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Abstract

Low voltage operation of the scanning elec-
tron microscope is being increasingly wused to
avoid negative charging in e-beam inspection and
metrology. Positive charging effects, however,
may still disturb the measurement accuracy even
with low primary beam energies. Current investi-
gations have revealed that no errors due to
positive charging occur on resist structures on
semiconductor substrates. But samples with metal
structures on insulating substrates do involve
disturbing effects due to positive charging. The
difference in behavior between these groups of
samples is attributed to the fundamental differ-
ence between insulator and conductor charging.
This difference is due to different field geome-
tries on the respective surfaces.
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Introduction

New methods of inspection and metrology are
required in manufacturing integrated circuits and

components for optical communications, since
structures are approaching dimensions below 1
um. Light-optical methods are reaching their

limit of resolution at this stage of miniaturiza-
tion. Scanning electron microscopes (SEMs) are
therefore being increasingly employed for dimen-
sional and quality control in the manufacturing
processes (Postek 1983,1984a,b; Frosien and
Lischke 1984;Frosien 1986; Russel et al. 1984;
Yamaji et al. 1985).In general, the line width
and pitch of structures on integrated circuits or
masks are the quantities to be measured. Several
SEM manufacturers already offer dedicated ma-
chines with a high degree of automation and
computer-assisted pattern evaluation.

The success of SEM applications depends on
the accuracy and reliability of the method and
the instrument. Limitations to the SEM measure-
ment accuracy are caused by 1) the instrument and
by 2) beam-sample interactions. Instrument relat-
ed limitations have been discussed in several
papers (Jensen & Swyt 1980, Seiler & Sulway 1984;
Russel et al. 1984) while effects of beam sample
interactions have not yet been fully investigat-
ed. The impact of electron scattering and secon-
dary electron generation on the problem of locat-
ing the actual feature edge from the acquired
secondary electron intensity profile is frequent-
ly considered (Jensen et al. 1981; Hembree et al.
1981, Russel et al. 1984, Nyyssonen and Postek
1985; Yamaji et al. 1985). Little attention has
been paid to charging effects which can influence
the intensity profile (Yamaji et al. 1985) and
which can also displace the beam. One of the main
requirements of SEM applicability is the avoi-
dance of charging effects without sample surface

coating. Inspected devices, e.g. resist struc-
tures, can then continue to be processed. Speci-
men charging is avoided by the basic idea of

compensating the primary beam current IP by the
emitted currents of secondary IS and backscat-

tered Iy electrons. Balance between impinging and
emitted currents appears at a certain energy EN
(Fig. 1) of the incident electrons, which is in
the range of 1 keV or below (e.g. Gibbons 1966;
Brunner and Menzel 1983). The second crossover at
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lower energy is not considered here because it
does not allow stable, non-charging operation.

The energy Ey depends on several parameters,
such as surface material, surface roughness and
surface angle (Fig. 1). This 1is why complex
structures containing several materials with
different surface conditions and angles will
generally not allow balancing of emitted and
incident currents on the whole sample simultane-
ously. Consider a beam energy E being adjusted to
a point above the values Ey” of certain surface
areas charging these areas to negative potentials
because the number of incident electrons exceeds
the number of emitted electrons. Other areas
having higher values Ey“” > E will then charge
positively with the same primary beam energy E,
since the number of incident electrons is less
than the number of emitted electrons. Even if the
primary energy E is chosen to be smaller than EN
on all surface areas, positive charging will not,
in general, result in a uniform surface voltage.
The nature of these remaining charging effects
and their influence on image distortions and
measurement accuracy are the subject of current
investigations. This paper focuses on beam dis-
placement and related distortions and does not
discuss the specifiec contrast effects in the
low-voltage SEM which are partly also due to
surface charging.

