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The influence of ion mass on transient enhanced diffuideD) and defect evolution after ion
implantation in Si has been studied by atomistic simulation and compared with experiments. We
have analyzed the TED induced by B, P, and As implants with equal range and energy: TED
increases with ion mass for equal range implants, and species of different mass but equal energy
cause approximately the same amount of TED. Heavier ions produce a larger redistribution of the
Si atoms in the crystal, leading to a larger excess of interstitials deeper in the bulk and an excess of
vacancies closer to the surface. For high-mass ions more interstitials escape recombination with
vacancies, are stored in clusters, and then contribute to TED. TED can be described in terms of an
effective “+n” or “plus factor” that increases with the implanted ion mass. 198 American
Institute of Physicg.S0003-695(98)01836-1

lon implantation plays a critical role for producing inte- a basic and intuitive understanding of TED. For dilute con-
grated circuits. However, the damage generated during iogentrations, TED is proportional to the number of Si intersti-
implantation induces transient enhanced diffusifd&D) in  tial hops per lattice position, which is a measure of the num-
dopants that diffuse interstitially, and causes significanber of opportunities for a dopant atom to pair with a Si
spreading of the dopant beyond the implanted region. Thigterstitial. Based on random walk arguments, the number of
occurs during the anneal necessary to cure the damage andgps(N) required for a single interstitial to move a distance
activate the dopants electrically. In order to model TED, theg o, average is proportional t&R(\)2, whereX is the hop
*“ +1” model has been used with satisfactory results in Manyjistance. If we assume that these hops are homogeneously

cases. The idea pehmd_ t.heLl model is that T_ED IS ma"."y distributed in a band extending from the surface to a depth
produced by the interstitial generated by the implanted ion a8 at scales withR. the density of hops per unit volume is
it becomes substitutional. The large number of Frenkel pairs X ’ . -
S ) . . proportional toR. According to the+1 model the initial
created during ion implantation quickly recombine and do " f the Si interstitial ible for TED mi
not contribute significantly to TED. This approach was POSItons ot the St interstitials responsibie for mirror

shown experimentally to be accurate when P was implantewe mp_lanted ions. Then, as a first _apprOX|mat|0n_, TED is
at different energies and tilt angles, producing different numProportional to the dose and to the distance of the implanted

bers of Frenkel pairs, with very similar distribution of the profile to the surface, where the Si interstitials are annihi-
implanted ion< It was also found that for Si implants most lated.
of the TED occurs during the dissolution of tH&11} de- It has been observed that for a given species of im-
fects, and the number of Si interstitials stored in them ini-planted ion and subamorphizing doses, TED increases with
tially was found to be approximately equal to the implantedthe energy of the ion$] being approximately proportional to
dose® Atomistic simulations have also shown that the mainthe range of the implanted iofisn agreement with the above
contribution to the enhanced diffusivity is due to the extramodel. It has also been found that, for a given energy, the
interstitial left once all the Frenkel pairs recombfh@hese  resulting TED is approximately independent of the implant
results were obtained with P or Si, intermediate energies angpecies.® This observation contradicts thel model since,
doses below the amorphization threshold in the order ofor a given energy, the range of heavier implanted ions is
5x 108 cm™2, smaller and therefore, less TED is expected with increasing

The +1 model along with random walk thedrprovides  jon mass. In this letter, we will show that this situation arises
from the fact that the-1 model includes only the interstitial
dpermanent address: Universidad de Valladolid, Campus Miguel Delibegenerated by the implanted ion, and ignores the Frenkel
b)s/n, 47071 Valladolid, _Spain. Elgctronic mail: lourdes@ele.uva.es pairs. The aim of this letter is to provide, through detailed
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atomistic simulations, a physical understanding of the depen-
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Austria. dence of TED on implanted species and to provide a simple
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a ] o0 B MARLOWE simulations.(b) Si interstitial profile after recombination during
- N - T oy annealing at 750 °C.
200 4 ~ ] &
B b e -, - by MARLOWE, and by using thet1 model, are plotted. We
Y I S I implement the+1 model by placing a Si interstitial in the
0 25 50 75 position of the implanted ion, without the Frenkel pairs. As
ion mass (a.m.u.) described above, the1 model predicts that TED is propor-

_ _ o _ tional to the projected range of the implanted ion, indepen-

FIG. 1. Experimental time averaged B diffusivitirom Ref. 7 and simu- dent of the ion mass. However, this result differs signifi-
lated total number of Si interstitial hops per lattice site f@r equal range . ! . .

implants(R,~45 nm: 15 keV B, 35 keV P, and 80 keV pand (b) equal f:antly from the expenmentz_al results._ The simulation resglts

energy implantg35 keV), after 120 min at 750 °C anneal. in which we include all the implantation damage agree with

the experimental data:TED increases with ion mass for
d ¢ ¢ timate TED for diff ti equal range implants, with As causing twice the diffusion of
and more accurate way fo estimate or different Im-g "1gp only changes 20% for the equal energy implants of

planted ions. ) . B, P, and As, although the range decreases more than a factor
For our study, we use a binary collision code, of four going from B to As.

