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Radiation-enhanced diffusion of Sb and B in silicon during implantation below 400 °C
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We have investigated dopant-defect interactions during ion implantation of silicon into silicon by monitoring
the radiation-enhanced diffusion~RED! of Sb and B dopant diffusion markers. The RED of these dopant
markers has been investigated as a function of implant temperature (25–400 °C), implant dose
(1014–1016 cm22), and implant energy~2 MeV or 40 keV Si ions!. Experimental results are interpreted with
the aid of atomistic simulations that include detailed defect-defect and dopant-defect interactions. We demon-
strate that RED of B and Sb occurs at lower temperatures than previously reported~below 100 °C and 200 °C,
respectively! and the magnitude of this effect increases with implant temperature and dose. We also demon-
strate that RED of these dopants is only measurable within the damage cascades of the implanted ions, i.e.,
there is no observable long-range diffusion of defects during implantation. Significant differences in dose,
temperature, and depth dependence between B and Sb RED occur. Comparison of experimental and simulation
results indicates that these differences are due to the diffusion mechanisms of the dopants. Simulations also
demonstrate that the formation and dissolution of defect clusters during implantation plays a significant role in
the observed temperature and dose dependencies.

DOI: 10.1103/PhysRevB.69.125215 PACS number~s!: 61.72.Cc, 61.72.Ji, 61.80.Jh, 66.30.Jt
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I. INTRODUCTION

Dopant-defect interactions in ion-implanted silicon ha
attracted considerable interest for both fundamental and t
nological reasons. Ion implantation is widely used for dop
silicon in the fabrication of integrated circuits because of
precise control of dopant profiles it offers.1,2 In addition to
introducing dopant atoms into silicon, implantation also
troduces lattice damage in the form of native point defe
such as Si self-interstitials and vacancies, as well as m
complex defects. Hundreds to thousands of spatially co
lated interstitial and vacancy pairs are generated within
collision cascade created by each implanted ion. The ma
ity of these defects anneal during postimplant thermal p
cessing via interstitial-vacancy recombination.

It is well known that dopant diffusion in silicon is med
ated by native point defects.3 Substitutional dopant atoms As
migrate in silicon by pairing with either a Si self-interstitial
or a vacancy V, respectively, as follows:

As1I 5AI ~1!

or

As1V5AV, ~2!

where AI is a dopant interstitial pair and AV is a dopa
vacancy pair. It has been demonstrated that substitution
diffuses almost entirely~98%! by an interstitial~cy! mecha-
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nism @Eq. ~1!#, while substitutional Sb diffuses almost en
tirely ~99%! by a vacancy mechanism@Eq. ~2!#.3,4 Thus an
interstitial or vacancy supersaturation leads to a proportio
enhancement in the diffusion of B or Sb, respectively.

Many recent investigations have shown that dopant-de
interactions during postimplant thermal processing are do
nated by the net-excess defects induced by implantation,
the defects that remain after all of the spatially correla
interstitials and vacancies have recombined. For instance
transient enhanced diffusion~TED! of B is attributed to an
excess of interstitial defects that remain after the prim
interstitials and vacancies created by the implant h
recombined.3–8 For typical dopant implants and energies, t
number of excess interstitials is approximately equal to
number of implanted ions.7 Such a description of the net
excess point defects, also known as the plus one~‘‘ 11’’ !
approximation,8 has been used to model B TED with consi
erable success. Enhanced diffusion of Sb, a vacancy dif
ing dopant, has been observed in the near surface regio
silicon implanted with high-energy ions~MeV!. In this case,
an excess of vacancies over interstitials remains near the
face after recombination, while an excess of interstitials
present closer to the ions’ projected range.

