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Atomic-resolution quantitative composition analysis using scanning transmission electron
microscopy Z-contrast experiments

E. Carlin and V. Grillo
Laboratorio Nazionale TASC-INFM, Area Science Park, S. S. 14, Km 163.5, 34012 Trieste, Italy
(Received 2 December 2004; published 3 June 2005

Here a general approach to measure quantitatively with atomic resolution the distribution of a chemical
species in a host matrix is derived and applied to a case study consisting of a layer of Si buried in a GaAs
matrix. Simulations and experiments performed on Si/GaAs superlattices demonstrate a quasilinear depen-
dence of the high-angle annular dark-field image intensity on the concentration of Si in the GaAs matrix. The
results have been compared with those obtained by cross-sectional scanning tunneling microscopy on the same

specimens.
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I. INTRODUCTION the specimen.This exponent is slightly dependent on the

atomic species considered and on the shape of the high-

Current efforts to develop nanostructured materials an(énergy electron wave function within the specirﬁéh{ere, a
devices are stimulating the implementation of experimentafeneral method to calculate the HAADF image intensity for
probes of the structure and chemical composition of solidsn alloy is derived and it is applied to measure quantitatively
on the atomic scale. Over the years, transmission electrogt atomic resolution the distribution of chemical species in a
microscopy(TEM) has widely demonstrated its potential to host matrix. Experiments performed on Si/Ga@91) su-
study material structures with the highest spatial resolutiorperlattices demonstrate a quasilinear dependence of the high-
available. More recently, the combination of scanning tun-angle annular dark-field image intensity on the concentration
neling microscopy(STM) and high-angle annular dark-field of the Si in the GaAs matrix. Such test structures were se-
imaging (HAADF) has shown promise as an analytical tool lected because the expected Si distribution ins%loped
that can provide “chemical” information at atomic |ayers in GaAs and Si-GaAs superlattices is sharp enough to
resolution test the spatial resolution of our method and can be charac-

One of the strong advantages of HAADF relative to otherterized, for comparison, also by cross-sectional scanning tun-
TEM imaging techniques, such as phase-contrast highneling microscopyXSTM).
resolution TEM(HRTEM), is related to the mainly incoher-
ent nature of the image obtained by HAADF. As a result,
HAADF images provide unambiguous information on the
position of the atomic columns in a solid with subangstrom Samples on GaA®801) wafers were grown by solid-
resolution. In 2002 a resolution of 0.07 nm was demonstratedource molecular beam epitakyIBE). A total of ten Si lay-
in a HAADF image obtained using a scanning TESTEM) ers were fabricated at 580 °C interrupting the growth of the
instrument equipped with spherical aberration coefficieniGaAs host crystal by closing the Ga shutter, opening the
correctors: More recently, direct evidence of a resolution of Si shutter, and leaving the As shutter open. Nominal
0.078 nm has been achieved allowing to distinguish theSi layer thickness was 1 monolayéviL), with 1 ML=6
(444 atomic spacing in Si.Furthermore, contrast in the X 10 atomscm? The spacing between the Si layers was
HAADF image is approximately proportional to the square50 nm. A 200-nm-thickn-GaAs layer was grown to cap the
of the atomic number of the atomic species contained in thetructure. The GaAs between the layers and up to 10 nm
column and this is why this methodology is also known asabove and below the superlattice was undoped. The buffer
Z-contrast imaging. Hence, detailed chemical information layer below the stack and the cap layer above wedeped
can be directly obtained without the uncertainty related to thé1.6x 10*” Si donors crm®).
phase problem in HRTEM imagif One of the most im- HAADF STEM experiments were performed on TEM
portant potential applications of high-resolution Z-contrastspecimens prepared {110) cross-section geometry follow-
imaging 1% is related to sampling the concentration profile ing a well-established procedure previously repott@pe-
of a given chemical species in a host. It has been recentlgial care was devoted to obtaining TEM specimens with
demonstrated that, by choosing the appropriate experimentalean and smooth free surfaces necessary for HAADF ex-
conditions, HAADF imaging can be used to probe the Siperiments. Just prior to inserting the specimen and the speci-
distribution in GaAs with atomic resolution from the raw men holder in the TEM vacuum they were cleaned in high
data, even without any image simulatibnQuantitative frequency low-energy plasma of argon and oxygen to re-
analysis requires further knowledge to extract the informaimove the hydrocarbon contamination from the surfaces.
tion on the atomic concentration from the experimental dataTEM experiments were performed at room temperature us-
High-angle annular dark-field image intensity depends with ang a Jeol 2010F UHR TEM/STEM electron microscope,
power law on the atomic number of the species contained iwith field-emission gun, operating at 200 kW\

