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Atomic-resolution annular dark-field STEM image calculations
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A method based on the three-dimensional Bloch wave description has been developed for the simulation of
atomic-resolution annular dark-field~ADF! scanning transmission electron microscopy~STEM! images, which
includes the coherent Bragg reflection and the incoherent thermal diffuse scattering~TDS!. The contribution of
TDS is estimated using two kinds of optical potentials. The validity and accuracy of the method are demon-
strated by comparisons in focus dependence between experimental and calculated high-angle~HA! ADF STEM
images and in thickness dependence between experimental and calculated ADF STEM intensities. The method
reduces the computing time for a HAADF STEM image calculation to about one-tenth of that required for the
usual three-dimensional Bloch wave method.
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I. INTRODUCTION

High-resolution transmission electron microsco
~HRTEM! has been widely known as the most valuable t
to visualize atomic structures. As is well known, the analy
of HRTEM images needs image simulation because they
not generally exhibit the real atomic structures owing to
phase effect by lens aberration and focus and the dynam
effect. In the 1970s, high-resolution scanning transmiss
electron microscopy~STEM! made it possible to image in
dividual atoms, using a low-angle annular dark-fie
~LAADF ! detector to collect scattered electrons from hea
atoms.1 This imaging mode, however, has a disadvantage
that the LAADF imaging is mainly due to strong dynamic
diffraction so that the intensity does not always depend
atomic number. The use of a high-angle~HA! ADF detector
reduces the detection of coherent Bragg reflection and
creases that of the incoherent thermal diffuse scatte
~TDS!.2 Resultant incoherent images exhibit strong intens
dependence on atomic number.

Since Kirkland, Loane, and Silcox3 reported that ADF
STEM can identify single gold atoms on a Si~111! substrate,
many investigations have reported the effects of focus, th
ness, and inner detector angle on its imaging.4–11 Pennycook
and Jesson4 proposed that HAADF STEM provides incohe
ent atomic-resolution images formed by TDS in a low-ord
zone axis. Subsequently, HAADF STEM has been positiv
used to analyze crystal and defect structures in many m
rials, as shown in Refs. 9–14.

There are two basic methods about the calculations
HAADF STEM images; the multislice method and the Bet
method. The multislice method can be applied to calculati
for various objects, but it requires enormous computing ti
because the whole calculation in the STEM mode has
perform the integration of scattering intensities over
HAADF detector, again and again at each probe posit
Most calculations have been carried out only using cohe
Bragg reflection without TDS, with the exception of work
of Hillyard, Loane, and Silcox6 and Wang and Cowley.15,16
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The Bethe method describes wave functions in a cry
by three-dimensional~3D! Bloch waves. The method fo
HAADF STEM images caused by incoherent TDS was ori
nated by Pennycook and Jesson,17 and that caused by cohe
ent Bragg reflection was done by Nellist and Pennycoo18

TDS may not be preferential in a HAADF STEM image of
crystal having a small Debye-Waller factor or a thin thic
ness even if they are recorded with an ADF detector havin
higher inner angle. The contributions of both the incoher
TDS and the coherent Bragg reflections have to be taken
account for HAADF STEM imaging of such a crystal. Whe
images are recorded with a detector having a lower in
angle, the contribution of the coherent Bragg reflections
comes larger. Therefore for quantitative analysis of HAAD
STEM images it is desired to develop a method that ta
simultaneously both effects into account and calculates
images quickly.

Recently, we have studied As-doped Si by HAAD
STEM with the aid of image simulation, and obtained t
quantitative 2D distribution of As atoms at atom
resolution.19 Atomic-resolution HAADF STEM has also
been performed for a SrTiO3 ceramic condenser which has
Bi diffusion layer near the grain boundary, and analyzed
Bi concentration in every atomic column.10 Very recently, we
have carried out through-focal HAADF STEM observatio
of @011#-orientated Si.20 Artificial bright spots were found on
no atomic columns along the electron beam, in some ima
and the appearance of these artificial spots was accounte
by the simulation. The effects of aperture size and defocu
a probe-forming lens, both of which determine the shape
the probe, and the effect of the distortion influencing t
Bloch wave field of channeling electrons on the HAAD
image intensity were discussed in terms of dynami
effect.11 From these studies, however, we have reache
conclusion that the image simulations are indispensable
quantification of experimental HAADF STEM images and
such provides a valuable compositional analysis for ev
atomic column along the incident beam.

In this paper, a method is established for HAADF-STE
©2001 The American Physical Society32-1
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image calculations, in which both elastic Bragg reflectio
and TDS are incorporated as shown in Sec. II. By comp
son between experimental and simulated results, the val
and accuracy of the method are critically examined in S
III, and the conclusion is finally given in Sec. IV.

