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Homogeneous Amorphization in High-Energy Ion Implanted Si
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We have investigated amorphization mechanisms in 5 MeV Si1 ion implanted Si using cross-
sectional transmission electron microscopy (XTEM) measurements. Both microdiffraction pat
and high-resolution XTEM images of the amorphous/crystalline (a/c) Si interface region indicate that
the a/c interface is very sharp and the amorphous Si transition occurs within a few atomic la
Image simulations based on the divacancy and di-interstitial (D-D) pair model [Phys. Rev. B49, 16 367
(1994)] suggest that an accumulation of theD-D pairs gives rise to homogeneous amorphization in io
implanted Si. [S0031-9007(97)02961-X]

PACS numbers: 61.16.–d, 61.50.Ks, 61.72.–y, 61.80.Jh
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Ion implantation is an important technique for precis
impurity doping in Si microelectronics devices. As de
vice sizes are decreased, it is increasingly important
understand atomistic pictures of the structural transform
tion in Si during ion implantation. Although it is gener
ally considered that ion-beam-induced damages give r
to amorphization, there are still controversial pictures o
the amorphization mechanisms. More than 20 years a
Morehead and Crowder [1] proposed their classic ph
nomenological model in which amorphization initially oc
curs in the cylindrical region around each ion path an
the radius of this amorphized cylinder is determined b
the rate of the outdiffusion of primary defects from th
core region. Thus, in the Morehead and Crowder mod
continuous amorphization of ion implanted Si is due
sufficient overlap of the amorphized cylindrical cascad
and this amorphization mechanism is called heterog
neous amorphization. On the other hand, in the homog
neous amorphization model proposed initially by Swans
et al. [2] and recently by Hollandet al. [3], amorphization
is a phase transition induced by an accumulation of a s
ficient number of defects in crystalline Si. More recently
one of us [4] has proposed, based on molecular dynam
(MD) calculations, a homogeneous amorphization mod
in which an accumulation of divacancy and di-interstitia
(D-D) pairs gives rise to amorphization.

In this Letter, we have further investigated the amo
phization mechanism of ion implanted Si by usin
high-resolution cross-sectional transmission electron m
croscopy (XTEM). Detailed analysis of the amorphou
crystalline (a/c) Si interface regions has been carried o
by preparing high-energy self-ion implanted Si sampl
where amorphization can be observed throughout t
region with a thickness of,2 mm. Observed lattice
images have been compared with the results of ima
simulations for the damaged crystalline Si includin
various number of theD-D pairs.

Si1 ion implantations were performed at room temper
ture in optically flat Czochralsky-grownp-type Si(100)
substrates with a resistivity of6 8 V cm. The substrates
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were oriented 5± off-normal to the incident ion beam for
suppression of channeling effects. The ion energy was
5 MeV and the doses were1 3 1017 and2 3 1017 cm22.
The ion current was set at0.2 mAycm2 to avoid beam heat-
ing. XTEM observation was carried out using a 200 kV
JEOL JEM-2000EX microscope for high-resolution im-
ages and JEM-2000FX for microdiffraction measurements
and these samples were prepared by a combination o
mechanical polishing and ion milling with 3 keV Ar1

ions. Image simulations were carried out by the multislice
method [5] using an electron microscopy image simulation
package [6].

Figures 1(a) and 1(b) show the XTEM dark-field images
of the samples with doses of1 3 1017 and2 3 1017 cm22,
respectively. Figure 1(c) shows the depth distribution of
vacancies initially generated by 5 MeV Si1 ion bombard-
ment obtained by Monte Carlo simulations using TRIM
[7]. The calculations were carried out for 10 000 ion his-
tories in a full cascade mode assuming the Si threshold dis
placement energy of 13 eV and the lattice binding energy
of 4.5 eV. Since the change in the vacancy concentration

FIG. 1. Dark-field images of the samples with ion doses of
(a) 1 3 1017 and (b) 2 3 1017 cm22 as well as (c) the depth
distribution of vacancies calculated by TRIM.
© 1997 The American Physical Society
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is much slower in the front part of the damaged region th
in theend of rangelocated around,3.5 mm in depth, it is
possible to estimate the critical vacancy concentration
amorphization by comparing thea/c interface observed in
the depth of1 , 2 mm with the calculated depth distri-
bution of vacancies. The obtained threshold vacancy co
centration for amorphization isø2 3 1024 cm23, which
corresponds toø40 displacements per target atom (DPA
and is much larger than the typical threshold DPA,,1 for
amorphization of Si observed in lower energy (100 keV
Si1 ion implanted samples [8]. A similara/c interface was
obtained by 1.25 MeV,1016 cm22 Si1 ion implantation at
room temperature [9] where the threshold DPA wasø10.
These results suggest that the point defects concentra
N generated during ion bombardments can be describ
by the rate equationdNydt  Ng 2 aN . HereNg is the
primary point-defects generation rate corresponding to t
DPA and aN (a: a constant) the annealing rate due t
the electronic excitation induced by fast moving ions. A
suming electronic annealing processes are much faster t
thermal ones, the stationary point-defects concentration
comesNgya before the thermal recombination and clus
tering processes occur, and the observed threshold D
ø1 s100 keVd, ø10 s1.25 MeVd, and ø40 s5 MeVd can
be obtained ifa is proportional to (the electronic stopping
power)3 (excitation length per unit time) ory2 (y: ion
velocity).

