Microsc. Microanal. 12, 442-455, 2006
DOLI: 10.1017/S1431927606060600

Microscopy ...
icroanalysis

© MICROSCOPY SOCIETY OF AMERICA 2006

Advancing the Hexapole C,-Corrector for the Scanning

Transmission Electron Microscope

Heiko Miiller,* Stephan Uhlemann, Peter Hartel, and Maximilian Haider

Corrected Electron Optical Systems GmbH, Englerstr. 28, D-69126 Heidelberg, Germany

Abstract: Aberration correctors using hexapole fields have proven useful to correct for the spherical aberration
in electron microscopy. We investigate the limits of the present design for the hexapole corrector with respect to
minimum probe size for the scanning transmission electron microscope and discuss several ways in which the
design could be improved by rather small and incremental design changes for the next generation of advanced

probe-forming systems equipped with a gun monochromator.
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INTRODUCTION

Correctors compensating for the spherical aberration C; of
the objective lens are available for a large variety of trans-
mission electron microscopes (TEM) from different manu-
facturers. C,-corrected imaging is becoming more and more
a well-accepted technique for materials science applications.
Correctors exist for the probe-forming system of the scan-
ning TEM (STEM) as well as for the imaging system of the
conventional TEM (CTEM). Even double-corrected systems
with two correctors integrated in one column have been
installed (Hutchison et al., 2005) and are operating routinely.

Although for the CTEM so far only the hexapole cor-
rector has proven useful (Haider et al., 1998), for the STEM
two competitive designs exist, the quadrupole-octupole cor-
rector (Krivanek et al., 1999) and the hexapole corrector.

For both correctors operating at a beam voltage of
300 kV it has been shown that the 78 pm dumbbell spacing
in Si(112) can be clearly resolved by annular dark-field
(ADF) imaging (Nellist et al., 2004). Corresponding results
for the hexapole corrector are shown in Figure 1. This
image has been taken with a CEOS hexapole STEM correc-
tor (CESCOR) integrated in a FEI Titan 80-300 microscope.
Using the same system Erni et al. (2006) have resolved the
89-pm dumbbell spacing in diamond C(110).

Theoretical investigations reported recently for the
quadrupole-octupole design (Delby et al., 2005) as well as
for the hexapole design (Miiller et al., 2005) show that a
further improvement with respect to STEM probe size, and
also with respect to STEM resolution, should be possible if
the energy width of the gun is sufficiently small. According
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to the information given by Delby et al. (2005) for the
quadrupole-octupole corrector, a completely new design is
required to enable such a further improvement. Com-
pared to the previous design, the complexity of the new
quadrupole-octupole corrector system increases considera-
bly to avoid limiting fifth-order residual aberrations.

In general quadrupole-octupole systems introduce third-
order axial aberrations of multiplicities zero, two, and four
and fifth-order axial aberrations of multiplicity zero, two,
four, and six. The third-order aberrations can be canceled
by placing octupole fields at appropriate planes or can be
avoided by a symmetric design of the system. For the
fifth-order axial aberrations the situation is more involved.
A direct compensation of fifth-order axial aberrations would
require dodecapole fields. Alternatively, fifth-order aberra-
tions can be avoided or at least kept small by a carefully
chosen symmetric arrangement of the quadrupole and oc-
tupole elements, but this results in a more complicated
system with a stack of nine or more multipole stages (Kriva-
nek et al., 2003; Rose, 2004).

For the present design of the hexapole corrector with
only two multipole stages, the first uncorrected residual
intrinsic aberration is the fifth-order sixfold astigmatism,
which can limit the attainable minimum probe size for large
aperture angles. The fifth-order spherical aberration of a
hexapole-corrected system can be tuned between positive
and negative values. This makes the sixfold astigmatism the
only limiting fifth-order axial aberration for the hexapole
design.

In the following, we will show that both the sixfold
astigmatism and the fifth-order spherical aberration can be
strongly suppressed or even completely eliminated simulta-
neously by small, incremental changes of the optical design
of the present STEM hexapole corrector. Furthermore, we
will characterize the expected performance for a future
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high-resolution STEM equipped with an advanced hexapole
corrector and a field-emission gun with monochromator

(MC-FEG).

MATERIALS AND METHODS

Present Design of the Corrector

The optical design of the present hexapole corrector for the
STEM is depicted schematically in Figure 2. The corrector is
integrated in the probe-forming system of a TEM column
between the last condenser lens and the objective lens. It
consists of two principal hexapole elements (HP1, HP2),
five transfer lenses (TL11/TL12, TL21/TL22, ADL), eight
x/y alignment deflectors (DP11/DP12, DP21/DP22, DPH1/
DPH2, BTIt, BSh), and two stigmators (QPol/HPol) for
twofold and threefold astigmatism.

If available, the condenser-side minilens of the TEM is
used as a replacement for the lower transfer lens TL11, and
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Figure 1. Raw data of a STEM ADF
image of Si(112) (a) recorded with a
hexapole STEM corrector (CESCOR) in
a FEI Titan 80-300 microscope
operated at 300 kV. A region of 256 X
256 pixels of an image with 512 X 512
pixels is shown. The histogram (c)
demonstrates that the signal of the
dark-field detector was not clipped. In
the low-pass filtered image (b), the
dumbbell structure corresponding to
the (444) spacing of 78 pm is clearly
resolved. The modulus of the Fourier
transform of the 512 X 512 image
together with the low-pass filter can be
seen in (d).

(d)

properly weighted DC offsets to the upper and lower scan
coils emulate the deflector DP12.

The strong principal hexapole fields (HP1/HP2) are
generated by two multipole elements, each with six ferro-
magnetic pole pins. The assembly of one of the hexapole
elements with pole pins, pole pieces, coils, and yoke is
shown in Figure 3. For the present electro-mechanical de-
sign, the central bore of the multipole element has a radius
of Ryp = 4 mm, and the pole pieces have a length of Lyp =
30 mm measured along the optic axis. A nickel-iron alloy is
used as material for the pole pins to allow for accurate and
reproducible magnetic fields.