II. EXPERIMENT
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=0.0025 nm, with a measured spherical aberration coeffi-which the main contribution is given by thes Tolumnar
cient C, of 0.47+0.01 mm and relevant interpretable resolu-states?®

tion limit in phase contrast HRTEM of 0.19 ni.The The intensity in a HAADF image is given by(r)
STEM attachment is equipped with a bright-field detector=0(r)"P?(r), whereO(r) is the object function ané®?(r) is
and a HAADF detector for high-resolution Z-contrast imag-the resolution functioA® Hence, in an atomic resolution
ing. The theoretical resolution achievable in atomic resoluZ-contrast STEM experiment the resolution achievable is
tion Z-contrast mode with the available electron optics isdue to the size of the object functio®(r), convoluted with
0.126 nm(see below. Micrographs were acquired digitally the resolution functionP?(r), where the latter is the size of
in both phase contrast HRTEM and Z-contrast mode inthe electron beam scanned on the specifde use of a
STEM. Special care was used to measure the gain and thld emission gun allows one to obtain small and highly
dark current of the HAADF detector because this step isoherent probes. The size of the smallest electron beam
necessary to quantify the analytical information contained imachievable in a STEM is given by 0_@1’4A3’4,23 whereCg

the contrast of the relevant images. is the spherical aberration coefficient of the objective lens

andA\ is the electron wavelength. Hence, in the present case,

lll. HAADF IMAGE FORMATION AND ITS DEPENDENCE g“lazgsed elecﬁrgnlom'%a' CO”O!'“O”S]; 08 o pribe size of
ON THE SPECIMEN ATOMIC NUMBER 126 nm, well below the spacing of 0.28 nm of two con-

secutive GaAs dumbbells atoms in t1d.0) projection. Fur-

The crystal studied in atomic resolution transmission electhermore, the intensity in a HAADF image is strongly depen-
tron microscopy are considered to be oriented along welldent on the atomic number of the chemical species in the
defined directions in which the electron wave can propagatatomic columns. In fact, the object function convoluted with
along well defined columns of atoms. In some cases, ththe annular detector is given approximatelfby
features of the experimental image reproduce the position of
the atomic columns in the crystal. This is the case when O(R) = B2VA(R),
HAADF image are formed in the electron microscope. At the
electron energies used in these experimgpfstypically ~ whereg is the interaction constam/h?, mis the relativistic
200-300 keV the scattering of an electron is not signifi- mass of the electron, and(R) is the projected potentiaP.
cantly dependent on the variation of the crystal potential inHence, for high scattering angles and thin specimens, the
the direction along the columns and the wave function deintensity of the spots in the images corresponds to the square
scribing an electron in the crystal can be expressed in termaf the projected crystal potential of the chemical species in-
of the eigenstates of a two-dimensional form of the Schroside atomic column. Furthermore, in the &pproximation
edinger’s equatiof® The potential function is that for the the HAADF image intensity, as integrated on the whole large
projected structure in the plane perpendicular to the zonangle detector, is proportional # whereZ is the related to
axis considered for the TEM/STEM experiment. In analogieghe atomic number of the atomic column. An accurate calcu-
with the eigenstates of atoms, the eigenstates for atomic colation of the Bloch states intensity in the framework of a
umns have similar nomenclatuss p, d, etc. Some of the purely dynamical theory shows that the quadratic depen-
eigenstates have significant amplitude only close to thelence ofZ is a good approximatiotf, even if, for quantita-
atomic column and can be expressed in terms of an eigertive results, the value of the exponent should be accurately
state of an isolated column. An electron incident on the crysealculated in order to avoid error in the measurement. Fur-
tal usually excites several eigenstates. In the case of a smdliermore, a correction for the shape of the high-energy elec-
probe focused on an atomic column mainly the eigenstateson wave function in the specimen has to be applied. In fact,
peaked at the columns are excited. In particular, in this caséhe cross section for each individual element of the atomic
it is the lowest energy eigenstats tvhich determines the column is given byr=c(Z,£)Z*? where ‘" is a coefficient
main feature of the wave emerging from the backface of thef proportionality,Z is the atomic number, and is the en-
crystal and it is at the origin of the so-calleestate approxi- ergy of the primary electron beam. It is worthwhile to remark
mation used in the description of the features of HAADFthat, whenever the image intensity is used to derive the
image!*!” This approach shows its limit in cases when thechemical content, the role of the strain on the image contrast
atomic columns in the considered projection are spaced ledsas to be considered and, in particular, eventual artifacts re-
than 0.09 nm or when the TEM/STEM specimen is so thicklated to the elastic relaxation occurring in the thin TEM
that the contribution of other Bloch states cannot bespecimen obtained from strained heterostructeftésin par-
neglected.” The experiment performed in this work are re- ticular for the application shown in paragraph V a structure
alized to satisfy to large extent the &pproximation. Thed  model consisting of a substrate of a punet alloyed mate-
columnar Bloch states are ideal as object function if the ainrial and an epitaxial phase pseudomorphically grown is con-
is to solve the position of the atomic columns as they are thgidered. As the epitaxial layer has a lattice parameter differ-
less dispersed around the positions of the atomic columnent from the substrate a complex distortion of its crystal cell
with a full width at half maximum{FWHM), for example, of  occurs. As reported by Treaast al,?® a collection angle
only 0.06-0.08 nm in the case of Ga¥sThe combined higher than 80 mrad allows acquisition of mainly incoherent
effect of the use of an annular STEM detector with a collec-electrons in the HAADF image and, in our case, eliminates
tion angle larger than 80 mrad and thermal diffuse scatteringzontributions to the image contrast due to strain at the Si-
relevant at high scattering andféproduces an image in GaAs interface, where the high mismatch between the Si and
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Simolar fraction HAADF image in[110] zone axis of an alloy of G&i)As. The

