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Two-dimensional distribution of As atoms doped in a Si crystal by atomic-resolution high-angle
annular dark field STEM
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Observation of arsenic doped silicon has been made by @sauntrast images of high-angle annular dark

field scanning transmission electron microscopy with a tightly focused electron probe. The images show
characteristic excess brightness depending on the number of arsenic atoms per atomic column. Through a
simple analysis capable of identifying the number of arsenic atoms in an atomic column by using the above
characteristic brightness, the quantitative two-dimensional distribution of arsenic atoms can be successfully
obtained at atomic resolution, being consistent with the secondary ion mass spectroscopy and Rutherford
backscattering spectroscopy measurements. This method is the only capable technique for detecting impurity
atoms in every atomic column.

[. INTRODUCTION with channeling of a wave packet in a low-order zone axis,
Pennycook and Jessdroriginated images of a perfect crys-
As well known, a transmission electron diffraction tech-tal atomic resolved, which can be intuitively interpreted
nigue is the only capable method for studying local structurewithout the need of simulations due to the absence of con-
Especially, high-resolution transmission electron microscop¥rast reversal against defocus and sample thickness unlike the
(HRTEM) has been widely used to analyze many materiabhase-contrast image of HRTEM. By improving the point-
structures such as defects and interfdcésThe technique to-point resolution reaching 0.13 nm in addition to probe
depends on the coherent interference of scattered electrorbsdghmes& the method is now positively applied to many

thus being difficult to directly interpret_images_due to eﬁ?Ctsstructures such as boundaffeand precipitates embedded in
of sample thickness and electron optical setting of a microg g3 as well as perfect structures. An additional advan-

SCOpE. tage of the incoherent imaging method in STEM mode is that

Recently it has been possible, using a dedicated Scanning.oherent scattering is able to reveal a wealth of composi-

. . . 5'6 . . _
E:pesrwli;s:negl; C::a%rg)lg]tli?)rr(])ico?n@;g\bﬂl)é tot(t)h(c))gtealc:‘ EE&EMtion information, because the intensity is increased towards a
g b Z? dependence of unscreening Rutherford scattéfingA

Crewe and Walland Issacsoet al® first measured a single . . o
atom and an atomic cluster on the amorphous layer with etailed study of impurities inside a crystal, however, has not

STEM equipped with annular dark fieldDF) detector. An  D€€n performed positively although the demand for measur-
increase of inner detector angle progressively replaces cohdRd Impurity atom positions at nanometer area increases with
ent Bragg scattering with thermal diffuse scatteriigpane, @ dévelopment of electronic devices. -
Kirkland, and Silcox? suggested the enhancement of con- It is the purpose of this paper to extend the capability of
trast on an atomic column by channeling in a crystal, allow-high-resolutionZ-contrast images for identifying the number
ing the determination of impurity position with respect to the Of impurity atoms in an atomic column by a simple analysis
crystal lattice. The incoherent high-angle scattering is generand to provide a two-dimensional distribution of impurity
ated kinematically, even when a low-order diffraction is atoms at atomic resolution with a HAADF-STEM method. In
strongly dynamical, so that the images formed from this areSec. Il, experimental procedure is presented. The analysis is
almost independent of sample thickness and defocus. Conexplained in Sec. Ill. Section IV is devoted to show the re-
bining the high-angle annular dark-fielt(HAADF) STEM  sults and discussion. Finally the summary is given in Sec. V.
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Il. EXPERIMENTAL PROCEDURE formation?>?® Pennycook and Jessdrtlearly showed how
incoherent images can be explained using the Bloch wave
description of the coherent incident probe. Following in their
agescription, the wave functio at an atomic site R;,z)

