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Surface quality and laser-damage behaviour of
chemo-mechanically polished CaF2 single crystals
characterized by scanning electron microscopy
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A significant increase in the ultraviolet laser-damage threshold of CaF2 (1 1 1) single-crystal
surfaces after surface finishing by chemomechanical polishing (CMP) with colloidal silica
has been demonstrated as compared to conventional mechanical-abrasive polishing (MAP).
It was shown that CMP yields an up to 12-fold increase of the damage threshold fluence up to
Fth"30 J cm~2 for 1-on-1 nanosecond pulses of 248 and 193 nm excimer laser irradiation.
Even after 5-on-1 irradiations, the damage threshold remains as high as Fth"15 J cm~2 in the
case of CMP. For both polishing procedures, the change in dielectric surface properties has
been characterized by means of scanning electron microscopy (SEM) using electron
beam-induced charge-up phenomena. These were mainly detected by the variation of
emitted secondary electron (SE) yield dSE depending on the primary electron (PE) energy.
Two kinds of charge-up phenomena were employed: (i) the onset or vanishing of statistically
fluctuating SE yield bursts during slow-scan imaging (‘‘stripe pattern’’ method), and (ii) the
temporal decay of the electron beam-induced charge-up inside an electrically conducting
mask (charge decay method). Both these phenomena disappeared after CMP. It is concluded
that this disappearance results from removing the subsurface damage layer which is typical
of MAP.  1998 Kluwer Academic Publishers

1. Introduction
Today, ultraviolet and near X-ray optics are favoured
for lithographically structuring photoresists below
0.25nm [1]. Owing to the high intensity of light neces-
sary for a large throughput, low optical losses are
required. While bulk losses have indeed been reduced
considerably, the lowering of surface losses remains
a challenge. The scattered light per single surface of
a CaF

2
lens has to be less than 0.5%, and the laser

damage resistivity of a complete optical system has to
be of the order of 1010—1011 pulses in the 0.1mJ cm~2

range. Submicrometre-sized absorbing particles
located in dielectrics give rise to local inclusion heat-
ing to a few thousand degrees Kelvin [2]. Conse-
quently, the realization of high-grade optical surfaces
is closely accompanied by the development of
adequate methods of failure analysis of the manufac-
tured surfaces [1—5].

In principle, mechanical abrasive polishing (MAP)
results in sufficiently flat surfaces, but their subsurface
layer is known to be damaged, i.e. strongly disturbed
on an atomic scale. It is known that this damage layer
can be removed by subsequent Chemo-mechanical
polishing (CMP) [6, 7]. In particular, CMP finishing
of optical surfaces reduces anisotropy produced dur-
ing any preceding MAP treatment [8] and avoids the
generation of dislocations [9]. Today, the transfer of
commercial semiconductor CMP technologies [10] to
optical materials is under way [11].

To determine the microtopography of polished sur-
faces down to about 0.1 nm, profilometric techniques
(e.g. mechanically contacting nanostep profilers or
contactless optical heterodyne profilers [12, 13]) as
well as atomic force microscopy [14], are used. Addi-
tional information can be obtained from measuring
the integrated scattered light [15] or from surface
acoustic waves [16]).

Information to be deduced from further properties
— including the electrical charging behaviour of sur-
face-near states — can be obtained by means of SEM as
will be explained in more detail. The secondary elec-
tron (SE) yield of insulators remarkably depends on
the surface microroughness [17]. This results in speci-
fic charge-up processes, depending on the primary
charge injection mechanism at a chosen primary elec-
tron (PE) energy [18, 19]. This charge-up behaviour
changes drastically if the subsurface damage layer
produced by MAP is removed. This causes a decrease
in the concentration of surface-near defects [20, 21].
However, MAP or CMP finishing of dielectric surfa-
ces cannot solely be characterized in terms of surface
topography (e.g. scratches, microcracks, grain size,
pores, etc.). In addition, the most instructive scanning
probe methods reveal the local and overall charge-up
of an insulator surface. This holds, particularly, for
MAP-treated dielectrics because, according to our
experience, the microtexture of defective top layers
[22] cannot be identified by the usual SEM crystal
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orientation mapping [23]. On the other hand, trans-
mission electron microscopy (TEM) of cross-
sections can determine whether damage is present
[24] or not [25].