Although the net-excess defect concentrations are on
small fraction of the total defects created by a particular i
plant, they are responsible for large enhancements in do
diffusion. As a result, the majority of dopant-defect stud
have focused on interactions that occur during postimp
©2004 The American Physical Society15-1
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anneals of implantation damage. In this work, dopant dif
sion during implantation has been investigated. The mec
nisms that are responsible for atomic diffusion in a so
during implantation can be generally described as ion-be
mixing.9 The effect of temperature is crucial in identifyin
the mechanism of the observed atomic mixing.10–13 For in-
stance, at low temperatures, where defects and dopant im
rities are not mobile~usually below 25 °C), the redistribu
tion of atoms during ion irradiation~implantation! is
dominated by collisional mixing.9 That is, the atoms migrate
by repeated collisional displacements within cascades of
lisions induced by the implanted ion. Collisional mixing
independent of substrate temperature and only depende
the material properties of the substrate, such as atomic m
atomic number, and the effective displacement energy of
atoms.10,11At high substrate temperatures (.1000 °C) dop-
ant diffusion during implantation is dominated by equili
rium diffusion, i.e., thermal defects, and is therefore te
perature dependent but independent of implant conditions
intermediate implant temperatures, atomic mixing is dom
nated by radiation-enhanced diffusion~RED!. In this case,
the observed dopant diffusion is due to dopant-defect p
@Eqs.~1! and~2!#, which are mobile during implantation.9 As
the defect concentrations created by the implanted ions
much larger than the equilibrium concentration, dopant d
fusion during implantation is greatly enhanced. In this te
perature regime, the defects created during implantation
mobile and anneal out by various mechanisms, such as
gration to surfaces or internal sinks and direct recombina
of interstitials and vacancies.13 Thus the supersaturation o
defects during implantation is set by the competition b
tween defect generation, which is related to the dose r
and defect annihilation, which depends on the mobility of
defects and therefore on substrate temperature.

Many ion-beam-mixing studies in crystalline silicon ha
been carried out with the use of broad implanted or pre
fused dopant profiles of either interstitial or vacancy diffu
ing dopants at temperatures greater than 500 °C. Radia
enhanced dopant diffusion in silicon during proto
implantation has been previously reported for B, P, and
doped layers, where implant temperatures were greater
500 °C.14–16In those studies the enhanced diffusion was
served to be independent of implant temperature, indica
that a steady-state defect concentration was reached for
ton bombardment at these temperatures. The enhanced
sion of Sb and B during self-implantation at temperatu
greater than 500 °C has also been reported.17,18In these cases
the enhancement in the Sb profile was also observed t
independent of temperature, while temperature depend
was observed during B implantation.

In this work, the RED of dopant markers was investiga
between 25 °C and 400 °C. Dopant thermal diffusion a
transient enhanced diffusion are minor effects at these t
peratures, while defect diffusion and evolution are sign
cant. Therefore, the observed RED of Sb and B marker
this work monitored the interaction of defect fluxes duri
ion implantation. Sb and B are used because of their com
mentary sensitivity during diffusion to vacancies and int
stitials, respectively. The steep profile of the dopant mark
12521
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make it possible to detect small amounts of diffusion th
occurred during implantation. The implants investigated
known to produce either a net excess of vacancies~2 MeV
implants! ~Refs. 19–21! or interstitials ~40 keV implants!
~Refs. 5 and 7! in the region of the dopant markers. Th
temperature and dose dependence of dopant diffusion du
implantation have been investigated. The interpretation
the data is discussed on the basis of atomistic simulat
that include detailed defect-defect and dopant-defect inte
tions.

II. EXPERIMENTAL AND SIMULATION CONDITIONS

Doping superlattices~DSL! containing a series of Sb- o
B-doped layers grown by low-temperature molecular-be
epitaxy22 on float-zone Si~100! substrates were used as d
fusion markers. They either contained three markers o
31018 B cm23 @Fig. 1~a!#, five Sb markers grown to alter
nate between 1019 Sb cm23 and 1018 Sb cm23 @Fig. 1~b!#, or
a series of six 10-nm-thick B and Sb layers spaced 100
apart with concentrations of 231018 B cm23 and
1019 Sb cm23, respectively~e.g., Fig. 4!. All DSL’s exhibited
equilibrium diffusion after postgrowth annealing at tempe
tures ranging from 790 °C to 850 °C, indicating that t
number of grown-in defects was negligible. A 1.7 MV ta
dem accelerator was used to implant samples with eithe
MeV or 40 keV 28 Si1 ions~projected range 1900 nm and 5
nm, respectively21! to a dose of 1014, 1015, or 1016 cm22

with a fixed current of 0.22mA cm22. Implants were per-
formed at five different temperatures of 25, 115, 200, 3
and 400 °C. Samples were heated to these temperatures
to implantation by an electric heater inside the sample ho
and the temperature was maintained throughout the impl
Temperature was monitored by a thermocouple on the
face of a dummy sample placed alongside the sample o

FIG. 1. SIMS depth profile of~a! B and~b! Sb marker samples
implanted with 2 MeV Si ions to a dose of 1016 cm22 at 115, 200,
or 400 °C.
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RADIATION-ENHANCED DIFFUSION OF Sb AND B IN . . . PHYSICAL REVIEW B69, 125215 ~2004!
terest and within the implanted area during each impla
Beam heating was therefore monitored and determined t
negligible. Dopant profiles were measured by secondary
mass spectrometry~SIMS! using a Cs1 sputter beam for Sb
DSL’s and an O2 beam for B DSL’s.

