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SUMMARY 

Single atom image intensities are calculated for bright field and 

various dark field modes, including the ideal beam stop, a wire beam 

stop, tilted illumination and a displaced aperture. Comparisons of . 

scattering amplitudes and elastic scattering cros s sections are made 

with different object potentials and scattering formulations. The image 

contrast for one mercury atom (Z = 80) on a column' of carbon atoms 

(Z = 6) as the substrate is also discussed for both the bright field and 

the various dark field situations. A list of abbreviations to be used in 

the text is shown below. 

ABBREVIA TIONS 

BF 

IBS 

WBS 

TI 

DA 

u 

w 

C s 

~Z 

HFS 

Bright field 

Ideal beam stop 

Wire beam stop 

Tilted illumination 

Displaced aperture 

Ideal central stop radius 

Wire stop radius 

Spherical abberation coefficient 

Defocus 

Aperture radius 

Relativistic Hartree Fock Slater 

Hartree Fock Slater 
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INTRODUCTION 

The use of high resolution microscopy as a tool to obtain structu

ral information for biological mac romolecules has been of great interest 

to molecular biophysicists. One approach of current interest is the 

visualization of single heavy atoms that are placed on the macromolecule 

as a structural label. In this approach. thr.ee criteria must be satisfied: 

(1) the image mode chosen must provide sufficient contrast. 

(2) the method of chemical labeling with heavy atoms must be 

specific and stable (Beer, 1965), and 

(3) it is necessary to eliminate or minimize radiation damage 

and atomic displacement in the course of observations 

(Glaeser, 1974). 

The latter two problems are still in a very primitive stage of develop

ment. Several suggestions have been made as to how one might enhance 

image contrast: 

(1) use image restoration programs that discriminate in 

favor of heavy atoms (Frank, 1972), 

(2) improve the bright field image quality through the use of 

Fresnel zone plate (Hoppe, 1961, 1963;. Eisenhandler & 

Siegel, 1966), 

(3) employ unique image modes. with the scanning transmission 

etectron microscope (Crewe et. al. 1970, 1972), 

(4) develop" conventional" dark field electron microscopy 

(Henkelman & Ottensmeyer, 1971; Ottensmeyer et. al., 

1973; Hashimoto et. al., 1972,1973). 

• 
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In high resolution transmi.ssion electron microscopy, phase 

contrast theory may be used to evaluate the image contrast expected in 

both bright field and dark field modes' of operation. The calculated 

image intensity profiles are' generally dependent upon the choices of 

object potential, scattering formula and parameters describing the oper-

ation of the microscope. In bright field, Eisenhandler and Siegel- (1966) 

calculated the image contrast of single atoms and of linear chains of· 

atoms. Their calculations used only a real atomic scattering amplitude 

- , . 
. obtai.ned from the 1'st Born approx~mation, and values of spherical 

abbe ration coefficient that are unrealistic for the presently available 

high resolution electron microscope. Improvements were made by , 

:Reiiner (1969), and. by Hall 'and Hines (1970) who used a complex scat-
~. 'J, 

tering amplitude, calculated from the WKB method and the partial wave 

method respectively, to evaluate the bright field image intensity profile,s 

of single atoms. and ~tom clusters. However,. no estimate of contrast 

between the single atoms and the substrate was considered. 

Koike ~nd Kamiya (1970) used a scattering formula due to Lenz 

to calculate dark field image intensity profiles of a single gold atom. 
- " 

These calculations assumed an i-deal beam stop in the back focal plane, 

but this could.bear no experimental reality. Calculations by Hashimoto 

(1972) showed an unusually asymmetric image intensity profile for a

single thorium atom in the case of tilted illumination dark field imaging. 

This result was pointed out by Hashimoto et. al. (1973) to be excessive 

due to the use of a rectangul,ar Cl.perture in their previous calculations.' 

All of.these da:rk field, single atom calculations wer,e based on the 1 st 

-
Born approximatipn, and no consideration of substrate contrast was 
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taken into account. 

c 
The purpose of the present study is to calculate single atom 

image intensities in bright field and different "conventional", (fixed

beam) dark field image modes with practical vci.lues of operational para

meters of the microscope. In the dark field case' a comparison is made 

between the ideal beam stop, a realistic wire beam stop, tilted illumi-

nation, and the simple use of a displaced aperture. The phase grating 

I 

approximation is used to calculate the complex scattering amplitude, 

and an atom object is represented by recent atomic potentials computed 

for the Relativistic Hartree Fock Slater atomic model (Carlson, et. al. 

1970). Contrast values between one mercury atom and. a thin layer of 

linearly aligned carbon atoms are present~d in terms of image point 

intensities. Moreover, the validity of a linear summation of single 

atom image intensities (and of total elastic scattering cros s sections of 

> single atoms) is also discussed. 