In Figure 2, the course of the axial fundamental ray u,,
and of a selected field ray u,, are depicted. The field ray u,, is
chosen such that it has a zero at the coma-free aperture
plane situated close to the front focal plane (ffp) of the
objective lens. The beam path and the fields inside the core
corrector consisting of the pair of hexapoles HP1/HP2 with
the transfer doublet TL21/TL22 in between are double-
symmetric with respect to the midplanes of the hexapole
fields and to the midplane between TL21 and TL22. The
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Figure 2. Schematic drawing of the optical design of a hexapole
STEM corrector with transfer lenses (TL), adaptor lens (ADL),
hexapole elements (HP), alignment deflectors (DP), beam tilt
(BTIt) and beam shift (BSh) coils, and stigmators (QPol, HPol). In
addition, the courses of the axial ray u, and of a selected field ray
u,, are depicted.

transfer system TL11/TL12 between corrector and OL makes
the coma-free aperture plane and the midplanes of both
hexapole fields optically conjugated with respect to each
other. The magnification My between these planes can be
used to adjust the correction strength of the corrector. An
image of the source is located near DP12, at the symmetry
plane of TL21/TL22, and above the adapter lens ADL. The
excitation of the ADL and of the last condenser lens can be
used as an aperture zoom to tune the STEM probe semi-
angle without changing the physical condenser aperture.

STEM Probe Size

To assess the achievable minimum probe size in a STEM
equipped with a C,-corrector, the residual optical aberra-

Figure 3. Single hexapole element of the present STEM hexapole
corrector having six ferro-magnetic pole pins with pole pieces,
coils, and yoke. The outer diameter of the yoke is 152 mm. The
liner tube inside the hexapole bore is not shown in this picture.

tions, the chromatic focus spread, and noise induced effects
must be considered. The residual intrinsic aberrations are
due to the optical design of the corrector. These aberrations
are present also for the perfectly manufactured and aligned
system and can be calculated reliably in advance. Unfortu-
nately, such an idealized system does not exist in reality.
Manufacturing tolerances, material inhomogeneities, and
misalignment cause additional parasitic aberrations. For a
well-aligned system, the relevant parasitic aberrations should
be compensated. This compensation cannot be perfect and
the amount of residual parasitic aberrations depends on the
efficiency of the available procedures for semiautomatic
alignment.

The chromatic focus spread is proportional to the prod-
uct of the relative root mean square energy width o (E)/E,
of the source and the total axial chromatic aberration C. of
the probe-forming system, including contributions of the
gun lens, the condenser lenses, the corrector’s transfer lenses,
and the objective lens. Under high-resolution conditions,
the contribution of the objective lens is strongly dominant.
The total chromatic aberration is determined by the optical
design, whereas the energy width can be reduced by a gun
monochromator (MC). Due to the loss of beam current, the
MC typically also reduces the brightness of the gun.

To account for the effects of noise, the induced focus
spread and image spread must be considered. Unstable lens
currents introduce noise-induced focus spread. Assuming
Gaussian distributions for the energy spread o (E) of the
electron source, for the high-voltage ripple o (U), and the
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noise on the objective lens current o (I), the contributions
to the total root mean square focus spread o (C;) (C, =
—Af denotes the eikonal coefficient of defocus) add up
quadratically

) 3 o(E)\? o(U)\?
7= <E )+( U )

E 2
24—
o(I) mc? )
T e o
1+ —
mc?

where m and ¢ denote the mass of rest of the electron and
the vacuum speed of light, respectively. It should be noted
that for a strongly saturated objective lens, the defocus
induced by a variation of the lens current is up to a factor of
two smaller than assumed in equation (1) due to the non-
linear response of the pole piece material.

The xy-noise contribution d, ;. caused by deflectors,
AC stray fields, and high-frequency stage vibrations cause
noise-induce image spread, which increases the apparent size
of the geometric image d,,. of the virtual source at the
specimen plane. Again we assume a Gaussian distribution
for the individual contributions:

dszrc = dgzeo + drzloise (2)
where d,., denotes the size of the demagnified geometrical
image of the virtual source.

To actually benefit from STEM resolution correspond-
ing to the probe size, a sufficiently high axial brightness is
required to obtain a high probe current. This leads to a
good signal-to-noise ratio for the ADF detector signal and a
sufficiently short dwell time to keep drift effects during
image acquisition small.

The probe current I, is determined by the axial
brightness 3, the geometrical size of the virtual source dye,,
and the probe semiangle ¢ at the specimen plane:

= — 42 9> (3)

According to equation (3), the probe current is determined
by dge,, whereas for the probe size the xy-noise contribution
to dg.. must also be considered. This means the influence of
xy-noise is different depending on the location where the
noise is introduced. Noise caused by deflectors above the
main demagnification stage of the condenser can be demag-
nified such that no increase of the probe size is observable.
But in this case according to relation (3) also dg, and,
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hence, the probe current is reduced. Noise introduced be-
low the condenser, for example, by the scan coils, cannot be
demagnified further and, therefore, always increases the
STEM probe size. The latter directly affects the spatial
resolution. Because ultimate STEM resolution is typically
achieved at the brightness limit, the former mechanism also
results in a loss of resolution due to the reduced signal-to-
noise ratio at the ADF detector.

The probe size predicted from a theoretical model very
much depends on the employed criterion. Care must be
take when different results are compared. We consider the
full-width-half-maximum diameter dg,y,,, inappropriate to
quantify STEM probe size, because this measure hardly
accounts for the chromatic focus spread smearing out the
current distribution at the probe position. Similarly, for a
STEM with C; > 0, an increased aperture angle in combi-
nation with a strong defocus can be used to reduce dgypp,
considerably, but the proportion Iz, of the probe current
Iprobe actually contained within the disk of diameter dgnpm
drops down rapidly. Hence, if the dgyp,,y, criterion is used, the
ratio Innm/Iorobe Should be calculated, also.