The present paper will show that the properties of
surfaces of dielectrics treated by MAP and CMP can
be characterized by the dependence of SE yield on the
local electron beam-induced charge-up. As an
example, for the case of insulating materials, experi-
ments were carried out on (1 1 1) oriented surfaces of
CaF

2
single crystals. The improved surface properties

of CMP-treated surfaces compared to MAP will be
correlated with the essentially improved ultraviolet
laser damage threshold.

2. Experimental procedure
(1 1 1)-oriented surfaces of CaF

2
single crystals were

mechanically polished with 0.25 lm diamond suspen-
sion. Subsequent CMP was performed with colloidal
silica under constant pH on a commercial polishing
machine. In addition to SEM, to study microtopogra-
phy in a sensitive way, deep etching was performed in
0.2 NHNO

3
solution for 15min at room temperature.

TEM of cross-sections was carried out to estimate the
thickness of the subsurface damage layer after MAP.

Laser damage tests were performed by 1-on-1 and
N-on-1 irradiation pulses in air for 248nm/14ns and
193nm/8 ns pulses in the fluence range 1 J cm~2(F
(40 J cm~2. Subsequently, the surfaces were pre-
pared for SEM investigations in two different ways: (i)
the cleaned uncovered crystals were electrically
grounded through eight peripheral carbon conducting
dots in order to employ the stripe-pattern charge-up
method described in Section 3.1; (ii) an aluminium grid
mask 0.5lm thick was evaporated (in two steps
through a slit mask turned 90° after the first step) to
produce meshes 1.5]1.5mm2 in size separated by
aluminium bars of 0.5mm width. These masks were
grounded at their periphery by carbon conducting
dots in order to employ the charge decay method
described in Section 3.2.

SEM studies were performed in a field-emission
gun microscope at primary electron energies of
0.5KeV)E

1
)10 keV. Specimen tilting up to

'"50° was applied. Before taking slow scan micro-
graphs, the distribution of electron beam-induced
charge-up was stored in an image memory device. All
SE contrast images shown below correspond to repro-
ducibly generated charge distributions on the crystal
surface. Very small laser-induced surface modifica-
tions yield a pronounced capacitive component dur-
ing SE imaging. Thus they can only be detected by
using a very short dwell time of the electron probe (TV
scan mode) under high specimen tilting.

3. Fundamentals of electron beam-induced
charging of insulators during SEM
observations of defective surface layers

The electron beam-induced surface potential of an
insulator is determined by the energy and the intensity
of the PE, the dwell time of the electron probe, and the

SE yield of the material. (The dwell time, which is of
the order of microseconds in the slow scan mode, is
defined by the line time divided by the number of
pixels per line.) The SE yield itself is influenced by the
surface properties of the material in a complicated
way (e.g. by microroughness, band structure, mean
free path length, energy loss per unit length, and depth
of emission of the SE [17, 26, 27]).

In general, a clean insulator surface can charge
either positively or negatively under electron irradia-
tion, depending on the energy, E

1
, of the primary

electrons. A positive surface potential which results
from a total electron yield r"d#g'1 (d"SE
yield, g"backscattering coefficient) usually occurs
within an interval E

1
(E

1
(E

2
while it is negative

outside this interval. This E
1
—E

2
interval is far greater

in insulators than in metals. For both the critical
energies E

1
and E

2
, the total yield is r"1. However,

charging in the SE mode is also a function of the
incident angle of the PE, i.e. the tilt angle, ', between
the electron beam and the surface normal of the speci-
men. The SE yield, d, is known [28] as

d (E
1
, ')"(BE

1
k)/(e

*
R

%
cos')

]M1!exp[!(R
%
/k) cos']N (1)

where k is the escape depth of SE, B is a constant less
than unity, e

*
is the average energy to produce a single

SE, and R
%

is the electron range. The nearly inverse
proportionality between d and cos' is well known: an
increasing tilt, ', enhances the positive charge-up if
E
1
(E

