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Atomic resolution Z-contrast scanning transmission electron microscopy reveals preferential
nucleation of electron-beam-induced damage in select atomic columns of a Si tilt grain boundary.
Atomic scale simulations find that the region of initial damage nucleation corresponds to columns
where the formation energies of vacancies and vacancy complexes are very low. The calculations
further predict that vacancy accumulation in certain pairs of columns can induce a structural
transformation to low-density dislocation “pipes” with all atoms fourfold coordinated. 1€99
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Beam-induced processing is a widely studied A closer look at the structure of Fig(& reveals that in
phenomenon, and it has long been known that beam-the undamaged grain-boundary core there are four disloca-
induced amorphization nucleates preferentially at extendetion cores each dislocation core appearing as a “pentagon-
defects such as grain boundarfeBhe electron microscope triangle” combination in the projection normal to the tilt
has also been widely used to induce and study darfidde.  axis. All these cores have Burgers vectors in a plane normal
this letter we report experimental data showing that the ento the tilt axis and are therefore designated perfect edge dis-
ergetic electron beam of a transmission electron microscop@cations. Two of the core§)1 andD2 are adjacent to each
induces nucleation of damage at specific dislocation cores ifther and have opposite Burgers vectors, thereby constituting
a Si grain boundary. We also report atomistic simulations? dislocation dipole. The other two edge dislocation cées
that provide an explanation for this effect and further predic@nd E2 have Burgers vectora/2(110 and a/2(110), re-

a structural transformation that may occur under suitable exSPectively, where the direction is taken normal to the
perimental conditions. boundary plane and thedirection taken in the grain bound-

The experimental study was performed on a silicon bi-2Y Plane normal to the tilt axis. The Burgers vectorEaf
crystal wafer containing an isolated 16° symmetric tilt andE2 add up toa, which is the total dislocation content of

boundary with the tilt axis parallel to théd01) direction the boundary core. We note that all the columns with re-

(3 =25(710(001)). Plan view samples with @01) surface duced brightness in the damaged core are located on and

normal were prepared by mechanical polishing and ion mill_arouqd the edge dislocationsl gnd E2. In thg following, .
ing with 1—3 keV Ar ions, which was followed by charac- W& discuss results of an extensive computational analysis to

terization with high resolutiorZ-contrast imaging using a understand(1) why a small region localized arourill and

HB603U scanning transmission electron microscope operat-
ing at 300 kV.

A symmetric =25 boundary with a commo#710
plane can be constructed by rotating two crystalline regions
about the(001) axis through equal and opposite angles of
8.13°. The boundary structure is periodically repeated, with a
period of one conventional lattice parameter=(5.43A)
parallel to the tilt axis, and a period of 38.4 A(50) in a
direction normal to the tilt axis. In each repeat period normal
to the tilt axis the grain boundary consists of two extended
cores, one being a mirror image of the other, separated by
perfect crystalline regions. Figuresal and Xb) display, in
the projection normal to the tilt axis, electron micrographs of
one of these extended cores at two stages of exposure to
electron irradiation(a) a nearly unaffected core with appre-
ciable intensity from all the columns; arft) a partially af-
fected core with a few of the columns having reduced bright-
ness. Figure @) displays in the same projection a three rig. 1. zcontrast images and derived structures of $he25 {710} (001)
dimensional computer model of the boundary structure.  symmetric tilt boundary at two stages of exposure to electron irradiipn:

a nearly unaffected core with all columns visible but those shaded showing

reduced intensity(b) a partially affected core with several columns appear-
dpresent address: Molecular Simulations, Inc., Burlington, MA 01803. ing darker.
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area, estimated to be 10° A? from the scan time and the
electron current in the microscope prolg;is the total Mott
scattering cross-section of the electrbrvhich decreases
rapidly with increasinggy. Since Si is a light element, the
Mott cross-section can be accurately computed using the
McKinley—Feshbach formul& Using appropriate values of
E4, we find that the electron beam creates 2%—5% vacan-
cies in bulk atomic columns and as many as 20% in grain
boundary columns. Point defects in Si are, however, known
to be very mobile under electron irradiation conditidis.
Therefore, these initial defects would either recombine, es-
cape to the surface, or segregate at low-energy sites in the
grain boundary. This analysis suggests that the low-intensity
columns in Fig. 1b) correspond to sites with large segrega-
tion energies of certain point defects.