We prefer a probe size criterion more directly related to
the distribution of the probe current. This is, for example,
d, (with 0 < p < 100), where p percent of the total probe
current is contained within the disk of diameter d,. Com-
mon values for p are p = 50 or p = 59, because for a
two-dimensional Gaussian distribution (brightness limited
regime) one finds ds; = dgnm and for the Airy function
(diffraction limited regime) dso = 0.61(A/¥) corresponds to
the Rayleigh criterion, where A and ¢ denote the wave-
length and the probe semiangle, respectively.

To predict the STEM probe profile, we extend the
well-accepted procedure described, for example, by Kirk-
land (1998). The intensity profile of the probe situated at
the center of the specimen plane is given by

Iw) = W;—U [ = [ W= i

src

1 |W/|2
Xexp| ——
Pl o
1 (E'—E,)?
Xexp —5—2

Og

) d*w’ dE', (4)

where w denotes the lateral coordinate. Equation (4) de-
scribes the convolution of the modulus of the wave func-
tion ,ope OTiginating from a monochromatic point-shaped
source with the energy spectrum and the lateral extension
of the electron source. For both the energy distribution and
the lateral extension, we assume Gaussian distributions with
variance o and o, respectively. The angular emission of
the source is almost constant within the range of the STEM
aperture.
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To calculate the wave function of the probe i/, We
must account for the residual phase-shift y = y(a,E)
introduced by the nonperfect optical system

o+ L B o)
y(a,E) = A xla)+ 2 E, lal® ). (5)

The complex-valued aperture coordinate is a = 9, + id,,
with its complex-conjugate &, and y = y(a) denotes the
point eikonal function. Off-axial aberrations and higher-
order chromatic aberrations can be safely ignored for a
STEM system. For a monochromatic, point-shaped virtual
source, the probe function at the specimen plane is given by

1 2
wprobe(w) = exp (_l N Re{w&})
7Y Jja A
X exp(—iy(a, E)) d*a. (6)

The multidimensional integral expression, which we obtain
if we substitute equation (6) into (4), can be evaluated most
efficiently by using the Fourier-convolution theorem and
the fast Fourier transform (FFT).

The Eikonal function for Seidel orders n = 7 has the
form

1 1 1
x(@) =Rei = Cia@ + ~ A a*+ B,a’a+ - A,a’
2 2 3
1 1
+ - Cya’a’ + S;a’a + - Ajal
4 4
1
+ B,a*a@*+ D,a*a + EA4&5
1 1
+ p Csa’a@’ + Sa*a’ + Rsa’a + gA5&6
1
+ Bga'a® + Dga’a’ + F,ala + ;A6&7

1
+ - C,a*a* + S,a’@’® + R,a’a’
8

8 + } (7)

The traditional terminology for the eikonal coefficients
with capital letters for the axial aberration figure and sub-
scripts for the Seidel order as used in equation (7) is
summarized in Table 1. For details about electron optical
eikonal theory please consult, for example, Rose (2002).

Eikonal coefficients with multiplicity v # 3k, for k =
0,1,2,..., do not arise in an ideal system consisting of
hexapoles and round lenses only. For the ideal hexapole

QI

1
+Gya’al + §A7

corrector, the second-order threefold astigmatism A, and
the forth-order three-lobe aberration D, are also symmetry
corrected. This means that in the fifth order only Cs and A5,
in sixth order Dg, and in seventh order C, and G, can occur
as residual intrinsic aberrations.

Residual Parasitic Aberrations

Optical aberrations limit the minimum attainable probe
size. Therefore, it is required to derive upper limits for the
acceptable residual parasitic aberrations. The larger the probe
semiangle is and the smaller the target probe size becomes,
the more stringent are these limits.

Whereas the minimization of the residual intrinsic
aberrations is subject to the optical design of the corrector,
the residual parasitic aberrations must be suppressed by an
appropriate electro-mechanical construction of the correc-
tor and must be minimized by appropriate alignment pro-
cedures during the operation of the system. For each relevant
parasitic aberration, the corrector control software provides
a so-called alignment tool. The alignment tool enables the
user to correct for the corresponding aberration semiauto-
matically. The correction requires that the aberration has
been measured before. The accuracy of this measurement
process determines the amount of residual parasitic aberra-
tion still present after the alignment tool has been applied.
If, as a result of an aberration measurement, all residual
parasitic aberrations are zero within their confidence inter-
vals, the state of the system is called well aligned.

The concept of alignment tools is based on the assump-
tion that the alignment of the corrector is not too far away
from the well-aligned state. Within this domain the align-
ment tools operate approximately linearly on the set of
aberrations. If this assumption is not fulfilled, the align-
ment tools must be applied iteratively. For the present
design of the hexapole corrector, alignment tools are avail-
able for all 12 components of the seven axial geometrical
aberrations up to third order.

Upper limits for the residual aberrations of an
aberration-corrected STEM have been calculated by Haider
et al. (2000). The results given there refer to a target resolu-
tion of dsg = 0.08 nm at 200 kV. Today, about 6 years after
this publication, under optimum conditions these limits
can be met by the semiautomatic alignment procedures of
the present CEOS STEM hexapole corrector CESCOR. Nev-
ertheless, we are convinced that there is still considerable
room for improvement with respect to to the accuracy of
aberration measurement and the effectiveness of the align-
ment tools.

