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Direct simulation of ion-beam-induced stressing and amorphization of silicon
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Using molecular dynamics simulation, we investigate the mechanical response of silicon to high-dose ion
irradiation. We employ a realistic and efficient model to directly simulate ion-beam-induced amorphization.
Structural properties of the amorphized sample are compared with experimental data and results of other
simulation studies. We find that the behavior of the irradiated material is related to the rate at which it can
relax. Depending upon the ability to deform, we observe either the generation of a high compressive stress and
subsequent expansion of the material or the generation of tensile stress and densification. We note that statis-
tical material properties, such as radial distribution functions, are not sufficient to differentiate between differ-
ent densities of amorphous samples. For any reasonable deformation rate, we observe an expansion of the
target upon amorphization in agreement with experimental observations. This is in contrast to simulations of
qguenching which usually result in denser structures relative to crystalline Si. We conclude that although there
is substantial agreement between experimental measurements and most simulation results, the amorphous
structures being investigated may have fundamental differences; the difference in density can be attributed to
local defects within the amorphous network. Finally we show that annealing simulations of our amorphized
samples can lead to a reduction of high-energy local defects without a large-scale rearrangement of the
amorphous network. This supports the proposal that defects in amorphous silicon are analogous to those in
crystalline silicon[S0163-18289)08741-X]

[. INTRODUCTION the substrate. A full MD simulation incorporating a large
enough section of the target material to completely contain

The mechanical response of materials to ion irradiatiorthe paths of many implanted ions and to run for a realistic
has implications for many materials applications. lon pro-time is neither feasible nor particularly desirable. What we
cessing of silicon is of widespread fundamental and technoyish to study is the response of a section of the material to
Ioglc_al importance du_e to its central role m_the semiconduCype damage induced by the irradiation. In order to achieve
tor industry. The high-dose, large-atomic-number Waferthis, we simulate a model system that incorporates all the

implants used today lead to a significant amount of amor'necessary features of the complete system.

phlz_at|on, W.h'Ch must be removed by subsequent annealing. At the ion energies used, the material response is a bulk,
lon-implant-induced stresses can lead to such problems as

substrate bending, delamination and cracking, and anom E—ither than a surface, effe_ct, SO it Is _not necessary to (_axp_lic—
lous diffusion of dopant$.The creation and modification of itly include th?. surface in -S|m-u|at|on.s. Hence, p.er.|0(_j|c
stress in silicon by ion irradiation has been examined experiPoUndary conditions are applied in all directions to minimize
mentally by several research grodgsExperimental mea- finite-size effects. Energy d|SS|pat|on and equilibration of
surements have shown that Skpandsby approximately presiure_ are controlled by coupling the system to an _external
1.8% upon ion-beam-induced amorphizationittie atomic ~ Path.’ This involves two parameters; and 7p that are time
scale mode”ng of the amorphization process has been Coﬁonstants ContrO”ing the rate at which temperature and pres-
ducted, although many attempts have been made to simulagélre tend towards set values. This nonphysical coupling
the structure of amorphous Si{Si). These simulations usu- gives us control over quenching and expansion of the sys-
ally involve a rapid quench of liquid Si and suffer from tem, but does limit the inferences we can draw about dy-
drawbacks such as limited system size and short simulationamic processes. We have analyzed the dependence of simu-
times. The vast majority of these simulations result in alation results on the strength of these couplings in order to
structure with similar properties to experimerdiabi, except  ensure that we do not introduce any systematic errors into
for the fact that the density is typically around 48teater  our simulations. We assume that the ion dose is sufficiently
than crystalline Si¢-Si).> Here, we study the formation and low that the presence of ions in the material has a negligible
structure ofa-Si by direct molecular dynamio8vD) simu-  effect and may be ignored. The effect of the irradiation is
lation of the ion beam amorphization process, rather than byhodeled by choosing primary knock-on atoniBKAS)
a simulation of quenching. within the simulated region and assigning velocities to them
from a distribution that can be dependent upon ion type, ion
energy, and the depth in the substrate. PKAs are produced by
We employ a minimal atomistic model of the radiation collisions with the implanted ion, but the majority are due to
damage process and investigate stressing and deformation @illisions of knock-on atoms in subcascades. Hence our

Il. MOLECULAR DYNAMICS SIMULATION SCHEME
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FIG. 1. Variation in normal stress during amorphization.

