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Abstract

We have calculated ultra-low encrgy silicon-self ion
implantations and silicon damages through classical
moilecular dynamics simulation using empirical potentials.
We tested the developed
Environment-Dependent Interatomic Potential(EDIP} was

suitable for ultra low ion implantation simulation, and

whether recently

found that point defects formation energies were in good
hut
caleutated vacancy migration energy was overestimated.
The mumber of isolated defects that are produced by

agreement with other theorelical calculations, the

collision cascades are only a few of the total number of
defects, and most of the damages are concentrated into
amarphous-like pockets.

[ . Introduction

fon implantation is nowadays a standard technology in
As  the
dimensions shrink, a reliable description of implant profile

integrated circuit  device  fabrication, device
and produclion of damage is needed for technological
development. For semicenductar devices, whose physical
dimensions  are of order of nanometer{1], ultra low
energy 1on implants and reduction of thermal processing
arc necessary, resulting in more prominent channeling
effects in the as~implanted profiles and less post-implant
diffusion{TED). Therefore, analysis of ultra low energy
ion impiants is very interesting, but unfortunately, the
experimental  possibilities  for  studying  the
occurring inside silicon substrate during irradiation are

quile limited. During ion implantation, the displacement

processes

and mixing of identical atoms in an alomic collision
cascade and defects such as vacancy, and

cluster arise. Much aof the effort in semiconductor process

interstilial,

modeling has focused on fon implantation and damage
annealing because of the great industrial importance of
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these processes(2] Although collision cascades in silicon
have been studied extensively during recent years{3-0],
mechanisms causing the damages are still not very well
understood.

Sometimes we can predict some areas which could not
be determined experimentally using melecular dynamics
simulation. In  recent molecular  dynamics
has heen used for a far more realistic
description  of implantation.[9.10,11]

interatomic forces lie at the very heart of almost all

years,
simulation
ion Because

physical and chemical phenomena, we must choose
appropriate methods for molecular dynamics simulation.
Fully quantum mechanical ab initio molecular dynamics
simulations using LDA-DFT(local density approximation
- density functional theory} to calculate the interatomic
forces have been carried outfi213.14] These methods
generally provide the most reliable and accurate results;
however, these approaches are generally only applicable
for sub—clectronvoll energies and for ground state atoms,
so at present they cannot be used to model an entire
collision cascade.  Empirical  tight-hinding

dynamics{ETBMD)  has been

cmerging as a useful and pewerful scheme for atomistic

alomic

molecular recently
simulation study of structural, dynamics, and electronic
properties of realistic materials.{15-18] Although ETB
methods are much faster than ab initio methods, ETB
methods  cannot atomic collision cascades.
Same (usually significant) quantum effects are neglected

model an

in simulations using cmpirical polentials, and these

simulations are likely to be fast. Empirical potentials also
may be manipulated to isolate a certain physical effect
that is generally not available to the first principles

approach.  Therefore,  for  ion

empirical potentials are suitable.

implant  simulation,

some mare detall on ion

implantation mechanism using [ully classical molecular

In this paper, wc present
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dynamics simulation. Our research involves ultra low
energy  silicon {on implantation, damage, and paint
defects(Sec. M) of silicon materials. In Sec. O, we
explain total energy caleulation and interatomic force
calculation for classical molecular dynamics simulation,
compare the results of  Stillinger-Weber
interatomic  potential{19]  with  the
Environment- Dependent Inteatomic Potentialt EDTPI[0].

and we

resulis  of

O. Total Energy Calculation and
Interatomic Force for Classical Molecular
Dynamics
We use classical MD method to simulate point defects
properties and full collision cascades. The need to model
of large numbers of material properties has led to the
development of many-hody potentials. The total patential
energy Uy describing interaction among N identical
particies can be resolved into one-body, two-body,
three-body,..etc. Because of the importance of silicon
technology, a great deal of cffort has been cxpended in
determining empirical modet potentials for use in
modelling Si. We have chosen the $tillinger-Weber
interatomic potential[19] for these simulation because it
predicts properties  in
comparison with first-principles predictions{21] and is
constructed fo reproduce properties of solid, amorphous,
and Liquid Si. SW interatomic potential appears to be the
most popular in literature. Also, the recently developed
Environment-Dependent Interatomic Potential EDIP) by
M. Z. Bazant e al is applied to calculate point defect

satisfactorily point  defects

properties in order to obtain more accurate and efficient
petential. In these formulations, the total potential energy
of the system is written as a sum over atomic sites in
the form

