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Boron exhibits anomalous diffusion during the initial phases of ion implant annealing. Boron
transient enhanced diffusion is characterized by enhanced tail diffusion coupled with an electrically
inactive immobile peak. The immobile peak is due to clustering of boron in the presence of excess
interstitials which also enhance boron diffusion in the tail region. We present a simple model for the
formation of immobile boron interstitial clusters and associated point defect interactions derived
based on atomistic calculations. 001 American Institute of Physics.
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I. INTRODUCTION II. MULTICLUSTER MODELS FOR BORON TED

It is well known that ion implantation introduces damage Boron/interstitial aggregation is a complicated process as
that on annealing leads to the phenomenon of transient emkere is a huge array of potential cluster compositions. In
hanced diffusion(TED).>? Implantation introduces a large previous work, Caturlat al*” and Lilak et al'® presented
number of point defects orders of magnitude higher than théoron clustering models based on the same calculations
implanted dopant concentration. These excess interstitialhich we use in this work. Pelagt al'* derived a similar
and vacancies recombine with each other during the initiamodel, but with a somewhat different parameter set. In each
stages of annealing. The remaining point defects interaatase, they considered a large range of clusters such as shown
with the dopants via coupled diffusicn® Excess point de- in Fig. 1, with an associated large set of continuity equations
fects also form extended defects. For subamorphizing imand parameters.
plants, interstitials primarily forni311} defects’~® However, The model implemented in this work uses kinetic reac-
larger implant doses/energies lead to the formation of dislotions that lead to the formation of clusters. For reactions of
cation loops->* Under TED conditions, boron is found to be the form A+B«<AB, the rate of formation of AB is given by
immobilized at concentrations well below solid solubiftdy.
This has been explained on the basis of the formation of
boron interstitial clustergBICs). Models using either a
moment-based approdchor a discrete set of cluster
composition&"*° have been successfully used for modelingWherer .5, is the capture radius of the reaction abcandC
of boron interstitial clusters. A problem with both of these represent diffusivity and concentratio,, is the equilib-
approaches is that they lead to complicated models with agium constant which for dilute solutions is given by
sociated long simulation times and large sets of nonunique
parameters. In previous wotRwe derived a simple cluster K =iexr{ E) )
model for BICs from a multicluster mod&lbased onab 1 Cq KT/
initio calculations performed at Lawrence Livermore Na- ) , ) ) N

Cg; is the number of available lattice sites in silicor %

tional Labs'’ Despite its simplicity, the model accurately P . -
describes boron clustering and anomalous diffusion behaviat 10%2cm ), _a”‘?' Eg is the binding energy bet_vveeh and
. As shown in Fig. 1, each cluster can grow/dissolve by the

and replicates a much more complicated model. However;" "> - ) L . .
both the multicluster mod¥i and the simple mod#i do not addition/release of a silicon self-interstitial or boron intersti-
For example, a substitutional boron can react with a

: : . jal.
include cluster charge states. To be physically consistent, fa X " . ) .
is necessary to include charge exchange reactions involvteoron interstitial to form an immobile Bwhich can further

in the electrical deactivation of boron via clustering. In this "€2ct With another interstitial to form &,B cluster or with a
article, we describe the methodology used to identify themOb'Ie |qterst|t|al boron (_B to give Byl,. There are thus
dominant cluster species and rate limiting processes. We udwo possible sets of reactions

this information to develop a simple model, then further ex- Bl 4Bl 3)
tend this model to include cluster charge states. nm nimely

CaCs— CAB), (1)

RAB:47TrcaF(DA+DB) K
eq

BnlmtBi=Bniilm+1, (4)
dcurrently at: Silicon Technology Development, Texas Instruments, Dallas, ) ) ) )
TX 75243; electronic mail: s-chakravarthi@ti.com with associated rates given by the equations
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TABLE Il. Point defect parameters used for the simulations.