RESULTS AND DiIscusSION

The Focus Spread Limit

The attainable minimum ds, probe size is limited by the
focus spread of the probe-forming system. This is illustrated
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Table 1. Terminology of the Eikonal Coefficients up to Seidel Order n = 72

Order n
Name Multiplicity 1 2 3 4 5 6 7
Defocus v=20 C
nth order spherical aberration v=20 Cs Cs C,
nth order axial coma v=1 B, By Bg
nth order star aberration v=2 S; S5 N
nth order three-lobe aberration v =3 D, Dy
nth order rosette aberration v=4 Rs R,
nth order pentacle aberration v=>5 Fs
nth order chaplet aberration v==56 G;
vfold axial astigmatism v=n+1 A, A, As A, As  Ag Ay

*All four real-valued coefficients with multiplicity » = 0 and 19 complex-valued coefficients with

multiplicity » = 1,...,8 are listed.
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Figure 4. Minimum d5, and dgyp,, probe size and optimum aper-
ture semiangle at the zero-current limit for an aberration-corrected
STEM without any residual aberrations versus the energy length
(AE)yhm C. for an acceleration voltage of 200 kV and 300 kV.

by Figure 4, where we plot different measures for the
probe size and the optimum aperture angle for systems
without any geometrical aberrations versus the energy length
(AE)genm C. for different acceleration voltages. The calcula-
tions have been performed according to equation (4) with-
out taking any noise into account. The results refer to the
zero-current limit; this means an infinitely demagnified
image of the virtual source d;,. — 0 is situated at the
specimen plane. The probe semiangle ¥ has been chosen
such that the resulting dso probe size is minimum. For
larger aperture angles, ds, would increase due to the chro-
matic focus spread, and for smaller aperture angles, it
would increase due to diffraction.

For a given energy length, the optimum aperture semi-
angle is slightly smaller for 200 kV than for 300 kV, because

the influence of the energy spread decreases with increasing
acceleration voltage. On the other hand, the coefficient of
the chromatic aberration and, hence, also the energy length
is larger for a 300-kV objective lens than for a 200-kV lens
with a comparable gap geometry. This is due to relativistic
effects and due to the fact that saturation problems make
the optimization of magnetic lenses less effective for higher
beam energies. For an energy width of (AE)gum = 0.7 €V
the typical energy length including the contribution of the
hexapole-corrector ranges from 1.0 mmeV for a 200-kV
pole piece with a reduced gap size of about 3 mm to
1.7 mmeV for a 300-kV pole piece with a standard gap size
of about 5 mm.

From Figure 4 we observe that the width ds, of the
probe profile is always larger than dy,y,,,,. For probes limited
by focus spread and diffraction, only about 36% of the total
probe current is contained within the central disk of diam-
eter dgnm, if the aperture angle is optimized for minimum
dso. A further increase of the semiaperture angle decreases
Apyhm further but I, /Trobe drops down dramatically.

The results show that for 200 kV as well as for 300 kV
the minimum probe size decreases considerably if the en-
ergy spread of the electron beam can be reduced with a gun
monochromator (MC). For such an advanced MC-STEM,
the optimum aperture angle is increased compared to a
system without MC. This at least partially compensates for
the anticipated brightness loss due to the filtering action of
the MC.

The Residual Aberration Limit

For present-day STEM systems equipped with a hexapole
corrector, the first nonvanishing residual intrinsic aberra-
tion is the fifth-order, sixfold astigmatism As. The fifth-
order spherical aberration Cs can be corrected by tuning the
transfer lens system TL11/TL12 between the objective lens
OL and the lower hexapole HP1. To achieve this Cs-free
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C, tuning at a JEOL 2010F URP with CETCOR
lp=144mA, C =1.42mm, C,=0.51mm, f=1.81 mm
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Figure 5. Experimental data compared with optical simulations.
With a hexapole CTEM corrector, the excitation of the first trans-
fer lens TL11 is tuned and the aberrations B;, Cs, and As are
measured. The second transfer lens TL12 and the objective lens OL
are used to compensate for defocus and residual C;.

alignment, the central plane of HP1 is not imaged exactly at
the coma-free aperture plane of the objective lens but at a
distinct plane between the coma-free aperture plane and the
specimen plane. In this case the additive primary contribu-
tion of the corrector and the objective lens to Cs is exactly
balanced against the secondary contribution owing to the
combination effect between the negative C; iyp < 0 intro-
duced by the corrector and the positive C; op = —Cs yp of
the objective lens. This advantageous effect has been pointed
out by Rose (1971) and later applied to hexapole-type
STEM correctors by Shao (1988). For Cs-free alignment the
coma-free aperture plane of the corrector is not anymore
optically conjugated with respect to the coma-free aperture
plane of the objective lens; hence, the corrector contributes
to the real-valued part B;. of the off-axial coma B; =
Bs, + iBs..

The experimental results of Hartel et al. (2004) de-
picted in Figure 5 approve the theoretical predictions. The
experimental data and the simulation data depicted in Fig-
ure 5 refer to a hexapole CTEM corrector (JEOL 2010F
URP with CETCOR). For the STEM hexapole corrector the
situation is completely analogous, but, in contrast to CTEM,
the increased off-axial coma B; does no harm in STEM
because an appropriate scan strategy using the beam deflec-
tors between the corrector and the objective lens can pre-
vent this. Figure 5 shows how the relevant aberrations
behave when the setting of the transfer lenses is tuned
between B;.-free alignment and Cs-free alignment. For
Bs;. = 0 the fifth-order spherical aberration amounts to
Cs = 2.5 mm, and for Cs = 0, the real part of the off-axial
coma is B3, = 2.0 in dimensionless units. The excitation of

the first transfer lens TL11 is reduced by 3.5% when going
from Bs,-free to Cs-free alignment. The introduced defocus
is compensated by changing the excitation of the objective
lens and the second transfer lens TL12. Three parameters
are required because, additionally, the condition of C; = 0
must be preserved. For a constant excitation of the hexapole
elements HP1 and HP2, this implies that the magnification
between the object plane and the intermediate image plane
situated at the corrector’s symmetry plane between transfer
lenses TL21 and TL22 must be kept constant. The sixfold
astigmatism As = 1.2 mm, the imaginary part of the off-
axial coma Bs, = 0.65 (unavoidable for a single-gap mag-
netic objective lens), and the total chromatic aberration
C, = 1.42 mm are not changed by this procedure. A good
agreement between the measured aberrations and the simu-
lation data is obvious.