The determination of reliable diffusivities for the temper
ture and dose dependence of the Sb and B RED is dub
due to a number of complicating factors in the experimen
data and complexities of interaction within the collision ca
cades. For instance, the diffusion is observed to be n
Fickian in nature, demonstrated by the low-concentration
ponential tails. Similar diffusion behavior has be
previously observed in low-temperature B diffusion expe
ments and is indicative of a minority population of mob
dopant-defect pairs that have large migration lengths.23,24

However, application of this model is not straightforwa
due to the presence of intrinsic defect traps and those
duced by the large concentrations of implantation-indu
defects. Due to these effects the migration length is dep
dent on defect supersaturations and therefore on implant
ditions. Immobile peaks observed in both the B and Sb
fusion profiles are indicative of dopant clustering, which a
complicates the process of extracting meaningful diffus
ties. In addition, defect recombination, defect clustering,
fect trapping, and dopant-defect interactions, which all ta
place during implantation at elevated temperatures also c
plicate the accurate fitting of the RED profiles.

In light of the complications mentioned above, we ha
used an atomistic simulator~DADOS! ~Ref. 25! to assist in
the interpretation of the data and gain an understandin
the complex behavior of the observed Sb and B RED. In
simulations, the coordinates of interstitials and vacanc
were transferred to a kinetic Monte Carlo routine from
collision cascade simulation~MARLOWE! based on the bi-
nary collision approximation.26 Interstitials and vacancie
were given random jumps at a rate derived from their dif
sivities at the implant temperature. Interactions between
ticles leading to dopant diffusion, defect recombination, cl
tering and reemission from clusters, trapping, and detrapp
with native traps~e.g., carbon and oxygen! were included in
the simulations. Atoms were considered to interact wh
within a second-neighbor distance of each other. In addit
defects were created at the surface at a rate given by e
librium injection, while all defects that arrived at the surfa
annihilated via surface recombination. These two proces
fixed the surface-defect concentration at the thermal equ
rium values. The rates of all processes were determined
specific binding energies derived from molecular dynam
first-principle calculations, and experiments. The Si se
diffusion coefficients27 and the binding energy of interstitia
clusters28 were taken from experiments, whereas the bind
energy for vacancy clusters were obtained from theoret
calculations.29

In the simulation, the concentration of dopant-defect pa
was determined by the availability of free defects@Eqs. ~1!
and ~2!#. Since B diffuses by pairing with interstitials~and
Sb with vacancies! the enhanced B~Sb! diffusivity is propor-
tional to the number of interstitial~vacancy! ‘‘hops’’ per lat-
tice site, which is a measure of the number of opportuni
12521
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for a dopant atom to pair with an interstitial~vacancy!. The
number of interstitial B~BI! hops is proportional to the
amount of B diffusion and the number of interstitial an
vacancy hops is proportional to the time-averaged concen
tion of these free, mobile point defects, and therefore, to
diffusion of interstitial or vacancy diffusing dopants.30

Therefore, the diffusion is analyzed in terms of point defe
or dopants hops.

III. TEMPERATURE DEPENDENCE OF RADIATION-
ENHANCED DIFFUSION

In order to determine the mechanism responsible for
fusion of Sb and B atoms during implantation at tempe
tures from 25 to 400 °C, the temperature dependence of
fusion during implantation was first investigated. N
measurable amount of diffusion occurred for either Sb o
when the implant temperature was held at 25 °C~data not
shown!. Figure 1 contains Sb and B concentration profi
for samples implanted with 2 MeV Si ions to a dose
1016 cm22 at 115, 200, and 400 °C. There are several obs
vations of interest in Fig. 1. First, both the Sb and B dop
markers exhibit a large enhanced diffusion relative to th
equilibrium diffusion lengths at the implant temperatur
(,0.1 nm for both B and Sb!.3 Second, the amount of en
hanced diffusion for both dopants is temperature depend
However, the temperature dependence is not the sam
diffusion is observed in the samples implanted at 115 °
while Sb diffusion is not observed for that annealing te
perature, yet it is observed when the implant temperatur
200 °C. Based on the temperature dependence and large
fusion enhancements observed in Fig. 1, both collisio
mixing and thermal diffusion are ruled out as the domina
mechanisms of the dopant redistribution. It is conclud
from the data that RED dominates the atomic mixing occ
ring in these experiments, that is, defect-mediated diffus
occurs during implantation.