2
. If E

1
'E

2
increasing tilt compensates the

negative charge-up towards a surface free of charge [19].
It should be noted that in the case of a positive

charge-up at E
1
(E

2
a more complicated behaviour

results: the insulator’s positive surface layer can partly
be neutralized because it attracts the SE electrons,
both from outside and inside the material [29]. In this
way, the positive surface layer becomes ‘‘sandwiched’’
between two negatively charged layers. Both of them
reduce the SE emission probability. Contrary, for
E
1
'E

2
and r(1 the negative surface potential

extends into a much greater depth, d
"

(in spite of
a positively charged surface layer only few nanometres
thick which also exists in this case). Hence, d

"
controls

the emission of the SE into the vacuum. Accordingly,
the SEM charging phenomena for r(1 and r'1
are very different and they are defined by the size of
the excitation volume of the PE. Both models suppose
dynamic equilibrium during the scanning electron
beam irradiation. If this equilibrium is modified by the
local presence of defects, the resulting charge-up
mechanisms vary locally, resulting in some kind of
defect imaging. In particular, a sensitive characteriza-
tion of the surface properties of dielectrics is enabled
by the two different SEM techniques mentioned above.

3.1. Electron beam-induced positive
charge-up processes in the energy
range E1(Ep(E2

In this case, the charged triple layer (negative, positive,
negative) reduces the escape depth of the SE, so that
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Figure 1 Charge-up behaviour during 2 kV SEM imaging of
a MAP-treated (111) surface of CaF

2
(a) Tilting to '"32° gener-

ates a stripe pattern typical of positive charge-up. (b) A surface
nearly free of charge at '"0°. Note also the change in contrast of
the inclusion.

Figure 2 Charge decay behaviour of a MAP-treated (111) surface of
CaF

2
SEM imaging at E

1
"0.9 keV, '"0° of different charge

decay features inside the meshes of a grounded aluminium cross-
grid, starting from a preceding negative charge-up at E

1
"5keV.

bulk charge influences can be mainly excluded. There-
fore, a contrast due to a reduced SE emission (i.e. loss
of information) and arising only from a small excita-
tion volume can be expected. If the material has a
dielectric time constant s"q ) e (q"electrical resis-
tivity, e"dielectric constant) in the order of the line
time, t

1
, for slow scanning (+10~2 s), SE yield changes

due to defects should mainly appear within a single
scanning line. In CaF

2
, however, the time constant is

s+7 s (compared, for example, with 400 s for quartz
and 10~20 s for copper [30]). Hence, sAt

1
, i.e. sudden

changes of charge rarely occur inside a single scanning
line. They rather occur during a time which comprises
groups of lines, thus leading to ‘‘stripe pattern’’. This
pattern indicates fluctuating charge phenomena, i.e.
changes of the effective charge density on the insulator
surface. These fluctuations can be quantitatively pro-
cessed by pulse height analysis [31].

An example is shown in Fig. 1 for a MAP-treated
CaF

2
(1 1 1) surface containing a local inclusion. The

stripe pattern is observed at specimen inclination of
'"32° as shown in Fig. 1a. This pattern is observed
to be independent of the specimen size and the size of
the scanned area. At normal incidence of the electron
beam, the stripes nearly disappear, as shown in
Fig. 1b. Here, E

1
and ' were chosen to work below

the critical limit of charge-up (cf. Section 4.1).
CaF

2
is an excellent ionic conductor [32] and its

electronic conductivity of q+10~13 )~1cm~1 reported
for vacuum-deposited CaF

2
films [33] is remarkably

higher in comparison to 10~17—10~20 )~1cm~1 for

polymers, mica or PTFE [34]. Therefore, it can be
expected that the dynamic equilibrium between
charging and discharging of the CaF

2
surface under

low-energy electron irradiation is shifted towards dis-
charging, for MAP- as well as for CMP-treated surfaces.