ASSUMPTIONS 

The assumptions in the pres.ent calculations are: 
-. 

(1) the ·object is illuminated with perfectly coherent plane 

waves, 

(2). atoms are represented by spherically symmetric potentials, 

(3) qnly the elastic scattering is con~idered, 

(4) the phase grating approximation is valid, 

(5) the phase distortion in the imaging system is entirely due 

to defocus and spherical abbe ration. 

It is recognized that efforts must be made in ft)ture theoretical work to 
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re~ax the fi;r st three as sumptions. 

ME THODS OF CALC ULA T10NS 

All numerical computations were carried out ona CDC 7600 

computer. The outline of the calculations is indicated in figure 1. 
'-, ) 

Th~ major steps include the calculation of the projected object potential,_ 

the scattering amplitude, the total elastic scattering cross section, the 

output spectrum, the image wave amplitude, and the image 'intensity. 

Each mode of "conventional" electron microscopy is characterized by 

its output ~pectrum and image intensity formation as described below. 

(I) ProJected object potential <j>(p): 

/ 

Sph7rically symmetric potentials 'of free atoms with atomic number 

ranging from' ·Z = 2 to· Z = 12'6, base~ on Relativistic Hartree Fock 

Slater wave functions, can be calculated from the radially dependent 

parameters tabulated by Carlson et. al. '(1970). Thomas -Fermi atom,ic 

potentials (Ibers and Hoerni, 1954) are also ~sedto calculate the complex 

scattering amplitude of a single atom, in order to compare with those 

calculated by 1bers (1968) who used a par~ial wave ~cattering formulation. 

The projected object potential <j>(p) on the plane immediately after the . , 

object, which in the present calculations is either a single atom or a 

layer of axially aligned atoms, can be conveniently expres sed as equation 1. 

(1) 

where Pj is the number of atoms with ,atomiC potential V/xO' yo' zO)' 

m is the number of different kinds of atoms, and p is the radial coor-
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dinate in the plane immediately below the 
,L 

" object (and normal to the z 

axis, i. e., p::: jx~ ~ y~ , ). 

(II) 
-+' -+ 

Scattering amplitude' F (s) and F (s): sp wp , 
-+ 

A complex scattering amplitude, F (s), cari be calculated from sp , 

the phase grating approximation (also knoWn as the strong phase approx-

imation) as expressed in equation 2 (Schiff, 1956): 

co 

Fsp(-;) = i2tt/~ 1 (1- exp itt<l>(p)AE) JO(2ttp [;[)pdp (2) 

To a less accurate degree of approximation, one can start with 

a real scattering a~plitude, 
-+ ' 

F (s), which can be calculated from the 
wp , 

weak phase approximation, also known as the 1 st Born approximation, 

(Schiff, 1956): 

(3) 

The symbols used in equations 2 and 3 are defined as follows: 

\. = the relativistic wavel~ngth of the incident electron; , 

E = the accelerating voltage; 

"s S '+ s ~ , = ~ sin!!.2 (for an angle, f), 'of scattering), which 
x x ' y Y f\. 

is t~e spatial frequency in the Fourier domain; 

the zero order Bes~el function. , . = 

-The integrals in equations 1 - 3 were approximated by successive 

analytical integrations under the central portion of a cubic polynomial, 

fitted to every four consecutive points of the integrand (Hildebrand, 1956). 

The 'sampling distances were set equal to those tabulated by Carlson. 
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~onvergence of integrations was confirITled by using finer' saITlpling in-

tervals; in this case the correspondingatoITlic potentials were obtained 

at the interITlediate points by a third-order Lagrange interpolation of 

the values tab~lated by Carlson. 

(III). Total elastic scattering cross section 0: 

The total elastic scattering cross section,. 0, can be calculated 

frOITl the Optical ,TheoreITl (Schiff, 1956) as in equation 4: 

" ( ( 4) 

This represents a rigorously correct value of the total cros s section 

when 'equation 2 is used to calculate Fsg(O), because the phase grat ing 

approxiITlation represents an exact sUITlITlation of the infinite Born series 

at sITlall scattering angles. 

(IV). Phase distortion factor y( 1;1) and aperture functi,on A(;): 

The phase factor in equation 5 is used to account for the phase 

distortion due to spherical abbe ration and defocus. AstiITlagtj.sITlis 

as sUITled to he corn:pEmsated and hence is ignored. 

( 5) 

where C is the spheriCal abbe ration coefficient and ~z is the amount 
s 

of defocus at the object. 