Nature of charging effects in low-voltage SEMs

While negative charging in high-voltage SEMs
has been studied in detail by Crawford (1980),
the positive charging effects associated with
low-voltage electron beams have not. The aim is
therefore to develop an initial theoretical
statement about positive specimen charging.

Consider a planar surface of an insulator or
floating conductor being bombarded with electrons
of energy E < EN (Fig. 1). The electrons are
focused to form a small spot which scans the
surface in a raster. Secondary electrons are
emitted from the surface element, irradiated by
the primary spot and attracted by the col-
lecting grid of the detector. In this picture,
the scanning of the primary beam is described by
a dwell time t; on each irradiated surface ele-
ment i and a subsequent jump to the adjacent
one. After frame time T, the first element is
addressed again. The element is assumed to have a
capacitance C to ground, which charges positively
during the dwell time ti since E < Ey and due to
the extraction of emitted electrons by the detec-
tor. In contrast to the assumption in Fig. 1, the
extraction will not be complete in practical
cases, allowing an additional current IR of
redistributed electrons to flow. Fig. 2 shows the
relevant currents on the surface element, which
result in a net charging current of:

Ic = -Ip + Ig + Ig - Ig(Ug) (1)

Ip, Ig and I are assumed to be independent of
the surface potential US7 since the yield curve
of most materials has a relatively small slope
between the crossover energies. The redistribut-

ed current Ip(Ug) increases with positive Ug. The
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Fig. 1: Schematic yield curves on sample surrace
areas differing in material composition, rough-
ness or angle (e.g., Gibbons, 1966).
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Fig. 2 Currents in the SEM which charge a
specimen surface of capacitance C with a re-
sulting current I, Ip: primary current,
IB’ backscattered current, Ig: secondary current,
IR: redistributed current, Ic: charging current.

secondary electrons are increasingly attracted by
the surface as it continues charging. In order to
develop a first-order theory yielding an estimate
for the time constants in positive sample charg-
ing, the increase of I with Ug is assumed to be
linear. Although the functional dependence will
in practice be more complex, this does not total-
ly change the basic behaviour of the effects to
be described:

Ip = £(U) Ug = — Ug. (2)

1
p

p has the dimensions of resistance and represents
the effects of the electric field geometry above
the irradiated area. The redistributed current I

increases until it compensates the emitted cur-
rents at a surface voltage of US = UC < UD which
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stops further charging by Io = 0:

_IP * IS + IB = IR(UC)' (3)
Equations 1 and 3 then yield:
IC = IR(UC) IR(Us) (%)

The current I. causes an increase of the surface
potential Ug towards Ug, which can be calculated
using eq.2 analogously to the case of a capacitor
being charged via a resistor:

= 4

C
U (1-e 7 (5)

It should be noted if the surface charges to
values accelerating the primary beam to such an
extent that it attains almost crossover energy.
The approximation of IS = const is not applicable
in this case.
Floating conductor

During the e-beam dwell times t..n, on the
next surface elements i+n, the potential con-
tinues increasing according to eq.5 as long as
part of the continuous conductor is scanned. The
conductor may, for example, be the chromium layer
of a mask or a metal line of a chip. A change of
the potential distribution in the area above the
conductor goes hand in hand with the charging as
depicted in Fig. 3. This causes the redistribut-
ed current Ip to increase until it compensates
the emitted currents according to eq. 3, allowing
a maximum surface potential U to be attained.
The actual voltage of a floating conductor on the
sample surface depends on its capacitance C to
ground, the constant p and the total time of
exposure to the electron beam during the scan.