Figure 2(a) shows the detailed bright-field imag
near thea/c interface of the sample with a dose of1 3

1017 cm22. Diffraction patterns from the three selecte
areas with a size of,30 nm in diameter are also shown
in Fig. 2(b). These diffraction patterns indicate tha
the a/c interface is very sharp and the diffraction spo

FIG. 2. (a) Bright-field image of thea/c interface region in
the 1 3 1017 cm22 sample. (b) Diffraction patterns from the
selected areas indicated by the circles.
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corresponding to the (110) reciprocal-lattice plane
crystalline Si clearly appear even in the adjacent area
the completely amorphized region judged by the ha
diffraction pattern. The results suggest that amorphizat
occurs homogeneously when the defect density exce
the threshold value. Below the threshold defect dens
an accumulation of defects seems to result in defec
crystal including extending defects such as dislocat
loops, as can be seen in Fig. 2(a).

Figure 3 shows the high-resolution XTEM images tak
in the k110l projection from the same sample describ
in Fig. 2. Near the surface region where the ion-bea
induced damage is relatively weak, the observed im
[Fig. 3(a)] reveals almost the perfect crystalline Si co
trast. On the other hand, in thea/c interface region
[Fig. 3(b)], the crystalline image becomes deteriorated
ward the amorphous region. Nevertheless, it should
noted that the crystalline image remains until the am
phous transition occurs within a few atomic layers whi
is consistent with the results obtained by the microdiffra
tion pattern described above. These results also sug
that homogeneous amorphization occurs in the pres
samples. It should be noted, however, that no sharpa/c
interface was observed, and heterogeneous amorphiza
occurred in 1.25 MeV Si1 ion implanted Si at liquidN2
temperature [9].

We carried out image simulations of damaged Si ba
on our D-D pair model for amorphization processes du
ing ion implantation in crystalline Si [4]. Figure 4 show
the calculated radial distribution functions (RDF) an
simulated images of the Si lattices with theD-D pair con-
centrations per atomc  0.1, 0.2, 0.3, 0.4, and 0.5 togethe
with the high-resolution images from the areas A, B,
D, and E as indicated in Fig. 3. Various numbers of t
D-D pairs corresponding to thesec values were first intro-
duced in the diamond cubic cluster composed of 512
atoms with periodic boundary conditions. Then Langev

FIG. 3. High-resolution images of the1 3 1017 cm22 sample:
(a) Near the surface and (b) thea/c interface. Selected area
marked by A, B, C, D, and E are compared with the results
image simulations shown in Fig. 4.
2981
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FIG. 4. Calculated radial distribution functions (a) and lattice
images (b) of damaged Si with variousD-D pair concentrations
together with the high-resolution images (c) from the area
A, B, C, D, and E in Fig. 3. Image simulation conditions
are aperture size 10 nm21, spherical aberration coefficient
1.2 mm, defocus value 290 nm, and sample thickness
9 nm.

MD simulations were performed at 0 K to determine th
stable atomic configurations using the Tersoff empirica
potential [10] with a time step of 0.001 ps and a friction
constant ofg  15yps [11]. For the multislice image
calculations, the aperture size, spherical aberration co
ficient, and defocus value were set to follow the exper
mental ones10 nm21, 1.2 mm, and290 nm, respectively,
while the sample thickness was adjusted to be 9 nm whe
the crystalline Si-like image was well reproduced.

At c  0.1, higher order peaks corresponding to mor
than the second nearest neighbor still remain in RDF an
the lattice image is crystal-like similar to that from the
2982
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area A [see Fig. 3(a)]. Although the RDF forc  0.2
resembles that ofa-Si observed experimentally [12], the
corresponding lattice image still indicates some crystalline
order. This is, as was suggested by Wooten and Weair
[13], due to the large distortion of bond angles which
results in a dramatic change in the RDF. The crystalline
order is substantially destroyed atc  0.3, however, and
the simulated images forc  0.4 and 0.5 are in good
agreement with the observed ones obtained from the
completely amorphized areas indicated by D and E [see
Fig. 3(b)]. Comparing the observed change in the lattice
images B to E around thea/c interface region with that
in the simulated imagesc  0.2 to 0.5, it is suggested
that homogeneous amorphization is induced when theD-
D pair concentrationc exceedsø0.3.

In conclusion, we have shown strong evidence in
support of a homogeneous amorphization mechanism i
ion implanted Si and have identified a possible atomistic
mechanism. Amorphization can be induced when the
concentration of theD-D pairs exceeds the threshold value
during ion implantation, while defected crystal is formed
when the concentration is below the threshold value.
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