II. THEORY

A. Probe function

The coherent convergent probe intensity or probe func
P(R,R0) at R on an object surface can be written by sup
position of plane waves modulated by the lens aberra
function W(K i):

P~R,R0!5U E
probe

exp$ iK i•~R2R0!%exp$ iW~K i!%dK iU2

,

~1!

where R0 is the center of the incident probe, andK i the
transverse component of the partial incident plane wave.
lens aberration functionW(K i) is given by

W~K i!5pluK iu2S D f 1
1

2
Csl

2uK iu2D , ~2!

with defocusD f , wavelengthl, and spherical aberrationCs .

B. Calculation of ADF STEM image due to coherent
Bragg reflection

Nellist and Pennycook18 proposed an instructive algo
rithm of HAADF STEM imaging due to coherent Bragg r
flection based on the 3D Bloch waves, where absorpt
higher order Laue zone~HOLZ! reflections, and the lens ab
erration function are neglected. The Bloch wave theory
reveal physical pictures of image formation, although it m
not be a good way because of the difficulty of dealing w
defects. First of all, the method is extended so as to incl
the effect of the lens aberration function using a matrix fo
where the relation between the incident beam and the tr
mitted beam is connected with a transfer matrix. The wa
function atr (x,y,z) in a crystal, formed by a probe locate
at surfaceR0 , can be written by

C~R0 ,K i ,r !5E dK iA~K i!(
i

(
g

« i~K i ,R0!Cg
i ~K i!

3exp@ i $~K i1g!•R1kz
i z%#, ~3!

where« i(K i ,R0) are the excitation amplitudes for branchi
andCg

i (K i) the Bloch wave coefficients for Bragg reflection
g. The aperture functionA(K i) is defined by

A~K i!5H 1 uK iu<uK usin~a!,

0 otherwise,

wherea is a semiangle of an aperture.
By the straightforward approximation, the boundary co

dition on an entrance surface (z50) gives rise to the follow-
ing matrix form:
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F «1~K i ,R0!

«2~K i ,R0!

«3~K i ,R0!

]

G5exp~2 iK i•R0!

3exp$ iW~K i!%•C̃21~K i!•F 1
0
0
]

G , ~4!

whereC̃21(K i) is the inverse matrix of the eigenvector. B
the exit boundary condition on a bottom (z5t), the trans-
mission coefficients are expressed as

FT0~K i ,R0 ,t !
Tg~K i ,R0 ,t !

]

G
5exp~2 iK zt !•C̃~K i!•G̃~K i ,t !•F «1~K i ,R0!

«2~K i ,R0!

]

G , ~5!

where the matrix element$G̃(K i ,t)% i , j5exp(ikz
i t)di,j .

The transmitted wave is expressed by integration o
K i :

C~R0 ,K i ,R,t !5E A~K i!(
g

Tg~K i ,R0 ,t !

3exp@ i $~K i1g!•R%#dK i . ~6!

Then, the wave function in the real space is transformed
a diffraction plane:

C̄~R0 ,Kf,t !5(
g

A~Kf2g!Tg~Kf2g,R0 ,t !. ~7!

The intensity of the transmitted wavesI ADF-STEM(R0 ,t), en-
countering the annular detector whose range is restric
from K in to Kout, can be calculated by

I ADF-STEM~R0 ,t !

5E D~Kf!U(
g

A~Kf2g!Tg~Kf2g,R0 ,t !U2

dKf, ~8!

with

D~Kf!5H 1 K in<uKfu<Kout,

0 otherwise.

It should be noted that the intensity of an ADF STEM imag
ascribed to coherent Bragg reflection, depends on the in
sity of wave function at the exit surface, and therefore
intensity of an atomic column is expected to change throu
thickness, like thickness fringes.

The Fourier transform of Eq.~8! with respect toR0 is
carried out using spatial frequencyQ:
2-2
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Ī Q~ t !5E (
g

D~Kf!A~Kf2g!A* ~Kf2g1Q!

3exp@ i $W~Kf2g!2W~Kf2g1Q!%#

3Tg8~Kf2g,t !Tg2Q8* ~Kf2g1Q,t !dKf, ~9!

whereTg8(Kf,t) express the transmission coefficients exclu
ing the effects of the lens aberation and probe positi
Equation~9! can be rewritten withK i5Kf2g;

Ī Q~ t !5E (
g

A~K i!A* ~K i1Q!D~K i1g!

3exp@ i $W~K i!2W~K i1Q!%#Tg8~K i ,t !

3Tg2Q8* ~K i1Q,t !dK i . ~10!