appearance of doubling in the potential is due to the application of

FIG. 1. (Color online HAADF image intensity simulated in the f h imation i f llov d ibed
case of undistorted cell and in case of the tetragonal distortion pro- € frozen phonon approximation in presence ot an alloy describe

duced by the lattice mismatch induced by the(&gs alloy on Y Partial occupation procedure.
GaAs. The TEM specimen thickness is of 10 nm.
two important points are to be clarified in this section regard-

GaAs lattice parameters is expected to yield diffractioniNd simulations and parametrization of simulation results.

effects?? Nevertheless, for quantification, the lattice cell vol-  First of all, it is necessary to clarify whether the so-called

ume variation due to strain was considered in the simulatioR@'tial occupation procedure can be applied to HAADF
of the HAADF image intensities. Figure 1 shows the effectSimulations; the second point is related to the parametric
of the tetragonal distortion on the HAADF intensity. In the EXPression describing the dependence of the intensity on mo-
figure the intensity of the relevant HAADF images have beerfa” fraction of species. The partial occupation concept is

calculated as will be discussed in details below. As can bed'9ely used in simulating an alloy in HRTEM images with

seen the tetragonal distortion can produce, in the worst casE/iable results>°In fact, in the simulation it is possible to

an error in the intensity measurement of 6%. _account_ for a partial §ubstitution_ of a species \_/vith anothe_r, as
Special care during implementation of the experimental” & Solid alloy, by simply considering a partial occupation

setup has to be devoted to use of precise zone axis conditigPefficientx. This is glso.kngyvn in solid-state physics as

as a small tilt could produce a variation in the intensity of the Virtua! crystal approximation= The potential in each point

image of the atomic column, even if do not change theiff€comes t_herefore S|mply_a weighted linear combination of

positions in the HAADF imagd The use of the large angle the potential of each species

convergent beam electron diffraction symmetries, as applied

in this work, allows precise orientation of the crystal in the V=xVi(N +xV() + ... = > - XVi().