ue to a probe located at the surfaé®,Q) is given by

Czochralski-grown[100]-oriented p-type silicon wafers
with electrical resistivity of 1d) cm were used in the present
experiment. The arsenic atom implantation was carried out
room temperature with 25 keV to a dose ok &0 cn?.
Rapid thermal annealing was performed at 1000 °C for 10 _
sec in dry N atmosphere to avoid formation of residual de- W(R—Rg,2)= 2>, A(Ri—Ry,2), (1)
fects. Samples were prepared by mechanical polishing and !
ion milling with 4-keV Ar ions. Since high-resolution images with
cannot be obtained with increasing amorphous and oxide
surfaces, the ion milling was carefully done with angles as
low as possible, and the final ion milling was done at 1.7
keV in order to remove the amorphous and oxide surfaces. _
Observations were carried out in the selected thin amorphous xexp(—uz)expliK- (Ri—Ro)}
region. Hence, it is considered that the statistical error intro- .
duced by amorphous and oxide surfaces is not so essential xexpliw(K)tdK, 2
for the determination of arsenic atom concentration fromwhereAl are amplitude contributions from each Bloch state
high-resolution images. HAADF-STEM observations were 7/ integrated over all angles comprising the incident probe,
performed with a JEM-2010F-TEM/STEM, operated at 200k, + y! are transverse energied, are excitation amplitudes,
kV. High-resolution images were formed by scanning aandu' are absorption coefficients for each brajchhe lens
probe across to the sample and by recording scattering elegberration functioW(K) is given by
trons synchronously with an annular detector set from 50 to
110 mrad. The spherical aberrati@y and the semiangle W(K)=m\[K[?(Af+3CAZK]?), €)
(efocus value was selecied o b0 nm. corresponcing to. METEAT i the defocus and wavelengt?*
the Scherzer focus. Image processing ’Was made by Fouri(gﬁ .lf the fﬁunctlon approximation s adopted, the Intensity
filtering, where the mask of 2-nnt diameter was used for images is represented by a simple sum over atomic sites,
each spot. The mask size, ranging from 2 to 3 hndoes not t
have much effect on the impurity determination. In order to I(Ro,t)zz f ai|¥(R;—Ry,2)|%dz, (4)
confirm the ability of our method, a one-dimensional profile b0
of arsenic atom concentration was measured with a Physicgjhere t is sample thickness ana; are cross sections for
Electrics 6600 secondary-ion mass spectroscMS).  high-angle thermal diffuse scattering calculated by the Ein-
The concentration at 20 nm depth and the fraction of substistein model. The deviation from the Einstein model is lim-
tutional arsenic atoms were determined with a KOBELCOjted to within 20% for typical atomic spacés.Scattering

Mikro-i Rutherford backscattering spectroscd®Bs). factors by Weickenmeir and Kdfilwere used to calculate
the real crystal potential and thermal diffuse scattering, be-
cause the Gaussian fit proposed by Doyle and Téfrier

IIl. ANALYSIS inaccurate for large scattering angles>0.2 nnm%). Debye-
A. Image calculation Waller factors for silicon and arsenic are fixed to be 0.0045
, , , and 0.0067 nfm?® Elastic scattering intensities and thermal
In order to describe the thermal diffuse scattering of &jtse scattering intensities for silicon and arsenic atoms are
wave packet for electron-beam channeling in a low-ordelyighiaved in Fig. 1. Since the intensity of elastic scattering
zone axis, multiple scattering of electrons has to be takegcreases witk due to the Debye-Waller factors, it is found
intoaccount. By using a high-angle annular detectorynat the main contribution in our annular range as shown by

Z-contrast images are shown to be negligibly contributedy,q 16 arrows in Fig. 1 is the thermal diffuse scattering for

from coherent scattering. Thus their intensity is proportional, i, materials. The cross section of arsenic atom is about 5.5

to integrated electron intensity at all atomic sites. For thg;,as larger than that of silicon. The relation between the

calculation of the wave function, there are two main meth-..«< sections for the detection range of 50—110 mrad and
ods. One is the multislice mgthod, i.n which a solution_ is he atomic number squared 2 is displayed in Fig. 2. The
given by the step-by-step integration based on opticafy,sq section increases linearly with;)? in this angular
physics,” being applied to various objects. It is, however, o, ition Thez-contrast intensity at each probe position is

computationally inefficient since the multislice calculations oaineq to integrate the scattered electrons over the angular
in STEM modé’*8have been performed for each probe PO-range

sition to yield an integrated convergent-beam-diffraction in-
tensity over an annular detector, while tBeapproximation
reduces computing time drasticaffy/An alternative method

is called the Bethe eigenvalue mettf8d*in which a wave In order to identify the impurity atoms in the doped region
function is written by three-dimensional Bloch waves. Itsby using characteristic brightness, intensity calculations were
early approach was limited to a perfect crystal, but it is nowmade by using two models. One model assumes that small
expanded to multilayers and defects. Furthermore, it proimpurity concentration does not affect greatly the Bloch
vides physical insight for understanding the imagewave field into the crystal and only changes the cross sec-

Ai(Ri—Ro,z>=fpmbeeuK)ri(Ri K)expli(k,+ )z}

B. Estimation of impurity concentration
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FIG. 1. Intensities of elastic and thermal diffuse scattering As concentration [%]
(TDS) from an isolated silicon atom and arsenic atoms. The two

arrows show the position of the inner angle and outer angle for the FIG. 3. The intensity on a column calculated by two models.
detector.