The aperture function defines the shape, size and position of the 

objective aperture. For the three separate cases of bright field, tilted 

illumination, and displaced -aperture dark field images, the aperture 

, function can be defirred according to equation 6: 

I, 
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( 6) 
elsewhere 

• 
where sf is the radius of the objective aperture. The aperture function 

can be defined for the ideal beam stop, dark field case as in equation 7, : 

and for wire beam stop dark field as in equation 8: 

A(;) = ,{ 1 / u< I;I~ sf 

o elsewhere 
( 7) 

where u is the rac;lius of central beam stop; 

1;I>sf and I Sy I~w 
( 8) 

elsewhere 

where w is the radius of the wire placed along the 

tive aperture (fig. 2). 

... 
s axis of the obj ecx 

T~e center of coordinates fo-r both the phase factor and the aperture 

function is dependent upon the mode of ope~ation, and must be represented 

correctly-in the output spectrum. The optimal atom-image patterns are 

expected to be obtained in different modes of operation when the Scherzer 

criteria (Eisenhandler and Siegel, 1966) in equation 9a, b are satisfied. 

1 1 

(C X,)2 ~ t.z ~ (2C X,)2 
s s 

(9a) 

1 

Sf = 1/x'(2t.~/Cs)2 (9b) 

(V) 
...... -+-+-+ 

Output spectrum &(s, a, b, c): 

The output spectrum is defined in the Fourie,r domain as a pro-

- -+ duct of the scattering amplitude Fsp(s - a), and aperture function. 



oouo€~oo 

-9-

A(8"' .;. b) and the phase distortion function exp iy( 18"'- ;1), which have 

-+ -+ -+ 
respective center of coordinates a, b, 'c" determined by the chosen 

mode of microscope operation. In bright field, ideal beam stop, and 

wire beam stop dark field modes. ( figure 2), the centers of coordinate~ 

of the scattering amplitude, aperture function and phase distortion func-

-. -+" - -+ 
tion are the sarrie and can be set as a = b = c = O. In the titled illumi-

-, 

nation, dark field case ( figure 3), the center of coordinates of the, 

scattering amplit~de is shifted along the Sx axis with respect to those 

-of the aperture function and phase -distortion function, i. e., a = 
-+ -- ' and b = c = o. , In the displaced aperture dark field mode (figure 4), 

the ~enter of co~rdinates of the aperture function is shifted along s 
, _ , x 

with respect to those of the ~.cattering amplitude and phase distortion 

function, i. e., ;-= Ibl s , and -; = ~ = O. 
, x 

(VI) 
-+ 

Image wave amplitude ljJ(r.): 
1 

The image wave amplitude is calculated by an inverse Fourier 

transform of the output spectrum for the variO\ls modes of operation .. 
r 

In bright field and ideal beam stop, dark field, the circular symmetry 

of the output spectrum allows us to calculate the inverse Fourier trans-

form as a one dimensional Bessel transform, as represented in equation 10: 

(10) 

In the bright field case the_ total image wave amplitude is ~iven by 1 + ljJ(;i) , 

.... 
but in the dark field case the function ljJ(r.) gives the cOll?-plete image 

. 1 

wave amplitude. In the wire beam stop, tilted illumination, and displaced 

aperture dark field cases, the image wave amplitudes are evaluated by 

a two dimensional inverse Fourier transform as in equation 11,: 

/ 
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(11 ) 

-+ A 

where r. = x.x. + y.v.. The integration method as described in II was 
1 11 1'1 

again used to evaluate the one dimensional integral with'a sampling 

1'-1 I_I p-1' , '0-1 I-I' , -1 distance of 0.01 A for s SO.3 A ,and of 0.005 A for s > 0.3 A. • 

Convergence of integration was confirmed by using finer sampling inter

vals. I~ the case of the two dimensional integrations, a: fast Fourier 

transform algorithm (Singleton, 1969) was used for a 243 X243 square 

o -1 
array, with, a sampling interval of 0.013 A . 

(VII) 
.-

Image intensity I(r.): 
, . 1 

The image intensity is the product of the total image wave ampli-

tude and its complex ;conjugate. The bright field ,and the dark field 

image intensiti~s are thus given by equations 12 and 13 respectively: 

( 12) 

(13 ) 

It must be re'membered that the wave amplitude, and the,refore the, 

-- - . -+--. .... 
image intensity, depends upon cp(p), E, A, Cs ' DoZ, u, w, sf' a, b, c, 

according to the various modes of.operation. The present calculations 

were carried out for single atoms and for layers of atoms of Hg and -

C, assuming the practical values of E = 100 kV, A = 0.037 A, C
s 

= 1.4 mm; 

the, other parameters are taken as variables. The image intensities 

are presented by a two dimensional" Z -modulation display" (Grano, 

1973) and by profiles along orthogonal orientations. Since each display 

is chosen to be scaled independently, the relative intensities cannot " 
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show the actual differences in absolute image intensity for the different 

modes. Information about the absolute intensity for the different 
/ 

situations is contained in the line drawings of the intensity profiles 

through the center of the atom . 

