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Accurate determination of the spherical aberration coefficient
of a FEG electron microscope using digital

electron micrographs”™
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Abstract [t is shown that for a weak phase object the image formation process in a FEG electron microscope
is the same as in a conventional iransmission electron microscope, and that the spherical aberraticn coeflficient of a FEG
electron microscope may be measured by using an amorphous thin film. Metheds were developed for accurate determi-

nation of the spherical aberzation coelficient of a FEG electron microscope using digital electron micrographs.
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The spherical aberration of the objective lens of an electron microscope strongly influences the
image formation of the electron microscope. The accurate determination of the spherical abgerra-
tion coefficient C, is therefore of crucial importance to many applications of electron microscopy

1, 2}

. . . . . .13
techniques, including electron holographyt , image processing and deconvolution'™, and elec-

tron crystallography of proteins*!.

The spherical aberration coefficient C, of an electron microscope may in principle be deter-
mined either by using the Krivanek'™, statistic method™® or beam-tilt methad!? Usually films
are employed in recording electron micrographs and then digitized when accurate digital data are
required. A more efficient route for these types of studies is to use the recently developed slow-
scan charge-coupled device (SSCCD) camera system. The use of SSCCD has led to the develop-
ment of a new branch of electron microscopy-quantitative electron microscopy (QEM). Digitally
recorded high resolution electron microscopy (HREM) images and diffraction patterns are more
suited for cff-line processing and comparison with theoretical calculations. Using digital conver-
gent beam electron diffraction (CBED) patterns, low order structure factors in a crystal have been

(3—10] Using digital HREM images combined with image process-

determined to a high accuracy
ing techniques, detailed crystal structure information has been abtained directlym. In this paper
we will be concerned with the determination of the spherical aberration coefficient of a field-emis-
sion gun (FEG) electron microscope newly installed in our laboratory. In sec. 1 we will first ex-
amine the image formation processés in a FEG electron microscope and then in sec. 2 discuss the
basic principles behind the various methods for the determination of C,. In sec. 3 we will present

a FFT based data interpolation technique and in sec. 4 methods for improving statistics of digital
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electron micrographs. In sec. 5 we will give some details of our procedure for the determination of
C, and comparison with conventional method and our conclusions will be given in section &.

1 Image formation in an FEG electron microscope

From the viewpoint of image formation, an electron microscope is best represented by a con-

trast transfer function (CTF). For a perfect coherent illumination this CTF is represented as i

(u; Z) in reciprocal space asl1¥

s Z) = Alwexplix(u; Z)1, (1)

in which A{u) is the aperture function describing the effect of the abjective aperture and is given
by

1, if u lies inside the objective aperture

Alu) = , (2)

0, otherwise,

and ¥{(u: Z) describes the combined effects of the defocus and spherical aberration
x(u; Z) = nZiu® + —;—HCSA3L(4,

where Z is the defocus value, C, is the spherical aberration coefficient, and A is the wavelength of
the incident electron wave.

Assuming on the image plane of an electron microscope the electron wave function is given by
¢(x) in real space and ¢(u) in reciprocal space, these two functions are then related to each oth-

er via the standard Fourier transform
o) = ng(i)exp@ni” - x)dx. (4)

In reciprocal space the electron wave function (1) is related to that on the exit face of the
crystal @p (1) via the relation:

plu) = pglu)lu; Z). (5)

The Fourier transform of the image intensity distribution is called the diffractogram of the
image. Using eq. (4) we have

Jlu; 2)= j¢(x)¢“(x)exp(21riu + x)dx

= jd[l’@g(ll +u)ep(w )T (u+u', u 3 Z), (6)

in which T(u +u’, u”; Z)is called the transmission cross-coefficient {TCC) and under the usu-

[14)

al approximations for an electron microscope' - is given by
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T(u+u', u'y Z) = ACu + w')A(u Yexplilx(u + v’y Z) - x(u'; Z)11. (7)