Simulation results for a 2 MeV, 1016 Si cm22 implant into
a B DSL at 25 °C and at 300 °C are shown in Fig. 2. In t
figure the number of diffusion hops per lattice site of isolat
interstitials, vacancies, and interstitial B (BI) atoms that oc-
cur during the implant are plotted versus depth. For the sa

FIG. 2. Plot of the number of hops per lattice site of Si inters
tials, vacancies, and interstitial B vs depth for a 2 MeV, 1016 cm22

Si implant into a B DSL at~a! 25 °C and~b! 300 °C, as simulated
by DADOS.
5-3
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VENEZIA, PELAZ, GOSSMANN, AGARWAL, AND HAYNES PHYSICAL REVIEW B69, 125215 ~2004!
energy and dose, implantation at 300 °C results in onl
slight increase in the number of mobile interstitials and
cancies compared to implantation at 25 °C. In the exp
mental data, B diffusion occurs for the elevated tempera
implant. The results in Fig. 2 are understood in terms of
detailed mechanisms of B diffusion. For instance, a subs
tional B atom (Bs) must first pair with a Si interstitial to
form a B-interstitial~BI! pair. Ab initio calculations by Zhu
et al.,31 indicate that the BI pair is a low mobility configura
tion. The BI pair must surmount an energy barrier of 1 eV
reach a higher mobility state, the BI configuration. Consid-
ering that the 1016 cm22 implant took'103 s, a BI complex
with vibrational frequency of 1013 s21 makes 1016 attempts
during the implant to surmount the 1 eV energy barrie30

The probability of the BI pair surmounting an energy barr
E at a given temperatureT is proportional to exp(2E/kBT),
wherekB is the Boltzmann constant. The number of succe
ful attempts becomes significant~larger than 1!, when the
substrate temperature is greater than 40 °C.32 Therefore, al-
though a large concentration of free interstitials is present
both conditions in Fig. 3, only the dopant-defect pairs t
form at the higher temperature can become mobile. This
soning is consistent with the experimental data in Fig. 2
which B RED only occurs for the substrate temperatu
greater than 25 °C.

The simulation used in this work did not include detail
mechanisms for Sb diffusion. However, we can apply
above reasoning to the case of Sb diffusion, whereby a s
stitutional Sb atom must pair with a free vacancy defect
diffuse. Experimental and theoretical results indicate that
migration energy of the Sb-V pair is 1.3–1.4 eV.33,34 With a
migration energy in this range, the substrate tempera
would have to be'150 °C or greater during the 2 MeV S
implant for the Sb-V pairs to diffuse, consistent with o
experimental results.

Above the temperature at which the dopant-defect p
become mobile, the amount of RED is affected by the c
centration of free defects created during the elevated t
perature implants. Figure 3 is a plot of the average conc
tration of interstitial and vacancy hops for simulations of

FIG. 3. Plot of the average number of interstitial or vacancy h
concentration per lattice site integrated over the depth that co
the dopant markers vs inverse temperature during a 2 MeV,
1016 cm22 Si implant into silicon as simulated by DADOS.
12521
a
-
i-
re
e
-

r

s-

r
t
a-
n
s

e
b-
o
e

re

rs
-
-

n-

MeV, 1016 cm22 Si implanted into a silicon substrate at tem
peratures ranging from 25 to 500 °C. The increase in de
hops with increased temperature indicates that more free
fects are available to enhance dopant diffusion during
plantation at higher substrate temperature. In the simulat
we assume that the number of interstitial-vacancy pairs p
duced in each cascade is independent of the implant temp
ture. The difference in the number of free interstitial or v
cancy hops is explained by the presence of defect traps
by the clustering and Ostwald ripening of defect clusters.
low temperatures, interstitials and vacancies generated
ing implantation can agglomerate into small immobile clu
ters and/or be trapped by C~Ref. 35! or O ~Ref. 36! respec-
tively, which are present in our samples to concentrations
1017 C cm23 and 1018 O cm23. As the implant temperature
is increased, defects are released from these traps and
small clusters as they anneal; for example, vacancy-oxy
and vacancy-vacancy pairs anneal above 300 °C. The t
perature dependence in Sb and B RED, observed experim
tally in Fig. 1, is most likely due to the differences in emi
sion rates of defects from traps and clusters at the diffe
implant temperatures.