required zone axi& I=species

The virtual crystal approximation can be applied in this
scheme for conventional simulation of HRTEM results and
indeed it is largely applied producing reliable resd#the
same kind of approach can yield formation of artefacts in
To quantify the analytical content of a HAADF image it is simulated HAADF images due to the incoherent nature of
necessary to simulate its intensities defining in a proper wajhe HAADF image. In fact, while the electron probe is
the model structuré? As will be shown below, the HAADF  propagating along the crystal column, it interacts with the
image intensity calculation of an alloy depends on how thepotential of each atom and the results are influenced by the
partial occupation of a species in the alloy is considered. Thehape of such potential. To take into account the interaction
multislice approach is well known in the electron micros- with phonons along the direction of propagation, the atoms
copy to be very versatile to handle complicated specimerre displaced from their rest position and the final results are
structures’® In particular, the use of routines based on mul-given by considering an appropriate configuration of atoms
tislice method in the frozen phonon approximation has beeto reproduce the effect of the scattering with a phonon. This
recognized to give the most physical description of the elecis at the origin of the so-called frozen-phonon
tron probe-specimen interaction for HAADF experimentsapproximatior? The approach works very well if in a certain
even if at the cost of very time-consuming calculatiéhs. position there is one atom but could fail if the position is
Here this approach will be used to calculate the HAADFoccupied byx,% of the potential of atord and(1-x,)% of
image intensity as a function of the concentration of guesthe potential of atonB. In the random displacement of the
species in a host matrix. two partial atoms the movement can be in the same direction
In order to give a general account for the HAADF inten- or, more likely, in a different direction producing largely dif-
sity dependence on single species molar fraction in an allojerent results. Figure 2 shows the potential grid due to a

IV. HAADF IMAGE INTENSITY CALCULATION
FOR RANDOM ALLOYS
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which different Si distributions are considered. The points

8iGa,_A - . . i
: _'*._a'gi:n Sa aite indicate the case of random Si occupation of Ga sites, the
G022 . —m—Sion Ga and As site squares indicate the case in which the same amount of Si is
0.0231 L2 v v extreme configuration over both Ga and As sites, forming Si-Si complexes. It can
0.0224 \E be seen that the image intensity integrated over the total area
0.021 V\ of the cell is not so sensitive to the change of position of the
> 0.020 g silicon between the two columns in the dumbbell.
a ] \ On the contrary, the in-depth configuration can potentially
B 00191 "
= 1 have a large effect, as demonstrated by the position of the
0.0184 - . cI S : )
] \ triangles in Fig. 3: these indicate the result of simulation for
0.017 7 * the special configuration with all Si atont this case Y
0.016 located at the beginning or the end of the atomic column.
0.0154 The average of different configurations is expected to give
00 02 04 06 0B 10 more reliable results within the error bars reported in Fig. 3.

This error bars is the standard deviation and represents in the
worst case an error of about 2%. Furthermore, an average

FIG. 3. (Color onling Intensity in the HAADF image as a func- along the interface direction would further reduce the error
tion of the atomic arrangements in the column. on the experimental measurement. The analysis that follows
will be therefore concentrated on the intensity deriving:

partial occupation of Si on Ga sites in GaAs projected along

Simaolar fraction

the[110] zone axis and used in the simulation performed by _ > i
using a program based on the routines of Kirkldhdhis T = =config
routines fully accounts for the thermal diffuse scattering Neonfig

making use of the “frozen phonon” approximation. In this _ ] ) )

scheme the position of the atoms are randomly displacedhe second step to be considered is the interpolating expres-

from their rest position to account for thermal oscillation asSion to be used to derive the specimen composition from the

described above. For each displacement configuration a coitensity in HAADF. Considering an alloy of two speciés

ventional multislice calculation is performed. The doubling@ndB with atomic numbeZ, andZg and partial occupation

of several of the projected potential in Fig. 2 is an artifactXa andxg (the conditionx,=1-xg is considerefino fixed

due to considering the partial occupation in describing theule exists for the HAADF image intensity interpolation for

alloy. thg relevant al!oys; nevertheless some power lawlike interpo-
A possible solution to this inconvenient could be to dis-lation expressions can be attemptedfas

place both the weighted potentials in the same direction with

a proper, not obvious, Debye-Waller factor or to consider the

different configuration obtainable and to average on the all

relevant results. This latter choice will be used here for the

reason explained in the following. It is worthwhile to remark — a a

that this effect is not simply an error due to a wrong approxi- | = MA(Zax)" + Me(ZeXe) (1b)

mation, but depends on the incoherent nature of the HAADFRyy

image contrast formation. As a consequence, a dependence

of the atoms configuration in the atomic column could pro- | = MpXa(Za)® + MXg(Zg)“ (10

duce different HAADF image intensity. In fact, if th&B

alloy is considered, within the limit of validity of the equa- and in principle many other interpolation are possible, but

tion 1(r)=0(r)"P?(r), the incoherent contribution of a single actually some constrains exist. The natural requirement is

atom in the column is weighted by the value of the resolutiorthat for xa=1 (xg=0) and xg=1 (x4=0) the correct depen-

function P? at the atom position. Due to the channelling dy- denciesZ* are recovered. Furthermore, 2, =Zg the inten-

namical effectsP?, or better the density of the electron cur- sity must be independent &f This is a natural requirement

rent in the specimenJ;” shows a quite oscillating behavior. since for a fictitious substitution of a species with itself no