The experiment described above should be considered
as a proof of principle. Owing to the small C; o = 0.50 mm
of the JEOL URP pole piece, Cs is very small. Hence, for this
small-gap objective lens pole piece, Cs-free alignment would
hardly improve the STEM performance. Nevertheless, a
MC-STEM equipped with a standard-gap objective lens
pole piece can benefit from Cs-free alignment, especially
because then no optimum balancing between Cs, C;, and
C, is required to obtain a minimum probe size.

Figure 6 compares the simulated current density pro-
files of the probes for a STEM system with and without
hexapole corrector. In both simulations a realistic size of the
source with respect to the specimen plane d,. but no
residual parasitic aberrations have been taken into account.
The calculation assumes a standard-gap objective lens pole
piece with C; o = 1.30 mm and a chromatic aberration of
C.oL = 2.0 mm at a beam energy of 300 kV.

For the system without corrector, the probe size amounts
to dsg = 158 pm or dgp, = 140 pm for a probe aperture
semiangle of ¥ = 8 mrad and an optimum defocus of C; =
—38 nm. The assumed size of the source is dy,. = 60 pm
with respect to the specimen plane. For the system with
hexapole corrector, we have, accordingly, C;, = C; = C5 = 0,
As = 3.0 mm, and C. = 2.4 mm. With a probe semiangle of
¥ = 25 mrad and a source size of d;. = 45 pm, this results
in a probe size of dsy = 80 pm or dgyhy, = 63 pm. For the
corrected system, the probe current is increased by a factor
of five, whereas the probe size is reduced by a factor of two.
Hence, as a benefit of C, correction, the probe current is much
more concentrated about the center of the probe. According
to Figure 6, the corrected probe in underfocus and overfocus
C, = =8 nm has a sixfold shape. This is a direct consequence
of the presence of the intrinsic residual sixfold astigmatism
As for the present design of the STEM hexapole corrector.
The azimuthal orientation of the sixfold pattern rotates by
30° when switching from overfocus to underfocus. In Gauss-
ian focus, the probe shape is rotationally symmetric as long
as other residual aberrations can be neglected.

For the optimum resolution achievable with a present
day high-resolution STEM equipped with a hexapole correc-
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tor, residual intrinsic aberrations play a minor role. Fig-
ures 7 and 8 depict the probe size with respect to the
zero-current limit as a function of the semiaperture angle
for a 200-kV system with a reduced gap (3 mm) objective
lens and a 300-kV system with a standard gap (5 mm)
objective lens. In both cases we assume an energy width of
(AE)gehm = 0.7 €V. For the 200-kV system a minimum
probe size of d5, = 58 pm is obtained for ¢ = 30 mrad. The
aperture semiangle could be increased up to 35 mrad with-
out strong effects of the aberrations on the probe size. This
shows that for an objective lens with small C, and small C;
STEM resolution of better than 70 pm is feasible even at
200 kV. For the 300-kV system, a slightly smaller minimum
probe size of ds, = 55 pm is obtained for an optimum
aperture semiangle of 4 = 25 mrad. Owing to the larger
ratio C; or /for for the standard gap lens, the A5 introduced
by the corrector is larger, and, hence, the probe size in-
creases more strongly with a further increase of the aper-
ture. Figures 7 and 8 again illustrate that dg,,,, is an improper
measure for STEM probe size. The full-width-half-maximum
of the probe profile decreases with increasing ¢, but the
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Figure 6. Simulated STEM probe
profiles for a 300-kV system equipped
with hexapole corrector in Gaussian
focus C; = 0 nm (a), underfocus

C, = —8 nm (b), and overfocus C, =
+8 nm (d). For the calculation, we
assume C, = 2.4 mm, AE = 0.7 eV
(fwhm), 8 = 25 mrad, A5 = 3.0 mm,
dg.c = 45 pm, and no residual
parasitic aberrations. For comparison,
the probe profile for the uncorrected
system with C; = 1.30 mm and
optimum underfocus C; = —38 nm
for # = 8 mrad and d,,. = 60 pm is
shown (c). For all probes a square
region of 0.63 nm is shown.
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Figure 7. Simulated minimum probe size with respect to the
zero-current limit dg,. — 0 for a 200-kV STEM with hexapole
corrector versus the aperture semiangle. The system is equipped
with a reduced gap (3 mm) objective lens with C; o = 0.5 mm
and for = 1.8 mm and has a total chromatic aberration of C, =
1.4 mm, including the contributions of the hexapole corrector. An
energy width of (AE)gnm = 0.7 €V has been assumed.
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Figure 8. Simulated minimum probe size with respect to the
zero-current limit dg. — 0 for a 300-kV STEM with hexapole
corrector versus the aperture semiangle. The system is equipped
with a standard gap (5 mm) objective lens with C; o, = 1.3 mm
and for = 2.3 mm and has a total chromatic aberration of C, =
2.4 mm, including the contributions of the hexapole corrector. An
energy width of (AE)gnm = 0.7 €V has been assumed.

fraction of the probe current Igum/Iprobe actually contained
in the disk of diameter dg,1,,, drops down rapidly.

Summarizing the results depicted in Figures 7 and 8,
we conclude that with the present design of the hexapole
corrector in a STEM equipped with a standard FEG, the
minimum STEM resolution is hardly affected by the resid-
ual sixfold astigmatism of the corrector. STEM resolution
better than 70 pm should be feasible if all noise effects are
sufficiently small and residual parasitic aberrations can be
measured with good accuracy. This holds for 300-kV as well
as for 200-kV systems, with the one limitation that for
200 kV an objective lens with small aberrations and, hence,
reduced gap size should be used to obtain ultimate resolu-
tion. The requirements with respect to residual parasitic
aberrations are slightly harder to meet at 200 kV owing to
the larger aperture semiangle.

