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Atomic-resolution incoherent high-angle annular dark field STEM images of Si011)
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Characteristic atomic-resolution incoherent high-angle annular dark(f8&\DF) scanning transmission
electron microscop€STEM) images off 011]-orientated Si have been experimentally obtained by a through-
focal series. Artificial bright spots appear at positions where no atomic columns exist along the electron beam,
in some experimental images. Image simulation, based on the Bloch wave description by the Bethe method,
reproduces the through-focal experimental images. It is shown that atomic-resolution HAADF STEM images,
which are greatly influenced by the Bloch wave field depending on the incident electron beam probe, cannot
always be interpreted intuitively as the projected atomic images. It is also found that the atomic-resolution
HAADF STEM images can be simply explained using the relations to the probe functions without the need for
complex dynamical simulations.
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[. INTRODUCTION inefficient, because the whole calculation has to be per-
formed again and again for each probe position to yield an
High-angle annular dark fiel(HAADF) scanning trans- integrated beam diffraction intensity over an annular detec-
mission electron microscopSTEM) images having better tor. The other is the Bloch wave method, in which images
than 0.2-nm resolution have been demonstrated in a 100-ke®e calculated by dynamical elastic scattetfngr using an
electron microscope using a channeling wave packet alongi#genious assumption where each atom can be regarded as an
low-order zone axid? Subsequently, the HAADF STEM, independent incoherent scattetér.
with comparable resolution to high-resolution transmission The simulations have demonstrated that the images are
electron microscopyHRTEM), has been widely used to ana- almost independent of sample thickness and probe-forming
lyze crystal and defect structures in many matedaisThe lens focus, so that the images can be intuitively interpreted
advantage of the HAADF STEM images is in g|v|ng a con- without the need for simulations. In this way, extensive mod-
trast depending on atomic numbgr because the intensity €lings of the image-formation process have been carried out
increases witiz? due to unscreened Rutherford scattering.put few experiments have asserted the importance of lens
Using this compositional dependence of the image contrasparametergsuch as defocus, aperture size, and spherical ab-
we have obtained, at atomic resolution, the distribution oferration and sample or illumination conditionésuch as
impurity Bi atoms around a grain boundary in a SrJiO thickness and detector angfe'® A clear understanding of
Cerami8 and the distribution of As atoms doped in a Si the Capabilities and limitations of HAADF STEM atomic-
wafer®with the aid of image simulation. In these works, we resolution images has not yet been established.
showed that a simple estimation, assuming that the extra in- This paper shows characteristic atomically resolved
tensity is due entirely to the number and atomic number oHAADF STEM images of 4011J-oriented Si crystal experi-
impurity atoms, can be only used for a range of lower impu_mentally obtained from a through-focal series. These images
r|ty concentrations and in a Crysta| without appreciab|e |latare accounted for by the simulation. In addition, the contrast
tice distortion. of the images is related to the probe function. In Sec. I, the
In order to describe the high-angle scattering of channel€xperimental procedure is presented. Section Ill derives the
ing electrons, the multiple scattering in the crystal must beheory. The results and discussion are given in Sec. IV, and a
taken into account. Since Kirkland, Loane, and Silcox simu-<conclusion is finally given in Sec. V.
lated the visibgilt){zof single gold atoms on a($11) crystal-
line substrate;"*= many investigations have reported
HAADF STEM image simulations. The basic methods used Il EXPERIMENTAL PROCEDURE
in these simulations can be classified into two types. One is Czochraski-grown[100]-oriented p-type silicon wafers
the multislice method originated by Cowley and Mootfle. with an electrical resistivity of 1d)cm were used in the
With the exception of Wang and Cowley’s wotk’® in  present experiment. Specimens were prepared by mechanical
which both elastic and inelastic scattering were taken intgolishing and two-step ion milling. The first ion milling was
account, most calculations have been carried out only usingarefully carried out at angles as low as possible with 4-keV
elastic scattering. This method can be readily applied to variAr ions, and the second step was 1.7-keV Ar ion milling so
ous objects with a supercell. It is, however, computationallyas to remove the amorphous and oxide surface layers.

0163-1829/2001/68)/0853165)/$15.00 63 085316-1 ©2001 The American Physical Society



K. WATANABE et al.

PHYSICAL REVIEW B 63 085316
0.0005 r _ _ 2
=| O'TDS=7.38x10—6 [Ilmz ] P(R' RO) B Jprobeexp{l KH . (R_ RO)}eXF{IW( K”)}dKH '
' 0®=9,37x10" [nm?] (1)
0.0004 i . - .
! whereR, is the center of the incident probe aKg is the
Elastic transverse component of the partial incident plane wave. A
& 0.0003 i Outer angle (160 mrad) wave packeW (R—Rgy,z) at a depth ok in a crystal formed
E ) '=‘ Inner angle (60 mrad) by the probe function is given by
& \
@ [ ] . .
&E 0.0002 \ ‘If(R—Ro,z)zf > (K)T(RK))
= ' probe j
% SOLZ ) _ .
\ xexpli(k,+y')ztexp — u'z)
0.0001 xexpliK;- (R—Ro)exp{iW(K ) }dK,
2
0 wherer is a two-dimensional2D) Bloch statek,+ Y is the
transverse wave numbet! is the excitation amplitude, and
s [nm!]