Finally, the intensity as a function ofR0 is given by inverse
Fourier transformation with respect toQ:

I ADF-STEM~R0 ,t !5(
Q

Î Q~ t !exp~2 iQ•R0!. ~11!

C. Absorption and TDS calculation through
the optical potential

It takes an extremely long computing time to calculate
full HAADF STEM image including simultaneously both in
coherent TDS and coherent Bragg scattering. Although th
are quantitative analyses of TDS that have used statis
averages over atomic displacements and phases of ph
scattering,21,22we propose the following two-step calculatio
using two kinds of optical potentials. First, we take the Fo
rier components of optical potential of TDS:23–25

Vg,~TDS!8 5
\2

2m0

4p

V (
k

exp~2 ig•rk! f k8~s!exp~2Mks2!,

~12!

whereV is the unit-cell volume,rk is the lattice position of
k atom.s5usu5ugu/4p andMk is the Debye-Waller factor o
k atom. The absorption form factorf k8(s) derived from the
Einstein model can be defined in terms of the elastic fo
factors:

f k8~s!5
2h

bm0c E d2s8 f k~ us8u! f k~ us2s8u!

3@12exp$22Mk~s822s•s8!%#. ~13!

Since the absorption potential of TDS,Vg,(TDS)8all , can be de-
rived from f k8(s), which is calculated by the integration o
Eq. ~13! over all the area, the total absorption potential
given by

Vg8
all5Vg,~TDS!8all 1Vplasmondg,01Vg

core, ~14!

wheredg,0 are Kroneckers delta, andVplasmon and Vg
core are

absorption potentials of the plasmon loss and core loss
spectively. The wave functionC(R0 ,K i ,r ) in Eq. ~3! is cal-
culated by using this optical potentialVg8

all , and thereby the
11543
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total intensity of transmitted electronsI all(R0) reduced by
the absorption due to TDS over all scattering angle, the p
mon loss and the core loss, is obtained from Eq.~11!.

Next, in order to evaluate the intensity of TDS electro
collected with the annular detector, the following optical p
tential Vg,(TDS)8ex , is introduced as

Vg,~TDS!8ex 5
\2

2m0

4p

V (
k

exp~2 ig•r k!$ f k8
,detector~s,M !

1 f k8
.detector~s,M !%exp~2Mks2!, ~15!

where absorption form factors for TDS over angle rang
lower than the inner detector angle and that higher than
outer detector angle are defined as

f k8
,detector~s!5

2h

bm0c E,detector
d2s8 f k~ us8u! f k~ us2s8u!

3@12exp$22Mk~s822s•s8!%#, ~16!

and

f k8
.detector~s!5

2h

bm0c E.detector
d2s8 f k~ us8u! f k~ us2s8u!

3@12exp$22Mk~s822s•s8!%#. ~17!

ReplacingVg8
all in Eq. ~14! with Vg8

ex, we calculateI ex(R0),
where electrons inelastically scattered only outside of
detector are considered as absorbers. Then, the total inte
I TDS

detector(R0) collected with the annular detector is simply ca
culated by

I TDS
detector~R0!5I ex~R0!2I all~R0!. ~18!

It may be noted that the wave function calculated by Eq.~15!
and used for the estimation ofI ex(R0) is not equal to the
exact wave function of elastic scattered electrons in a crys
which is used in the Pennycook and Jesson’s method17 ~here-
after abbreviated to the PJ method!, because it is evaluate
taking no account of a partial absorption due to the electr
scattered onto the detector. The present approach is
based on the simple kinematic approximation, where o
inelastically scattered electrons suffer neither the cohe
nor incoherent scattering and which is reasonable in a thin
crystal as suggested by Otsuki26 and is also used in the P
method. Equation~18! is thus available only for thin crystals

We do not use the high angle approximation, which
used in the PJ method, so that our method can be used
not only higher but also lower angle ranges. In the str
sense, current flow must be calculated instead of inten
but the difference can be neglected in the fi
approximation.27

III. RESULTS AND DISCUSSION

In Figs. 1~a!–~c! through-focal experimental HAADF
STEM images are reproduced from our previous paper.20 The
images are of a@011#-oriented Si crystal 91 nm thick an
2-3
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were noise filtered. They were recorded using a 60–1
mrad annular detector and a lens aperture of a semiang
a512 mrad in a JEM-2010F-TEM/STEM. The correspon
ing calculated images using the present method and th
method are shown in Figs. 1~d!–~f! and 1~g!–~i!, respec-
tively. The atomic scattering factor proposed by Weicke
meier and Kohl28 and a Debye-Waller factor of 0.0045 nm2

in previous references29,30 were used for both calculations
TheVplasmondg.01V0

core was fixed to be 0.476 eV.24 The other
components of core lossVg

core were neglected because th
inelastic scattering processes are insignificant.