For an advanced STEM equipped with a MC-FEG the
situation is different. Figures 9 and 10 show the influence
of As on the minimum probe size for a reduced energy
width of (AE)gpm = 0.3 €V. For the 300-kV system with
standard gap OL, the effect is more pronounced than for
the 200-kV system with reduced gap OL. To obtain a
zero-current probe size below ds, = 40 pm, the probe
semiangle should be increased at least by a factor of 3 to
counterbalance the loss of brightness owing to the MC. In
this case the residual sixfold astigmatism should be as small
as |As] < 500 um for 300 kV and |A5;] < 200 um for
200 kV. This demands for a considerable reduction of the
aberration coefficient A5 compared to the present design of
the hexapole corrector.
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Figure 9. Simulated minimum probe size with respect to the
zero-current limit dg,. — 0 for a 200-kV MC-STEM with hexapole
corrector versus aperture semiangle and residual intrinsic As. The
system is equipped with a reduced gap (3 mm) objective lens with
Cs,or. = 0.5 mm and fo;, = 1.8 mm and has a total chromatic
aberration of C. = 1.4 mm, including the contributions of the
hexapole corrector. A reduced energy width of (AE)gnm = 0.3 €V
has been assumed.
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Figure 10. Simulated minimum probe size with respect to the
zero-current limit dy.. — 0 for a 300-kV MC-STEM with hexapole
corrector versus aperture semiangle and residual intrinsic A5. The
system is equipped with a standard gap (5 mm) objective lens with
Cs,or = 1.3 mm and for = 2.3 mm and has a total chromatic
aberration of C, = 2.4 mm, including the contributions of the
hexapole corrector. A reduced energy width of (AE)gnm = 0.3 €V
has been assumed.

Minimizing Fifth-Order Aberrations

A hexapole corrector optimized for a MC-STEM system
should have minimized fifth-order residual aberrations.
Hence, for an advanced MC-STEM, it is reasonable to
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modify the design of the STEM hexapole corrector such
that the fifth-order spherical aberration Cs and the sixfold
astigmatism As can be reduced simultaneously. The strategy
for Cs-free alignment with the STEM hexapole corrector
has already been described. Additionally, if the condition
Cs = 0 is not met with sufficient precision, the residual Cj
can be balanced against C; and C; to reduce the impact of
the residual phase shift on the STEM probe size.

Now, we turn to the residual sixfold astigmatism As.
The modulus of the complex-valued aberration coefficient
depends on the objective lens with focal length fo; and
spherical aberration C; o1 > 0 of the STEM system equipped
with a hexapole corrector and the intermediate magnifica-
tion M7y between the objective lens and the corrector. Let
us consider the axial fundamental ray u,, starting with
slope u/, = 1 at the specimen plane. Near the front-focal
plane of the objective lens we find u, = for. Then, accord-
ing to Figure 2, the height of the axial ray is constant inside
the hexapole elements HP1 and HP2 with |u,| = My for.
For a typical CESCOR system, the intermediate magnifica-
tion is in the range of 0.5 = My = 1.0. Approximately, the
scaling rules

Csou Y
|As] oc ( >) 8)

I GoL ©)
Hp &
\ My, fou

hold, where Iyp denotes the current driving the hexapole
elements. The range of validity of the first relation (8) is
limited, as we will discuss later.

Equations (8) and (9) suggest we increase the intermedi-
ate magnification My, and decrease the excitation of the
hexapole elements accordingly, in order to reduce the six-
fold astigmatism. Unfortunately, the contribution of the
corrector’s transfer lenses to the total chromatic aberration
of the probe-forming system increases quadratically with
M.

The simulation data depicted in Figure 11 illustrates
this behavior. The hexapole currents have been tuned from
Iip = 70 mA to Iiyp = 140 mA. The intermediate magnifica-
tion is adjusted accordingly to keep C; = 0. The numerical
results have been obtained for a standard gap objective lens
at 300 kV. For a 200-kV system, the behavior would be very
similar. For the system’s nominal hexapole current of
135 mA, the total chromatic aberration amounts to C, =
2.4 mm, which is about 20% more than for the object lens
prefield alone, and the sixfold astigmatism is |As| = 2.8 mm.
The simulation shows that the sixfold astigmatism can be
reduced below |A;| < 1.0 mm if the hexapole current is
reduced to below 78 mA. This procedure simultaneously
increases the total chromatic aberration to C. = 2.6 mm.
Because without MC the optical performance is limited by
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Figure 11. Residual aberrations C. and As for a STEM equipped
with hexapole corrector depending on the excitation of the hexa-
pole elements. The intermediate magnification My and the speci-
men z-height zy,.. must be adjusted accordingly. The calculation
has been performed for a system with a standard gap objective lens
at 300 kV.

the chromatic focus spread, the preferred mode of opera-
tion must be a rather strong hexapole current. Even for an
MC-STEM, C. is still an issue in keeping the required filter
factor of the MC acceptable. However, in this case a certain
trade-off between C, and A5 may be appropriate.

A second route to minimize As is to reduce the length
of the hexapole elements. To understand this, we briefly
review the optical principle of a hexapole corrector. For this
corrector design, the correction effect is based on combina-
tion aberrations of the threefold astigmatism A, of the
hexapole fields with the hexapole fields themselves. The
negative third-order spherical aberration C; yp introduced
by the corrector is, hence, a secondary aberration. There-
fore, both hexapole fields of the corrector must be suffi-
ciently extended in the z-direction.

The theoretical analysis of the hexapole corrector re-
veals that in addition to the desired rotational symmetric
Cs.up < 0, the hexapole elements introduce further axial
aberrations. The three-lobe aberration showing up as a
secondary aberration in the fourth order is corrected at the
image plane. At least for the idealized corrector we find
D, = 0, because the contributions of the first and the
second hexapole to D, have opposite signs and chancel each
other.