w) is the absorption coefficient for each brarjctccording
to the simulation proposed by Pennycook and Jes5tme
FIG. 1. Intensities of elastic scatterifidotted ling and thermal

intensity I (Rq,t) in the incoherent HAADF STEM image,
diffuse scattering(solid line) from a Si atom. The three arrows caused by TDS, can be written by using théunction ap-
show the positions of the inner angle of the annular detector, thgroximation:
outer one, and the SOLZ line.

t
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HAADF STEM observations were performed with a JEM- l(RO't)_%) foa("k)w(R' Ro:2)I*3(2- 2 1)z

2010F-TEM/STEM, operated at 200 keV. The spherical ab- (3)

errationCg and the semiangle: of the probe-forming lens . . . o

were 1.0 mm and 12 mrad, respectively. The angular rang\%he_’ret is the sample t_hlcknesﬁei is the p05|t_|on vector of

of the annular detector used was 60—160 mrad. Image prdl€! column, andoy; i is the TDS cross section for thieh
cessing was performed by Fourier filtering, where a mask oftt®™ ©n thei column. Equatior(3) is based on an assump-

2 nm- L diam was used for each spot in a diffractogram of thetion that t'he electrons are klnematlcally scattered QUe to TDS
image. Alterning mask size, from 2 to 3 nfh does not have toward high angles. This is a reasonable approximation for
much of an effect on the final conclusion. _not so thick samples since the intensity of scattereq ele_ctrons

Using the electron beam that had passed through the g a small fraction of that of the total wave function in a

tector aperture, parallel electron-energy-loss spectrosco ystal because of the smaII_TDS. absorption. The cross sec-
(PEELS was simultaneously carried out to estimate thellOn Was calculated by the Einstein model.
sample thickness. The PEELS was acquired with a Gatan
Digi PEELS model 766 estimated and provides an estimate IV. RESULTS AND DISCUSSION
of sample thickness to be 90 nm at the observed area.

Figure 2 shows experimental through-focal HAADF
STEM images, together with their processed versions and the
Ill. THEORY corresponding simulated images. The image processing pro-
vided valuable images by decreasing the noise drastically,
For the calculation of the crystal potential and thermaland thereby enhancing detailed structure. As the defocus
diffuse scatteringTDS), the atomic scattering factor of Si by value increases fromf=—40nm toAf=—65 or —75 nm,
Weickenmeier and Kof! and a Debye-Waller factor of unresolved bright spots in a dumbbell change into clearly
0.0045 nm by Rossouvet al?® were used. Figure 1 shows resolved ones and a significant artificial or false spot appears
the elastic scattering intensity and the TDS intensity for a Sat the center of the sixfold structure. The images in Figd). 2
atom, together with the cross sections of elastic scatterfhg and 2g) are slightly deformed and show a small deviation
and TDS¢'PS. The cross section of TDS is about eight from the regular bright spot positions, which may be due to a
times as large as that of elastic scattering. Therefore, even gmall drift or vibration of the detector and/or specimen dur-
second-order Laue zon€SOL2) lines are placed on the ing the observation. In any case, the simulation, where the
present annular detector, the TDS provides the main contrdefocus steps coincide with the steps for the experimental
bution to the formation of HAADF STEM images. through-focal images, reproduces these three experimental
The coherent convergent probe intensity or probe functiorimages quite well. In the simulation, a sample thickness of
P(R,Rp) at R on the object surface is represented by a su90 nm, which was evaluated from PEELS, was used. Similar
perposition of plane waves modulated by the lens aberratioatomic resolved through-focal images were observed at areas
function W(K,):

with different thickness in the same sample. Detailed discus-
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FIG. 3. Observed intensity profiles deduced by processing and
averaging 16 spots with error bars and simulated intensity profiles
in Figs. 4c¢), 2(f), and Zi). The open circles denote the positions of
the atomic columns.

