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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-fie{fDF) scanning transmission electron microscé8¥EM) images, which
includes the coherent Bragg reflection and the incoherent thermal diffuse scaffé@®i@g 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 higHAnRF 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 The Bethe method describes wave functions in a crystal
by three-dimensiona(3D) Bloch waves. The method for
High-resolution  transmission electron microscopy HAADF STEM images caused by incoherent TDS was origi-
(HRTEM) has been widely known as the most valuable toolnated by Pennycook and Jessémnd that caused by coher-
to visualize atomic structures. As is well known, the analysisent Bragg reflection was done by Nellist and Pennyctok.
of HRTEM images needs image simulation because they déDS may not be preferential in a HAADF STEM image of a
not generally exhibit the real atomic structures owing to thecrystal having a small Debye-Waller factor or a thin thick-
phase effect by lens aberration and focus and the dynamicakss even if they are recorded with an ADF detector having a
effect. In the 1970s, high-resolution scanning transmissiomigher inner angle. The contributions of both the incoherent
electron microscopySTEM) made it possible to image in- TDS and the coherent Bragg reflections have to be taken into
dividual atoms, using a low-angle annular dark-fieldaccount for HAADF STEM imaging of such a crystal. When
(LAADF) detector to collect scattered electrons from heavyimages are recorded with a detector having a lower inner
atoms® This imaging mode, however, has a disadvantage irangle, the contribution of the coherent Bragg reflections be-
that the LAADF imaging is mainly due to strong dynamical comes larger. Therefore for quantitative analysis of HAADF
diffraction so that the intensity does not always depend ofSTEM images it is desired to develop a method that takes
atomic number. The use of a high-angl¢A) ADF detector  simultaneously both effects into account and calculates the
reduces the detection of coherent Bragg reflection and inimages quickly.
creases that of the incoherent thermal diffuse scattering Recently, we have studied As-doped Si by HAADF
(TDS).2 Resultant incoherent images exhibit strong intensitySTEM with the aid of image simulation, and obtained the
dependence on atomic number. quantitative 2D distribution of As atoms at atomic
Since Kirkland, Loane, and Silcdxeported that ADF  resolution'® Atomic-resolution HAADF STEM has also
STEM can identify single gold atoms on a(Bl1) substrate, been performed for a SrT§Teramic condenser which has a
many investigations have reported the effects of focus, thickBi diffusion layer near the grain boundary, and analyzed the
ness, and inner detector angle on its imading.Pennycook  Bi concentration in every atomic coluntfiVery recently, we
and Jessdhproposed that HAADF STEM provides incoher- have carried out through-focal HAADF STEM observations
ent atomic-resolution images formed by TDS in a low-orderof [011]-orientated S° Artificial bright spots were found on
zone axis. Subsequently, HAADF STEM has been positivelyno atomic columns along the electron beam, in some images,
used to analyze crystal and defect structures in many matend the appearance of these artificial spots was accounted for
rials, as shown in Refs. 9-14. by the simulation. The effects of aperture size and defocus of
There are two basic methods about the calculations of probe-forming lens, both of which determine the shape of
HAADF STEM images; the multislice method and the Bethethe probe, and the effect of the distortion influencing the
method. The multislice method can be applied to calculationgloch wave field of channeling electrons on the HAADF-
for various objects, but it requires enormous computing timémage intensity were discussed in terms of dynamical
because the whole calculation in the STEM mode has teffect’* From these studies, however, we have reached a
perform the integration of scattering intensities over aconclusion that the image simulations are indispensable for
HAADF detector, again and again at each probe positionquantification of experimental HAADF STEM images and as
Most calculations have been carried out only using cohererguch provides a valuable compositional analysis for every
Bragg reflection without TDS, with the exception of works atomic column along the incident beam.
of Hillyard, Loane, and Silcdkand Wang and Cowle¥:° In this paper, a method is established for HAADF-STEM
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image calculations, in which both elastic Bragg reflections e (K,,Ro)
and TDS are incorporated as shown in Sec. Il. By compari- £2(K, ,Ry)
son between experimental and simulated results, the validity £3(K, ,Ro) =exp —iK;-Rp)

and accuracy of the method are critically examined in Sec.
[ll, and the conclusion is finally given in Sec. IV.

X exp{iW(K”)} : Fcil(KH) !