As a consequence, a different arrangement ofAhend B change in intensity must appear. It is easy to see that, for

atoms along a column could produce different intensity inexample, Eq(1b) does not fulfill this requirement while the

the relevant HAADF image. This implies that no generalother two do. As described above the intensity considered to

statement can be made for a random alloy as long as thealculate the HAADF image is given by

column configuration is not specified: this could produce a

limitation in the direct interpretability of a column by col- >

umn quantification in HAADF. For each column an error bar i=config

as large as the spread due to different configuration should be

added. The quantitative evaluation of the effect of different

configuration of the atoms in the column is reported in Fig. 3As |=[O(r,2) ® J(r,,2)dz and O = =_iomgi 8(r = ,2-7),%°

where the results of simulations for a thickness of 10 nm int follows that:

| = M(ZpXa + ZpXp)” (1a)

(2

Nconfig
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FIG. 5. Low magnification HAADF image of the Si/GaAs su-
perlattice. The lower atomic number in the Si-rich region with re-
spect to the GaAs gives rise to the ten sharp darker lines in the
micrograph.

dence ofP? on x, however, adds some degree of nonlinearity
depending on the total specimen thickness. It should be a
good parameterization therefore to write
1= (Xa0a +Xgog)M(r p,t,Xa, Xp)
= m(r p,t,Xa, Xg) (MoaXaZp“ + MogXaZg“8). (5

Furthermore, if for example the intensity is not only consid-

the specimen in general depe_nds on the atomic configuratiofyound the maximum for quantification then Eg) can be
of the relevant column. In particular it can be assumeddhat fther rewritten as

for a givenz coordinate, depends on the average composition

before it. As a first approximation it will be assumed th#t *
is a function of the sole average compositigrandxg. This

T = |:f m(rp,t,XA,XB)drp:| &AUA +3‘(BO'B)

is an acceptable approximation, for what is discussed above,

for quite uniform configurations while strong deviation are
expected in the less likely configurations where atoms of th

same kind are cumulating at one end of a column.

In this approximation the intensity can be rewritten using

an averagd=J(r,z,Xa,Xg). If then the sum is transformed in
a sum on atomic sites

> > XiiaATA
~ i=config i=config
| = —— = E

Nconfig j=sites” Nconfig

E Xijs0B
i=config ~ o~
J(rj,z;,Xa Xg)
Nconfig

(4)

= (Xa0a +%a08) > [J(r},z, X Xg) ],
j=sites

where the siteg has an occupancy;, andx;z equal to O or

1 depending on which species is assumed to sit there in the

ith configuration.
It is easy to see that, if the SU;-gjedJ(rj,Z,Xa,Xp)]

= M(t,Xa, Xg) Xa0a + Xg0p) .

§n fact, the simulation performed in the case of Si/GaAs in

Fig. 1 or 3 shows how a quasilinear dependence of the
HAADF image intensity on the Si content is obtained. This
means that the dependenceldft, x,,Xg) over x, andXxg is
small and in this case the contrast is independent on the TEM
specimen thickness. This behavior is not true in general but
should be considered case by case. Figure 4 shows the results
of the simulations for a GaAs with partial substitution of Si
on the Ga site. The intensity averaged in a unit cell is plotted
against Si composition for different values of the thickness.

In the simulation the $Ga,_,As cell has been tetragonal
distorted to satisfy the epitaxial match to GaAs. It is clear
from Fig. 4 that for increasing thickness the intensity of both
GaAs and SiAs extremes is increased and, hence, it can be
defined the maximum contrast