The solid line shows the simulation using E&), and the open

circles show the full dynamical simulation, respectively.

tions of the thermal diffuse scattering. Thus the extra inten- hereN is th ber of sili ¢ lumnais th

sity due to an arsenic atom is determined by the cross sectioff ‘€ren 1S the number of Silicon aloms on a columans the

and the number of arsenic atoms. The intensity ratio on aﬁ?ngzlgntratlog of arsenic atorrg; adnd?]AS are cros§ _sectlo_ns

atomic column is simply given by the ratio of the arsenicof silicon and arsenic atoms, amds the averaged intensity

atom cross section to the silicon atom: of a propagating wave packet on an atomic coIL_Jmn_. Another
model is based on the averaged potential, which is used to
simulate disorder compound.Bloch waves are different

Ising IN(L—X) g+ Nxaad| T ne ( from those in perfect silicon, so that simulations must be

=(1-x)+x—, (5  carried out with a supercell. But it is found that each atomic
I'si Nogil Osi

column contributes to the image independently of its neigh-
bors until the main Bloch states overlap themseRfeand
thereby the intensity on a participating column is calculated
with a unit cell. The relation between extra brightness and
arsenic atom concentration for two models are derived in
Fig. 3. The intensities calculated by the two models agree
well. In other words, the intensity change due to a few im-
purity atoms can be approximately calculated by the change

5107 -

4103

of cross sections and the number of impurity atoms per col-
E 310° umn. By using the fact that the cross section is linearly pro-
F portional toZ?, Eq. (5) is rewritten as
=]
g _ 2
2 21051 %Z(l—x)ﬂﬂ, (6)
5 I si (Zs)

where Zg; and Z,¢ are the atomic number of silicon and

L105 | arsenic, respectively.

C. Fitting procedure
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Phenomenologically, a linear relationship between the
number of electrons on the annular detector and the recorded
p intensities is assumed, so that the thickn@gssdependent

intensity | ®P{t) is written by the theoretical valud&§®°(t):
FIG. 2. The relation between the high-angle atomic cross sec-

tion o; of Si and As atoms and the atomic number squzfre |&%P{(t) = AlMeo(t) + B, 7
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FIG. 5. One-dimensional profile of arsenic atoms measured with
SIMS and the concentration measured with RBS. Measured posi-
END tions indicated by arrows.

FIG. 4. Flow chart of a program for image and profile fitting. \yhereA is the gain and the background. For measurement,
the area of uniform thickness was selected to confirm the
same background and gain. Thus, at the first step, back-
ground, gain, and sample thickness are determined by fitting
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FIG. 6. (a) ObservedZ-contrast image in the matrixh) its processed image, ariid its line profiles along rowsd) ObservedZ-contrast
image in the arsenic-doped regide) its processed image, artf) its line profiles along rows.
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FIG. 8. The intensity of dumbbells, each of which is composed

FIG. 7. Experimental intensity profiles that were deduced byof two columns with various of arsenic atoms. The solid circles
averaging and processing 27 spots in the matrix and the arsenidenote the positions of the atomic column.
doped region and calculated intensity profiles. For the doped region,
the averaged arsenic concentration is determined to be 2.1 at.%%titutional arsenic atom concentration as the first
The solid circles denote the positions of the atomic column. approximatior?.z