PKA velocity distribution must take account of all knock-on
atoms that are created by ion implantation. In order to ac:
count for the free surface, the material is allowed to expan
or contract in the direction normal to the surface; expansio
is not allowed in the in-plane directions. The passings o
high-energy ions through the simulated region are rar
events, between which the material will relax as energy i
dissipated, then enter an essentially constant state for a lo
period of time. As this constant state contributes nothing t
the response of the material, we omit it and start anotheg
PKA at this time. By taking this approach, we can reduce th
system size to the extent that a representative set of simul
tions can be conducted on a few workstations in a matter o,
days.
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FIG. 2. Variation in in-plane stress during amorphization.

effect on the simulation results. A new PKA was initialized

s soon as the system temperature was quenched to below
20 K. Stress in the direction normal to the surface was
elaxed to zero with a time constary of 0.1, 1.0, or 10.0 ps.

No single value of this parameter could be used as it effec-
_qively represents the ability of the material to locally deform,
$oth elastically and through plastic flow. As such it is af-
Nlcted by the size of the ion path, ion mass and energy, the
9on dose rate, and the total ion dose. We therefore ran three
ets of simulations spanning two orders of magnitude range
8n this parameter. This range is expected to contain most
?’xperimentally accessible conditions. In order to relate stress
0 change in atomic positions, a Young’s modulus of 113.0
GPa(Ref. 6 was used for both crystalline and damaged Si;

the value of this parameter is expected to vary during amor-

Ill. SIMULATION DETAILS

MD-based ion implant simulatioRsvere used to to deter-

phization, but its exact value is not critical as variations will
only affect the value of the the noncritical time constagt*
The initial system was crystalline Si, with dimensions

mine realistic PKA velocity distributions for various ion ¢ approximately 50.0 A50.0 Ax50.0 A, containing

types and energies, at differing substrate depths; the resulting, 45 atoms, at zero pressure. In order to be able to simulate

distributions were similar. The magnitude of PKA velocities
could be approximately described byya distribution. For

a sufficiently large sample, we use a many-body empirical
_ potential for silicon” To our knowledge, the derivation of the

an incident ion beam perpendicular to the surface, the ingressure virial for this potential has not been previously pub-
plane distribution of PKA velocity vectors was uniform. The |ished. A method of obtaining the virial, which may be ap-

angle between the PKA velocity vector and the ion bea
could be approximated by a Gaussian distribution with mea
and standard deviations of 85° and 10°, respectively.

PKA energies were chosen such that the size of displace
ment cascades was less than the system dimensions, to e
sure that parts of the same damage cascade could not intera
through the periodic boundaries. The selection of coupling __
constants for pressure and temperature control is critical; toe?
long coupling times lead to excessive CPU requirements,§
while too short coupling times lead to unphysical system &
behavior; e.g., rapid quenching of hot disordered material§
will produce an excessive number of defects. Therefore, pre™!
liminary simulations were conducted with various combina-
tions of PKA energy, system size, and temperature and pres
sure coupling constants to investigate and minimize the
sensitivity of the simulation on these parameters.

