on polycrystalline samples,
and then to analyze this area to detect possible segregation or
diffusion towards grain boundaries.

to remove the superficial contaminants (mainly 0 and C). This
preparation consists in argon ion sputtering (1 keV, 0.3uA/cm?)
to clean the surface and in annealing to recrystallize the amor-
phous zone created by argon bombarding. The annealing is car-
ried out with a tungsten heater wire placed under the sample
holder, and the temperature is monitored using a platinum/
platinum rhodium thermocouple junction soldered on the sam-
ple holder. The comparison between the Hp/Hp, ratio, where
Hp and Hj, are the heights of the phosphorus and indium peaks,
measured by linear approximation of the high energy background
(Fig. 3) on the N(E) Auger spectra, of this surface and a clean
cleaved InP (110) one (which is of stoichiometry 1/2, 1/2), reveals
a phosphorus rich surface. Several Hp/Hy, ratios are given in
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Fig. 3. a) Auger peak of phosphorus on a clean cleaved InP
(110) surface
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b) Auger peaks of Indium on a clean cleaved InP (110)
surface.

Table 2. Hyp/Hy, ratio for different preparation processes.
The InP (100) sample has successively gone through the
5 processes.

Sample Preparation Hp/Hy,
InP(100) cleavage 4.6
argon bombarding 73
1 keV, 0.3 pA cm~2, 3 min. -
P aly y ¢ 5 o
e
InP(100) annealing at 200°C 67
10 min.
anncz‘xling at 250°C 64
10 min.
annegling at 300°C 66
10 min.

Table 2 for different conditions. However the SEM image
displays the presence of metallic indium clusters (Fig. 4) of
which diameter and surface concentration are respectively about
100 nm and 0.2%. A concentration of such a low magnitude
could not have been displayed without the help of SEM. Surface
characterization techniques like Auger, UPS, XPS, RHEED . . .
are inefficient to resolve this kind of problem, because they are
not sensitive enough.

Backscattered electron SEM mode and Auger analysis

The main use of backscattered electrons in SEM is to obtain
topographic and chemical contrast. But it is more advisable to
use secondary electrons in surface study as resolution is better
and analysis depth thinner. Therefore, when selecting low-loss
backscattered electrons by energy filtering, the resolution im-
proves so that surface study becomes possible (Wells, 1974c;
Christou, 1977).

A more specific use of the backscattered signal is to perform
crystallographic observations. The electron channeling patterns
give the lattice orientation and the crystalline quality (Pitaval,
1979). For quantitative Auger analysis, the crystallographic orien-
tation is important as in some cases, the channeling effect is
responsible for a large change in Auger emission (see e.g. Bishop

et al., 1984; Morin, 1985b). The RHEED observations reveal
the surface crystallization. The electron channeling imaging is
a recent technique to observe crystallographic defects. Together
with micro Auger analysis, it should permit determination of
the influence of the crystalline defects on the surface properties
(Morin et al., 1981).

Auger emission variation induced by channeling effect.

The interactions of the electron beam and emitted electrons
with the crystal are responsible for variations of the Auger signal.
Three main effects can modify this signal: (i) the anisotropy
of the Auger emission, (ii) the diffraction and channeling of
the Auger electrons and (iii) the diffraction and channeling of
the probe during its penetration in the sample.

Using the rocking beam method in a SEM HB 50 A, it is
possible to study only the third effect (Morin 1985b).

The channeling effect occurs when a well collimated beam
is tilted near a Bragg position. The beam electrons are either
concentrated on the atomic planes or channeled between them
in respect to the sign of the angular variation from the Bragg
position. When the beam electrons are concentrated on the
atomic planes, the backscattered signal increases (Morin, 1983);
in the same way, a similar modification of the Auger signal must
be expected due to the variation in the rate at which Auger vacan-
cies are created.

The modification of the Auger peak of the Silicon KLL tran-
sition is obtained by recording the peak derivative. The varia-
tion of the peak to peak height of the peak derivative is plotted
in Fig. 5 as a function of the tilt angle; the beam rocks near
the axis 100 and describes line A of the electron channeling pat-
tern (Figure 6). The Auger peak varies by a factor greater than
2, the channeling influence is thus considerable in these condi-
tions. It is then indispensable to take into account this effect
for any quantitative approach.

Two effects contribute to the variation of the Auger peak: (i)
a direct beam effect; the Auger vacancy creation increases or
decreases according to whether the electrons are concentrated
on the atomic planes or channeled between them, and (ii) an
indirect effect, the channeling phenomenon affects the number
of Auger electrons created by the backscattered electrons.