RESULTS AND DISCUSSION 

(I) Scattering amplitude and total elastic scattering eros s section: 

In theory, the phase grating approximat,i(:>n (eg. 2) is superior to the 1 st 

Born approximation, (eq. 3) becaus~ the former provide's the phase of the 

scattering amplitude as required by the unitarity principle of quantum 

mechanics. Table 1 shows that the 1 st Born approximation gives a 

higher' magnitude than does the phase grating approximation for the 

scattering amplitude in the forward direction for a ~single Hg atorp, but 

there is no difference in magnitude for a single C atom. 
. . ~ 

Zeitler and Olsen (1964) have previously suggested that' the 2nd 

Born approximation would be as good as the phase grating approximation 

for describing the scattering by single atoms. Table 2 confirms this 

numerically by comparing the complex forward scattering amplitudes 

calculated from the phase grating approximation (eq. 2) to the calculations of 

Ibers (1968), which were based on the 2nd Born approximation. 
, , -

Due to the simplicity ,of the phase grating approximatioh, the 

complex scattering amplitudes for single atoms are easily obtained for 

uS,e in image wave amplitude calculations. Table 3 lists the magnitudes 

, 0 -1 ' 
and phases for Hg and C up to a spatial frequency of J.2 A . 

, -

Like the scattering amplitude, the calculated total elastic scatter-
, ' 

-ing cross section of a single atom is dependent upon the atomic potential, 

the accelerating voltage of incident electrons and the scattering formula. 

Table 4 shows that the elastic scattering cross section calculated here 

from the phase grating approximation and Relativistic Hartree Fock 

'-
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Slater atomic potentials (eq. 4) is smaller than that presented by LangnlOre, 

Wall and Isaacson (197}) by almost a factor of 2 for Hg but by only a 

factpr of 1.2 for c:. These differences are most likely due to their use 

of the 1st Born approximation, which gives a higher value of scattering 

amplitude for high i atom, as evidenced in Table 1, and only secondarily 

due to the slightly different atomic model. 

(II) Bright field (BF) and ideal beam stop (IBS) dar~ field: 

Due to the circular symmetry of the output spectrum in both 

cases, the image intensities must also be circularly symmetric. The 

\ 

IBS image .intensities are far less sensitive to defocus variation in a 

range of more than 800 A (fig. 5b) in comparison to the BF image inten

sities, which actually undergo a reversal of contrast in a range of 800 A 

defocus change (fig. 5a). The full width at half maximum is dependent upon 

defocus and aperture size. Figure,s 5a, b show that the smallest image 

width occurs at a defocus of about 800 A, which is within the range defined 

by equation 9a;and Table 5 shows that the smallest image width occurs 

for an aperture radius sf = 0.3 A -1, which is close to the Scherzer cri

terion defined by equation 9b. At optimal defocus' and aperture size, the 
. 0 I. 0 

image width for BF is about 2.7 A (fig. 5a), and that for IBS is about 1. 7 A 

(fig. 5b). The present res~1ts of IBS agree qualitatively with those of 

Koike and Kamiya (1970), though the atom potential and the scattering 

formula are different. This shows that the qualitati ve features of an atom 

image pattern are quite independent of the choice of atomic scattering am-

plitude of a spherically symmetric object. A plausible explanation of the 

differences in atom image patterns between BF and IBS may be that in BF, 

the image is predominantly determined by {ljJ (;.) + ljJ*(;.)} as in equation 
- 1 1 

• 
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12, whereas in IBS, .the irriage is determined by ljJ(r
i
) ljJ>:«r

i
) as in 

equation 13. The difference in image width is easily understood on the 

basis of the sharpening that occurs when a. bell-shaped function is 

squared, but the relative sensitivity t,o defocus is not so' easy to explain. 

, (Ill)· Wire beam stop (WBS) dark field: , 

Since the output spectrum is centro-symmetric, the atom image 

intensity also preserves the same symmetry, as l?how~ in figure 6. It 

is seen iri figure 6 that as the wire radius is increased from (a) 0.8f-l, to 

(b) 6f-l, and then up to (c) 11f-l (for the objective focal length of 1.6 ~m). 
" ' 

~ -

the Hg atom limage intensity would become less lo~alized, and would 

also deviate fu:rther from circular: symmetry. For a very thin wire of 

ra·diu~ L8f-l.' which is still experimentally available, the imag~ intensities 

are v~r,y similar to those cif IBS (fig;. 7). Hg image profiles along ortho-

gonal directions are shown in figures 7a, b, where it can be seen that 

the image width'is slightly broader along t4e direction of the wire, and 

also that the image intensity is again quite insensitive to defocus vari-

ation in a range _of 800 A. It is found in Table 5 ,that the smallest 

image width can again be found with the optimal aperture radius, as 

defined in equation 9b: For optimal conditions, the average image 

o . 
, width is about 1.8 A, which is very dose to that of IBS. 