The STEM images, processed images, and those line in-

dynamical simulations to averaged line profiles in a matrix.tensities in the matrix and the doped region are displayed in
This step is indispensable for the measurement of simpl&ig. 6. This image processing gives rise to a valuable image
substances that have no reference columns without impuritpy decreasing noise drastically and powerfully to draw de-
atoms. Next, the average arsenic atom concentration in tiled structure. In the matrix, symmetric bright spots on un-
doped region is estimated from E@). At the third step, a resolved dumbbells are uniformly found. On the other hand,
dynamical fitting is made in the doped region on the basis osymmetric and asymmetric excess bright spots on unresolved
this concentration, leading to the final arsenic atom concendumbbells are seen in the doped region. Since the cross sec-
tration. At the final step, the best fitting to line profiles is tion of arsenic atoms is roughly 5.5 times larger than that of
performed by using the intensity patterns on individualsilicon atoms, the main contribution to characteristic excess
atomic columns depending on the arsenic atom number. Figsrightness in the doped region is mainly not by surface
ure 4 shows the simplified flow chart in which only intensity roughness but by the number of arsenic atoms. In order to
profiles are measured in the matrix and the doped region. Adetermine the background, gain, thickness, and concentra-
for ordered compounds, impurity atom concentrations agion, 27 spots in Figs. ®) and Gc) are averaged.
well as background, gain, and thickness are simultaneously Figure 7 illustrates that the averaged profiles are in good
determined without references. agreement with simulated ones. The thickness is estimated to
be 25 nm, which corresponds to 65 atoms per column. The
thickness almost agrees with the value estimated by the zero-
loss intensity of electron-energy-loss spectrosc@piLS).

Figure 5 shows one-dimensional profiles of arsenic atomJhe ratio of extra brightness in the doped region to that in
measured by SIMS and the concentration at 20 nm deptthe matrix is 1.09 on average. By using the fitting procedure
measured by the RBS technique together with the measuraglethod in Sec. 11l C, this extra value corresponds to arsenic
positions. The SIMS measurement indicates the concentratom concentration of 2.2 at. %. If positions of arsenic atoms
tion of arsenic atoms to be 0.5 and 1.9 at. % in the matrix an¢h the column do not greatly influence the Bloch waves, the
the doped regions, respectively. The RBS measurement givesfect of impurity position on the concentration undergoes
2.6 at. % for the arsenic atom concentration in addition to the-0.5 at. % change. The resultant concentration is roughly
fact that 78% of the arsenic atoms sit on the substitutionatonsistent with SIMS and RBS results, whether or not the
site. Like oxygen columns in SrTig¥" the excitation ampli-  position dependence is taken into account. In practice, the
tudes of Bloch waves associated with interstitials in ). RBS measurement gives the substitutional arsenic atom con-
are very small, so that the effect of interstitial atoms of 0.6centrations of 2.0 at.%. This value agrees with our result
at. % concentration is neglected for the determination of subwell.

IV. RESULTS AND DISCUSSION
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FIG. 10. Calculated two-dimensional distribution of arsenic at-
oms in the arsenic-doped region shown in Fig) 6
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depth still contains a few arsenic atoms as shown in Fig. 5,
the arsenic atom concentration in the doped region becomes
2.2+1.0at. % by averaging over remaining matrix region.

V. SUMMARY

Near-atomic column resolveftcontrast images in the un-
doped and arsenic-doped silicon have been successfully pre-
sented with an tightly focused electron probe. The images

FIG. 9. Calculated(solid line) and experimental line profiles show characteristic excess brightness depending on the num-
(circles of processed images, corresponding to the profiles showiber of arsenic atoms. Through the simple intensity analysis
in Fig. &(F). capable of identifying the number of arsenic atoms in an

individual atomic columns with excess significant brightness,

The intensity patterns for dumbbells depending on the arthe two-dimensional distributions of arsenic atoms can be
senic number in participating columns are shown in Fig. 8obtained at atomic resolution, being consistent with SIMS
where the number indicates arsenic atoms in an individuaind RBS measurements. We believe that the method opens
atomic column. By using these patterns, the result of beshe way to measure two-dimensional distribution of impurity
fitting to the experimental line profiles in the doped region inatoms at near atomic resolution. It is noteworthy to suggest
Fig. 6 are shown in Fig. 9. The nine simulated line profilesthat the ability to detect the arsenic atom concentration in the
are approximately superimposed on experimental nine linsamples may be superior to that of either EELS or energy
profiles. From the results, two-dimensional distributions ofdispersive spectroscogfDS), although there is uncertainty
arsenic atoms at atomic resolution are for the first time obof the position dependence of impurity atoms and the limit of
tained as shown in Fig. 10. Since the matrix region at 50 nnthe Einstein model.

Distance
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