A contrast is defined from the maximum and minimum values
of the Auger signal (I;;,, and I, respectively) according to the
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H
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i Fig. 4. SEM image of the InP (100) surface after argon bom-
i barding (1 keV, 0.3 yA cm~—2, 3 minutes) and successive an-
‘ nealings of 10 minutes at 150, 200, 250 and 300 °C. 11
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Fig. 5. Silicon KLL Auger peak height as a function of the
tilt angle of the beam near the 100 direction.

Table 3. Calculated contrasts of Auger peak KLL and LVV
as a function of beam energy.

Beam
Fig. 6. Electron channelling patterns near the 100 silicon el;::;;/.',y Cre Crvy
axis.
10 0.71 0.017
< 20 0.56 0.009
30 0.47 0.0061
40 0.40 0.0047
03 fremnd R [—----L-—--T----i ----- J-- @ 50 0.36 0.0038
60 0.32 0.0033
channeling state of the beam:
Inax — lmm
0.2 _~ (B C= I S
///1 mean
l///{ The contrast of the direct effect has been calculated elsewhere
l’// (Morin, 1985b) by the dynamical theory in the two wave approxi-
o s mation:
0.1 T Cl = g/ A +A2 5
,r = Hg Mo a ) ()
with A = 2V2 7r)\"/£g
;;L and }LL are the normal and abnormal absorption coefficients
of interaction with the shell j electrons.
. . . ~ . — N is the inelastic mean free path of the Auger electron originat-
10 20 30 40 50 60 E (keV) ed in the ionization of shell j.
. . 2l £, is the extinction distance. v
F.'g' 7. Contrast ()f the Aug'er peak KLL of Si (A) and of It has been established (Morin, 1985b) that the ratio py / )
background below this peak (B) as a function of the beam is close to 1 for the silicon core electrons and for the reflection

energy.

220. The calculated contrasts due to direct effect, for silicon
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KLL and LVV Auger peaks, as a function of beam energy are
given in Table 3. The mean free paths of Auger electrons KLL
and LVV are taken as equal to 4.8 nm and 04 nm respectively
(Klasson et al., 1974; Ley et al., 1979). When energy decreases,
the channeling of the beam occurs closer to the surface so that
more Auger electrons are detected due to their low mean free
path, and the contrast is greater.

The contrast of the observed Auger signal is shown in Figure
7 in terms of probe energy. The indirect effect must not be can-
celled because the larger part of the Auger electrons is created
by backscattered electrons (indirect effect) especially with a high
energy probe. The influence of the channeling effect on the back-
scattering can be shown by measuring the contrast corresponding
to the variation of the background under the Auger peaks. This
contrast increases with the energy of the probe (Fig. 7) and varies
in the opposite way of the contrast due to the direct effect. It
is thus possible to explain the observation of a constant contrast
in terms of probe energy.

RHEED observations.

In a UHV-SEM, RHEED observations can be obtained by
adding a screen in the column axis: the RHEED patterns in
Figure 8 exhibit the sub-structure C(4 X 2) on the InP surface
(100) after the cleaning process described above. The surface
structure is determined with the beam parallel to the 110 (Fig.
8a) and the 100 (Fig. 8b) directions as the RHEED patterns show
respectively three and one supplementary lines between the
matrix lines.

RHEED patterns with a focus beam on a small area can be
obtained due to the high brightness of the field emission gun.
According to Figure 9, the beam diameter d on the sample can
be expressed as:

T « B

where O is the angular resolution; 6 = % (see Fig. 9)
I is the beam intensity and (3 is the beam brightness.

In typical conditions (I = 100 nA, 8 = 108 A cm~2 sr !,
a = 1073 rad, for Epeam, = 30 keV) the beam diameter has a
value of 04 pm with a specimen tilt angle of 89°. The analyzed
area is quite a rectangle, 23 um long and 04 pm wide. With
a thermoelectronic gun, the corresponding area would be 103
times larger.
Electron channeling imaging of crystalline defects.

Images of extended crystalline defects beneath the surface of
solid samples can be observed when using the low loss back-
scattered electron signal (Morin et al., 1979, 1981). When a beam
of constant incidence in Bragg position scans an imperfect crystal
(containing an edge dislocation for example) a channeling con-
trast appears due to the bending of lattice planes near the dis-
location core which modifies the diffracting conditions of the
beam. Thus we must expect the same contrast as in the elec-
tron channeling patterns situation, where the beam diffracting
conditions are modified by the rocking beam method. However,
to observe such a contrast, the beam must conform to certain
conditions (beam diameter ~10 nm, illumination angle 1.5
10-2 rad, beam intensity ~20 nA). So a high brightness is
needed (14 108 A cm~2 sterad~!). Such a high brightness re-
quires a field emission gun. This technique has been carried
out in an ultra high vacuum scanning microscope (V.G. HB 50

A). A high voltage half-cylindrical mirror analyser was used
to filter backscattered electrons up to 60 keV. Figure 10 exhibits
edges dislocations on a solid sample of silicon.
Transmission SEM mode and Auger analysis

Thin film or thin foil Auger analysis is the straightforward
method to reduce the backscattered electron (BSE) effects. The
first experiments were carried out by Wiedmann and Seiler
(1977); Wittry (1980) suggested the use of thin films to improve
the minimum mass detection limit. Furthermore the field emis-
sion gun permits improved sensitivity with thin samples since

the detected volume percent varies as VB (B: brightness of

the source). The elimination of BSE effects results in a decrease
of Auger peak intensity which is approximately compensated
by the background reduction.