3.2. Localized charge decay after negative
charge-up at Ep'E2

Whereas positive charge-up behaves independently of
the specimen size (charge-up can equally well arise
from outside the scanned area), the decay behaviour of
negative charge should be studied within well-defined,
subdivided areas of the insulator surface, each sur-
rounded by a grounded conducting path. Experi-
mentally, this subdivision has been accomplished by
evaporating a conducting aluminium mesh as
explained above. The imaging procedure consists of
two steps. First, all mesh areas are uniformly charged
up negatively by a beam energy E

1
'E

2
. Then, the

voltage is reduced to E
1
(E

2
in order to slow down

the charge decay and to get nearly maximum SE yield.
This decay is found to behave differently in various
meshes, thus indicating different concentrations of
effective electron traps. In order reliably to compare
this charge decay within different meshes, the leakage
paths to nearby existing grounded contacts must have
the same length. Otherwise, uncontrolled blurring
starting from anywhere on the insulator surface pre-
vents localization of the different concentrations of
traps.

This charge decay method is demonstrated in Fig. 2.
An imperfect CaF

2
(1 1 1) surface is imaged at

E
1
"0.9 keV after preceding charge-up at E

1
"5keV.

Inside the grounded aluminium meshes, local- and
time-dependent features of intensity are seen which
indicate charge leakage to ground that behaves differ-
ently from mesh to mesh. These differences can
be interpreted as ‘‘decoration patterns’’ arising from
locally different concentrations of surface defects.

In the case of dielectrics, the electron range, R
%
, of

the PE is, fortunately, nearly as large as the average
depth of the centre of the total charge induced by
the electron probe [34]. Moreover, both quantities
are comparable to the thickness of the subsurface
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Figure 4 Charge-up behaviour of a CMP treated (111) surface of CaF
2
. SEM imaging under the same conditions as in Fig. 1 (E

1
"2keV): (a)

'"0°, (b) '"32°. The profilometer trace (c) yields a microroughness R
!
"0.48 nm (centre-line on average).

Figure 3 The (111) surface of CaF
2

MAP treated with 0.25lm
diamond. SEM imaging at E

1
"5 keV, '"0°.

damage layer produced by MAP. A typical figure is
R

%
"0.3lm in CaF

2
at E

1
"5 keV [35].

A further favourable fact is the large mean free path
of SE in insulators which leads to a high probability
that SE generated at a depth R

%
can reach the surface

[26]. Therefore, a sufficient SE emission from the
insulator surface is observed, although the ionization
energy, e

*
, to generate a secondary electron is very

high (e
*
+2.8 E

'
in dielectrics where E

'
is the band

gap energy, e.g. E
'
(CaF

2
)"12.1 eV [17]).

4. Results
4.1. Charge-up of the insulator surface
The charge-up behaviour of the CaF

2
surface strongly

differs for MAP and CMP treatment. The high degree
of surface damage produced by MAP is seen in Fig. 3
where most of the polishing scratches are visible
without tilting the surface. On systematically tilting

such a surface during SEM observation at a constant
E
1
+E

2
a critical tilt angle '

#
, is found above

which the stripe pattern appears, which results from
fluctuating positive charge-up as shown in Fig. 1a.
For MAP, this '

#
was found to scatter within a

narrow range of *'
#
"2°. (For comparison,

a beam-induced negative charge-up would lead to
potential distribution patterns of total different nature
[29, 36]).

After CMP, the crystal surface behaves in quite
a different way, as shown in Fig. 4a and b. At a con-
stant E

1
+E

2
, a very weak stripe pattern is seen which

does not depend on the inclination '. A positive
charge-up can only be reached in the energy range
E
1
(E

1
(E

2
if ''30° (E

%&&
"E

1
cos2'+0.5 keV

[19, 36]). Then, the stripe pattern appears clearly, as
shown in Fig. 5. However, contrary to MAP, the
transition region, *'

#
, is much larger for CMP.

For the surface quality achieved by CMP, a micro-
roughness of the order of R

!
"0.5 nm (centre-line on

average) is measured according to Fig. 4c. After ultra-
sonically cleaning CMP-treated surfaces with alcohol-
ic solutions, the stripe patterns disappear completely if
the same imaging conditions are used as in Fig. 5.
Thus the positive charge-up is sensitive to weak pol-
ishing residues of CMP.