The final simulations were conducted using PKA energies
with a mean of 1 keV. All silicon atoms were coupled to a
300 K heat bath with a coupling constant of 1.0 ps; this
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lied to any many-body potential, is given in the Appendix.
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was determined to be large enough that increasing it had nghization.
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FIG. 4. Final bond angle distributions in amorphized samples. FIG. 6. Final distributions of atomic coordination in amorphized

samples.
IV. AMORPHIZATION OF SILICON

DURING ION IRRADIATION . . . . .
becomes negativéension. The in-plane negative stress is

Three sets of simulations are presented, the only differdue to the outflow of material during the “thermal spike”
ence between them being the magnitude of the pressure cophase of radiation damage. As the sample cools during ex-
trol coupling constant. In each case nine separate simulationgansion a tensile state is reached, but material is not able to
were conducted for each parameter set and the final resulfiow back to relieve the stress. A similar response to ion
averaged. Data were recorded at the end of each quench, i.gradiation has been previously observed in wafer curvature
immediately prior to initializing a PKA, to generate radial experiments.At long times, the damage appears to saturate
distribution functions (RDF9 and distributions of bond and the material maintains a dynamic equilibrium, with a
angles, bond lengths, and atomic coordination. The simulagonstant in-plane stress of arour®.3 GPa. The percentage
tion parameters chosen resulted in a mean time betweeaskpansion of the system is dependent upon the valug pf
PKA initialization of approximately 6.25 ps. smaller valueqfaster relaxationresult in expansion of the

During irradiation, damage accumulates within thematerial, while the largest value gives an initial expansion
sample, resulting in the development of stress. As the simuollowed by contraction. Due to CPU time constraints, only
lation progresses, the material expands, or contracts to rehe intermediate case was followed until the system reached
lieve the normal stress, as shown in Figs. 1-3. Anisotropi@n equilibrium condition. In this case the material reaches a
deformation occurs by flow of material to relieve the in- density around 1.9% less tharSi, approximately the same
plane stress. The normal stress is relaxed to zero in the caae the experimental value of 1.8%.
of the two shorterr, values and remains negative for the  The distributions shown in Figs. 4—7 were calculated for
longer 7. The stress would be expected to reach an equithe final state of each amorphization simulation; i.e., they
librium state for any value ofp, given a sufficiently long correspond to the final data points in Figs. 1-3. The distri-
simulation time, but CPU constraints prevented us frombution of bond angles is shown in Fig. 4. To calculate the
achieving this for the largest value ef . The in-plane stress distribution, angles were weighted by the product of the Ter-
is intially positive (compressiondue to damage accumula- soff cutoff functions of the two bonds involved. The small
tion. Once a sufficient density of damage is present theeak at 60° corresponds to threefold rings and fivefold coor-
sample is able to relax via flow of material and the stress
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TABLE I. Structural properties of simulated samples.

Sample Bond lengtlld) Bond angle(deg Coordination Expansiof?) Energy(eV/atom
c-Si 2.36:0.05 109.422.77 4.0 0.0 0.0
Amorphized:

7p = 0.1 ps 2.440.13 107.6919.20 4.22-0.55 4.47 0.41
7p = 1.0 ps 2.450.14 107.5819.44 4.270.54 1.91 0.41
7 =10.0 ps 2.450.14 107.4419.76 4.32-0.54 -0.28 0.38
Annealed:

300 K anneal 2.440.13 107.66:19.40 4.26-0.54 2.12 0.37
1121 K anneal 2.420.11 108.3216.16 4.15-0.40 1.91 0.28
2194 K anneal 2.430.12 107.9517.60 4.230.45 —-0.36 0.30
3000 K anneal 2.430.13 107.7%18.26 4.26-0.48 —-1.04 0.31

dinated atoms, the shoulder at around 80° is due to fourfolghroduced by these simulations. The mean and standard de-
rings, and the main peak is due to fivefold and sixfold rings.viations of the structural parameters are given, and the per-
The distribution due ta-Si is also shown to illustrate the centage expansion of the irradiated samples and potential
effect of damage and amorphization; the frequency is scalednergy per atom are given relative ¢eSi at 300 K. The
by 1/3 in order to allow the sharp peak to appear on the same€ersoff potential gives a cohesive energy for Si of 4.63 eV/
plot as thea-Si results. The mean bond angle in the amor-atom &0 K and 4.59 eV/atom at 300 Khis is in agreement
phized samples is around 2° less than the tetrahedral anglejth the equipartition of kinetic and potential energy, as 300
with a standard deviation of approximately 19°. K corresponds to a kinetic energy of 0.04 eV/ajomn the

