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Anisotropy in the Positron 2D Angular Correlation of Annihilation Radiation
for Singly Negative Divacancies in Si
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Interesting features of positron two-dimensional angular correlation of annihilation radiation
(2D-ACAR) distribution for singly negative divacancies in Si are studied experimentally and
theoretically. Anisotropy of the distribution is successfully detected for a specimen with aligned
divacancies and is well reproduced by first-principles calculations based on the two-component density-
functional theory. The present calculation demonstrates that the anisotropy reflects the characteristic
distribution of electrons around the divacancies, indicating that the 2D-ACAR is an effective tool to
provide microscopic information on vacancy-type defects. [S0031-9007(97)02701-4]

PACS numbers: 78.70.Bj, 71.55.Cn, 71.60.+z

The positron annihilation technique has recentlyin Si and is crucially important in the Si technology [9].
emerged as a powerful tool to study vacancy-type defect§wo adjacent Si atoms are removed in the divacancy
in semiconductors. Positrons are sensitively trapped atith the six nearest Si atoms and the resulting electron
defects and are annihilated with the surrounding electronglistribution is quite different between the axis connecting
conveying significant information on the local electronicthe two vacancy sites ([111]) and the plane perpendicular
environment around the defect site with the emitted fwo to the axis.
photons [1]. Especially the two-dimensional angular cor- In this Letter, we clarify that the above anisotropic
relation of annihilation radiation (2D-ACAR) technique electron distribution around the Si divacancy is success-
provides more detailed microscopic information aboutfully detected by the 2D-ACAR technique. In our re-
defects, compared with conventional techniques, e.ggent attempt, the 2D-ACAR for divacancies in Si were
measurement of positron lifetime or annihilation energyfound to be almost isotropic but weak anisotropy was
(Doppler broadening) spectrum [2—4]. The 2D-ACAR detected when the divacancies were aligned by stress-
technigue measuresvo-dimensionalprojection of the ing the specimen at elevated temperature [7,8]. In this
momentum distribution of the annihilatee -e* pair  study, we present details of experimental results and clar-
(the integration of the three-dimensional momentumify important features of the anisotropy. Moreover, the
distribution over a chosen axis is observed) and has beaybserved anisotropy is well reproduced by first-principles
used mainly for studies of electronic band structuresalculations based on the two-component density func-
of perfect crystals (bulk) [2]. Recently several groupstional (TCDF) theory within the local density approxi-
have employed this method for studies of vacancies imation (LDA) [10,11]. The used method was found from
semiconductors and have clarified that the distributiorrecent studies to be highly reliable for positron annihila-
is significantly different in the annihilation site between tion rates [11-13]. It is found from the present calcula-
bulk and vacancies: the momentum distribution for thetions that electrons in the dangling bonds of the nearest
bulk is quite anisotropic around the origin and those fomeighboring atoms make a significant contribution to the
vacancies are nearly isotropic [4—8]. Because of thipositron annihilation and the observed anisotropy origi-
difference, the 2D-ACAR technique is established as anates from the characteristic distribution of these elec-
sensitive probe of vacancy-type defects. trons. The present success, detection of the anisotropy

In spite of the above achievement, discussions on thand good agreement between experiment and theory, sug-
relation between the observed momentum distributiorgests that the 2D-ACAR technique is an effective tool to
and microscopic structures of defects are insufficientstudy microscopic structures of defects.

Especially when the electron distribution around a defect In the present experiment, the floating-zone-grown Si
is quite anisotropic, the observed momentum distributiorerystal doped with.0 X 10'® cm™3 phosphorus was irra-
should reflect this anisotropic nature and is thus expectediated with 15 MeV electrons t® X 10'7 ¢/cn? at room

to provide useful information on the local electronic temperature to obtain singly negative divacan®y! ()
environment around the defect. An interesting examplg14]. The divacancyV,'~, which has the four equiva-
discussed here is the Si divacancy, which is one of théent axes[(1117], [111],[111], and[111]) connecting the
fundamental stable defects existing at room temperaturvo-vacant sites, was aligned by the stressing treatment
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after Watkins and Corbett [15]. We applied compress- 10
ing uniaxial stress along the [011] axis 360 kg/cn? at