1
Il. THEORY 0
0 ’ (4)

A. Probe function

The coherent convergent probe intensity or probe function

P(R,Ry) atR on an object surface can be written by super- =_ . : : .
ésitio%) of plane an(Jes modulated by the lens a}l;errgtioWherec (K)) s the Inverse matrix of the eigenvector. By
P P y "he exit boundary condition on a bottora=t), the trans-

function W(K,): mission coefficients are expressed as

2
P(R,Ro):U ] expliK;- (R—Rg)}exp{iW(K)}dK,| , To(K,Rp,t)
probe D Tg(KH‘, Ro,t)
where Ry is the center of the incident probe, aikd the ' 1
transverse component of the partial incident plane wave. The & (K;,Ro)

lens aberration functioWV(K ) is given by =exp(—iK,t)-C(K))-T (K t)- SZ(K]I Ro) |, (5

1
— 2 2 2 ~ .
W(K))=m\[K| (Af+ ECS)‘ Kil*], (2 where the matrix elemed’ (K ,t)}; j=exp(kp) 4 ;.

The transmitted wave is expressed by integration over
with defocusA f, wavelength\, and spherical aberratidd . K:

B. Calculation of ADF STEM image due to coherent
Bragg reflection W(Ro. Ky R = A(K\\)é Tg(KjRo. 1)

Nellist and PennycodR proposed an instructive algo-
rithm of HAADF STEM imaging due to coherent Bragg re-
flection based on the 3D Bloch waves, where absorptio
higher order Laue zon@HOLZ) reflections, and the lens ab-
erration function are neglected. The Bloch wave theory ca
reveal physical pictures of image formation, although it may
not be a g_ood way because of t_he difficulty of dealing with q_f( RO,Kf,t):E A(Ks—9) To(K¢—0,Ro,1). (7)
defects. First of all, the method is extended so as to include 9
the effect of the lens aberration function using a matrix form , . .
where the relation between the incident beam and the trand "€ intensity of the transmitted wavégor.stem(Ro,t), en-
mitted beam is connected with a transfer matrix. The wav&euntering the annular detector whose range is restricted
function atr(x,y,z) in a crystal, formed by a probe located T0M Kin 0 Koy, can be calculated by
at surfaceR,, can be written by

Xexdi{(K;+9g)-R}dK,. (6)

Mhen, the wave function in the real space is transformed into
r? diffraction plane:

| apF-sTem(Ro,t)
2

\I’(ROaKII-r):f dKHA(KH)Z % Si(KH!RO)Cig(KH) :f D(Ky) 2 A(Ki—9) Ty(Ki—g,Ro,t)| dKj, (8)
g

xexi{(K,+g)-R+k.z}], @ ith

wheree'(K,R,) are the excitation amplitudes for branch

andC(K,) the Bloch wave coefficients for Bragg reflections 1 Kins[K <Koy,
g. The aperture functioA(K,) is defined by D(Kp= 0 otherwise.
1 [K[=[K]sin(a), It should be noted that the intensity of an ADF STEM image,
AKy) = 0 otherwise ascribed to coherent Bragg reflection, depends on the inten-
' sity of wave function at the exit surface, and therefore the
wherea is a semiangle of an aperture. intensity of an atomic column is expected to change through
By the straightforward approximation, the boundary con-thickness, like thickness fringes.
dition on an entrance surface<0) gives rise to the follow- The Fourier transform of Eq@8) with respect toR, is
ing matrix form: carried out using spatial frequen¢€y.
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— . total intensity of transmitted electrorig,(Ry) reduced by
'Q(t):j % D(K)A(Ki—g)A* (Ki—g+Q) the absorption due to TDS over all scattering angle, the plas-
mon loss and the core loss, is obtained from @4).
xexg i{W(K;—g)—W(K;—g+Q)}] Next, in order to evaluate the intensity of TDS electrons

collected with the annular detector, the following optical po-
tential V¢ 5ps), is introduced as
whereT/(K;,t) express the transmission coefficients exclud-
ing thegeffects of the lens aberation and probe position v/ ex h? 4772 - f <detectof g

. . X : = exp(—ig-r S,
Equation(9) can be rewritten withK ,=K;—g; 9.(Tb R=ignoffs )

XTy(K— gD T o(Ki—g+QdK,,  (9)

ST 2m, QO 4

_ +f’/(>detect0(S,M)}eXF(_MKSZ), (15)
Iq<t>=f > A(K)A*(K+Q)D(K; +g)
K where absorption form factors for TDS over angle ranges
X exp i {W(K ) = W(K,+Q)}T{(K, ,t) lower than the inner detector angle and that higher than the
outer detector angle are defined as