Parameter Pre-exponent Ener@v) Ref.
Dy (cré/s) 1x10°3 0.43 19
D\C¥ (cm™ts™Y 6.95x 107* 3.88 20
D, (cn¥ls) 0.158 1.37 21
D,C} (cmis™h 1.5x 108 4.95 22
K+ 5.68 0.26 31
Dgo (cné/s) 0.3 3.57 18
Dg+ (cnf/s) 1.8 3.57 18
I cap (NM) 0.27 0
FIG. 1. Cluster reactions considered in the full model as givealbjnitio
calculations(Ref. 17.
A. Kinetics
We first look at the kinetics of the different processes.
Bnlm+1 Concentrations of clusters that are in dynamic equilibrium
Rg | n=4mrP| Cg, Ci— ; 5 ) . " ynar q
n'm n'm KBnIm/l with the free interstitial and boron concentrations can be ex-

pressed as simple analytic expressiols.g., CBn'm
C.. C _CBn+l|m+l ©) =Kg, CgC["). Figure 2 shows the time evolution of cluster
Balm 1 Ke,,./8 | concentrations normalized by their equilibrium value

ne/~m H
Cluster energetics calculations from Catwetaal 1" were ECBn'm/KBn'mCBC') for each cluster species. A value of

used as the basis for the simulations, with ten different clus- 1~ indicates that the system is in dynamic equilibrium with
ters considered: Bl, B B,l, B,l,, Bal, Bsly, Buly By, Bs. the free B and I: These norr_nahzed values_ are ca_lculated at
The cluster energies used in the simulation are tabulated ifi!® Peak of the implant profile. Our analysis of this system
Table I. It should be noted that using dissociation energie&nds that most of the clusters rapidly achieve dynamic equi-
from Caturlaet al%” and following different pathways for the librium yv|th the free. t_)gron and |nFerst|t|aI concentrations,
formation of Bl and B,l, from B and | yields different bind- SU9gesting the possibility of reducing the number of equa-
ing energies. Hence, an intermediate energy was chosefions and parameters needed to describe the system. As
This choice does not change the relative stability of clustersS"OWn in Fig. 2, except for $ and Byl,, all the clusters
The large binding energies for the formation of Bug- re_ac_h dynamic equilibrium with the B and | cor!centra_\t_lons
gests the importance of;Bclusters. However, it is necessary Within 0.1 s. Bl and Byl, are also in local dynamic equilib-
to look at the kinetics and energetics of all these processes f§#M With each other as demonstrated by their overlapping
identify the number of equations and cluster concentration§Urves in Fig. 2.
that need to be solved to model this system. For example .
interstitial rich clusters may be more important in the pres-B' Energetics
ence of the higher interstitial supersaturations typical of the  We next identify the most stable clusters for interstitial
very early stages of annealing. The diffusivity of the boronsupersaturations characteristic of different annealing times.
interstitial can be calculated from the equilibrium boron Figure 3a) shows the equilibrium concentrations of the clus-
diffusivity'® combined with the B and Bi binding energy ters under conditions typical of the period befdBd1} de-
(Table ). Table Il shows the point defect parametersfects form. For high interstitial supersaturations representa-
used™®~?2 All simulations assume a+1 model” for inter-  tive of very short times(<1 9, Bl, can be present in
stitials following implantatiorf? significant numbers. This helps to immobilize boron atoms
initially. Note that the strong clustering keeps the free B and
thus the BIl, concentration low, and at such short times the

Rg . /8, =47 caPp,

TABLE I. Cluster energetics based on atomistic calculatig®ef. 17 used
for the full system.

E T
Reaction Binding energgeV) &)
= 104 | 1
B+I=BI 1.0 ‘@
B+I=B, 0.7 S
B,B=B,l 1.3 S o . [
B, +1=Byl 1.6 IS
B, +1=B,l, 1.2 F
Bl+B,=B,l, 1.5 3
BlI+1=BI, 14 104 .
By+I=Bsl 33 108 100 104
B,+B;=Bjl 2.8 Time (s)
B,l+B,=Bal, -0.1
B;l+1=Bgl, -13 FIG. 2. Simulations using the full cluster model of normalized cluster con-
B3l +Bj=B,l, 15 centrations(relative to their equilibrium valyeversus time for an 800 °C

anneal. Note that the curves foglBand Byl, overlap.
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- ’ . . . .
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r__
Ky=4mr o). (14