We now consider the effects of a finite sized electron source and the defocus fluctuations due
to either the finite energy distribution of the electron source or the relative instabilities of the ob-
jective lens current, For a conventional transmission electron microscope (CTEM), images
formed with different defocus and electrons emitted from different positions of the electron source
may be regarded as incoherent. The resultant image is then given by an average of a set of images
of different angles of incidence and defocus values. Assuming B(s} and F(Z) are the normalized
intensity of the electron source and defocus distribution, an appropriate average gives

G = [[aazBs) {231 Cw, 2, (8)
Here we have changed the notation J(w; Z) to J(u, s; Z) to emphasize explicitly that the

function depends on the incident beam direction s.

For an FEG electron microscope since the electron source size is very small, the condenser
aperture in the microscope may he regarded to be filled coherently. Given the same normalized in-
tensity distribution function B(s) for the electron source as for a CTEM, we have the following

average wave function rather than average intensity
(plus 2) = [dsBUs) g (e, $)eCu + 55 2), (9)

and hence an average intensity
(I(x; 220 = |plus 200 |2 (10)

The effect of the defocus fluctuations on the image may be treated as for a CTEM, and the

average image intensity is given by
GO ) = [az (2 I 2+ ) 1P (11)

Following Frank!14) and Wade and Frank!™¥), we denote both the effective source intensity
distribution and the defocus spread distribution by the normalized Gaussian forms:

1

2 . .
“l @ - e

B(s) = —1—2exp (12)
ns

1]

Z’Z
AN +2"

To simplify our discussion evT,n {uther, we note that for most electron microscopes, sg and A

are very small and the wave aberration ¥{# + 5; Z + Z") may be expanded in the neighborhood
of u and Z :

Ix(u; Z)

L) (13)

Ylu+s; Z+2)=x{u; ZY+s+V x(u; 2)+ 2

where VX (u; Z) stands for the gradient of the wave aberration function ¥ {w; Z). Substitution
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of egs (12) and (13) into eq. (11) gives
{JFEG(¥)) = J'du'gpg(u + u’)p};(u')TFEG(u +u, u 2, {14)

in which

TEC(y, u's 2) = Al A(u Vexplilx(u; 2) — x(u'; OWEES (u, u's Z2)E(u, u'),

(15)
with
FEG , 1, 2 2
EFEC(u, u's Z)= exp ~r4'su[|‘?x(u; Z)| + IVX(H; 2)1 1'
= expl— w2sEA%[(Z + Ca2u®iu* + (Z + CAZu D1} (16)
and
: 2
E(u, )= exp{-— ?TZAZ{%X(H; Z) - :—zx(u'; Z)] i
xAA Y 2 r392
= exp!{-— (T) [w? = u"] l (m

For a CTEM, E; due to the defocus fluctuation is the same as that for a FEG electron micro-

scope, E, due to the finite incident beam convergence is different and is given byl

Elu, u'; Z)= exp

- %s%{vx(u; 2y = Vxlu; Z)]Zl

expl— 72532 ((Z + CA%u®)u® + (Z + CA2u)u’t 1. {(18)

It should be noted, however, that the following eqﬁalities hold between E, for a CTEM and ETEG
for a FEG electron microscope

EFES(y, 0; Z) = Eu, 0; Z), EYEC(0, us Z) = E(0, u; Z), {19)
which leads to the following important relations
TFEG(u, 0; Z) = T(u, 0; 2), TFE(0,u; 2) = T(O, u; Z2). (20)

I what follows we will show that these equalities ensure that for HREM images of weak phase
objects the image formation processes are the same for both the FEG electron microscope and
CTEM. The standard methods developed to measure the spherical aberration coefficient of a
CTEM may then be applied directly to an FEG electron microscope.