4.2. Charge decay behaviour
As mentioned above, an aluminium grid was evapor-
ated on to the surfaces in order to observe the charge
decay within the individual meshes of the grid. To
check whether the electrical contact of the grid is as
uniform as required, possible SE yield variations were
checked up to the periphery of the crossing grid at
a high magnification and in both the electron ranges
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Figure 5 SEM stripe pattern of a CMP-treated (111) surface of
CaF

2
, indicating positive charge-up in the range E

1
(E

1
(E

2
at

E
1
"0.9 keV, '"32°.

Figure 6 Successive stages of charge decay on a MAP-treated (111)
surface of CaF

2
inside the meshes of an evaporated, grounded

aluminium cross-grid; '"0°. (a) Charge-up at E
1
"5 keV, (b—e)

charge decay observed at E
1
"0.9 keV after (b) 160 s, (c) 240 s, (d)

320 s, and (e) final state (where a topographic feature is arrowed).

R
%
(d

A-
and R

%
'd

A-
. Although the physical nature

of the metal—insulator contact is not well known,
it has been found to be constant across the whole
grid.

After an initial negative and uniform charge-up at
an elevated voltage of 5 kV, the subsequent charge
decay was observed at 0.9 kV within the individual
meshes. This decay was found to occur slowly for
MAP-treated surfaces but very rapidly in the case of
CMP. The case of MAP is shown in the sequence of
Fig. 6a—e. The decay first seen as a non-uniformity in
the contrast starts at E

1
"5 keV after four slow scan

periods of t
&
"80 s, as shown in Fig. 6a. The further

decay events (Fig. 6b—e) were observed within a time
of 400 s at a low acceleration voltage of 0.9 kV, chosen
in order to slow down the decay and to obtain max-
imum SE yield. The final state, Fig. 6e, reveals a total
contrast inversion and a uniform positive charge
inside the meshes. For intermediate states, the meshes
show different charge patterns which gradually turn
into the final state. The inhomogeneous charge distri-
bution within a given mesh can be considered as
a ‘‘decoration pattern’’. However, it is not accom-
panied by corresponding topographic features detect-
able by SE.

In the case of CMP-treated surfaces, the uniform
charge-up within the meshes requires an accelerating
voltage of *9 kV as well as about three times the
number of frame scans necessary for MAP to charge-
up. The subsequent charge decay process observed at
0.9 kV now happens very rapidly during the first frame
scan of 80 s duration, thus arriving at the final stage, as
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Figure 7 Single-shot 248 nm laser damage spots produced by vari-
ous laser fluences, F, on CaF

2
after MAP. SEM imaging at

E
1
"5keV: (a) F"2.85 J cm~2, '"0°, scratches are still visible;

(b) F"9.39 J cm~2, '"27°, charge-up inside the spot; (c)
F"12.54 J cm~2, '"19°, oriented microcracks inside the spot
and ‘‘halo’’ formation outside it.

in Fig. 6e. Intermediate states or laterally non-uniform
potential distributions have not been observed so far.

4.3. UV laser damage tests of MAP and CMP
surfaces

As pointed out above, CMP-treated CaF
2

surfaces
reveal a significantly higher laser damage resistivity
than MAP-treated surfaces. In both cases, the first
stages of surface damage after 1-on-1 excimer laser
irradiation become visible by small SE yield differ-
ences with respect to the unirradiated surroundings.
The fluence necessary to produce this effect is about 12
times higher compared to the same effect of MAP-
treated surfaces.

In this latter case of MAP, first surface modifica-
tions were already found for F"1.7 J cm~2 of 248 nm
pulses. As shown in Fig. 7, three different stages of

damage were observed: (I) weak interaction where
polishing scratches across the laser spot still remain
clearly visible (Fig. 7a); (II) pronounced charge-up of
the laser spot and diminished contrast of the polishing
scratches (Fig. 7b); (III) first oriented cracks inside the
spot due to crystallographic chipping, accompanied
by an evaporation ‘‘halo’’ outside the spot (Fig. 7c). In
general, it should be noted that first oriented laser-
induced cracks can be detected much more easily by
characteristic local charge-up events during normal
incidence of the electron proble for E

1
'E

2
, than by

imaging topographic features free of charge (on using
high specimen tilt together with SEM tilt correction).
In stage II, charge-up inside the spot can be neu-
tralized by increasing the surface tilt angle. The critical
angle, '

#
, has been observed to be sensitive to the

defect density introduced by different laser fluences F,
a feature shown schematically in Fig. 8a. According to
Fig. 8b, increasing fluence (i.e. increasing defect
density) requires an increasing critical tilt angle. With-
in such laser damage spots uncharged, scratches intro-
duced by MAP become clearly visible.