Insulating material

The electron beam moves on to the next
surface element i = 2 after the first one (i = 1)
has been charged to Us(tl)- Electrons emitted

from the new surface element are again extracted
by the SEM detector but, depending on the elec-
tric fields on the sample surface (Fig. 4), also
by the positively charged neighboring element.
This gives rise to a current of redistributed
electrons of:

L (lg) = lﬂus, (6)
discharging the previously charged element i = 1.
Again a linear dependence on U, has been assumed
to serve as a first order approach. This assump-
tion neglects the influence of charged neighbou-
ring surface areas on the trajectories of redis-
tributed secondary electrons. The discharging of
the element during the frame time T due to this
current is given by:

1

nC

T

US = Ug(tj) e (7)
The values n and p will be of the same order of
magnitude, since the redistributed currents IR
and IR' are both determined by similar electric
field distributions above the sample. The time

constants 1 / nC and 1 / pC will therefore
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Fig. 3: Potential distribution above a conductor
in the SEM chamber before and after positive
charging.
a) Electron bombardment just starting, t = O,
U, =0
b? Stable potential US = Up < UD attained, t = te
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Fig. 4: Potential distribution above an insulator
in the SEM chamber after a surface element 1is
charged to a positive voltage. A current I,”" of
redistributed electrons discharges the element
while other areas of the surface are scanned.

also be similar, resulting in a substantial
discharging of the surface element as early as
during the scan over the next few adjacent ones.

The total progressive charging and discharg-
ing of the scanned surface may be described by a
theory considering the capacitance varying with
time in a similar way as described by Crawford
(1980), but the development of a complete theory
is not the subject of the present paper. Never-
theless, the considerations stated demonstrate
that positive charging is less on insulators than
on conductors.
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Influence of charging effects
on measurement accuracy

It is well known that negative charging
causes deviations in the line width measurement
accuracy which have been quantitatively investi-
gated by Frosien and Lischke (1984). These in-
vestigations continue to yield additional re-
sults on different combinations of materials.
The measurement accuracy with beam energies below
EN is studied in more detail with a consideration
of positive charging as well.

Several combinations of materials have been
investigated. Two examples of quantitative re-
sults are shown in Figs. 6 and 7. The line width
W and the pitch P (Fig. 5) were measured with
different primary energies in a Hitachi S 800
field emission SEM. Measurements were done on the
photographs reccrded. Calibration values Ncal and
Pogy Were obtained on the samples after coating
with gold by reproducing the same sequence of
primary energies. The relative line width error
is calculated by:

‘ P
—_ s . (8)

The measured values W were corrected by the
factor P, ., / P to eliminate systematic devia-
tions e.g. due to the photographic process and
drift effects of the instrument. this additio-
nally corrects part of the global charging ef-
fects. The remaining local effects cause increas-
ing deviations above a certain threshold energy

towards larger or smaller values, depending on
which part of the sample starts charging. There
are other additional effects occurring together
with the beam displacement such as contrast

changes in the image. But these do not change the
conclusion not to operate under these conditions
of negative charging for quantitative measure-
ments.

No effects due to positive charging have
been observed in quantitative investigations in
which only insulating materials or conductors
having contact to ground are involved (e.g., Fig.
6). This is in agreement with the theoretical
statement in the preceding section. These meas-
ured values below the threshold energy show
deviations of about 0.1 uym (5 to 10% on 2 um
structures), which is the current error in evalu-
ating the SEM images. This error may be reduced
by improving the instrument, e.g. eliminating
line interference at low-voltage SEM operation.

Unlike the results on insulators, pronounced
measurement errors occur with chromium structures
on glass even in the low primary energy region
(Fig. 7). According to the theory, the chromium
squares charge to a positive voltage deflecting
the primary beam towards the center of the
squares, away from the large chromium area sur-
rounding the squares (lower tooth-like structure
in Fig. 7a). The resulting image simulates a
larger gap between the outer squares and the
surrounding chromium. The large error arises only
at the outer edges of the positively charged

chromium squares which oppose the surrounding
chromium area. The large chromium area does not
charge noticeably since it has high capacitance
to ground and is irradiated only for relatively
short periods. A high field gradient is therefore
formed between the squares and the adjacent area
deflecting the primary beam. Additional effects
related to the process of secondary signal for-
mation also cause measurement errors (Nyyssonen
and Postek 1985). These effects do not depend on
metal structure capacitances and therefore do not
cause the same kind of deviations in measuring
the gap between squares or between these and the
outer structure. The errors observed here are
therefore attributed to charging.