The distribution of bond lengths is shown in Fig. 5. Whenfinal damaged structures, the potential energy per atom is
interpreting this it is useful to recall that the Tersoff switch- approximately 0.41 eV higher than that ofSi at 300 K.
ing function acts between 2.7 and 3.0 A. The small peakThis stored energy is approximately 8.9% ®Si cohesive
between 2.9 and 3.0 A is therefore due to nonbondneg  energy and is primarily due to bond angle distortions of
pulsive interactions. Bond lengths become about 0.09 Aaround 19° as shown in Fig. 4 and Table I.
greater than those i&rSi. The angle and length distributions ~ The resulting radial distribution functions, shown in Fig. 7
due to the different relaxation rates are so similar that theyare indistinguishable between the various simulation sets, but
cannot be easily distinguished. In order to count the coordidiffer from the experimental data obtained by neutron dif-
nation of atoms, we have to specify a criterion to decide iffraction experiment&? The broader peaks in the simulated
any pair of atoms are bonded. Based on the bond-lengtRDFs indicate that the structures contain a higher degree of
distribution we count all atoms with interaction distancesdisorder than the experimental samples. There is also a fea-
within the midpoint of the switching functiof2.85 A) to be  ture at around 3 A, where the artifact in the shape of the first
bonded. The resulting coordination distribution is shown inminimum reflects the abrupt cutoff in the empirical potential.
Fig. 6. Very few (~3%) undercoordinated atoms are pro- The first two peaks of the-Si RDF correspond to those for
duced during amorphization, but approximately 26% become-Si, showing the existence of short-range order and a
fivefold coordinated, and occasional %) sixfold coordi- tetrahedral-like environment for each atom. There is little
nation occurs. Even though the average coordination of atsorrelation between the positions of the other peaks, except
oms increases to approximately 4.27 during amorphizatiorfor the third peak in the experimental data of Kugéral;
expansion is possible as bond lengths also increase. this may be an indication of the presence of microcrystallites

Table | contains structural information on the samplesin their sample.
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V. ANNEALING ing simulations. The final structures from each set of damage
. . . simulations were taken and subjected to four separate an-
The damage simulations were carried out at room t€Mpeais  Anneals were done at room temperature, between
perature with extremely limited times for structural relax- \gom temperature and ttaeSi to c-Si transition temperature,
ation. Therefore, the amorphized samples are expected #etween the transition temperature and th&i melting
contain a large number of high-energy defects; this is dempoint, and at the melting point. The Tersoff potential over-
onstrated by the difference between the experimental angredicts thec-Si melting temperature, giving a value of ap-
simulated RDFs. In order to directly compare experimentaproximately 3000 K. Therefore we applied the following
and simulated samples, we have therefore carried out anneaealing between actual and simulated temperatures:

T _ Texperimenn Texperimentisoo K,
Tersoff 1-947rexperiment_283-994 K, Texperimen?300 K.

This resulted in annealing temperatures of 300 K, 1121 Kjes which indicate that defects @Si are similar to defects
2194 K, and 3000 K, which approximately correspond toin c-Si; i.e., they behave as interstitials and vacancies within
experimental temperatures of 300 K, 722 K, 1273 K, andhe amorphous networR:*' Annealing therefore occurs
1687 K, respectively. Anneals were continued until no fur-through diffusion and annihilation of defects, rather than by
ther change in any of the measured structural parameters wasreorganization of the network. Figure 9 shows the final
observed. All simulation parameters were kept the same agistribution of bond angles; the mean increases by approxi-
those used for the damage simulations apart from the annegiately 1°, to around 1° less than theSi angle, while the
temperature. After annealing, the samples were quenched t9andard deviation of bond angles is reduced to 16°. Bond
300 K over a time of 40 ps before the final structural prop-jengths are reduced by an average of 0.03 A, to 0.06 A
erties were measured. longer than those ir-Si, as shown in Fig. 10. The anneal