FIG. 3. Equilibrium cluster concentratioannlmCEC{“) vs free boron con-

centration at 800 °C for free interstitial concentration§af10°C}* charac- As BI, is the dominant cluster at short timgsee Fig.
teristic of very early stages of TED, arfd) 10°C}" typical of TED condi-

St A _ , 3(@], we can neglect the other small clusters. Sincg Bl
tions in the presence ¢811} defects. Initially, B} is the primary cluster and

helps immobilize the boron, whileBis the primary cluster during most of reac_hes local equ"lb“um quCKIYSee Fig. 2’ We Can. ap-
the anneal. proximate the BJ concentration by an analytic function of

the B and | concentrationsC@b:KB,ZCBC,Z). However,

adding the rate equation for Bis actually easier to imple-

ment and requires minimal computational overhead. A two-

moment model was used for modeling interstitial defects

({311 defects and dislocation loopsThis model was

characterizetf?® based on interstitial evaporation rates ob-

tained from quantitative transmission electron microscopy

(TEM). Using the same energies from Table | for both mod-

els, we compared our simplified model to the full system and

found that the results are virtually indistinguishable. Figure 4

shows an example of this comparison as well as data from

_ _ Intel’® for TED at 800°C for a X 10"cm2, 40 keV im-

The following conclusions can be made from the above, st similar agreement was obtained at higher and lower
analysis: temperature$700 and 900 °Cas well as for other implant

(i) The concentration of all the small clusters rapidly €nergies.
equilibrate with the free B and | concentrations. Based on the fact that B clustering is not seen for oxi-

(i) At short times, B} is the dominant cluster. dation enhanced diffusiofOED) experiments, Pelagt al?’

(i)  Atlonger times, Bl is the dominant cluster and needs suggest boron clusters must form via a more interstitial rich
to be solved numerica”y since it is present in non- pathway. However, we find it is not necessary to include a
equilibrium quantities. interstitial rich pathway to be consistent with OED experi-

ments. For example, Fig. 5 shows a simulation of a delta
Based on the above observations, we can simplify theloped boron layer under OED at 790 °C with a surface in-
system of immobile clusters from ten to that of jusfl.B terstitial supersaturation of 30. No significant clustering is

Since Bl forms via the unstable clustersB (Ref. 17 the  predicted by the model consistent with experimental

reactions observatiorf®

Bsl and Byl, concentrations are far below their equilibrium
values due to the slower formation rate of BFig. 2). Once
{311} defects form, the interstitial concentration drops. For
typical TED supersaturationsC(/Cf ~10%, the dominant
species is B, as shown in Fig. ®).

Ill. SIMPLE CLUSTER MODEL
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FIG. 4. Comparison of full model with the simplified model for a 40 keV FIG. 5. SIMS profiles for a B-doped superlattice after 790 °C anneal for 15

2x10%cm 2 B implant annealed at 800 °C for 1 h. Also shown for com- min in an oxidizing ambient, shown along with the simulation restdtsta

parison are secondary ion mass spectromiivS) data from Intel(Ref. from Ref. 28. Simulations show no clustering of boron under the relatively

26). Note that the full model and simple model show indistinguishable finallow interstitial injection conditions typical of OEDQ;/C{ ~30). This is in

profiles. The Bl concentrations for the two models are also nearly identical. agreement with experimental observations that moderately doped boron
marker layers do not trap interstitials during OED experiments.

IV. EXTENSION TO CHARGE STATES
and (21) in terms of the Fermi level dependent boron diffu-

The cluster models considered in earlier sections did nogivities available from equilibrium experimefts(D/ and
include charge states for the various clusters. However, sindgg)
clustering involves deactivation and formation of clusters of N
different charges, it is necessary to include cluster charge ()78 _ Cig)o ﬁ: Dg
states to be physically consistent. We have extended our K (g, o8, C(Bi)* Ci+ DUBK,+’
model based on charged defect calculations from Lenosky ) )
et al2® which conclude that the dominant charge states of thé/nereK,+ accounts for the Fermi level dependence of inter-
clusters we have identified as critical to modeling areStitia! concentratioff and is defined such that