Conclusions with respect to resolution,
contrast and distortion

Negative charging in e-beam inspection and
metrology can be avoided by using primary beam
energies below the crossover values of all
surface components. Significant measurement inac-
curacies due to positive charging have not been
observed on insulators with low-voltage opera-
tion. Deviations were less than about 0.1 um,
which is the current accuracy of image evalua-
tion. This value just meets present requirements
but has to be improved for future applications.

On floating conductors, on the other hand,
measurement errors and 1image distortions were
found to be due to positive charging. The diffe-
rent behavior of insulators and conductors with
respect to positive e-beam charging stems from
the differences in electric field distribution on
the respective surfaces.
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Discussion with Reviewers

L. Reimer: Do you think the change in apparent
Tinewidth is caused only by deflection of primary
electrons as indicated in Figs. 6a,b? The secon-
daries are influenced much more by the charging
as Fig. 7 shows, for example. Because of the
problem, at which point a linewidth measurement
has to start, changes in contrast can change this
point indicated by the human vision system.

M.T. Postek: You seem to advocate that all of the
measurement errors observed on the samples you
used are related to only charging effects. I
would like to have the author's comments if they
feel that other physical mechanisms could play a
role in the measurement errors.

Authors: A section has been added to the text to
explain why we think the observed effects are due
to primary beam displacement caused by charging.
To discuss this in more detail: our goal was not
to show that charging is the only reason for
errors but that it is an additional one which has
not been investigated so far. The strong increase
of the measurement error with increasing primary
energy, which starts at a certain threshold
energy, is attributed predominantly to charging
because there is no effect of this kind on con-
ducting samples. It is assumed that the effects
of contrast changes are minor in our measurements
since the evaluation was done visually and much

*
) SPIE: Society of Photo-Optical Instrumentation
Engineers, P.0. Box 10, Bellingham,
Washington 98227, USA
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Authors:

care was taken always to
detail of the edge. This was possible because
there 1is a gradual increase of charging with
rising primary energy and the changes in contrast
can be followed visually. But, of course, there
is an additional strong contrast effect especial-
ly with automated measurements when the edge
position is determined by a signal threshold. The
effect of positive charging is discussed in the
preceding text, but it may be added that curved
image structures were observed in many cases,
which, in our opinion, can only be explained by
beam displacement.

identify the same

K.D. Herrmann: How can the relative minimum in
fig. 7b) be explained?

The sample contains chromium and glass.
Both can charge because the chromium is not
connected to ground since it is not a continuous
structure. Both charge positively at low primary
energy. Above a certain energy one of both mate-
rials starts charging negatively resulting in a
very non-uniform potential distribution. This
distribution depends on the individual sample
structure. The measurement error on a certain
sample area, on the other hand, depends on the
specific distribution of the local potentials.
In addition, the effects of redistributed cur-
rents are also controlled by the local poten-
tials. The minimum in Fig. 7b) is assumed to be
due to the energy dependence of these local
potentials. We therefore see no way for a general
description of beam displacement.

K.D. Herrmann: How does the measurement error
depend on the irradiation time for taking the
image?

Authors: This has not been investigated in detail

but it has been observed that errors decrease
with increasing scan frequency - which is also
commonly known.

J.B. Pawley: Is it possible to estimate surface
potentials by the change in focus current re-
quired to produce a sharp image from a particular
area of the sample?

Authors: This is probably not possible on practi-

cal samples because the complexity of the charged

structure on integrated circuits causes a very
non-uniform potential distribution. The focus
conditions on the area of interest are strongly
influenced by the potential attained by adjacent
areas. In addition, the astigmatism introduced by
the non-uniform potential is much stronger than
the defocus.
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