The contribution of the hexapole fields to the sixfold
astigmatism in the fifth order can be classified as a ternary
aberration. Ternary aberrations are combination aberra-
tions induced by secondary aberrations. For A5 the contri-
butions of the first and second hexapole have the same
orientation and, hence, add up. Fortunately, the magnitude
of A5 depends more strongly on the length of the hexapole
elements than the corrector’s C; yp. Therefore, reducing the
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Figure 12. Sixfold astigmatism A5 for a STEM equipped with
hexapole corrector as a function of the length Lyp of the hexapole
fields. The hexapole current Iy;p must be adjusted accordingly to
keep C; corrected. The calculation has been performed for a
system with a standard gap objective lens at 300 kV.

length of the hexapole elements, while their excitation is
increased to keep C; constant, reduces the residual A5. We
find the following approximate scaling rules:

1
Iyp T2 (10)
Litp

Ag oc Lyp, (11)

where Lyp denotes the length of the hexapole fields and Iyp
is the hexapole current required to keep C; corrected. To
derive the second scaling rule (11) we consider only the
contributions of the main hexapole fields. The influence of
the transfer lenses and of the fringe fields is neglected. Due
to this oversimplification, the relation (11) has a limited
range of validity. For small values of Ly it gives inaccurate
results. This behavior will be discussed later.

In Figure 12, the residual A5 and the required hexapole
strength are plotted against the length of the hexapole
elements. For Lyp > 25 mm the linear scaling rule (11) is
approximately reproduced for |A;|. Below the orientation
of the sixfold astigmatism starts to change. The decrease of
the modulus becomes superlinear. The exact calculations
show that a nonzero minimum of |A;| = 190 um is
obtained for a hexapole length of Lyp = 16 mm. If As is
measured with respect to the coordinate system of the
hexapole fields with odd orientation, the real component
vanishes where |A;| is minimum. The calculations shown
in Figure 12 have been performed for a standard gap OL
at 300 kV. The results for a 200-kV STEM would be very
similar.

To understand the behavior of A5 with respect to Iyp
and Lyp becoming apparent by the exact calculations we

must recognize that not only the hexapoles but also the
round lenses of the transfer doublet TL21/TL22 between
the hexapoles contribute to the axial aberrations of multi-
plicity three and six. This contribution results from a com-
bination of third-order aberrations of the transfer lenses
and the threefold astigmatism introduced by the hexapole
elements. Whereas contributions of TL21 and TL22 to the
three-lobe aberration D, have opposite signs and, hence,
cancel, contributions to A5 add up for TL21 and TL22. This
additional contribution causes the superlinear decrease of
As shown in Figure 12. It depends weakly on the gap
geometry of the transfer lenses. As long as As is dominated
by the contribution caused by the hexapole fields alone, the
scaling rules (11) and (8) apply. For decreasing length Lyp
or increasing Mryy for, this condition is not sufficiently well
fulfilled anymore.

The superlinear decrease of |A;| and the minimum
obtained for a positive length Ly are considered an impor-
tant finding. This effect enables the strong suppression of
A for a feasible electro-mechanical design, as it is required
of the realization of an advanced hexapole corrector opti-
mized for an MC-STEM.

For the sake of completeness we should mention that
hexapole fringe fields can also contribute to |As|, but for
the hexapole corrector these contributions are very weak
and, therefore, negligible. In addition to the minimization
of As using the procedures described above, it is possible to
directly correct for the sixfold astigmatism by one or more
dodecapole fields. A possible solution would be to super-
impose dodecapole fields to the hexapole fields. With this
extra effort the residual A5 could be nullified completely.

Performance of an MC-STEM

According to our results, the design of the hexapole correc-
tor can be optimized with respect to the requirements of an
advanced C,-corrected MC-STEM.

For an objective lens with a standard gap size of about
5 mm operating at 300 kV, the residual sixfold astigmatism
should be reduced below |A5| < 0.5 mm to avoid limita-
tions for an aperture semiangle of ¢ = 37.5 mrad. The
required reduction of As is readily obtained by shrinking
the length of the hexapole fields by a factor of two com-
pared to the present design. In this case the hexapole
strength must be increased by approximately a factor of
three, which is considered feasible. With the monochroma-
tor we can obtain an energy width of (AE)gy, = 0.3 €V
with a filter factor of about Fyc = 0.5. The filter factor is
defined as the ratio of the beam current with and without
filtering. According to Figure 14, at 300 kV a probe size of
dsy = 37 pm is possible with respect to the zero-current
limit. To obtain a probe size of ds, = 50 pm we can allow
for dy,. = 26 pm. With a brightness of B3y = 0.8 X
10°A/srcm?, a MC filter factor of Fyc = 0.5, and a noise
budget of d .. = 10 pm, this corresponds to a probe
current of Iope = 8 PA.
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Figure 13. Calculated probe profile for a 200-kV MC-STEM with
advanced hexapole corrector and reduced gap objective lens. For
the simulation, the parameters As; = 200 um, C, = 1.4 mm,
(AE)gwhm = 0.3 €V, and ¥ = 45 mrad have been assumed. The
probe size with respect to the zero-current limit amounts to ds, =
39 pm. For ds, = 50 pm and maximum probe current, we can
allow for an effective source size of d,c = 24 pm.

For an objective lens with a reduced gap of about 3 mm
operating at 200 kV, the residual sixfold astigmatism should
be reduced below |A5| < 0.2 mm to avoid limitations for an
aperture semiangle of ¥ = 45 mrad. The required reduction
of As is again obtained by shrinking the length of the
hexapole fields by a factor of two compared to the present
design. According to Figure 13 a probe size of ds, = 39 pm
is possible with respect to the zero-current limit. To obtain a
probe size of ds, = 50 pm, we can allow for dy.. = 24 pm.
With a brightness of By = 0.5 X 10°A/srcm? a MC
filter factor of Fy;c = 0.5, and a noise budget of d, ;. = 10
pm, this corresponds to a probe current of I,;,,. = 6 pA.

Figures 13 and 14 depict the probe profiles with respect
to the zero-current limit and for optimum probe current
for an advanced C,-corrected MC-STEM operating at 200 kV
and 300 kV, respectively. The increased aperture for the
200-kV system nearly compensates for the lower brightness
of the 200-kV system compared to the 300-kV system. The
predicted probe currents are rather small but should be
sufficient to demonstrate 50-pm STEM resolution.