Contrary to this, after CMP, a drastically higher
damage threshold has been found: even for single-shot
fluences of F'30 J cm~2 and at high specimen tilting
''40 ° the laser spot’s circular border line only
could be detected (Fig. 9a, £l+110lm). The con-
trast of this line can be interpreted topographically as
a small circular depression throughout the spot area
(the SE detector position is on the right). This border
line represents the site of the highest temperature
gradient during irradiation, leading to the largest ther-
moelastic stress [37, 38]. For increased fluences, it was
difficult to localize the damaged areas: only a very
small increase of the SE yield could be detected by
means of a very short dwell time of the electron probe
under a strongly inclined specimen position (Fig. 9b).
Topographic surface features could not be uniquely
identified in this case. Charge-up inside the laser spots
could not be found.

However, stronger laser damage of CMP-treated
surfaces leads to (1 1 1)-oriented microcracking (chip-
ping) into tiles, similar to stage III of MAP surfaces.
Early stages of this topography can be observed in the
SEM at high specimen tilt, as shown in Fig. 10. After
a fluence of F"13 J cm~2, N"5 shots are sufficient
to produce distinct accumulated damage structures.
This kind of threshold damage becomes visible as
oriented microcracks located in micrometre-sized par-
tial damage areas of the total spot. After higher fluen-
ces of F'18 J cm~2 a possible dependence of this
threshold damage on the UV photon energy could not
be stated unambiguously. Occasionally, even the thre-
shold for 193nm was higher than for 248nm.

4.4. TEM of cross-sections at polished
surfaces

TEM is able to reveal details of the subsurface damage
layer, as is known from several crystalline materials.
To obtain more evidence in the case of the CaF

2
crystals polished in this work, thin cross-sections
were prepared and investigated by TEM diffraction
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Figure 8 Dependence of the critical angle, '
#
, of specimen tilting, necessary to neutralize charge-up inside the laser irradiation spot, on the

laser fluence, F, for an MAP-treated (111) surface of CaF
2

(a) Schematic drawing showing the dependence of angle '
#
on increasing fluences,

F
1
, F

2
, F

3
. (b) Experimentally measured '

#
versus F.

Figure 9 CMP-treated (111) surface of CaF
2

subjected to 248 nm single-shot laser damage at different laser fluences, F. SEM imaging at
E
1
"5keV, '"45°. (a) F"31.14 J cm~2, the slow scan mode reveals only a topographic, ring-shaped depression. (b) F"29.65 J cm~2,

threshold features only detectable by the TV scan mode.

Figure 10 CMP treated (111) CaF
2
surface subjected to laser damage by 193 nm multi shot irradiation. SEM imaging at E

1
"5 keV, '"29°,

TV scan mode. (a) F"13 J cm~2, 10 shots; (b) F"18 J cm~2, 5 shots.
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Figure 12 Chemically deep etched (111) CaF
2

crystal surface, SEM imaged at E
1
"5keV after different polishing: (a) MAP, '"20°; (b)

two-step incomplete CMP after MAP, '"45°.

Figure 11 Cross-sectional TEM at an MAP-treated (111) CaF
2

crystal surface showing dark contrast of crystal defects and of strain fields
around dislocations, L, and possible microcracks at M.

contrast. A typical result shown in Fig. 11. Crystal
defects and defective regions appear by dark contrast.
This is strongest near the surface, indicating a high
density of defects which decreases more or less mono-
tonically at increasing depth. Below a depth of about
100nm, individual lines can be resolved which indi-
cate the presence of dislocation loops or fragments of
loops as indicated by L in Fig. 11. (It should be noted
that dislocations produce sharp lines, while blurred
dark lines represent Bragg bending contours which
arise from long-range strain fields surrounding the
dislocations.) Such individual dislocations were found
up to a depth of about 1lm. At depth of about
200nm, surface-parallel bright lines, M, are visible
which may indicate (1 1 1) microcracks parallel to the
surface.