(IV) Tilted illumination (TI) dark field: ! 

The atom~ image intens~ty is symmetric with respect to an axis 

parallel to the direction of tilting, as shown in figure 8. The variation 

of tilting angle is represented by different vector positions ,of the cent.er 

of coordinates of the scattering amplitude. Variation of 1;1 from 0.34 
/ 
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0-1 0-1 -2 
A to 0.S2 A (these correspond to the tilting angles between 1.3X10 . 

and 3.1X10-
2 

radians for a 35 micron diameter aperture, focallength 

of 1.6 mm, and E = 100 kV) does not seem to have a significant effect on 

the image pattern (fig. Sa-d), except for the fact that the intensity is - 4 ' 

times higher for the smaller tilting angle. The criteria expres sed in 

equations 9a, b are again found to be tl!e optimal conditions to give an 

atom image with the smallest image width and the highest peak intensity. 

'Tqe Hg intensity profiles in figure 9a and b once more show the insensi

tivity to defocus variations in a range of SOO A, and an image width of 

o . 
about 1. 7 A for the optimal conditions. 

(V) Displaced aperture (DA) dark field: 

The atom image intensity is now symmetric with respect to an 

axis parallel to the direction of apert~re displacement. By varying the 

defocus and aperture size, there is no improvement of the broad distri-
r • 

butiori of the image intens~ty along the direction of the aperture displace-

ment (fig. lOa, b). This broadening may be due to the asymmetric con

tributions of the scattering\amplitude and the phase distortion function 

included in the aperture, and also due to the rapid oscillations of the 

phase distortion function at high spatial frequency. 

CONTRAST BETWEEN Hg ATOM AND C' SUBSTRATE 

Contrast can be defined as the difference between the intensity 

for the specimen plus substrate and the intensity for the substrate, 

divided by the average of the two. The effect that the carbon substrate 

has on the image contrast is ta,ken into account, in a first degree of 
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apprpximation, by assuming that the carbon atoms are linearly aligned, 
, 

parallel to the optical axis. In a'model of one Hg atom and a column of 

n carbon atoms, the co~trast (C
1

) in the dark field images has been 

approxi.mated by' equation 14: 
- / 

( 14) 

This, appr6ximate measure of the contrast in different modes of dark 

_ field, for optimal defocus and aperture size, is given in Table 6. These 

data demonstrate that· 

(1) -;the contrast of WBS .is very close to that of IBS provided 

: i that the wire diameter is sufficiently small, 

( 2) the contrast of TI is the best of the four modes, and 

(3) it seems that contrast remains excellent even when the sub-

strate has a thickness of 40 carbon atoms in all modes of 

dark field imaging. 

The approximation to the contrast, which is defined in equation 

14, is based on !he assumption that the total image intensity of a column 

of atoms is the sum of the image intensity fot single atoms. This 

approximation cannot be expected to hold when the object potential is 

large enough to cause multiple scattering processes to be important, 

or when other interpartiCle interference effects are important. Hence, 
, 

a more accurate approach is to define a contrast, C
2

, as in equation 15: 

I -I 
Hg+ nC nC (15) 
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Here I
Hg 

+nC is the image intensity calculated from tIE projected 

object potential with 1Hg and n carbon atoms by setting the pa~ameters 

in equation 1 as m = 2, Pi = 1, P2 = n" Vi (xO' YO' zO) for Hg atomic 

potent~aland V
2

(xO,Yo' zO) for carbon atomic potential; and InC' is the 

image intensity calculated from the projected object potential of n 

carbon atoms with the parameters in equation 1 as m = 1, Pi = n, ~nd 
, 

Vi (xO' yo' zO) for carbon atomic potential. The magnitudes of the forward 

scattering amplitude of an atom layer are shown in Tabl(e 7. It is clear 

that they are not integral multiples of that for a single atom.. This is, 

due to the fact that the scattering arnplitude is not linearly proportional 

to the projected object potential in the p~ase grating approximation. 

Moreover, due to the relationship between the total elastic scattering 

cros s section and the forward scattering amplitude (the Optical Theor~em), 

the total elastic scattering cross section of the atom layer is also not 

linearly related to that of a single atom, as is shown in Table 7 . 