The results show that even for a target probe size of
dsy = 50 pm, the performance of the 200-kV system is
comparable to that of a 300-kV system if for the dedicated
200-kV system an objective lens optimized for small C,
is used. This lens optimization can be performed more
effectively at lower acceleration voltages because satura-
tion effects for a dedicated 200-kV lens are not as pro-
nounced as for a 300-kV lens. The chromatic aberration of
a 300-kV objective lens with a 5-mm gap size is typically
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Figure 14. Calculated probe profile for a 300-kV MC-STEM with
advanced hexapole corrector and standard gap objective lens. For
the simulation, the parameters A5 = 500 um, C, = 2.4 mm,
(AE)gvhm = 0.3 €V, and ¥ = 37.5 mrad have been assumed. The
probe size with respect to the zero-current limit amounts to dsy =
37 pm. For ds, = 50 pm and maximum probe current, we can
allow for an effective source size of dy,. = 26 pm.

about 30%-40% larger than that for a 200-kV objective
lens with comparable gap geometry. Even if the objective
lens designed for 300 kV is operated at 200 kV, the resulting
C, is still typically 10%-15% larger compared to a lens
design truly optimized for 200 kV. Nevertheless, STEM
resolution can be improved slightly by using an objective
lens with a reduced gap size also for 300-kV acceleration
voltage.

The performance of an MC-STEM with an advanced
hexapole corrector very much depends on the performance
of the gun monochromator. The MC should be capable of
reducing the energy width by roughly a factor of two. The
reduction of the brightness should not be larger than the
filter factor. This requirement makes a monochromator
concept that has no spatial dispersion with respect to the
object plane preferable for an advanced MC-STEM to ob-
tain a maximum probe current (Uhlemann & Haider, 2002).

Limits for Residual Aberrations

With the strong reduction of the residual intrinsic fifth-
order aberrations described above, the fundamental precon-
ditions for an advanced hexapole STEM corrector are
achieved. The next uncorrected higher-order residual intrin-
sic aberrations are in sixth order, the three-lobe aberration
Ds, and in seventh order, the spherical aberration C, and
the chaplet aberration G, of multiplicity » = 6. Calculations
performed for the improved design show that these aberra-
tions are rather small and tolerable.
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More critical than the residual intrinsic aberrations are
the residual parasitic aberrations. Due to the increased
aperture semiangles proposed for an advanced corrector,
the tolerable limits are more severe. According to our previ-
ous discussion, this makes necessary a more precise determi-
nation of parasitic aberrations. This requirement is one of
the most demanding issues for the development of an
advanced hexapole corrector for the MC-STEM, but it is
not specific for hexapole-type correctors. It applies equally
for any other corrector design aiming for 50-pm STEM
resolution, for example, a quadrupole-octupole C,-corrector
or even a STEM C./C,-corrector.

A full analysis of parasitic and residual parasitic aberra-
tions and their limits is out of the scope of our present
investigation. But as a rule of thumb, we can state that the
residual aberrations should be so small that the maximum
residual phase shift induced across the aperture is less than
/4.

Because for an advanced corrector optimized for an
MC-STEM the probe semiangle is increased by a factor of 3,
the upper limit for the residual aberrations of order n are
reduced by the factor (5)"*! compared to the specifications
of the present system. This is a direct consequence of
equation (7). The lower limits for the tolerable residual
aberrations directly translate into more challenging require-
ments for the precision of the aberration measurement.

Stability Requirements

The influence of incoherent effects on the performance of
an advanced C;-corrected STEM has already been dis-
cussed. Noise-induced focus spread as well as noise-induced
image spread must be suppressed as far as possible. Because
noise effects are typically uncorrelated, different contribu-
tions add up quadratically according to equations (1) and
(2), respectively. To make sure that the performance of the
instrument is not degraded by noise effects, the source size
dy;c must be dominated by the geometrical size d,, and the
focus spread must be dominated by chromatic effects even
for the MC-FEG. Because, compared to a present-day STEM
with hexapole corrector, the assumed effective source size as
well as the assumed energy width are smaller by a factor of
two, the budgets for lens current and high-voltage stability
are also stricter by a factor of two. The first requirement can
be fulfilled by a careful design of the deflector elements with
low-noise power supplies. The feasibility of the second
requirement should be demonstrated in a CTEM equipped
with hexapole-corrector and gun monochromator. The stron-
ger requirements with respect to stability and drift must be
fulfilled by the corrector as well as by the base instrument.

CONCLUSION

Our investigations show that the optical performance of the
present design of the STEM hexapole corrector used at

200 kV or 300 kV with a standard FEG is not limited by
residual intrinsic aberrations such as the fifth-order spheri-
cal aberration or the sixfold astigmatism. The minimum
STEM probe size feasible for a 200-kV and a 300-kV system
is comparable if for the 200-kV system an objective lens
with a reduced gap size optimized for low chromatic aber-
ration is used. The theoretical limit for the STEM resolution
is below 70 pm for the present system. This shows that the
full potential of the present design of the STEM hexapole
corrector has not yet been demonstrated experimentally.

A future improvement of STEM resolution is feasible
for a STEM with reduced focus spread, for example, for a
MC-STEM with reduced energy width. For this application
we propose a modified design of the hexapole STEM correc-
tor with drastically reduced fifth-order sixfold astigmatism
and no fifth-order spherical aberration. The latter has al-
ready been achieved for the present design. By using such a
system, a STEM resolution of 50 pm seems feasible at
200 kV as well as 300 kV from an optical point of view. The
most critical issues for the realization of such a system are
to correct for all parasitic aberrations with sufficient accu-
racy and to provide a good overall stability of the instrument.

It is our opinion that, with respect to parasitic aberra-
tions and alignment tools, more detailed investigations
should be carried out during the first stage of the develop-
ment of an advanced C,-corrected MC-STEM. Our experi-
ence with this type of alignment problem gives us confidence
that an improvement of STEM resolution can also be
achieved with an advanced hexapole corrector in combina-
tion with a gun monochromator in practice.
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