The structural changes during annealing are shown in thgasuits in a reduction in threefold and fourfold rings as evi-
following plots for the 7p=1 ps damage simulation. The denced by the reduction in the frequency of bond angles of
high-temperature anneals resulted in large density changes g§° and 80°, and the reduction in fivefold coordinated at-
shown in Fig. 8. After cooling to room temperature to re- oms. After annealing and quenching, approximately 1% of
move the effect of thermal expansion, the final densities oftoms are threefold coordinated, 83% of atoms are fourfold
the annealed samples corresponded to 2.1% and 1.9% expafyordinated, and 16% are fivefold coordinated, as shown in
sion and 0.4% and 1.0% contraction relativeciBi, respec-  Fig. 11. The calculated radial distribution function, shown in
tively, for the 300 K, 1121 K, 2194 K, and 3000 K anneals. Fig. 12, is in very good agreement with the experimental
The room temperature anneal gives very little structurakjata, with the only discrepancy due to the short range of the
modification in the time Simulated; all distributions are indis- potentia| cutoff. Annea”ng leads to an energy gain of ap-
tinguishable from the unannealed sample. proximately 0.13 eV per atom, to give an energy in the final

The 1121 K anneal results in modifications to bond anglerelaxed structure 0.28 eV higher than thate8i. This stored
bond |ength, and coordination distributions and to the RDFenergy is approxima’[e|y 6.1% ofSi cohesive energy and is
while the denSity is almost UnChanged. This indicates thab“mar"y due to bond ang|e distortions of around 16° as
local defects are being removed without any global structuraéhown in Fig. 9.
reorganization. This is in agreement with experimental stud-
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FIG. 11. Final distributions of atomic coordination in annealed

FIG. 10. Final bond length distributions in annealed samples. samples.
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35 L — T T T T material, whereas other less dense materials must be re-
j 300K — garded as containing defects at the very least, with a detailed
3r ;SlE R structure that is preparation dependent.
25 3000 K e E
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APPENDIX: DERIVATION OF THE VIRIAL
FOR MANY-BODY POTENTIALS

(=]
[$)]
T
R T

2 3 4 5 6 7 8 1. Introduction

Distance (A) While the pressure virial is easy to calculate for a thermo-
dynamic system described by pair potentials, the extension to
systems modeled by many-body potentials is not obvious.

The 2194 K anneal causes partial melting of the amor-Here we derive the ymal fo_r Tersqff typepotentials, but
. 9 .~ note that the method is readily modified to other many-body

phous material and subsequent reconstruction into a higher- . ) .
. : : or three-body potentials as long as the configuration energy
density structure. The final quenched structure contains more . : . )
can be written down as a function of atomic coordinates.

defects than the 1121 K annealed sample, but this may be in Following SmitH2 we write the pressure with an explicit

part due to the rapid quench from a semiliquid state. We o . )
oo T . dependence on volume. This is achieved by relating absolute
observe no indication of any recrystallization in the time

simulated. The 3000 K anneal clearly involves completeatomlc coordinates to scaled coordinatgsthrough the vol-

melting of o U{nev so that under isotropic expansion or contraction of the
g of the sample, as the density increases to above tha : .

of crystalline Si. Again, the annealed sample contains morgystem the scaled coordinates of atoms are unchanged:
defects than the 1121 K annealed sample, but less than the r=Vv%3p. (A1)
unannealed sample.

FIG. 12. Final radial distribution functions in annealed samples.