-

-
erra{’_g}'-’::( ru)+’\§kug( Tije Ti) (1)

where, sl ry} and  uyl ";U, -1:,,,) describe  the

pair-interaction energy and the three~body interaction

energy, respectively. ©val r,) i the radial function

-

-
and vyl r,. ry) is the radial and angle function. In

the EDIP, vzl ry) and vyl ;U‘ ;,*) are dependant on

the local atomic environment through effective

coordination number, Z,~ 2if(r,), where firy) is a
=y

cutoff function that determines the centribution to an
atom’s coordination from each of its neighbors.
Since pair-interaction energy produces forces on the

two atoms, -V, uaxlry), and a change in the angle
three atoms,
three-body force F3 on ith atom is sumnmed together

produces bond-angle force on the

three—body radial force and bond-angle force,

- - - - .
Fa= -V, rgorad=Voetal ry, rad. {2)

-» -

Iy " Ik
where, cngh - —=—="— .

bl ral
Total energy Eia is the sum of total potential 7 4y
and kinetic cnergy K.

pE

Eoa 7 Uw t K Ut $'_Zl_;1_, @

where, p, and m; are the momentum and the mass of
atom, respectively.

For point defect, the caleulations were performed in a
63~, 64-, or 6h~atoms with a fixed volume, For ion
implantation, silicon lattices of the target are 64,000
atoms in 108A N108A sides and 108A depth. At the
start of simulation, the undamaged silicon target is
heated to 300K hy giving all atoms appropriate velocities
and displacements from thair lattice sites. Initial velocity
distribution assumes maxwell velocity distribution in the
solid. In simulations, periodic boundary conditions are
applied 1o the sides of the target. The collision cascades
are initialed by giving ane silicon atom with an encrgy
of 200eV, 500V, lkeV, or 2keV to the target.

II. Resuits and Discussions
1. Point Defect Formation and Migration
Typical point defects that may be formed during the
fahrication of devices are the vacancy, the interstitial,
and possibly the V-I complex. In this section we will
discuss defect formation energy, vacancy rigration, and
Frankel pair formation energy. To find the lowest energy
configurations of neutral point defects, we fully relaxed
63, 64, or 65 silicon atoms. The initial positions of the
relaxing atoms are changed by random, small distances
in each direction 0.1-0.3A prior to the relaxation, and
Newton dynamics i{s used to find the relaxed atom
position,
The formation energy E(Si .} of this Si defect can be
defined as

NFII.V .
A ELSD) ()

7

EfSi ) E(Siv 110 -

where, | is interstitial and V is vacancy. E(Si+ /1)

term is the total energy including defects, E(S{) term
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is the bulk atom total energy, N g is number of

silicon atoms including defects, and N is number of

the bulk silicon atoms.

Table I shows the formation encrgy for the structures of
V., T-I, H-T as ohtained from ab initiol22-25]
ETB[26.27], SW, and EDIP. SW almosl consists with
DFTALDA calculations, but EDIP is more accurate for
the calculation of the point defects formation energies.
Frankel pair defect formation encrgies show 476eV in
SW, 678V in EDIP, and 6.5V in GSP-ETB6].

We calculated the vacancy migration energy barrier
along the cxchange path. Vacancy directly exchanges
sites with one of the first nearest neighbors. Potential
energy barriers according to the vacancy exchange path
appear in Fig 1. The unretaxed energy bamer showed
094eV in SW, and this resuit is in good agreement with
previous theoretical calculation using GSPlGoodwin,
Skinner, and Pettifor) ETB methodf26) This cnergy
barrier gives 0.32eV after full relaxation. In the EDID,
the relaxed energy barrier showed 2.31cV. According to
although EDIP gives the
description of point defeet formation energy, the vacancy

our study, reasonahle
migration cnergy bharrier is too high to explain the
self-diffusion phenamena.