IV. DOSE DEPENDENCE OF RADIATION-ENHANCED
DIFFUSION

The amount of RED is also observed to be dependen
implant dose. Figure 4 contains the concentration profiles
B and Sb DSL’s implanted with 2 MeV Si ions at 300 °C
a dose of 1014, 1015, or 1016 cm22. The amount of diffusion
is observed to increase for both B and Sb as the dose
creases, consistent with an increase in the concentratio
implantation-induced defects. It is interesting to note th

p
rs

FIG. 4. SIMS depth profile of~a! B and ~b! Sb DSL implanted
with 2 MeV Si ions to a dose of 1014, 1015, or 1016 cm22 at 300 °C.
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RADIATION-ENHANCED DIFFUSION OF Sb AND B IN . . . PHYSICAL REVIEW B69, 125215 ~2004!
even for the lowest dose of 1014 cm22 there is a measurabl
amount of RED for both Sb and B markers. However,
amount by which the diffusion is increasing with dose
different for Sb and B. The RED of B is more significant
lower doses than Sb. The RED of Sb increase only sligh
from 1014 to 1015 cm22 and much more drastically betwee
the 1015 and 1016 cm22 implants.

Figure 5 is a plot of the average interstitial or vacan
hops in the region of the dopant markers as a function
dose for a 2 MeV Si implant at a substrate temperature
300 °C. Since the temperature of the substrate is above
at which RED occurs for Sb and B, these simulation res
predict that the amount of RED would increase with impla
dose, consistent with experimental observations. Becaus
the competition between recombination, defect cluster
and trapping, it is not surprising that the RED does not
crease linearly with dose, or that the amount of incre
would be the same for Sb and B, since their diffusion
volves different types of defects.

The immobile fraction of the Sb and B peaks in Figs.
and 4 are indications that clustering of these dopants
occurred during the 2 MeV Si implants. Atomistic simul
tions have previously suggested that the clustering of i
implanted B proceeds from a precursor complex of B a
silicon interstitial atoms (BI2) which forms during implanta-
tion in the presence of the high concentrations of silic
interstitials and vacancies that exist prior to recombinatio37

The presence of a fraction of immobilized B atoms in t
RED data even at the highest temperatures and the hig
doses used is thus consistent with the formation of B co
plexes, as predicted by that model. Defect-assisted Sb c
tering has also been previously observed in implanted
profiles. Investigations demonstrate that the fraction of de
tivated Sb, in an Sb implanted profile, after annealing at l
temperature (,850 °C) is predominantly found in Sb-V
complexes and at higher temperatures (.850 °C) in precipi-
tates of higher-order Sb-V complexes.38 It is reasonable tha
the large concentrations of vacancies created during imp
tation in this work can readily pair with substitutional S
atoms, and the mobile Sb-V pairs and vacancies can m
these Sb-V pairs grow to higher-order clusters during
plantation, similar to the case of B clustering.

FIG. 5. Plot of the average number of interstitial or vacan
hops per lattice site over the depth that covers the dopant ma
vs implant dose during a 2 MeV Si implant into silicon at 300 °C,
as simulated by DADOS.
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V. EFFECT OF LOW-ENERGY IMPLANT
ON RADIATION-ENHANCED DIFFUSION

In Secs. III and IV, Sb and B RED were observed wh
high-energy ions were implanted through the dopant ma
ers. Figure 6 contains B and Sb profiles of samples implan
with medium energy, 40 keV Si ions at 300 °C to doses
1014 and 1016 cm22. Because of the elevated implant tem
perature, amorphizaton is prevented even in the highest d
case. Also included in the figure is the interstitial or vacan
profile of these implants as predicted by MARLOWE.26 For
these implant conditions, the ions come to rest inside
region of the dopant markers. RED is observed for both
and B after the 40 keV Si implant, similar to that observed
the MeV Si implanted samples. However, in this case o
the shallow Sb and B markers that are within the dam
profile exhibit RED, demonstrating that the depth to whi
this effect is measurable scales with the depth of the dam
profile created by the implanted ions.