To address the nature of these defects, we have com-
puted the formation energies of both vacancies and intersti-
tials in the bulk crystal and at various sites within the grain
boundary core. The segregation energy is the difference be-
tween formation energies in the grain boundary and the bulk
crystal. To describe the interatomic interaction for Si we
used the many-body potential due to Ters8fiyhich repro-
duces well the local density approximati@rDA) results for
vacancy and interstitial formation energies in the bulk crystal
(see Table IIl of Ref. 14 for more detajlsWe tested the
potential further against LDA results for vacancies at various
sites in the 2=5{310001) tilt boundary, which has a
smaller repeat cell than tie=25 boundary. Agreement was
satisfactory for both formation energies and atomic relax-
ations.

For the X =25 boundary, we computed the formation
energy of isolated vacancies, isolated divacancies, chains of
monovacancies$i.e., removal of an entire column of atoms
FIG. 2. (a) Three-dimensional atomic model of the boundary structure iden-@nd pairs, triplets, etc., of such chains. In each case, the
tifying the individual dislocations cores and labeling various sitesThe  relevant atorfs) were removed and the surrounding lattice
atomic structure of the transformed grain boundary resulting from the sedfully relaxed using a combined scheme of simulated anneal-

regation of thgb,c] divacancy chain. The edge dislocation c&2 of the . . . . .
original grain boundary dissociates into two mixed dislocation cdds ing and conjugate gradients. Similar calculations were done

andM2. (c) The transformed structure resulting from the segregation of thefOr self-interstitials.
[a,b] divacancy chain creating an extended edge dislocation core. Table | lists the formation energi¢aormalized per va-

cancy of the most stable vacancy structures in various con-

E2 is preferentially affected by electron irradiation, leaving figurations. Figure @) displays the site designations. The
the rest of the extended core unchang@ithe atomic scale vacancy formation energies at other sites are at least 2.5 eV
processes that underlie the observed phenome{®rany  Of higher. It is clear from the table that all the low-energy
possible low-energy defect configuration that might lead to gtructures occur in a localized region of the core in and
structural transformation of the boundary. around the dark region in the micrograph of Figo)1 From

In a relativistic elastic collision between an electron and@ similar computational study on the interstitials, we find that
an atomic nucleus initially at rest, the energy required tothe lowest formation energies are around 2.5 eV, and the
knock an atom out of its position and create structural damlow-energy sites are scattered all over the dislocation core,
age,T,, must be greater than the “displacement energy’ showing no particular affinity to the low-intensity region of
The displacement energy is somewhat larger than the formd=ig. 1(b). These results lead to the conclusion that intersti-
tion energy of a Frenkel pair because of kinetic barriers andials are not trapped in specific regions and either recombine
has been determined experimentally to be-8%V for a  With vacancies or move to the surface. We conclude that
bulk Si crysta® It is expected to be smaller at a grain vacancies segregated in various low-energy configurations
boundary where the formation energy of a Frenkel pair isare primarily responsible for the low-intensity columns ob-
generally smalle(by 2—4 eV; see below The fraction of served in Fig. (b).
atoms in a column initially knocked out by the electron beam A closer look at Table | shows that the chain configura-
(i.e., the fraction of Frenkel pair defegtis given by tions have lower formation energy than the isolated vacan-
cies, which indicates a significant attraction between neigh-
boring vacancies. However, of the many different chain

Here,n,, is the number of electrons passing through per unitconfigurations explored, two divacancy chain structures, i.e.,
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TABLE I. The formation energies of the most stable vacancies in various 6 T
configurations. Configurations are isolated unless indicated explicitly as a [ .
chain configuration. The letters indicate sites at which the vacancies are 5 [ — Orlgm‘al structure _'-'
initially placed, as designated in Fig(a2 [ - Transformed structure /' » ]
- ’ -
Vacancy configurations Formation ener@V/vacancy 5\ 4L ':' J
bulk 37 S i ]
[b] 1.7 ;0 3L Ad 3
[d] 1.7 8 C ! ]
[i] 1.8 =L E /’ ]
[a,b] 1.0 C ]
[b,c] 1.6 " ]
[b] chain 0.8 L .S .
[d] chain 1.4 Fm==" :
[d.i] chain 13 O: rufSl EFETET TSN EFETETENES EATIT AN N I SUAN AN AT RO Ova
[a,b] chain 0.3 o 05 1 15 2 25 3
%Z’Sgh;:;n (1)5 Compression (%)
[f’g ’h] chain 14 FIG. 3. A plot of the change in energy as a function of uniaxial compression
[t; c d.d chain 1.3 perpendicular to the boundary plane of the original boundary of Rig. 2
[d’f’h ﬂ chain 1'3 and the transformed grain boundary of Figh)2 Values are normalized per
e ) periodic segment of the grain boundary and are relative to the energy of the
astructural transformation. original boundary structure. A stability crossover occurs at a compression of

~1.5%.