(22

(Blp)*, (B,))° and (Bl)~. The boron diffusion model is . of P
based on recerab initio calculations®® Clustering proceeds C/ =K+C (n_) (23
|
as
The total rate of formation of (8) ~ is then
(B)) +B =(B,l)°+2e, (15)
Ree)s l:(kgﬁ/s |+k§g/s )
(B))°+B = (B,l)+e". (16) e R R TR
Since (Bl)° quickly reaches dynamic equilibrium with B <l c C<B—3I)*CI0 (24
)T 0_ vV 1
and B, (B) (B Kg,)-18,
p\? whereK g y-/g, is the equilibrium constant defined for E
Cp0=K& Cg-C (—) : 17 (B;) /By q a-
(B2 (BB =B (20) with
(B3l) ‘_ formation can prpceed by a reaction w(i)th] Bhich off 47T o P go
has either a net negative (B or neutral (B)° charge. kB_—,BZ.Z * off , (25
Hence, we can write ' Kg /8, Cpo(1+ 7’3;/520
(Bi) "+ (B, (B3l) +1°, (18 et [ AmreaPe(p/ny)
BB | Ko m Co(1+yo )|’ (26)
(By)%+ (Byl) %= (Bgl)~+17. (19) ' B /8AC10(1 T Yg0g,,
It should be noted that under extrinsic conditions, diffusion e =Dgo/(DCHK - Ke- /5. (27)
via (B;)° dominates (Rxp/n;), so Eq.(19) is the dominant Vel BOTLEIT ORI Re /By
athway. The reaction rates given by E and(19) are ff
P y g y EGE) (19 ')’giO/Bz|:DB*/(DIOCrEJKlJrKIO/(Bi)’KB;/BZI)- (28)
Cieyn-Cro . . .
Ris)-/8,=Ks-/8,| C8,)~Cia,0~ Ko oa | (200  The formation of (B})™ can proceed by these reactions,
C (B)°+17&(Bly ", (29
Cey-Cit 0. 10 Fan
R(Bi)O/BZ|:kBiO/BZ| C(BI)OC(BZI)O_m (21) (B|) +1 <:>(BI2) +e , (30)
v (B) +I1T=(Bly)t+e, (3D

Assuming ionization reactions are fast and that diffusivi- 0.0 . B
ties are independent of charge stfgg)-=D g0 andDo (B)"+17=(Bly) " +2e. (32
=D,+], we can write the equilibrium constants for E@0)  The overall net reaction rate is thus
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TABLE IIl. Cluster equilibrium constants after optimization in the simple
model including charge state effects.

Parameter Eqg. No. Prefactor Eg (eV)
K(g,)- /810 2x10°% 0.93
K(e,)o 15 2x10° % 1.2
Ke,)-/8, 18 1.66x 10 1° 4.7
K gyon+ 28 2x10°2 1.22

Ker.| C(g.10C ce, (33

Rgi,=Ka B)O“It T W |

2 2 (B Kg)on+
k 4 D D)1 L n 1 Dg n (39
=47a + +——— +—=—].
B, ( B; ) K+ n, Dg n,

V. COMPARISON TO DATA

The model parameters for the extended model were op-
timized to fit a wide range of data including the TED data
shown in previous section. Tables Il and lll tabulate the
point defect and boron clustering parameters used for all the
simulations shown below. Shown in Fig. 6 is comparison to
data from Intef® Similarly, Fig. 7 shows comparison to data
from Solmi and Baruffald? We find the boron cluster model
can also predict TED profiles for higher boron doses by in-
cluding a loop model for interstitials. Shown in Figs. 8 and 9
is comparison to dat&?® for 2 10*°cm™2, 40 and 20 keV
B implants annealed at 800 °C for 1 h. However, it should be
noted that this model is not sufficient for high dose, high
temperature anneals. For these cases, experiments show
sharp boron peaks suggestive of larger sized clusters. We
have successfully included larger size clusters to model such
data.

G B Concentration (cm-3) ® B Concentration (cm-3)

B Concentration (cm-3)

©
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FIG. 7. Comparison of simple model to experimental data for a 5

X 10%*cm™2 B implant annealed &) 800 °C for 30 min(b) 800 °C for 2 h
(c) 900 °C for 30 s. SIMS data from Ref. 12.
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g g 3 cluster model for modeling boron interstitial clusters. This
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FIG. 8. Comparison of simulation to experimental data for a 2
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Ref. 26.
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