[on channcling occurred in <<110> directions. Therclore
the peneration energy harrier of <110> directions was
calculated using SW. Unrelaxed penetration energy was
27V, and relaxed penetration energy was 6.5eV. We
concluded that the penetration energy bamrier of <110>
directions is a little higher than the Si scl{-diffusion
cnergy, 4.8 1 04eV{28], because neutral interstitial moves
along H-T-H, <118> split-T-<110> split, or <110>
split-H-<110> split paths.
agreement  with

in good
in MC

This harrier is
ion stop energy, HeV, ion
implantation simulation.

2. Ultra Low Energy Si
Damage Production

Self lon Implant and

Ultra low energy 5i self ion implantation are initiated by
giving one silicon atom with an energy of 200V, 500V,
1keV, or ZkeV and <100> direction at tilt 10° to the
target. In Fig. 2, the potential energy variations in four
different collision cascades by Si ion in crystalline silicon
are shown as a function of time. Kinetic energy of ions
is lost by repulsive potential at short distance
interactions. The higher the implant energy is. the more
collisions happen during the same time and the period of
kinctic energy loss shorter. In the case of 200eV, most of

ion kinetic energy is lost by rcepulsive potential energy

after 0.3ps. In the case of 2ZkeV, the ions are passed
through the hase target after 3.5 ps. The higher the
implant energy is, the deeper the ions go inside the
surface[Fig. dta)], but silicon lattice mean displacements
are not relevant to implant energy[Fig. 3(b)]. In the case
of 200eV, one interstitial was produced and displaced 5.2
A during lps. For most of the intersitials produced by
ion implants, the mean displacement shows 3A.

Fig. 4 shows angle distribution as a function of time
along with the four different ion implant energies. For
lkeV Si ijon implantation, angle distributions with time
are shown in Fig. 4{a). Perfect diamond structure has
only 1¥)A7" . But the diamond structure deviates as time
increases.  Angle distributions  depending on  ion
implantation energy at HSps are shown in Flg. 4(h}. The
higher the implant the

increases.

energy  is, mare deviation
Fig. B shows the evolution of damage production with
time. When four 2keV Si ions are implanted into <100>
directions simultaneously at tilt 107, the damage profiles
after 3ps, 4ps, and Aps are shown in Fig. 5(al(h)(c),
respectively. An atom that moves more than the first
nearest neighbors distance(2.35A in silicon) is considered
as an interstitial. The initial position of this atom is
defined as a vacancy, unless the atom 1s in half a nearest
neighhor distance of a vacancy. After 4ps, more damages
are produced. The ion implants result in the production of
amarphous pockets containing more displaced atoms than
those predicted by other results{4-1]], because we did
net use lattice generation. Fig. 5(f) shows damage profile
after 9ps, when four 1keV Siions implant into <100>
directions simultaneously at tilt 22 ° . However, damage

profiles are similar to other results[4-11].

IV. Conclusion
We whether

Environment-Dependent Interatomic Potentiall EDIP) was

tested the  recently  developed
suitable for ultra low ion implantation simulation, and
found that point defects formation encrgics were in good
agreement with other theoretical calculations[22-27], but
vacancy migration cnergy was overestimated. Therefore,
we used SW interatomic potential for ion implantation
simulations. We observed from the classical molecular
dynamics simulation that the higher the implant energy
is, the mere collisions happen during the same time and
the shorter the peried of kinetic energy lass is, and the
number of isolated defects that are praduced are only a
few of the total number of defects. Most of the damages

wre concentrated into amorphous-like pockets.