XTyo(K+Q,0)dK;. (10) .
Finally, the intensity as a function &, is given by inverse 1 =detectogy = f d?s'f(|s'|)f.(]s—5'])
Fourier transformation with respect @: BMoC J <detector

) X[1—exp—2M (s'?—s-s')}],  (16)
IADF.STEM<Ro,t>=§|Q<t>exp<—iQ~Ro>. (11)

and
. , 2h
C. Absorption and TDS calculation through fr>detect0(5): d2s' (|Is'Df(]s—5])
the optical potential “ BMoC J >detector “
It takes an extremely long computing time to calculate a X[1—exp{—2M ,(s'?—s-5')}]. (17

full HAADF STEM image including simultaneously both in-

coherent TDS and coherent Bragg scattering. Although therEtepIacingVéa” in Eq. (14) with V¢*, we calculate ¢(Ro),

are quantitative analyses of TDS that have used statisticathere electrons inelastically scattered only outside of the
averages over atomic displacements and phases of phondetector are considered as absorbers. Then, the total intensity
scattering;**we propose the following two-step calculation |92€9[R ) collected with the annular detector is simply cal-
using two kinds of optical potentials. First, we take the Fou-culated by

rier components of optical potential of T3%:2°

02 4 19251 Rg) = ex(Ro) — lai( Ro) - (18)

Vg,(TDS>:2_mO o EK: exp(—ig-1)fL(s)exp( —M,s%), It may be noted that the wave function calculated by @§)
(12) and used for the estimation ¢f(Ry) is not equal to the
) ) ] ] » exact wave function of elastic scattered electrons in a crystal,
where(} is the unit-cell vqumerK is the lattice position of  \ynich is used in the Pennycook and Jesson’s méthbere-
k atom.s=|s =|[g|/4m andM  is the Debye-Waller factor of  after abbreviated to the PJ methpbecause it is evaluated
« atom. The absorption form factdi,(s) derived from the  taking no account of a partial absorption due to the electrons
Einstein model can be defined in terms of the elastic formscattered onto the detector. The present approach is also
factors: based on the simple kinematic approximation, where once
inelastically scattered electrons suffer neither the coherent
f'(s)= 2h fdzs’f (IS (|s=s) nor incoherent scattering and W_hich _is reasonable_in a thinner
“ BmoC “ “ crystal as suggested by Otstfkand is also used in the PJ
.2 , method. Equationil8) is thus available only for thin crystals.
X[1-exp{=2M(s""=s $)}]. (13 We do not use the high angle approximation, which is
Since the absorption potential of TDB;‘(”TDS), can be de- used in thg PJ method, so that our method can be used_ for
rived from f/(s), which is calculated by the integration of Not only higher but also lower angle ranges. In the strict

Eqg. (13) over all the area, the total absorption potential isS€NSe. current flow must be calculated instez_id of inten_sity,
given by but the difference can be neglected in the first

approximatiorf.’
Véa” — VéiI'II'DS) + Vplasmon(sg'o_i_ Vgore1 (14)

where 8y are Kroneckers delta, and®®™"and V¢ are Il RESULTS AND DISCUSSION

absorption potentials of the plasmon loss and core loss, re- In Figs. Xa)—(c) through-focal experimental HAADF
spectively. The wave functioW (Ry,K,,r) in Eq.(3) iscal-  STEM images are reproduced from our previous pAb€he
culated by using this optical potentl“d[,a”, and thereby the images are of 4011]-oriented Si crystal 91 nm thick and
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FIG. 1. (a—(c) Experimental through-focal HAADF STEM im- Thickness [nm]

ages of a[011]-oriented Si crystal 91 nm thickfrom Ref. 20.
(d)—(f) The corresponding calculated images using the present FIG. 2. Thickness dependence of HAADF STEM intensity of
method. (g)—(i) Those calculated using Pennycook and Jesson'$011] Si crystal, using a 36—96-mrad detector. Experimental inten-
method(PJ methoyl Artificial spots, marked by arrowheads, appear sities, denoted by solid squares, are reproduced from Ref. 31. Cal-
in (b) and(c). culated intensities of coherent Bragg reflection, TDS, and total of
both, using the present meth@d), are denoted by solid circles,
were noise filtered. They were recorded using a 60—160epen circles, and crosses, respectively. Calculated intensities using
mrad annular detector and a lens aperture of a semiangle dfe PJ methodB) are denoted by open squares.
a=12mrad in a JEM-2010F-TEM/STEM. The correspond-
ing calculated images using the present method and the Ahe latter calculation gives the coherent scattering, the inco-
method are shown in Figs.(d—(f) and Xg)—(i), respec- herent TDS, and the total of both, separately. The intensity of
tively. The atomic scattering factor proposed by Weicken-the coherent elastic Bragg reflection can be neglected, and
meier and KoH® and a Debye-Waller factor of 0.0045 Am that the total intensity calculated by the present method
in previous referencé%® were used for both calculations. agrees rather better with the experimental intensity than that
TheVp'asmO”é o+ V§was fixed to be 0.476 e¥.The other by the PJ method, in spite of the approximation in Eid).
components of core los CO'e were neglected because the It also shows that the present approach can be validly used