170°C for 1 hour and then cooled the specimen down 5
to room temperature with stress on. An electron spin
resonance (ESR) experiment [15] indicates that the above o
procedure increases the populatiag, ) of the axes[(111]
and[111]) in the (011) plane and decreases that,() for
the out of plane[(111] and[111]). The degree of align-
ment (i, /nou;) iS estimated to be 1.2 based on results = 10
of the ESR study of the energy change due to switch-5 10
ing the divacancy orientation [15]. The 2D-ACAR was L
then obtained using the machine of Anger camera type<
and the [001] p,) axis was chosen as the integration

one. The observed 2D-ACAR includes the contributions 0
from the annihilation both in the bulk and at divacancies.
Since the divacancy component is quite different from 5
the bulk component in their shapes, the divacancy com-
ponent can be definitely decomposed from the observed ‘ , , ot AL T
“total” 2D-ACAR [7,8]. The decomposition was based on 0S50 5 wo 2 4 6 &8 10
a least-square fitting to reproduce bulk anisotropy, which Px along [011] (mrad)

was obtained from a defe_ct—free sample. The uncertgin_ty,G_ 1. (a),(c) Contour plots of trapped positron 2D-ACAR
of the procedure was estimated to be less than 2% in itgistribution N(p., p,) for aligned divacancies’,~ projected
intensity by the reproducibility of several measurementsalong the[100] direction: (a) experiment and (c) calculation.
The shapes of 2D-ACAR for the divacancy componentThe contour spacing is one-tenth of the maximum value. Their

obtained at 15, 100, 200, and 295 K are found to resembl@iSOropiesA(p.., p;) are shown in (b) experiment and (d)
’ ' ' Iculation. The contour spacings in (b) and (d) are one-

C
each other. We therefore have sum_m_ed up all the data élzventh of the absolute values of the valley; solid (dashed)
each temperature to have better statistics. The 2D-ACARnes indicate positive (negative) values.

on the (001) plane for theompletelyaligned divacancies
(nouwr = 0) was then deduced from that fey, /no, = 1.2
[15]; hereafter we refer to this simply as the 2D-ACAR, The present calculations are based on the TCDF theory
unless otherwise stated. The details of the experimentay¥ithin the LDA [10,11]. We adopted the LDA scheme
setup were previously described [7,8]. given by Puska et al. [11]: The electron-positron cor-
The 2D-ACAR distribution obtained in the above ex- relation energy was deduced from numerical results for
periment is found to have a definite anisotropy [Fig. 1(a)l.homogeneous electron-positron plasmas [17]. The ion-
The distribution is slightly narrower along tfi@11] than  electron and ion-positron interactions were represented
along the[011] axis. We evaluate the full width at by a nonlocal norm-conserving pseudopotential [18] and
half maximum (FWHM) of the 2D-ACAR and find that by a local potential [19], respectively, and the plane
FWHM on thep, axis (8.8 mrad) is slightly smaller than waves with the maximum kinetic energy of 210 eV were
that (9.0 mrad) on thep, axis (Table I). We extract employed as the basis set. The 64-site supercell was
the anisotropic component(p,, p,) from the observed used for describing the divacancy in the crystal and the
2D-ACARN(p., py) asA(py, py) = N(px, py) — C(py, Brillouin zone integration was performed using spedial
py), whereC(p,, p,) is a smooth cylindrical average of points [20] for the electrons [21] and tHe point for the
N(py, py) around thep. axis [2,5,6] [Fig. 1(b)]. It was positron. All the atoms in the cell were relaxed in the
found that the values of(p., py) are negative on thg, geometry optimization in order to take medium range of
axis in sharp contrast with the positive values on the relaxation. Minimization of the total energy over the
axis [Fig. 1(b)]. A valley and a peak appear at 7 and
5 mrad on thep, andp, axes, respectively (Table 1) [16]. TABLE I. FWHM of the cross section of 2D-ACAR of the
It is emphasized that the above difference in the momenaligned V,'~ and extremum positions in the anisotropy. In
tum density between the, andp, axes was not observed the experiment, the statistical errors are less than 1% for the
when divacancies are randomly orientegl (= 7). The FWHM and less than 5% for the extremal position.

/‘ (b)_

'
W

(mrad)

w

difference thus originates from the fact that the divacan- Extremum position in
cies are aligned in the (011) plane by the stress treatment: FWHM (mrad) A(px, py) (mrad)
Because of this alignment, tHe11 ] and[011] axes are Theory  Experiment Theory  Experiment
inequivalent in the 2D-ACAR distribution. We then an- [017] _ 8.8 c 5 7
alyze the observed anisotropy in the 2D-ACAR based orﬁ; [011] 82 90 54 5

the first-principles calculations in the following.
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degrees of freedom of positron and electron densities (011) (017)
and atomic positions was performed using the conjugate- *ISECOCTCE P 87 &7 <&

