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Short  note  

Validity of the kinematical approximation in transmission electron 
diffraction for surfaces, revisited 
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It has previously been suggested, based upon multislice calculations, that electron diffraction from a surface reconstruc- 
tion can be interpreted kinematically with a pseudo-kinematical condition setup for the underlying crystal. These 
calculations were carried out under conditions where the numerical multislice integration would not have fully converged. 
The intention of this note is to provide direct experimental evidence from the boron-doped Si(ll l)~f3 × ~ R30 ° surlace 
that the kinematical assertion is valid. 

1. Introduction 

One of the most attractive ways of approach- 
ing a surface reconstruction structure for an elec- 
tron microscopist is via the use of electron 
diffraction. Particularly if the surface diffraction 
spots can be interpreted kinematically, as has 
been suggested by Spence [1] and Tanishiro and 
Takanayagi [2], one can generate a surface Pat- 
terson function [3,4]. The logic behind a kinemat- 
ical interpretation, if the bulk diffraction is also 
kinematical, is straightforward - if all of the 
surface diffraction spots are in a kinematical con- 
dition then to a good approximation double 
diffraction of them by the underlying substrate 
will be small for the top surface, and double 
diffraction of the bulk spots by the bottom sur- 
face reconstruction similarly small. 

In an at tempt  to establish this point, in a 
recent paper  [2] multislice simulations were per- 
formed of the Si(111) 7 × 7 surface using the DAS 
model [3,4] and detailed numerical calculations of 
the R-factor of the surface diffraction spots cal- 
culated relative to the kinematical intensities. This 
work appeared to demonstrate  the validity of the 
kinematical interpretation. We have recently been 

working with boron-doped silicon (111), and ob- 
served the metastable (for this material) 7 × 7 
reconstruction in conventional 2-beam (220) 
dark-field imaging, which implied that there may 
be long-range strains from the screw dislocations 
in the DAS structure. One of the first steps in a 
theoretical analysis of such image contrast is to 
try and reproduce existing calculations [1,2]. The 
published calculations were performed at 100 kV 
with a sampling cell size of 128 × 128 and a slice 
thickness of 0.314 rim. It is well known that 
multislice is only valid: 

(a) if the reciprocal space sampling is large 
enough, typically with the minimum dimension of 
the reciprocal space sampling cell being at least 
60 nm 1, the exact number  depending on the 
algorithm used to avoid aliasing, the accelerating 
voltage and the atomic number  of the atoms #J; 

(b) if the slice thickness is small enough, a 
typical number  being less than 0.2 nm. 

~1 The number of beams in a multislice calculation is often 
quoted instead of the sampling. Since the sampling in 
reciprocal space depends upon the cell size whereas the 
number of beams used does not, the former is more 
significant. 
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Unfortunately multislice calculations seem to 
behave more like Fourier series than Taylor se- 
ries, and if done improperly can lead to results 
such as spurious intensity oscillations. The stan- 
dard validity test is to use smaller slices and a 
larger reciprocal space sampling to test that the 
calculations have converged. Since the unit cell 
size of  the S i ( l l l ) 7  × 7 reconstruction is about 
2.6 nm, a 128 × 128 cell gives sampling at best to 

about 20 n m  1. For reference, fig. 1 shows the 
amplitude of  the (0, 0), (~, 1) and (0, ~-) surface 
spots for a validity check of  the results on the 
zone  axis. A cell size of  512 × 512 with a slice 
thickness of  0.157 nm is required for full conver- 
gence of  the multislice calculations - results with 
half occupancy in each slice and a slice thickness 
of  0 . 1 5 7 / 2  nm lie on top of  those for a 0.157 nm 
slice thickness within single precision numerical 
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Fig. 1. Convergence  tests for the Si(111)7 × 7 surface on the zone  axis. In the graphs, 1 stands for 128 × 128 cell with 0.315 nm slice, 
2 for a 2 5 6 × 2 5 6  cell with the same slice, 3 for a 5 1 2 × 5 1 2  cell with the same slice, and 4 for a 5 1 2 × 5 1 2  cell with 0.157 nm slice. 
Shown in (a) is the (0,0)  intensity as a function of  thickness,  and in (b) the (~,  1) and (c) the (0, ~) where  (hk) is taken with using 

the surface 1 × 1 mesh.  
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error for the thickness regime investigated. (The 
data for the 128 x 128 cell will not match those 
previously published [1,2] since the results are 
very sensitive to the anti-aliasing algorithm used.) 
It should be mentioned that the programs used 
have been cross-checked against Bloch wave cal- 
culations and give identical results [5]. The differ- 
ence is far smaller with a calculation off the zone 
axis (since the scattering is weaker), and a 128 x 

128 calculation appears to be reasonable under 
these conditions as shown in fig. 2. 