inelastic scattering processes are insignificant. for quantitative analysis of HAADF STEM images of Si
Defocus steps between the calculated images exactly

agree with the experimental ones which were evaluated from L2, Experimental |

the steps of the objective-lens current knob. Characteristic .p ‘

atomic-resolution images are seen: unresolved bright spots in 1| Caleulated

the dumbbell at an underfocus &f=—40 nm, and the
clearly resolved dumbells and artificial spdti the centers
of sixfold structures at\f=—65 and—75 nm. The experi-
mental images are slightly deformed and show a little devia-
tion from regular bright spot positions, which may be due to
instability of the detector, mechanical vibration, current fluc-
tuations, and so on. This is one of the disadvantages of scan-
ning probe techniques. In any case, the calculated images by
both methods are almost the same and reproduce the corre-
sponding experimental images satisfactorily. Furthermore,
the coincidence between the experimental and simulated im-
ages confirms adequacy of the simple kinematic approxima-
tion for HAADF STEM. o ! ! s J

Figure 2 shows how the thickness affects total HAADF 0 20 40 60 8 100 120

. . . ) Thickness [nm]

STEM intensities over rectangles with an area of 46
x5.6 nm which were measured with the 36—-96-mrad detec- F|G. 3. Thickness dependence of MAADF STEM intensity of
tor. The observed data are from Ref. 31. The experimentab11] Si crystal, using a 18—48-mrad detector. Experimental inten-
curve rises gradually with increasing thickness and levels oféities, denoted by solid squares, are reproduced from Ref. 31. Cal-
at 100 nm. For convenience, all the intensity curves are nofeulated intensities of coherent Bragg reflection, TDS, and the total
malized to be a unit at a thickness of 120 nm. The intensitiesf both, using the present meth¢#l), are denoted by solid circles,
were calculated using the PJ method and the present methagpen circles, and crosses, respectively.
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=
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crystals up to 120 nm thick at least. tion, which contains calculations for the coherent elastic
Figure 3 depicts results similar to those in Fig. 2, excepBragg reflection and the incoherent TDS. The method re-
that they were measured or calculated using the 18—-48-mraglices the computing time of HAADF STEM images drasti-
detector. It is seen that experimental intensity increases witbBally to about one-tenth of that required for the PJ method.
increasing thickness until 40 nm and then becomes flat witlrhe simulations by the present method interpret satisfactorily
a Sl|ght fluctuation. Since the PJ method does not CaICUIatQ]e experimental focus dependence Of atomic-resolution
the coherent Bragg reflection, it was excluded from the comyaADF STEM images, and also the experimental thickness
parison. _The tota! intensity curve calcula}ted by the prf’ser@ependence of HAADF STEM intensity and that of MAADF
method is a satisfactory agreement with the experimengren intensity, which includes the dynamical effect of the
curve. In the middle angleMA) ADF STEM, the contribu- - arent scattering. Thus the preset method enables us to

tion of the coherent Bragg reflection is almost the same Order[nake a comparison between experimental and simulated

as that by the TDS, although it decreases with increasingiAADF STEM images in a short time as a routine. It has

thickness, exhibiting a dynamical effect. The decrease of thSJSO been confirmed that the simple kinematic approximation

coherent scattering is ascribed' to 'the absorption, Whith’or TDS can be used for quantitative analysis of HAADF
causes the decrease of the gradient in the TDS curve. STEM images up to the thicker area of a sample

It is be noted that even in HAADF STEM, the coherent
scattering must be considered when an annular detector in-
volves many CBD disks on ZOLZ and it works effectively

for a crystal having a smaller Debye-Waller factor. ACKNOWLEDGMENTS
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