9 . .
MARLOWE," to generate the implantation cascades. The coor- ap anaiysis of the damage profile indicates that different

dinates of all interstitials and vacancies are transferred to finplanted species produce different amounts and distribu-
Monte Carlo diffusion code to simulate room temperature;ions of the damage. Heavy ions produce more and denser
diffusion and subsequent annealing at high temperature, foljamage pecause of the larger momentum and cross section
lowing the scheme described in Ref. 4. Si interstitials andy¢ the jimplanted ion and because the electronic losses are
vacancies are moved randomly to neighboring sites accorqass However, overlapping Frenkel pairs do not contribute
ing to their respective diffusivities until they recombine, aresignificantly to TED, since interstitials do not visit many
trapped, or annihilated at the front or back surface. The simurtice sites before recombination with nearby vacancies.
lation box has an area of 445 nnt and a depth of 4000 NM \y4t is important is that heavy ions transfer more momen-

to minimize the effect of the back surface. We consider uniy,m to the target atoms, and therefore there is a larger net
form 3|mplants across the sample with B, P, As ions, 2gigplacement of Si atoms deeper in the crystal, leaving va-
X 1_01 ions/cn? doses and annealing at 75O7°C for 120 min, cancies closer to the surface. This effect can be clearly ob-
as in the experiment reported by Griffet al.” We analyze  served when the net profile obtained by subtracting vacan-
implants in which the energy has been chosen to providgjes from interstitials is plotted, as shown in Figa2 The
approximately the same projected range for all speti® nymper of interstitials per implanted ion that correspond to
keV for B, 35 keV for P, and 80 keV for Asand also the interstitial-rich zone is 1.02 for B, 1.20 for P, and 1.95
implants with the same energg5 keV). In the experiment,  for As. The net number of total interstitials minus vacancies
the authors usa B marker layer of 6 cm ™%, 200 nm wide s |ower than unity due to the sputtered atothghe spatial

at a depth of 400 nm to monitor the enhanced diffusion in-separation between interstitials and vacancies implies that on
duced by the implanted ions. From the diffused B profileayerage, more interstitials have to diffuse a greater distance
they extract a time average B diffusivitpf) over the 120 g recombine with vacancies, since the vacancies are located
min anneal and compare it to the B diffusivity without im- cjose to the surface and the interstitials are much deeper.
plantation DB*). Since B diffuses by the kick-out Also, being closer to the surface, many of the vacancies
mechanisnt? the enhanced B diffusivity is proportional to reach the surface before recombination with the interstitials,
the number of Si interstitial hops per lattice site. leaving behind an excess of interstitials, as shown in Fig.

Figure 1 shows the enhanced B diffusivity as measure@(b).

in the experimertcompared with the total number of Si The number of Si interstitials that survive recombination
interstitial hops per lattice obtained in the simulation at 500is also indicated by the number of interstitials stored in clus-
nm (the average depth of the B marker layer in the experiters, which increases with the mass of the implanted ion.

men). Simulations including all the Frenkel pairs generatedHeavier ions produce a larger number of Si interstitials
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6 whereR,;, is the projected rangé is the kinetic energy, and
m is the mass of the implanted ion.
°T Equal energy implants produce approximately the same
44 amount of TED, independent of the ion mass, as shown in
- Fig. 1, because the increase in thfHfective +n approxi-
_'7: 3+ g7 T 50 kev mately compensates the reduction in the range for heavier
i P 100 keV ion mass. Thus, for 35 keV implants, the product of the
200 keV depth of the center of mass of the implanted ions times the
14 effective+n is 149 nm for B, 123 nm for P, and 128 nm for
B Si,P As sn Pb As, which is a variation of less than 20%, although the range
0 : ; ’ : changes by a factor of four, in agreement with the experi-
0 50 100 150 200 250

ment of Griffinget al.’

ion mass (a.m.u.) In summary, we have shown that for heavy implanted
FIG. 3. Effective+n vs ion mass. Symbols correspond to simulations with ions the damage distribution has an important effect on TED
a constant dose of ibions/cnt and energy varying from 15 to 200 kev. and defect evolution. The larger momentum transfer to the
The lines correspond to the empirical expression for 50, 100, and 200 kth-arget atoms produced by heavy ions causes a larger redistri-

bution of the Si atoms, i.e., more Si atoms are displaced

stored in larger clusters. At 1 s, 2.3 interstitials per ion aredeeper in the crystal than vacancies. This fact reduces recom-
still in interstitial clusters for As implants, while in the case bination effectiveness of Frenkel pairs and produces an in-
of P there are only 1.14 interstitials and for B, only 0.84crease of the number of interstitials that are stored in clusters
interstitials per ion. The existence of a larger number of in-and that contribute significantly to TED. Thel model can
terstitials stored in clusters for heavier ion mass has beepe corrected by estimating affective+n that includes not
confirmed experimentally for Pb compared with Signly the implanted ion but also a term that accounts for the
implants:? Since most of the TED occurs during the disso-inefficient recombination of Frenkel pairs. We have found
lution of the Si interstitial clusters, the number of Si intersti- tnat for larger doses, the n follows a dependence on mass

tials stored in the_se clus_ters can give an idea _of the expecteg,q energy, as shown in the previous equation.

TED. However, since this number evolves during the anneal,
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