Figure 7 is a plot of the vacancy-, interstitial-, and inte
stitial B- hop concentration for a simulation of a 40 keV
implant into a B DSL at 300 °C to a dose of 1014 cm22, Fig.
7~a!, or 1016 cm22, Fig. 7~b!. For B, the depth dependenc
of diffusion ~the BI hops! tracks the interstitial-hop concen
tration profile. The defect-hop profile only extends as far
the damage profile of the 40 keV Si implant, as predicted
MARLOWE ~shown as the dashed and dark solid lines
Fig. 6!. Thus the defects that are created during implantat
are only mobile and able to enhance dopant diffusion fo
short time and distance after creation due to rapid recom
nation and/or trapping. Although a low-energy implant r

rs

FIG. 6. SIMS depth profiles of~a! B and~b! Sb DSL implanted
with 40 keV Si ions to a dose of 1014 or 1016 cm22 at 300 °C.
Included in each figure are the interstitials~in 3a! or vacancy~in 3b!
profiles generated by a 40 keV Si implant of dose 1014 ~darker solid
line! and 1016 cm22 ~dashed line!.
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VENEZIA, PELAZ, GOSSMANN, AGARWAL, AND HAYNES PHYSICAL REVIEW B69, 125215 ~2004!
sults in an interstitial excess in the region of the dop
markers, Fig. 7 shows similar number of hops for interstiti
and vacancies. This is because we are monitoring the h
during the implant produced by the total generated defe
and not only the excess defects. However, the RED of B
observed to occur'100 nm deeper than it occurs for S
during a 40 keV Si implant at 300 °C, Fig. 6. Since t
activation energy for Sb diffusion is larger than it is for B,3 a
higher concentration of vacancies are needed to cause
RED than the concentration of interstitials that are neede
result in a similar B RED. The shallower RED of Sb mar
ers, when compared to B markers, may therefore be a re
of the concentration of vacancies in the tail of the 40 k
profile being too low to result in a measurable amount of
RED. Also, as discussed previously, the different trapp
mechanisms for interstitials and vacancies may result i
lower concentration of mobile vacancies over interstitia
The depth to which B RED is observed in this work is co
sistent with the depth to which interstitial deactivation of
in CZ silicon is observed for a similar 40 keV Si implant.39

In that work, the deactivation of B during room-temperatu
implantation was attributed to the interstitials pairing w
the B atoms to form B-I pairs, which are stable at roo
temperature.

VI. RADIATION-ENHANCED DIFFUSION
AND TRANSIENT ENHANCED DIFFUSION

For both Sb and B, RED was observed when DSL’s w
implanted with 40 keV Si ions or with 2 MeV Si ions. Man
experiments have demonstrated that implantation of Si w
such a 40 keV Si implant produces a net excess of inte

FIG. 7. Plot of the interstitial, vacancy and interstitial B ho
concentrations vs depth during a 40 keV Si implant into a B DSL
300 °C to a doses of~a! 1014 cm22 and ~b! 1016 cm22.
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tials in the region of the dopant markers, resulting in e
hanced B diffusion during postimplant annealing. An e
hanced Sb diffusion has been observed after postimp
annealing of a 2 MeV Si implant into similar Sb DSL’s as
used in this work. Implantation of silicon with MeV Si ion
has also been shown to eliminate the interstitial excess
causes B TED. These experiments indicate that an exce
vacancy-type defects results in the near surface~the dopant
marker region! region of silicon implanted by high-energy S
ions. Although the net-excess defects from the 40 keV an
MeV Si implant are complementary, interstitials versus v
cancies, RED is observed for both Sb and B for both i
plants. This observation indicates that the dopant diffus
during implantation in these experiments proceeds fr
dopant-defect pairing prior to recombination and is theref
related to the initial or total defect profile created by t
damage cascades of the implanted ions, rather than the
excess that is responsible for TED.