,The image intensity profiles for BF and IBS are calculated with 
:' 

various n. It is found that the image width of an atom layer is very' 

'close to that of the single atom when the microscope parameters are 

the same. It must be recognized that the increasing range, of defocus 

for layers of increasing thickness c~nnot be taken into account .with the 

phase grating approximation, and this mqst introduce some error in the 

results. Contrast calculated for BF and IBS according to equation 15 is 

given in Table 8 for different n. The results show that 

(1) exc ept when' n = 1, C
2 

is smaller than C
1

' 

(2) at high' n, C
2 

differs from C
1 

by an increasingly larger 

factor, for example there is a factor of 3 difference when 
\ 

.. 
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n = 20, and 

(3) the confrast of IBS is 3 to 8 times ,higher than that of BF. 

However, the values of contrast in Table 6 appear to be 

quite valid when n is sufficiently, 'small. 

CONCLUSION· 

In order to compare atom images in various modes of, "conven-

tional" transmission electron microscopy, it is important to consider 

the three related parameters of full width at half maximum, maximum 
. ) 

" 
, point intensity in dark field or minimum point intensity in, bright field, 

,and contrast. It has, been shown that the image width under optimal 

o 
conditions for bright field is ~bout 1 A greater than for the various dark 

ffeld, condi.tions,' with the e~ception of the displaced aperture dark field 
I .' oF 

-

mode. Bright field-images are also found to be far more sensitive to 

defocuS' variation than are dark field images. In terms of contrast for 

. I 

the model of 1 Hg and n carbon atoms, the bright field image is far 

w_orse than any of the dark field ,modes. 

The image width for the dark field modes (except the displaced 

aperture) is "::1.7 - 2.0 A at optimal conditions, which are the same as 

those. given by 'Scherzer for the bright field image., The contrast for 

the tilted illumination, dark field case is sligptly better than for the other 

modes of dark field imaging. Howev'er, the peak image intensity for the 

wire beam stop dark field case is about 1.5 higher than that for the case 

of tilted illumination. Furthermore, image symmetry properties are 

unique in each mode of dark field, as governed by th~symmetry of their 

respective output spectrum. ,It is found in the WBS that the image in-

/ 
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ten,sity distribution is quite sensitive to the wire thickness. This 

demonstrates the importance of choice -of wire diameter as an experi-

mental consideration. 

The insensitivity with variation of tilting angles of the atom 

image patterns in ~I may be used as Cl;justificatio~ for assuming perfect 

coherence in the dark field calculations. Experimentally, electrons are 

emitted from different points of an electron gun and, the final image is 

a superposition of all images contributed from each point of emission. 

Howev,er, the similarity of image patterns produced from' variQus points 

of illumination suggests that there would be little dislortion of the final 

image due to the experimental requirement of a finite, extended source. 

The scattering amplitude and the total elastic scattering cross 

section are str'ongly dependent upon the projected potential and the 

scattering formula. A close agreement has been found between the 

pha se grating approximation and the 2nd Born approximation for scatter-
- I , 

ing by a single atom, while a si,gnifica?t difference occurs between the 

phase grating approximation and the 1 st Born approximation when the 

object is a heavy atom or when the object potential is comparable to, 

or greater than, that of a single heavy atom. In the simple model of 

1-Hg and n carbon atoms, it has been shown that itis important to use 

the proper scattering formula in estimating contrast" even when n is 

quite small (i. e., n = 7); Since the scattering amplitude is not linearly 

proportional to the projected object p,otential, the resultant image in-

tensity (or total elastic scattering cross section) of a layer of atoms is 

not an integral multiple of the image intensity (or total elastic scattering 

cross section) of a single atom. However, it is also recognized that 



o 0 n 
V o o 5 a 4 

eur appreximatien,' in which the carben atems ef the substrate are 

aligned in a single celumn, weuld prebably represent a "werst case" 

with respect to. the nen-linear behavier ef the elastic scattering cres s 

sectienand ef the image intensity . 

In erder' to. estimate centrast cerrespending to. a mere realistic, 

experimental situatien when single Hg atems are supperted by a thin 

am~rpheus carben filrri, the prejected ebject petential fer the substrate 

must be determined experimentally. Such werk is in pregress at the 
, , 

authers t laberatery in erder to. take into. full acceunt all experimental 

cenditiens and so. to. previde a realistic, theeretical estimate ef image 

centrast. 

, , 
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Table 1: Forward scattering amplitude for the phase grating 

approximation and the 1st Born approximation at 100 kY-

with RHFS' atomic potentials for H'g (Z=80) and C (Z=6). 