®
gradient iterative minimization technique [22,23]. After .5\“’
obtaining electron’s and positron’s wave functiong (

and ¢*) for the optimized geometry, we calculated the

momentum density by 5

2
p(p) = constx Z ‘ f eyt )y (e g(r) dr

[100] (a.u)
>

’ 0 — - —e— ’® T »r —e

(1) 15 © (@)

where the enhancement factgfr) is obtained based on
the two-component plasma model and is thus consistent
with the above electron-positron correlation energy [11].
Details of the method will be presented elsewhere. 0 T — P A S
. N N 0 5 10 15 20 25 0 5 10 15 20 25
We started with the determination of geometry of . P 116w
divacancy ¥,'~) capturing a positron. In the symmetry

) P 0
conserving geometry optimizationDs) for vy, the = . 0tn 4\ i) the aligned divacancigs~ ([111] axis) to-
nearest six atoms are dlsplaqed outwards.(away from thether with their overlap in thé011) and (017) planes: (a)
vacancy site) by 0.06 A. This outward displacement ischarge densities oé~ (solid lines with the contour spacing
in sharp contrast with the inward displacement when thef 1.0 x 1072¢~/43) ande* (dashed linesi.5, 15 and75 X
vacancy does not capture the positron [24]. It is founle*“e_*/aS) in (011), (b) the densities in(011), (c) the
for the optimized geometry that the highest occupiecﬂeinfltyiovﬁflagIn(3011) with the contour spacing 0.0 X
gap level ¢,) is doubly degenerate and is partially 10°° (¢”/ag)(e” /ap), and (d) the density overlap if011).

: .~ The two vacanciesA( and B) of V,!~ are denoted by the open
occupied by three electrons. The symmetry IOWerIngcircles, and the Si atoms are shown by the closed circles.

(Jahn-Teller effect) fronDs, to Cy, is thus expected [15].

It is, however, found from the symmetry unrestricted
calculation that the Jahn-Teller displacements of theslectron and positron densities [Figs. 2(c) and 2(d)], is
nearest atoms are very small (less than 0.02 A). Wéocalized in the dangling bond regions of the nearest six
thus neglect the effect in the following calculation on theatoms. Since the distance between the nearest atoms on
2D-ACAR. A very small Jahn-Teller effect is expected the zigzag chain in thE011 ] direction is large compared

to originate from the fact that the interaction betweenwith that for the case of011] direction, thee -e*

the dangling bonds is weak because of the outwargair distribution is ratherbroad on the [011] axis as
displacements of the nearest atoms. illustrated in Fig. 2. We expect that this characteristic

The 2D-ACAR for the aligned divacancy was calcu-e -e™ pair distribution in the real space is the origin of
lated and the results are shown in Fig. 1 and Table Ithe observed anisotropy in the momentum space; the 2D-
The calculation is found to well reproduce significantACAR distribution on thep, ([011]) axis is narrower
features of the anisotropy observed in the present exhan that on the, ([011]) axis as mentioned above.
periment: In the calculated 2D-ACAR, the FWHM on In conclusion, 2D-ACAR for the divacancies with
the p, axis is slightly smaller than that on the, axis singly negative charge has been studied experimentally
(Fig. 1 and Table I); the theoretical values &fp,, py)  and theoretically. Interesting anisotropy is experimentally
are negative and positive along the and p, axes, re- detected after stressing at 17D along the[011] axis.
spectively [Fig. 1(d)]; the positions of the extremum onCharacteristic features of the observed anisotropy are well
the p, and p, axes are consistent with the experimen-reproduced by the calculations based on the TCDF theory
tal ones (Table I). Good qualitative agreement betweemithin the LDA. It is found that the anisotropy originates
experiment and theory is thus obtained. It is noted, howfrom different electron-positron overlap densities along
ever, that the theoretical 2D-ACAR distribution is slightly the two inequivalent axes[((11] and [011]) of the
(about 10%) narrower than the experimental one as is imaligned divacancies. The present study demonstrates
dicated by FWHMs listed in Table I. Calculation beyond that the 2D-ACAR technique provides useful information
the LDA might thus be necessary for more quantitativeon microscopic structures of vacancy-type defects in
discussion but is beyond the scope of this Letter. semiconductors.

We finally discuss the origin of the anisotropy in the The authors express sincere thanks to Professor M.
2D-ACAR based on the present numerical results. It iSSuezawa and Professor K. Sumino of Tohoku University
found that the positron is localized around the divacancyor their invaluable suggestions and support for this work,
center, i.e., the middle point between the two vacancynd to the Information Science Group of the Institute for
sites [Fig. 2(a) and 2(b)]. As a result, the -e™ pair  Materials Research, Tohoku University, for its continuous
distribution, represented by the product (overlap) of thesupport for using the supercomputing system. They are
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FIG. 2. The charge densities of the electrons and positrons
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