For a thin film and a plane wave incidence, the exit electron wave function is given by!2]

de{x) = explicV(r)i, (21)
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in which ¢ is catled the interaction constant, V{(r) is the projected potential of the thin film in
the incident beam direction. The weak phase object approximation assumes that the phase change
introduced by the crystal potential is so small that a first order expansion may be made to equation

(21)
ge(x) =~ 1+ iV(r). (22)
Fourier transform of ¢g(r) gives
fe(n) = 8(u) + i0(u), (23)
where
O(u) = e V(r)}. (24)

Substituting eq. (23) into eq. (14) and noticing that the crystal potential is a real quantity
we then have

(TFFE9Cu)) = 1+ i0(u)[ TP (u, 0; Z) ~ TFES(0, - u; 2)]. (25)

But from eq. (20) we know that TF5¢(u, 0; Z)= T(wu, 0; Z) and TFEC(Q, —u; Z)= T(0,
—u; Z). For a weak phase object we then have

(JFEC(u)y = 1+ OCa)dsin[ix(u; Z)Jexpi— %xzdz).zu“ = 72sEA%(Z + Catu?)?

JCu)) (26)

Il

i.e. for the weak phase object approximation the diffractogram obtained using an FEG electron
microscope is the same as that using a CTEM.

2 Basic principles for C, determination

The basic idea behind the various methods for the measurement of C, is to use a thin {ilm of
amorphous material. On the one hand a thin film may be regarded as a weak phase object, and on

the other hand for an amorphous material we may make the following approximation
O(u) =~ C, (27

as in the case of a while nose. Using these approximations and considering only image contrast in
a diffractogram, we obtain {from eq. (26)

Jlu) = (Jlu)y — 1= Csin[ix{u; Z2)E(u; 2), {28)

in which E is just an envelope function representing combined effects of {inite source size and de-

focus fluctuations

E(u; Z) = expi{- %xzﬂz)\zuq X expl~ wlsaAlui(Z + CA*u?)?}. (29)
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Noticing that for an amorphous thin film the diffractogram is isotropic, eq. (28) clearly
shows that a diffractogram will contain a ring pattern resulting from sin(:X) function, and the
minima and maxima positions depend on both C, and defocus value via ¥{u; Z). For an electron
micrograph taken under & defocus value Z = Af, extremes in a diffractogram appearing at spatial
frequency u satisfy

CAlu® + 2Afu? = n, (30)

in which n is an integer number characterizing the order of the ring in a diffractogram. In princi-
ple a single diffractogram will be sufficient for determining both the defocus value 4f and C,.
Statistically speaking, a betier method is to combine several diffractograms to reduce noise and er-
rors. In the present study we have taken a through focus series of HREM images obtained from a
thin film of amorphous silicon. These images were taken with equal focus shift such that for the

j-th electron micrograph there is
Af = fo+ jAf,. (313
Using 1 to index the rings appearing in a diffractogram we have
CAluy +22(fo + jbfo)uly = n. (32)

Letting A= Ca%, B=2Aif, and D =21Af, be three {fitting parameters, we define a merit func-
tion

2% = S)[m - (Aub + Bud + Dju) 1% (33)
i j

Defocus values fy, Afpand C, can then be obtained by adjusting the fitting parameters A, B, D

so that the ¥ function is minimized. This minimization procedure is achieved in the present study

by a general least-squares minimization procedure.
3 FFT based data interpolation

From our analysis presented in sec. 2, it is clear that the accuracy of C, determination de-
pends sensitively on the measurements of ;; values, i.e. the ring positions in a diffractogram sat-
isfying eq. (32). One major concern in dealing with digital electron micrographs is that the avail-
able number of pixels in a micrograph is usually rather limited and sometime may not be suifi-
cient. Shown in fig. 1(a) is the central quarter of an diffractogram obtained directly via FFT the
original HREM image of an amorphous silicon thin film. The diffractogram is then angularity av-
eraged, and part of the resultant curve is shown in fig. 2 (dotted curve). It is seen that most of
the peaks in the curve are ill-defined, and it will be shown later that direct use of this curve results
in a rather large error bar over the determined value of C,.