C _ IGaAs_ ISiAs
100% — I .
GaAs

Cio0% IS little varying with thickness as varies between 0.30

were independent of, a simple linear relationship could be and 0.26 for increasing thickness from 10 to 40 nm. To a first
used for extrapolating the intensity for an alloy. The depen-approximation it can be assumed it is constant with an abso-
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lute error of about 0.02, namely; o= 0.28+0.02, this error V. MEASUREMENT OF Si PROFILE IN GaAs MATRIX

can be larger for larger or lower thickness but it is a good

reference as experimentally it is easy to perform an experi- Figure 5 is a low magnification HAADF image {110]
ment for a thickness within the considered range. It is worthzone axis of the epilayer. The collection angle was<@¥
while to remark how the value of 28% is very close to the<224 mrad as in all the HAADF images here reported. Due

ratio of the cross section@caas= sing/ Tgans= 32%. to the lower atomic number of Si relative to GaAs, the ten Si
This assumption, however, permits to estimate the compyers give rise to the sharp dark lines spaced, as expected,
position by simply using by 50 nm of GaAs.
Crneasured Figurg Ga) shows a high ma_gn_ification ato_mic resolut_ion
X= o HAADF image of one of the Si-rich layer. It is worthwhile
100% noting how the image contrast, away from the Si-rich region,

where Creasureq IS the experimental contrast defined asis homogeneous thus providing evidence for atomically flat

(Icaas— Isicand !l cans specimen surfaces necessaries for a reliable contrast quanti-
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been compared with the concentration obtained by XSTM
and reported in Fig. 6 as light-gray bars. The methods used
for the sample preparation, the image acquisition and the
Errorbar determination of the concentration profile from the XSTM

[ HAADF
[ 1sTm™

- o =
= o -
& @ o
1 1 1

=
-.g data have been described in Refs. 1 and 40. The spacing
8 between the XSTM data is twice that between the HAADF
= . data because the spacing of the topmost Ga-As chains on the
© 0.04 (110 surface, the atoms that can be sampled by XSTM, is
E 0.56 nm in the[001] direction.
9 0024

H A VI. CONCLUSIONS

1 2 2 4_1_ 2 g it g It has been shown how HAADF experiments can be used
position (nm) to measure at atomic resolution the chemical profile of a
, » - species in a host matrix. In order to establish a reliable quan-
FIG. 7. Si composition profile in GaAs as measured by HAADF yiication method some fundamental aspects of HAADF im-
(dark-gray and XSTM (light-gray. The number of dark-gray bars age formation of crystalline material have been investigated.
e et st The method Pas been appe o S1/GaAs superatices dern-
o . onstrating a quasilinear dependence of the high-angle annu-
0.56 nm. The error bar in the HAADF measurements is about 2% - . : b . .
lar dark-field image intensity on the concentration of Si in
fication. A careful inspection of the elongated white dots inthe GaAs matrix. Our results caution the readers about the
Fig. 6(a) allows one to distinguish the cation-anion columnsartifacts that can be introduced in simulating HAADF results
seen projected onto th@10) plane and spaced by 0.14 nm. using virtual crystal approximation coupled with frozen pho-
In Fig. 6(b) the experimental image intensity in Figap is non approximation. It has been measured the non-negligible
plotted as a function of the distance from the interface. Thénfluence of the atomic configuration within each atomic col-
higher peaks, 1.5 nm away from the minimum in the inten-umn on the relevant intensity of the HAADF image. This
sity profile, reflect the higher atomic number of the llI-V result marks how sensitive can be HAADF experiment in the
species. The intensity decrease observed in going from thgiudy of special configuration as in the case of cluster forma-
GaAs region toward the metallurgical Si-GaAs interface istion. Furthermore, the sources of errors in the concentration
due to the presence of Si in the atomic columns. measurement have been analyzed and their influence quanti-
As the total area around the dumbbells is needed for confied together with the role of hydrostatic strain on HAADF
parison to simulations, the profile has been integrated obtairimage intensity.
ing a single point per dumbbell. In this averaging process we As a result, the method allows us to quantify the Si con-
loose the initial resolution of Fig.(6). In fact, the distance tent within the GaAs matrix with an error of +2% demon-
between two consecutive peaks in Figb)sis 0.28 nm, in  strating that Z-contrast imaging is an excellent tool to probe
agreement with the expected cation or anion spacing in theot only the structure but also the chemistry of solids at
bulk along the[001] direction. Hence, the detector back- atomic resolution.
ground has been subtracted and the intensity value has been
n(_)rmahzed_to the Ga_As regions on both sides of thg dark ACKNOWLEDGMENTS
Si-rich region. Applying the above-derived expression
=CreasureiC1o0% the Si distribution was obtained and it is  The authors wish to warmly thank Alfonso Franciosi and
shown in Fig. 7 by the dark-gray bars. The Si distribution hasSilvio Modesti for the useful discussions and suggestions.
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