To detect an Auger peak of low intensity, it is necessary to
know the Auger peak height to background ratio (P5/B) varia-
tion as a function of the primary energy. This permits one to
optimize the primary energy range for Auger electron excita-
tion. Furthermore, the Auger peak height must be three times
greater than the root mean square fluctuations in background.
Figure 11 gives the Po/B) variation as a function of the primary
energy for the 351-356 eV My 5 VV Auger transitions of a 70
nm silver thin film. It must be noticed that optimizing the
P/B) ratio requires primary energies higher than 7.5 keV, i.e.,
U = Ep/Ei < 20. The (P/B) ratio is somewhat lower for thin
films than for bulk specimens: this comes from the generation
efficiency difference in Auger electron and secondary electron
emission. For high energy primary electrons, the ionization
cross-section of Auger electrons is more important than the
secondary emission cross-section and consequently the bulk
sample (P5/B) ratio is higher (Tholomier, 1986).

Thin film Auger analysis eliminates the tail of the BSE dis-
tribution: so the spatial resolution is improved. This tail is par-
ticularly important for low Z materials (nearly 2 X 20 um at
50 keV for silicon with normal incidence). It results in a matrix
characteristic Auger peak for localized analysis of islands on
a substrate. Generally speaking, it may produce parasitic peaks
which disturb the chemical analysis interpretation of the localized
defect. Experimental measures of spatial resolution for thin film
Auger analysis are very difficult. It requires a check sample
with a step like chemical boundary. The “discontinuity width”

must be lower than the spot size of the field emission gun if
not, a broadening effect is produced due to the convolution of

spot size and discontinuity width. When the used signal results
from the backward emitted Auger electrons (reflected Auger
signal) the broadening of the incident beam comes mainly from
inelastic scattering by single-electron excitation. The corres-
ponding impact parameter p may be determined by:

vh

e L 7
P = (7)

(AE energy loss of the ionizing incident electron, v velocity
of the incident electron). For the 350 eV My s5VV Auger line
excited by a 50 keV primary electron beam, this broadening is
near 0.75 nm, thus it is small in respect with the beam diameter
(~10 nm). The broadening by elastic scattering of the incident
beam inside the sample does not matter for the reflected Auger
signal.
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Applications of thin films Auger analysis come from the ability
to correlate STEM observations and chemical analysis of local-
ized defects. The STEM furnishes image with good spatial
resolution and permits one to identify the crystalline nature of
the observed defects with conventional methods (bright field/dark
field). Auger analysis permits one to determine the chemical
nature of the defects without matrix influence. The STEM micro-
graph (Figure 12a) shows disc-shaped precipitates in a Cr/Cu
alloy with 0.6% chromium weight. Simultaneous observations
by SEM and STEM are possible. Chemical analysis was real-
ized on the C precipitate which is normal to the direction of
the incident beam: corresponding N(E) and dN(E)/dE spectra
on the precipitate and out of the precipitate are shown in Fig.
12b (Tholomier, 1986).

The use of FEG with high energy probes will permit an in-
teresting development of thin film Auger analysis.

Conclusions

It has been found that the surface properties of materials de-
pend on their topographic aspect, chemical nature, crystallo-
graphic state. Thus for non-homogeneous samples a local charac-
terization is necessary. The various surface aspects can be in-
vestigated with good resolution by a UHV-FE-SEM with the
help of its observation modes (Auger, secondary, backscattered,
transmission. . .). The tendency is then to carry out the surface
experiments by connecting the usual surface techniques around
the UHV-FE-SEM.
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Analytical UHV SEM with Field Emission Gun
Discussion with Reviewers

J.M. Cowley: On the assumption that your Figure 6 was ob-
tained with secondary or backscattered electrons, it appears from
Figure 5 that an Auger channeling pattern would have much
poorer angular resolution. Why should this be so?

Authors: Figure 6 was obtained with backscattered electrons
and the corresponding Auger channeling pattern has poorer
angular resolution. The contrast interpretation is not easy. We
must take into account a lot of waves in dynamical theory due
to this crystallographic orientation and a thinner crystal layer
concerned by the Auger emission.
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