the formation of dumbbell images shown in Figga)2and
2(d), we have calculated the intensities of the wave fields,
using Eq.(2), at different depths using different probe func-
tions at various foci. The calculations were made for cases
where the probes are located at the position of the atomic
column(i) [see Fig. 4a)] and the center of the dumbbéii)
[see Fig. 4b)]. At Af=—40nm, the probéi) forms a strong
wave field at the probe-located column and a weak field at its
nearest column, and then the field intensity changes from the
former to the latter with increasing depth, as seen in Fig.
4(e).Z Figure 4f) reveals that probéi) forms a strong wave
field at the two nearest-neighbor columns. As a whole, how-
ever, there is no clear difference in resultant intensity be-
tween the wave fields on columns produced by these two
probes(i) and(ii). Hence, the TDS scattering caused by the
wave field is almost the same in intensity between these two
cases and, consequently, the unresolved dumbbell images ap-
pear as seen in Figs(@—2(c). On the other hand, the inten-
sities of the wave fields caused by prob@s and (ii)
are greater and weaker at a low value of underfocus
(Af=-65nm) than those atf=—40nm, respectively, as
seen in Figs. @&)—4(h). As a result, atomic-resolved dumb-
FIG. 2. The observed HAADF STEM imagé®), (d), and(f)],  bell images appear as shown in Figed)22(i).
their processed imagdsb), (e), and (h)], and the corresponding These image characteristics can be simply related to the
simulated image§(c), (f), and(i)]. The calculations were made by incident probe functio”>?* The probe atAf=-40nm is
Af=—-40nm(c), —65 nm(f), and —75 nm(i), respectively. close to Gaussian in nature. Its full width at half maximum is
so large that when it is located on the center of a dumbbell,
sion on the thickness effect on the image contrast is reported covers the two atom columns under its tail and causes a
elsewhere. rather strong wave field through the colunisse Fig. 4d)].
Figure 3 illustrates an averaged line profile from 16 brightOn the contrary, the probe at a lower underfocus value de-
spots in each processed image in Fig. 2. These experimentatlops a sharper peak 1.4 times as strong as that of the probe
line profiles are also in good agreement with the correspondat Af=—40nm, so that when it is located on an atomic
ing simulated line profiles, although there is little deviation column it makes a much stronger field through this column
in the intensity at the artificial bright spot positions of [see Fig. 4c)]. However, when it is located on the center of
x=+0.28 nm in Fig. 3. a dumbbell, its tail produces a weak field at the two columns.
The contrast of the HAADF STEM image of a simple  The same simulation on the center of the sixfold structure
substance such as Si, having a constant cross section, ds-displayed in Fig. 5 in order to interpret the appearance of
pends only on the intensity of the wave field at each atonthe artificial bright spots. The probe at a low underfocus of
position on columns, as seen from E8). In order to discuss Af=—75nm(and alsaA f = —65 nm) has not only a sharper
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FIG. 4. Projections of a Si crystal along tfie11] direction 0 -
together with probe position&) and (b). The intensities of the
probe function located on an atomic column and the center of a : : : : : :
dumbbell(c) and (d). Intensity of the wave fields of various thick- (d) df=-75 nm
ness, atAf=—40nm{(e),(f)] and —65 nm[(g),(h)]. In (c)—(h), 20 L
positions of atomic columns for a dumbbell are denoted by open
circles. 151
main peak but also an appreciable subsidiary peak around the 10 L
main peak, as seen in Fig(t.
When this probe is located on the center of the sixfold 8|
structure (i) [see Fig. %], the subsidiary peak is posi-
tioned at the six nearest-neighbor atomic columns. The wave oL
field formed by the probe is trapped at these colufeee
Fig. 5(d)], and the high-angle TDS from atoms on the col- \ ‘ J | . \

umns was accordingly counted “as a signal from the center”
by the annular detector. This is the reason why the artificial
bright spot appears at the center of the sixfold structure as
shown in Figs. &d)—2(i). It is clear from Figs. B) and 5c)

that the probe aA f=—40nm, which has a very small sub- FIG. 5. Projection of a Si crystal along the11] direction and
sidiary peak, does not produce the artificial spots. The approbe positiona). The intensity of the probe function located on a
pearance of these artificial spots indicates strongly thasixfold structure(b). Intensities of the wave fields of various thick-
atomic resolved HAADF images cannot always be inter-ness, af=—40nm(c) and—75 nm(d). In (b)—(d), the positions
preted intuitively as the projected atomic images or structura®f nearest-neighbor atomic columns around the probe are denoted
and compositional images. by open squares.
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The optimum probe for the intuitive image interpretation experimental images and simulated ones based on the Bloch
is one with a sharp central peak but no significant subsidiaryvave description, it is found that images with artificial bright

peaks at nearest-neighbor coluns. spots appear under some observation conditions in addition
to the intuitively interpreted images. It is also shown that the
V. CONCLUSIONS characteristics of these HAADF STEM images can be sim-

o . . ply explained using the relation to the probe function without
Characteristic atomic resolved HAADF STEM images of heed of simulations.

Si (011), some of which exhibit artificial bright spots, are
presented from an experimental through-focal series. The ex-
perimental images are confirmed to be incoherent HAADF
STEM images, because TDS is the main contribution to the Special thanks are due to Dr. Angus Kikland of the Uni-
image formation under a selected higher annular detectarersity of Cambridge for reading the manuscript and making
range of 60—160 mrad. From a detailed comparison betweea number of helpful suggestions.
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