The pressuré® is then given by

VI. CONCLUSIONS P=NkKT/V—®/3V, (A2)

We have investigated the structural response of crystallin@here the virial® is
silicon to ion irradiation. We are able to simulate stress gen-
eration and structural relaxation with a relatively simple ®=3V(aU([V*3pIN)/ V). (A3)
model. Simulation of continual radiation followed by anneal-
ing generates amorphous silicon with a low level of defects.
Amorphous silicon prepared by various experimental meth-
ods usually has a density between 2% and 10% less than that The configuration energyl is given by
of crystalline material, whereas atomistic simulations usually N
produce samples with a density around 4% higher th&n U= 2 E u (M)
The fact thata-Si prepared by simulations of quenching lig- EAEER ’
uid Si has a higher density th&rSi is not surprising. Amor-
phous silicon has a structure similar to that of the liquid,whereu;; is the energy of the bond between atonasdj, as
which is 5% denser than the crystal form at the meltinga function ofrN, the set of atomic coordinates. The func-
point.” Therefore a defect-free continuous random net#fork tional form is
(CRN) structure fora-Si would be expected to result in a _
density greater thao-Si. uij=f(rijp) [Vr(rij) = bjjVa(rij], (A5)

\.Ne. co_nclude that by c_:omjuctmg a direct simulation Ofwheref(ri-) is a cutoff function that makes the interactions
radiation-induced amorphization, we have produced the Xhort r nJ dVa(r) andVa(r) ar ir termsr-. is th
perimentally observed structure of ion-beam-amorphized gphor ranged, R(_'l)_ a(rij) are pa ern S_r'l s e
The structure differs from the proposed defect-free CRNPONd length, and;; is a many-body term. Abj; is a func-
models and differs froma-Si structures formed by simula- tion of the positions of neighboring atoms bfandj (b;;
tions of quenching. Although this metastable structure is at & [ b;; +bj; ]/2), these atoms experience a force due ta the
higher energy than CRN-Si, it cannot be annealed to pro- bond. Let the set of atoms involved in the calculatiorugf
duce that structure, as transformatiorct8i or melting will  i.e., atomd, j and neighbors, be denoted By . Substituting
occur at a lower temperature. This leads us to question whatq. (A4) into Eg. (A3) gives
is meant by “amorphous” Si, as an experimental sample
termed amorphous may contain microcrystals, CRN struc-
tures, and defects such as vacancies, interstitiadsbound-
aries, etc. In some sense the never experimentally observed
high-density structure can be regarded as true amorphow&ince from Eq(Al)

2. Application to the Tersoff potential

(A4)

N
d=3V( > > au([V¥3pIN)/aV ). (AB)

i=1i<i
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1 where S/, is S, less atomi. If the interaction potential is
ar= =V~ 2Bpgv (A7) wise. e D isand]
PV, pairwise, i.e., ifb;; depends only on atonisandj, Eq.(A11)

3
. . reduces to the pair virial
this can be rewritten as

N N 13N y
<I)=3V<2 5 &uu(': ) VTP > (A8) q):<2 > _f}J.rij>_ (A12)
Rt 3V

i=1 j<i

Explicitly writing the dependence on interacting atoms gives

N _(¢N 1/3
<I>=3V<E I () Vv ”k> (A9)

Individual elements of the pressure tendbrcan be ob-
tained by replacing EqA1) with

=1 j<i kes; Ik 3V
_ . - r=Lp, (A13)

or, in terms of atomic positions,

N whereL is a 3X3 matrix with determinanV. For example,

¢=<E > > L"-rk> (A10) by using

=1 <1 KeS;
wheref |/ is the force on atonk due to the bond between Lix O 0
atomsi andj. The atomic positions, are local to the bond 1l o 1 0
being considered; e.g., periodic boundary conditions are ac- L= 0 o0 1 ' (A14)
counted for before the potential and force calculations. All

local atomic coordinates can in fact be translated to be rela-
tive to the position of atom for each bond, so the force on
atomi makes no contribution to the pressure:

<1>:<_2N1 2 > f E-rik>, (AL1) <I>xx=3<

j<i kESI,j

one obtains

>

N
i=

D> —f‘xierik> : (A15)

1j<i keslrj
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