Phase grating 1st Born 
approximation approximation 

Hg 10.09 I 11.04 

Magnitude 

(A) 

C 2.66 2.66 

, 

Hg 0.24 -
phase 
(rad) 

, 

C 0.032 -
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- Table 2: Magnitudes and phase,s of forward scattering amplitude for 

the phase grating approximation and the 2nd Born approxi-

mation at E = 40 kV, with.Thomas Fermi atomic potentials 

.for Hg and C. 

Phase grating 2nd Born 
approximation approximation 

.Hg 15.87 16.~ 
, 

Magnitude 

(A.) 

, 

C- 7.42 7.9 
! 

-
, , 

0.266/ 0.27 , Hg 
, 

phase 

(rad) , 

C 0.029 0.03 
- -

~c 

Values obtained from Iber's (1968) 



Spatial 
frequency 

(,.\--1) 

Hg 
Magnitude 

(A) 
C 

Hg 
phase 

(rad) 
C 

0 0.05 0.1 0.15 

10.09 9.99 9.74 9.34 

2.66 2.63 2.54 2.41 

Table 3: Magnitudes and phases of scattering amplitudes for Hg and C in the 
strong phase approximation of 100 kV, with RHFS potentials. 

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75. 

8.85 8,30 7.74 7.19 6.66 6.16 5.70 5.27 4.88 4.53 4.21 3.91 

2.25 2.07 1.88 1.70 1.53 1.37 1.23 1.10 0.99 0.89 0.8'0 . 0.72 

0.8 0.85 0.9 0.95 1.0 1.05 1.1 1.15 1.20 

3.65 3040 3.18 2.98 2.79 2.63 2.47 2.33 2.19 

0.65 0.59 0.53 0.49 0.45 0.41 0.38 0.35 0.32 

0.237 0.239 0.245 0.255 0.267 0.283 0.300 0.320 0.342 0.364 0.388 0.413 0.439 0.466 0.493 0.520 0.548 0.577 0.606 0.635 0.664 0.693 0.722 0.751 0.781. 

0.032 0.032 0.033 0.035 0.037 0.039 0.043 0.046 0.050 0.054 0.058 0.063 0.068 0:073 0.078 0.083 0.081\ 0.0930.099 0.104 0.109 0.114 0.119 0.124 0.129 

, 

( ... '. 

I 
N 
~ 
I 
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Table 4; Total elastic scattering cross section (I at E::: 10.0. kV with 

different atomic potentials and scattering approximations. 

scattering 
(I (...\2)' 

. Atomic potentials 
approximations 

,e Hg 

RHFS phase grating 0.0064 -0.17 

"-

r 

HFS':' 1st Born 0.0078 ,0.31 

- . 

~:< 
Values obtained from Langmore, Wall, Isaacson (1973). 

J 
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Table 5: Full width at half maximum (A) of Hg image intensities for 

bright field, ideal beam stop (u = 0.03 A -1) and wire beam 

stop modes (w = 0.03 
o ..; 1 ' , , 

A ) as a function of aperture :J;:A.dius 

(s f)' with b..Z = 825 A. 

A -1 s f( ) 0.17 0.2 0.3 004 0.5 

BF 4.4 3.9 2.7 2.8 2.9 
image 
width IBS 3.1 2.5, 1.8 1.8 1.9 

A 
WBS 3.1 2.3 1.8 1.9 2.0 
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Table 6: Approximat~ meas,ure of dark field contrast (C
1

) between, 

, " 0_1 
fHgandn,carbonatoms. E=100kV, Cs =1.4mm, sf=0.3A , 

~Z = 825 A, u = w= 0.03 X- 1,'I;1 = 0.4 X- 1 (T1), Ibl = 0.34 X- 1{DA) 

fQr the different modes of dark fiel,d. 

"-"Number of 
Carbon 1 3 7 10 20 40 

Atoms 
m()d~ (n) 

1135" 1-.37 1.44 1.04 0.87 0.55 0.32 

WBS 1. 77 1.44 1.05 0.87 0.56 0.32 

TI 1.81 1.53 ' 1.16 0.98 0.65 0.38 

, ' 

DA , 1. 77 1.44 - 1.05 0087 0.56 0.32 



-28-

;Table 7: ,Magnitudes of forward scattering amplitudes IF sp(O) I and 

total elastic scattering cross sections .(a) for a column of n 

carbon atoms at E = 100 kV. 

n 1 3 7 10 16 20 40 

IF (0) I (A) 2.6 7.9 17.8 24~4 35.8 42.1 65.3 _ sp . 

a (A 2) 6.40X 5.59X 0.28 0.51 1.02 \ 1.37 2.81 
10-3 10-2 

\ 
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I 

Table 8: Contrast (C 2 ) between 1 Hg and n carbon, atoms in'bright 

field and in ideal beam'stop modes. E ,= 100 kV, AZ = 825 A, 
/ 

A- 1 ,0-1 
sf::: 0.3 ,andu= 0.03 A . 

n 1 3 7 10 20 40 

BF' 0.15 0.14 0.11 - 0.09 0.04 0.02 

IBS· , 1.83 1.29 0.67 '0.44 0.17 ' 0.10 

r ""'.'," 



, -3.0-

FIG URE CAPTIONS 

Fig. 1. 