In contrast to MAP, careful CMP is able to remove
this defective layer and to avoid dislocations entirely.
This is well known from semiconductor and other
wafers commercially polished by CMP and investi-
gated by cross-sectional high-resolution TEM of, for

example, epitaxial film systems. Such micrographs —
taken by us for various semiconductors and oxide
crystals — show that the lattice of the substrate wafer is
undisturbed up to its epitaxial surface [25].

4.5. Chemical deep etching
Deep etching with 0.2 N HNO

3
was performed in

order to reveal defects and to compare the MAP and
CMP treatments by this additional method, as shown
in Fig. 12. While the MAP surface exhibits a strong
roughness after etching (Fig. 12a), the CMP surface
appears more perfect after deep etching. Its topo-
graphy (Fig. 12b) shows features due to etching of
scratches, but the topographic contrast is much re-
duced in spite of a larger surface tilt used to enhance
this contrast.

On the other hand, if perfectly CMP-treated surfa-
ces of dielectrics are deep etched, they do not appear
to be degraded, and only rare defects of the as-grown
type become visible [21].
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5. Discussion
5.1. Effect of polishing on the charge-up

and charge decay in the SEM
The enhanced density of defects of MAP-treated ionic
crystals directly correlates with the energetic localiza-
tion of surface charges: in the perfect insulator the
injected carriers are localized in the valence or con-
duction band and neutralized at the external contacts.
However, in many real insulators, electrons are addi-
tionally localized on defects. Probably, the defects
generated by MAP dominate the charging behaviour.
These MAP-induced defects are considered to be
extrinsic, in addition to those extrinsic defects [26]
already present.

Therefore, SE yield measurements cannot simply be
correlated with the surface topography or the chem-
ical composition. As found from samples of different
sources, the SE yield characteristics are essentially
influenced by pretreatments, e.g. thermal history, pre-
cleaning, or irradiation treatments.

It is difficult to measure the surface charge storage of
insulators because the injected carriers (electrons) inter-
act with the material by complicated trapping processes
[17, 39]. Neither the SEM observation of charge-up
nor of the local charge decay allows one to decide
which of the following factors has the strongest influ-
ence on the actual surface conductivity: the number of
charge carriers, their mobility, or the combination of
both. In addition to these given properties, the electrical
conductivity is affected by the scanning electron beam.
Additionally, excess carriers from outside the scanned
area can move into this region. Therefore, time-depen-
dent SE yield variations only represent a charge bal-
ance resulting from the interaction of these processes.

However, the polarity of the charge-up in the SEM
can be uniquely stated for both MAP- and CMP-
treated (1 1 1) surfaces of CaF

2
. In the case of MAP

and an orthogonal beam incidence, the surface is suffi-
ciently free of charge at E

1
"1.8 keV. This energy is

known as E
2

of CaF
2

[19]. A slightly larger
E
1
"2keV as in Fig. 1b results in very weak negative

charge-up, as expected. Consequently, tilting to
'"32 ° leads to positive charge-up as in Fig. 1a
where E

2
"2.4 keV is known for CaF

2
[19] at this

angle of electron incidence. By measuring the
‘‘Duane—Hunt high energy cut-off’’ of the emitted
Bremsstrahlung by X-ray energy dispersive spectro-
scopy (EDS) [40], the true surface potential in the
range of 1.5 keV(E

1
(8 keV has been shown to

decrease not more than by +10% versus E
1
for CaF

2
[36]. In general, the positive, zero, or negative charge-
up of CaF

2
can be adjusted independently by both

E
1
and ' within defined limits. In the case of MAP, the

observed narrow transition region of *'"2° results
from the very small emission depth of SE (maximum
+50 nm in insulators [41]) compared with the depth
of the subsurface damage layer of several 100 nm. In
contrast to this, the drastic increase of *' after the
CMP treatment indicates the removal of this damage
layer. Therefore, the SEM characterization by deter-
mining the charge-up and its transition region, *',
offers a sensitive method for characterizing the surface
properties of the insulator.