There therefore exists the possibility that the 
conclusion concerning a kinematical interpreta- 
tion, which to date has been based solely upon 
multislice calculations, might be incorrect. The 
intention of this note is to provide, briefly, experi- 
mental verification of an essentially kinematical 
interpretation of surface diffraction using the 
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Fig. 2. Convergence tests for the S i (111)7x7  surface with the center of the Laue circle at (5.48, 4.67), comparing the result with a 
128x 128 cell with 0.315 nm slice and a 512×512  with 0.157 nm slice. In both cases the lower intensities are for the 128x 128 

sampling. 
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boron-doped S i ( l l l )  ( 3  x ~ R30 ° surface using 
the fact that for this surface the (2, 2) spots are 
kinematically weak and dynamically can be strong. 

2. Experimental  method 

Details of the UHV microscope used are de- 
scribed elsewhere [6,7] and will not be repeated 
here. We will also focus on the kinematical issue, 
not dealing substantially with other features of 
the surface which will also be discussed else- 
where. 

Boron-doped silicon (111) samples were pre- 
pared via standard electron microscopy tech- 
niques as electron-transparent samples. After 
loading into the side chamber of the microscope 
[6,7], they were carefully ion-beam-cleaned to re- 
move carbon and then annealed at about 800°C 
for 5 min. 

3. Results  and analys is  

Fig. 3 shows electron diffraction patterns of 
the reconstructed surface in (a) along the [111] 
zone axis and in (b) tilted off to a pseudo-kine- 
matical condition. The structure of this particular 
surface is well established [8-11], and corre- 
sponds to the substitution of a boron atom for a 
silicon atom in the second layer with a silicon 
adatom sitting on top in a ( 3  × ( 3  lattice ro- 
tated by 30 ° with respect to the 1 x 1 surface, and 
a contraction of the boron-si l icon bond lengths 
relative to Si-Si in the top layer as sketched in 
fig. 4. The important result is the intensity of the 
{~, ~} surface diffraction spots (arrows) and the 
{5, 2} in the two cases as marked. Kinematically, 
the first of these is weak and the second strong, 
as indicated by the listing of selected values of 
I Fhkl 2 in table 1, a direct consequence of the 

in-plane boron-si l icon contraction. Therefore  the 
{}, ~} intensities is a classic example of a weak 
kinematical spot that can become strong dynami- 
cally, and fig. 3b can therefore be taken as an 
experimental demonstration that the intensities 
are kinematical in character. (We have performed 

Fig. 3. Experimental images of the boron-doped Si(lll),/..3 
x ~3 R30 ° surface in (a) along the [111] zone axis, and in (b) 
tilted off to a pseudo-kinematical condition. The unit cell of 

the reconstruction is indicated in (a). 

Table 1 
Values of I Fhk] 2 for some of the reflections from the first 
surface layer for the Si(ll l )~ /3x  x/-3 R30 ° boron-doped sur- 
face using the 1 × 1 surface mesh; note that the (11) reflection 
is the same as a bulk {220}, and that the (10) corresponds to 
the unreconstructed 1 × 1 surface spot 

t7 k I&,~l 2 

1/3  i / 3  20.25 
2 / 3  2 / 3  0.26 
1 0 20.25 
1 1 121.22 
4 / 3  2 / 3  121.67 
5 / 3  2 / 3  5.83 
4 / 3  4 / 3  8.31 
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Fig. 4. Structure of the boron-doped Si(II1)x/3-×~-R30 ° 
surface showing the in-plane change in position of the silicon 

atoms around the boron, indicated by the arrows. 

multislice calculations to confirm that this feature 
does appear  in the simulations, but an experi- 
mental proof  would appear  to be stronger.) 

4. Discussion 

The fact that a kinematical bulk diffraction 
condition can be used to generate essentially 
kinematical surface diffraction would appear  to 
be correct. Obviously there are pitfalls in multi- 
slice simulations, but it is worth mentioning that 
the multislice method appears  to be rigorous 
although inelastic scattering needs to be included 
for surfaces [12]. So long as one is using multislice 
to simulate diffraction patterns or amplitude con- 
trast bright-f ield/dark-field inelastic scattering 
can, of course, be included via an optical poten- 
tial approach. Unfortunately, it is still unclear 
whether this is valid for high resolution since one 
has to worry that much of the inelastic signal is 
included in the final image. 

5. Conclusion 

The kinematical interpretation of surface 
diffraction intensities off the zone axis is shown, 
experimentally, to be valid. 
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