Defocus steps between the calculated images exa
agree with the experimental ones which were evaluated f
the steps of the objective-lens current knob. Character
atomic-resolution images are seen: unresolved bright spo
the dumbbell at an underfocus ofD f 5240 nm, and the
clearly resolved dumbells and artificial spots20 in the centers
of sixfold structures atD f 5265 and275 nm. The experi-
mental images are slightly deformed and show a little dev
tion from regular bright spot positions, which may be due
instability of the detector, mechanical vibration, current flu
tuations, and so on. This is one of the disadvantages of s
ning probe techniques. In any case, the calculated image
both methods are almost the same and reproduce the c
sponding experimental images satisfactorily. Furthermo
the coincidence between the experimental and simulated
ages confirms adequacy of the simple kinematic approxi
tion for HAADF STEM.

Figure 2 shows how the thickness affects total HAAD
STEM intensities over rectangles with an area of
35.6 nm which were measured with the 36–96-mrad de
tor. The observed data are from Ref. 31. The experime
curve rises gradually with increasing thickness and levels
at 100 nm. For convenience, all the intensity curves are n
malized to be a unit at a thickness of 120 nm. The intensi
were calculated using the PJ method and the present me

FIG. 1. ~a!–~c! Experimental through-focal HAADF STEM im
ages of a@011#-oriented Si crystal 91 nm thick~from Ref. 20!.
~d!–~f! The corresponding calculated images using the pre
method. ~g!–~i! Those calculated using Pennycook and Jesso
method~PJ method!. Artificial spots, marked by arrowheads, appe
in ~b! and ~c!.
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The latter calculation gives the coherent scattering, the in
herent TDS, and the total of both, separately. The intensit
the coherent elastic Bragg reflection can be neglected,
that the total intensity calculated by the present meth
agrees rather better with the experimental intensity than
by the PJ method, in spite of the approximation in Eq.~15!.
It also shows that the present approach can be validly u
for quantitative analysis of HAADF STEM images of S

FIG. 3. Thickness dependence of MAADF STEM intensity
@011# Si crystal, using a 18–48-mrad detector. Experimental int
sities, denoted by solid squares, are reproduced from Ref. 31.
culated intensities of coherent Bragg reflection, TDS, and the t
of both, using the present method~A!, are denoted by solid circles
open circles, and crosses, respectively.

nt
’s

FIG. 2. Thickness dependence of HAADF STEM intensity
@011# Si crystal, using a 36–96-mrad detector. Experimental int
sities, denoted by solid squares, are reproduced from Ref. 31.
culated intensities of coherent Bragg reflection, TDS, and tota
both, using the present method~A!, are denoted by solid circles
open circles, and crosses, respectively. Calculated intensities u
the PJ method~B! are denoted by open squares.
2-4
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crystals up to 120 nm thick at least.
Figure 3 depicts results similar to those in Fig. 2, exc

that they were measured or calculated using the 18–48-m
detector. It is seen that experimental intensity increases
increasing thickness until 40 nm and then becomes flat w
a slight fluctuation. Since the PJ method does not calcu
the coherent Bragg reflection, it was excluded from the co
parison. The total intensity curve calculated by the pres
method is a satisfactory agreement with the experim
curve. In the middle angle~MA ! ADF STEM, the contribu-
tion of the coherent Bragg reflection is almost the same o
as that by the TDS, although it decreases with increas
thickness, exhibiting a dynamical effect. The decrease of
coherent scattering is ascribed to the absorption, wh
causes the decrease of the gradient in the TDS curve.

It is be noted that even in HAADF STEM, the cohere
scattering must be considered when an annular detecto
volves many CBD disks on ZOLZ and it works effective
for a crystal having a smaller Debye-Waller factor.

IV. CONCLUSIONS

A different method, using two kinds of optical potentia
for TDS, has been proposed for ADF STEM image simu
e,

-

M

nd

ck

s.

ro
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tion, which contains calculations for the coherent elas
Bragg reflection and the incoherent TDS. The method
duces the computing time of HAADF STEM images dras
cally to about one-tenth of that required for the PJ meth
The simulations by the present method interpret satisfacto
the experimental focus dependence of atomic-resolu
HAADF STEM images, and also the experimental thickne
dependence of HAADF STEM intensity and that of MAAD
STEM intensity, which includes the dynamical effect of th
coherent scattering. Thus the preset method enables u
make a comparison between experimental and simula
HAADF STEM images in a short time as a routine. It h
also been confirmed that the simple kinematic approxima
for TDS can be used for quantitative analysis of HAAD
STEM images up to the thicker area of a sample.
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