To study the charge leakage behaviour in the SEM,
a conducting mesh of uniform contact with the surface
is required, and low-voltage imaging in the range
E
1
(E

2
is most convenient because then d+d

.!9
is

easy to achieve. In case of MAP surfaces, the decay
occurred non-exponentially with time. Therefore, one
can assume the intrinsic carrier density is small in
contrast to the beam-injected charge density. The
decay always starts in the centre of the meshes but not
homogeneously for all of them. The dominant
inhomogeneity is a gradient from the aluminium bar
towards the free surface inside the mesh. The peri-
pheral zone of every mesh can be regarded as a retard-
ing field zone. In this zone the uncoated insulator
surface can be studied sufficiently free of charge for
E
1
'E

2
[42]. The contrast reversal of the aluminium

grid (Fig. 6b—e) takes place gradually during the dis-
charging process. This points to the fact that the
nature of the aluminium cross-grid contact to ground
is constant but non-ohmic.

In contrast to this, the charge decay of CMP surfa-
ces happens very quickly. Also, at higher magnifica-
tion, no local variations of charge-up during multiple
frame scans were detected.

5.2. SEM detection of the laser damage
threshold

On MAP-treated CaF
2

the dependence of charge-up
on ' holds for the non-irradiated crystal surface as
well as for the laser-irradiated area. However, the
charge-up behaviour within laser spots above the
damage threshold II (charge-up) and below the dam-
age threshold III (first oriented cracks) can be treated
as that of ‘‘insulating islands’’ of increased permittivity
with respect to its surrounding. It is known that there
is an inverse relation between the permittivity and the
band gap of dielectrics [43]. As mentioned above,
MAP increases the density of localized levels within
the band gap. Hence it is supposed that MAP reduces
the band gap, thus increasing the permittivity. In
a similar way, laser irradiation should first affect the
localized level, thus leading to changes in the permit-
tivity and of the changing behaviour. This may also be
valid for the CMP laser damage threshold: slowly
increasing SE yield (Fig. 10b) possibly indicates early
stages of local capacitor formation (by the beginning
surface exfoliation) which is only detectable by SEM,
if very short dwell times of the electron probe in the
TV scan mode are used.

6. Conclusion
A change in local surface properties of dielectrics has
been sensitively characaterized by studying the
electron beam-induced charge-up and discharge
behaviour during SEM imaging. The behaviour of
mechanical-abrasive polished (MAP-treated) (1 1 1)
surfaces of CaF

2
can be interpreted to arise from

locally trapped charges if the dielectric surface, domin-
ated by localized state, show an effectively reduced
band gap and hence increased dielectric constant. This
conclusion is supported by the fact that the charge-up
and charge decay processes typical of MAP disappear
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if the surfaces are treated by chemomechanical polish-
ing (CMP). Therefore, chemomechanical polishing is
assumed to decrease considerably the density of near-
surface states.

From the methodical point of view, the charge
decay characteristics observed by SEM provide in-
formation on the ratio of the injected to intrinsic
carrier density of a dielectric surface.

The charge-up and charge decay SEM methods
used here advantageously complement X-ray diffrac-
tion studies performed during successive surface
stripping of MAP dielectrics [22], electrometer probe
techniques, and pulsed electroacoustic methods
for measuring the charge accumulation in solid dielec-
trics [44]. It would be particularly advantageous to
apply all methods after successive finishing steps of
one specific surface as well as after the final state of
different finishing techniques.

We found that CMP of (1 1 1) CaF
2

surfaces
guarantees a significant enhancement of the ultra-
violet laser damage threshold up to 12-fold, in compari-
son to MAP in the range 1 J cm~2(F(40 J cm~2.
The SEM methods used here are able to characterize
laser damage not only by imaging topographic fea-
tures, such as depression and the known photoabla-
tion (cracking and chipping) processes. Moreover,
SEM studies of charge up and charge decay are able to
detect very early stages of damage that give rise to
changes in the SE yield. Probably, this early damage is
determined by photochemical decomposition [45] as
the dominant energy deposition. Therefore, the SE
yield should be sensitive to the accumulation of sur-
face defects during multiple laser irradiation too.
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