Fig. 2. 

\ 

Fig. 3. 

Fig. 4. 

Fig. 5. 

Block diagram of image intensity calculations. 

(a) SchematiC diagram for wire beam stop dark field micro

scopy. The following designations are used: (- - - -) for 

the optical axis, (- - -- -) for theunscattered electrons, and 

--~-) for the scattered electrons. 

(b) One dimensional profile of scattering amplitude IF (;) I 
" ' -, sp . 

along Sy in the ~perture plane with the aperture~ radius sf 

and the wire radius w. 

(a) Schematic diagram for tilted illumination dark field micro

scopy. The following designations are used: (-- -'-,- ) for the 

optical axis, (- - - -) for the unscatteredelectrons, 

for the scattered electrons. 

(b) One" dimensional profile .of scattering amplitude IF sp(;) I 

along s in the aperture plane with the aperture diameter 
x 

2 ,s f and the extent of tilting 1;1 . 

(a) Schematic diagram for displaced aperture dark field micro

scopy. The following designations are used: (- - - -) for the 

optical axis, (- -.!- -4 for the unscattered electrons. (---

for the scattered electrons. 

(b) One dimensional profile of scattering amplitude IF (;) I 
sp 

along; in the aperture plane with the aperture diameter x _ . 
2s

f 
and ~he extent of aperture displacement Ibl. 

0-1 
Hg image intensities at 100 kV, Cs ::: 1.4 mm, sf::: 0.3 A for 

(a) BF (b) IBS with u ::: 0.03 A -1 at indicated ~Z. Image 
o 

intensity reversal occurs within 800 A defocus range for BF 

but not for IBS. 

J 

Fig. 6. Z -modulation display of Hg image intensities of WBS at 100 
0-1 0_1 

kV, C ::: 1.4 mm, sf::: 0.3 A ,~Z::: 825 A ,with :different s . 
. . p-1 0_1' 2-1 
WIre radius (a) w ::: 0.013 A , (b) w::: 0.103 A (c)w::: 0.180A . 
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Fig. 7. 

Fig. 8. 

Fig. 9. 

Fig. 10. 
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The image pattern deteriorates as the wire thicknes s is 

increased. 

l ~ , . 

Hg image intensity profiles 'of WBS at 100 kV, Cs ::: 1.4 mm, 
0-"1· 0-1 . ' St ::: 0.3 A ,w::: q.03 A with indicated ~Z(a) along the 

direction of wire (b) normal to the,direction of wire. The 

'Y'BS image intensities are insensitive to defocus variation. 

Z-modulation display .of Hg image intensities ofTI at 100 kV, 
0-1 ' o. ' . 

C ::: 1.4 mm, sf::: 0.3 A ,.~Z::: 825 A, with different tiltin.g 
s I_I 0-1· I-I' .0-1 I-I '0-1 angles (a) a ::: 0.34 A (b) a ::: 0.4 A (c) a ::: 0.61 'A 

(d) 1;1 = 0.82 A-i. The image pattern is not much affected 

by diffe rent tilting angle s. 

Hg image intensity profiles of TI at 100 kV, C
s 

== 1.4 mm, 
0_1 I_I 0-1 " 

Sf ::: 0.3 A, , a ~ 0.4 A with indicated defocus (a) along 

the direction of tilting (b) normal to dIrection of ti!ting. The 

image intensities are ,insensitive to defocus variation. 

0_1 
Hg i~age intensity of DA at 100 kV, Cs ::: 1.4 mm, sf::: 0.3 A , 

~Z :::'825'A" Ibl = 0.34 A- 1 
(a) along displacement direction 

(- - -), and normal to displacement direction (--,....-
l' 

(p) Z-modulation display. The image width is very broad 

along the direction of displacement of the aperture. 
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scattering ~mpli:Jude 
. F (8) . 
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image intensity 
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This report was prepared as an account of work sponsored by the 
United States Government. Neither the United States nor the United 
States Atomic Energy Commission, nor any of their employees, nor 
any of their contractors, subcontractors, or their employees, makes 
any warranty, express or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness or usefulness of any 
information, apparatus, product or process disclosed, or represents 
that its use would not infringe privately owned rights. 



.. 0 

TECHNICAL INFORMATION DIVISION 

LAWRENCE BERKELEY LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFORNIA 94720 

G '-' 

o 