Figure 8 demonstrates diffusion occurring prior to reco
bination of interstitial-vacancy pairs~RED! and after recom-
bination ~TED!, i.e., the net excess. The figure shows co
centration profiles of B DSL implanted with 2 MeV Si ion
to a dose of 1016 cm22 at 60 °C, where one sample wa
subsequently annealed at 810 °C for 900 s. Included in
figure is the as-grown or initial B profile and the profile fro
a sample which was not implanted but was annealed
810 °C for 900 s, as a reference. Comparing the as-gro
profile to the as-implanted profile, it is clear that some RE
occurred during self-implantations. As a result, the pro
from the MeV-implanted and annealed sample is a convo
tion of the RED and the diffusion after postimplant anne
ing. To account for RED, the profile of the implanted a
annealed sample must be compared to that of the
implanted profile, not the as-grown profile, to extract a c
rect diffusivity. Diffusivities were extracted by solving th
diffusion equation derived from the kickout mechanism w
the resulting concentration dependent diffusivity as variab
An optimization shell varies the diffusivity until the best fi
between experimental diffused profile and simulated diffus
profile is found.40 When this is done, as shown in Fig. 9, it
clear that after implantation there is no further enhancem
in B diffusion as a result of annealing. Therefore, there is

t

FIG. 8. SIMS depth profiles of a B DSL: as-grown, annealed
800 °C for 900 s, implanted with 2 MeV Si ions to a dose
1016 cm22 at 60 °C ~as-implanted!, and 2 MeV Si implanted and
annealed at 810 °C for 900 s.
5-6
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RADIATION-ENHANCED DIFFUSION OF Sb AND B IN . . . PHYSICAL REVIEW B69, 125215 ~2004!
appreciable interstitial supersaturation in this region a
recombination.41

When this same experiment was done with Sb DSL’s,
measurable RED was observed, but a;203 enhancement in
Sb diffusion occurred during the 810 °C anneal, Fig. 9. It
thus concluded that after recombination is complete this
gion is dominated by a net excess of vacancy-type defe
Our observations are in contrast to the suggestion mad
Ref. 20 that diffusion of both Sb and B were enhanced d
ing an 810 °C anneal after the 2 MeV Si implant. Based
the experiments reported in this paper, it is likely that t
diffusion of B observed in that experiment was largely dom
nated by RED. Unfortunately the as-implanted profiles w
not measured in that experiment, and the diffusivity was
tracted by comparing directly the as-grown B and Sb profi
to those after anneal.

VII. CONCLUSIONS

In this work the diffusion of dopants during implantatio
at elevated temperatures (.25 °C) was investigated. Thi
diffusion was shown to be temperature dependent and
hanced over equilibrium~thermal! diffusion, and was deter
mined to be RED dominated. The RED of both Sb and B w
observed for implanted ions that pass through these do
markers, 2 MeV Si ions, and for implants that come to r
inside the dopant markers, 40 keV Si implants. With the
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FIG. 9. Time-averaged diffusivity enhancements vs depth fo
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of Monte Carlo simulations that account for defects gen
ated during implantation and dopant-defect pairing, the te
perature, dose, and energy dependence of RED was
plained. For a given dopant, the onset of RED is depend
on the specific energetics of the dopant-defect pair. For
stance, the energy barrier to form a mobile B-interstit
complex is lower than that of a mobile Sb-V complex, r
sulting in RED of B occurring at a lower temperature th
for the Sb case. Above the temperature at which mob
dopant-defect pairs form, the temperature dependence
RED is due to that of the free defect concentration, which
determined by the energetics of defect clustering and tr
ping and detrapping. RED occurs within the damage casc
of the implant, and is therefore depth dependent with
energy of the implant. Investigations of Sb and B, comp
mentary diffusing dopants, demonstrate that RED is cau
by the defects generated during implantation, prior to reco
bination or trapping. Since the total number of Frenkel pa
is much larger than the excess defect generated by the
plant, RED is independent of the type of excess defect~in-
terstitial or vacancy! present in the damaged region. Ther
fore, it appears both for interstitial and vacancy diffusi
dopants. During implantations at low temperatures defe
accumulate without much diffusion or interaction. During t
postimplant anneals their recombination takes place quic
within few diffusion hops and only the excess of one def
over the other remains. These defects cluster and dissolv
diffusion to and annihilation at the surface. On their way
the surface, the excess defects may interact with dopan
oms causing enhanced diffusion. Therefore, only dopa
that interact with the excess defect will diffuse durin
postimplant thermal processing. The total diffusion observ
for coimplanted dopants in silicon at even moderately
evated temperatures (.25 °C), followed by postimplant an
nealing at higher temperature is therefore a convolution
diffusion occurring prior to defect recombination, RED, a
after recombination has occurred, TED.
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