cancy formation energy in the bulR Figures 2b) and 2c)
display the structures following the relaxation of thH®c]
and the[a,b] divacancy chains, respectively. Both these
structures have a noteworthy feature: all atoms are fourfol
coordinated, i.e., the segregation of a chain of divacancies
has led to a new structure without any dangling bonds! We would like to thank Mark Robinson for useful dis-

A comparison of the dislocation cores of Figga2and  cussions. This research was supported in part by Lockheed
2(b) indicates that the pure edge dislocation c&2 with  Martin Energy Research Corp. under DOE Contract No. DE-
Burger's vectob=a/2(110) has dissociated into two mixed AC05-960R22464, and ONR Grant No. NO0014-96-1-1286,
dislocations M1(b;=a/2(101)) and M2(b,=a/2(011)),  and by an appointment to the ORNL Postdoctoral Research
while all the other cores remain unchanged. The atomic arAssociates Program administered jointly by ORNL and
rangement shown in Fig(® is more complicated—heie2 ORISE.
splits up into an edge dislocation with Burger’'s vector
= a/2Q10>_ apd an “extended” que dislocation with !See, e.g.lon Implantation and Beam Processireglited by J. S. Williams
=a(010) indicated by the dotted line. These reconstructed and J. M. PoatéAcademic, New York, 1984
dislocation cores have lower atomic density. In addition, wezs- ﬂ,‘ ilark, Q- DI- 'I\/larwick, ’\'jl LﬁGdOUSf], R-s- ;a;g)z\ggfigé;och, and P.

H H e H adakson, Nucl. Instrum. Methods yS. Rée! .
found that the formation energy of interstitials in these COreSs "\ Hobbs, Ultramicroscopg, 381(1978: A. Howie, Rev. Phys. Appl.
is reduced by almost an electron volt compared to that in the 15 291 (1980.
untransformed grain boundary, making them effective diffu- “D. A. Muller and J. Silcox, Philos. Mag. &1, 1375(1995.
sion pipes. Another interesting feature is the presence of azb ’\}’l ?{Var_‘gol’?uc'-_'”Stfumﬁ'\/'getlhgg(slggﬁs- Res1B1 312(1998.

H ‘“ " — H : H H . Kiritant, ramicroscop , .
chain of Iong bonds 2._6 A, which prowde |defal sites for 7" Reimer, Ultramicroscopyi4, 291 (1984.
the cooperative segregation of certain dopants in the form obyye refer to these “structural units” as dislocations because they retain the
substitutional dimer&® characteristic “edge,” “screw,” or “mixed” character that isolated dis-

All the foregoing calculations were carried out under locations in bulk crystals exhibit. They are also characterized by Burger's
zero external stress. Figure 3 plots the change in energy as %’frgtoﬁiy?c';grﬁg?1323?.baCk to the classic paper by Hoffdstrom-
function of uniaxial CompreSSion normal to the grain bound- 9| Reimer, Transmission Electron MicroscopgSpringer, New York,
ary plane for the original grain boundallig. 2(a)] and the 1993, Chap. 5. _ _ S
transformed grain boundary of Fig(. There is a stability 2 W- Corbett and J. C. Bourgoin, Roint Defects in Solidsedited by J.

. H. Crawford and L. M. Slifkin(Plenum, New York, 1975 Vol. 2, Chap.
crossover at a compression 6f1.5%. A large local com-  ;'g.. 7.
pressive stress can thus drive the formation energy of th&n. F. Mott, Proc. R. Soc. London, Ser. 285, 429 (1932.
[b,c] divacancy chains negative and bring about a spontanééW- A. McKinley and H. Feshbach, Phys. R&f4, 1759(1948. _
ous structural transformation of the boundary. Such com- (13563)' \;V"’g‘;'”s' inRadiation Damage in Semiconductdisunod, Paris,
pressiop is qommonly achieV(_ad in strained quer epitaxy. 143 Tersoff, Phys. Rev. B8, 9902(1988.

As is evident from the micrographs of Fig. 1, electron*Chains of interstitials were also found to be more stable than isolated
irradiation can induce vacancy segregation in the select re-interstitials. However, the formation energy of the most stable chain was
gions of the grain boundary core, but does not lead to the found fo be around 0.9 eV per |nters_t|t|a|, S|gn|f|cr_:1ntly higher than the

. . . . . formation energy of the most stable divacancy chains.
predicted reconstruction. The key difference is that the simussa maiti, M. F. Chisholm, S. J. Pennycook, and S. T. Pantelides, Phys.

lations involved annealing at high temperatures whereas theRev. Lett.77, 1306(1996.
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the relevant phase space, e.g., irradiation at elevated tem-
peratures and/or pressures, which is not currently feasible on
our instrument. Finally, external stress might be used to in-
uce a spontaneous transformation.