To improve this situation in this section we will briefly discuss an FFT based data interpola-
tion method developed in cur work. We will first constder a discrete real space image of N X N
pixels such as the one obtained using a slow-scan CCD camera. Suppose that the size of one pixed
in the CCD camera has a dimension of d X d, and the distance between neighbering pixels is also
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Intensiy

d. The intensity read out from one pixel having index
(m, n) is therefore given by an integration of the inten-
sity function I{x, y) over the pixel

md xd

I...=—5 J J. I{z, y)dzdy, (34)

{m=-11din-1}d(n-1)2

with m, n=1, ---, N. It should be noted that I, , ob-
tained this way is slightly different from the value of the
function I ( =z, ) at the center of the pixel

( (m - %)d, ( n - %)d ) . The discrete Fourier trans-

form of I,,, is given by

Fig. 1. Diffractogram obtained froma HREM 1 N-1

image of an amorphous Silicon thin film using (a} T(u, U) = 17_\; Im. nexp[z mi{um + un ) d ] .
tranditional FFT, (b} based interpolation method e u0

and (¢} interpolation plus median filtering .

Although eq. (35) may be used directly
to caleulate J{u, v) at any coordinate in re-

Laxqen o - ciprocal space, a much more efficient method
! R Direet for calculateing discrete Fourier transform is
e T Interpola : :
\, T ierpolated to use FFT algorithm which can be used to
! ‘

calculate summation of the type:

N-1

L= # Z L. wexp[2ni(km + In)/NJ,

my, 2=0

4% 108

(36)

2t

with — N/2<Ck, [SIN/2-1. We will now

o show that this summation may readily be
Fig. 2.  Angular averaged diffractograms before and after interpo- used to calculate the general expression (35)
lation (in relative unit},

by some rearrangements, Suppose we ecan
write (1, v) in reciprocal space as (& + Ak, L+ ALY/{Nd), with —1<{Ak, AI<{1 and — N/

2k, ISIN/2 -1, Eq. (35) can then be rewritten as

N-1
F(k+ AR, [+ Al)= % 2 T, nexpi2mi((k + Ak)m + (L + Al)n )/ N} (37)
s, n=l
=
=N >0 1, expl2ai(Akm + Aln)/N1lexp[2ai(km + In)/N],
m, n=0

which is nothing but summation {36) except that now the real space function I,,, becomes I, exp
{ —2xi(Akm + Aln)/ N} . Noticing that the new variables Ak, Al permit a change in the dis-
play position in reciprocal space. An diffractogram obtained via direct FFT may therefere be inter-
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polated into a higher resolution diffractogram having many more time data points than the original

electron micrograph.
4 Median filtering and angular averaging

Although the FFT based data interpolation technique may be used to generate diffractograms
. _— revealing more details which are otherwise
unobtainable form anordinary diffractogram,
the signal-to-noise ratio of the diffractogram

remains to be rather low (see fig. 1(b)).

bty To overcome this difficulty we tested various

Intensiny

types of filters to improve the signal-to-noise

ratio of the diffractogram and found that the
[11)

0 . so-called median filter'*” provides rather sat-

o 60 90 120 isfactory result as shown in fig. 1(¢).. This
' Pl filter is a typical laow-pass filter that is best
Fig. 3. Angular everaged diffractogram obtained from a median suited for reduc{ng notse, but at the same
filtered diffractogram which has been interpolated with 16 times (ime without losing a lot of details of the o-
more data points (in relative unit). riginal images. Since now we are equipped
with a device via which we can increase sampling points in the reciprocal space indefinitely as we
wish, the loss of resolution in the reciprocal space by the median filtering can alwayvs be compen-
sated by an increase in the data points or sampling rate in reciprocal space. A further improvement
is provided by an angular average of the diffractogram. Shown in figs. 2 (dark line) and are
curves of angular average of the diffractogram {ollowing an application of the median filter to the
original electron micrograph. When compared with the dotted line in fig. 2 which is obtained
without data interpolation and median filtering, the improvement in the statistics of the curve is

seen to be substantial.
5 Experiment procedure and results

The experiment was performed on a Philips CM200-FEG electron microscope equipped with
a gatan imaging filter (GIF). The microscope is computer controllable by means of a serial port.
The images were recorded with a Gatan slow scan CCI) camera. A thin {oil of Si{110) was made
by ion-milling. A thin area n?f amorphous silicon is produced around the edge of the film during

ion-milling, and is used for measuring C,. Our procedure consists of the following steps:

(| ) Take a through focus series of HREM images from a thin amorphous film of silicon.
The CCD camera size used is 512 X 512. The magnification of these HREM images are calibrated
using an HREM image taken {rem the same sample but from a different area with a region of per-

fect Si single crystal along [110] zone axis.

(i ) Caleulate the high resolution diffractograms of the digital HREM images obtained in
step 1 using the FFT based data interpolation technique 9see fig. 1(b)). Usually 16 times more

data points are added to the original diffractograms.

{ ji ) Median filtering and angular averaging all diffractograms obtained in step ( i ) and find
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all values of u,; satisfying equation (32).

(ly) Determine C, and calculate associated standard deviation using a general non-linear

least-squares method.

Using the above procedure, we have determined C, value of our CM200-FEG electron micro-

scope. A total of 24 HREM images were used in
) the pracedure. C, was determined by two meth-
o2t ods, and our results are given in table 1. These
data clearly show that results obtained by the
methed discussed in this paper is much superior

0 \
-1 -0 f Z[/\’O W‘ ! to and more reliable than the conventional

method. To further illustrate this point we drau

2t “ in fig. 4 the distribution of deviaticns between
the theoretical and experiment values of maxima

and minima in the diffractograms. In the figure

n-l —0.5 0 0.8 1 the theoretical values were calculated using the
Deviaticn (pixel) determined values of C, and Af. The distribu-

Fig. 4. Distribution of deviation between the theoretical and tion shown in fig. 4{a) was obtained using the
experimental maxima and minima for (a) an ordinary diffrac- copventional method, and fig. 4 (b) was ob-
togram and (b) 2 filiered and interpolated diffractogram. tained using the present method. This figure
shows clearly that the half-width of the distribution for the present method is smaller than that for
the conventional method, indicating that results obtained using our method is much more reliable.
Table 1 Determined fitting parameters and associated siandard deviations using conventional FFT based
(FFT) and present FFT interpolation based (FFTI) methods

C, a(C) Afy a(A8fa) fa a(fa)
FFT 1.327 mm 0.239 mm —-8.116 nm 0.28% mn ~208.558 nm 8.381 m
FFTI 1.245 mm 0.045 mm - 8.099 nm 0.208 4 nm —205.835 nm 5,010 nm

6 Conclusions

We have shown in this paper that for weak phase object the contrast transfer function of an
FEG electron microscope is the same as that of a conventional transmission electron microscope,
and the usual method of measuring the spherical aberration coefficient of an electron microscope is
applicable to the case of an FEG electron microscope. In applying the conventional method to
measure the spherical aberration coefficient of a newly installed FEG CM200 electren microscope
in our laboratory using digital electron micrographs, we found two major difficulties, i.e. the sig-
nal-to-noise ratio is usually rather unsatisfactory and that the digital micrographs do not have suf-
ficient pixels to allow an accurate determination of the spherical aberration coefficient. To over-
come the former difficulty various filters have been tested and evaluated, and we have found that
a median filter gives rather improved signal-to-noise ratio and at the same time this filter preserves
all necessary details of the original electron micrographs. We have also developed an FFT based
data interpolation technique. By using this technique we are able to increase indefinitely the num-

ber of pixels in a digital diffractogram. The combination of our data interpolation and the median
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filtering techniques enables us to determineaccurately the spherical aberration coefficient of our

. 1 new FEG electron microscope to be €, = (1.245 1+ 0.045) mm using the method of leastsquare
o ,‘I fitting, and this C, value corresponds to a point resolution of 0.247 nm.
i

[
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