- 337 -



1998 +

- OANBE LR gFES

B k& @ X E B2 B 98/6

V. References

[1] “National Technology Roadmap for Semicondustors”, SLA, (1004)
[2] T Diaz de la Rubia, 5. Coffa, P. A. Stok, and (. & Rafferry. "Defect
and Diffusion in Silicon Precessing”. MRS valapt,  Fittshargh,
(1997
[3] K. Nordlund, M. Ghaly, and R. S. Averhack, ! Appl Phys. 83 (3,
1238 t1948)
[a} & Tian, 5.J. Moms, M. Morms, B. Cbradoviz and AF.
96, 713 (1996)
[5] & Moifatt, TEDM 87, 5 {1997)
6] A, Sultan, M. Craig, 5. Banenee, S List, T Grider, and V. MeNeil,
[EDM 97, 29, (1997
1 M. Jaraiz, G. H. Gilmer, and ]. M. Poate, and T. 1 del 1a Rubna,
Appl. Phys. Lett. 68 (3), 409 {1996)
18] MG. Grimaldi, L. Caicagno, and P. Musumeci, N. Frangis, and ]. V.
Landuyt, J. Appl. Phys. Bb 111), 7181 Q997)
{51 E. Chason st al, J. Appl. Phys. 81 {i0), 6513 (1587)
[1] P. ]. Bedrossian, M. J. Caturla, and T. I). de las Rutma, Appl. Phys.
Lett. 70 i), 176 (09870
[11] T, T de ta Rubia, Nucl, Instr. and Meth. in Phys. Res. B P20 (1996)
112] R.Car and M. Parrinello, Phys. Rev, Lett. 850224, p2471 (1U8h
f13] J. 7hu, T. [} de la Rubig, L. H. Yang, (.
Phys. Rev, B 54, 4741 (1996)
[14) W.C. lee, 5 G. Lee, and K. J. Chang, ] Phys’
KK 11988)
[15] .. Goodwin, A.J. Skinner, and D4, Pettifor, Europhysics Letter 9 {7}
701 11585
[16] I Kwon, et al, Phys. Rev. B 49, p.7242 (1994)
[17i P.B. Rasband, PClancy, and K. Sheterom, ECS Val96-4, p.261, (19967
LI A K McMann and JE. Klepeis, Fhys. Rev. B 56, p.122001997)
[l F1LStillinger and T.A. Weber, Phys. Rev, B 31 (8] phize2 (1985)
201 M. 7. Bazant, E. Kaxiras, . F. Justa, Phys. Rev. B 56, 42 11907)
[21} 1L Maroudlas and R. A. Brown, Phys Hev., B 47, 15562019931
[22] K.C Pandey, Phys Rev, Lett. 57, 2287 (19861
1231 ¥, Har Yaw and JD. Joamopolous, Phys. Rev. Lett
{24] PJ, Kelly and R Car, Phys. Rev. 45, 6543 (1952
125] 11 Seang and L.). Lewis, Phy=. Rev. B 53, 979 (10961
126] E. ;. Song, E. Kim, and Y H. Lee, Phys. Rev. B 48, 1486 (1993
{27] L. Colonbo, M. Tang, T. Diaz de la Rubia and F. Cargonow, Physica
Seripta, TS, A7 11886)
[28F GUHL Gikrer, TI3 de la Rubia, DM Stock, and M. Jaradz, Nucl Insir
aid Metn, m Phys. Res. B 102 (19%)
129) P.E. Blochl, E. Smnargassi, R Car, DL B Laks, W, Andreont, wd S T
Pantelides, 1™Mys. Rev. Lett. 70, 2435 (1993

Permsylvania

Tasch, IE1M

Mailhiot, and (LH. Gilmer,

Condens, Matter 10,

02, 1129 11984)

1 vrTiDA I o |
v Tamas | )
T 13
1o 53
Frakel }’ ’ 7R
TV mgraton | 03" | enee | amioan

lab[c i . Formation energics uf various 51 puni defectslin eV
compared with other caleulation. The values in parentheses are the
unrelaxed energies. (Vivacancy. T I tetrahedral interstitial, H-I!

hexagonal mierstitial)

! "; i Fig. 1. Vacancy migration energy bamrer
' curves almg exchange path using

SW.— —unrelaxed. — — — —relaxed}

Peiontel Energy 12V

a e

000 000
Tine Slap paat)

(a)

Frotgrail E vy (o}

e o
Tinte E1up fubo)

{b!

Pl Enargy eV}

B L)
Time S1ep fuwcy

.““[‘.ﬂ,. i l\!

Time Simp tramey

td

Fig. 2. Potential energy variations ol tmplant ions as a function time.
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Fig. 5. The evoivtions of damages roduction with time. When
four ZkeV 5i ions are implanted inte <<1{X)> directions simultanecusly
at tily 107, (@), thl and fc) are shown damages profiles after 3ps,
4ps, and 5ps, respectively, and (d) and (e} are side views after Sps.
{1} is shown damages profiles after Bps. when four lkeV §i ims arve
implanted into <100> directions simultaneously at tilt 10°
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