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Implanted B and P dopants in Si exhibit transient enhanced diffy3i&b) during annealing which

arises from the excess interstitials generated by the implant. In order to study the mechanisms of
TED, transmission electron microscopy measurements of implantation damage were combined with
B diffusion experiments using doping marker structures grown by molecular-beam eMBE).
Damage from nonamorphizing Si implants at doses ranging frerh0& to 1x10cn? evolves

into a distribution of{311} interstitial agglomerates during the initial annealing stages at 670—
815 °C. The excess interstitial concentration contained in these defects roughly equals the implanted
ion dose, an observation that is corroborated by atomistic Monte Carlo simulations of implantation
and annealing processes. The injection of interstitials from the damage region involves the
dissolution of{311}; defects during Ostwald ripening with an activation energy oft21& eV. The
excess interstitials drive substitutional B into electrically inactive, metastable clusters of presumably
two or three B atoms at concentrations below the solid solubility, thus explaining the generally
observed immobile B peak during TED of ion-implanted B. Injected interstitials undergo retarded
diffusion in the MBE-grown Si with an effective migration energy-6e8.5 eV, which arises from
trapping at substitutional C. The concept of trap-limited diffusion provides a stepping stone for
understanding the enormous disparity among published values for the interstitial diffusivity in Si.
The population of excess interstitials is strongly reduced by incorporating substitutional C in Si to
levels of ~10'%cm? prior to ion implantation. This provides a promising method for suppressing
TED, thus enabling shallow junction formation in future Si devices through dopant implantation.
The present insights have been implemented into a process simulator, allowing for a significant
improvement of the predictive modeling of TED. ®&397 American Institute of Physics.
[S0021-897€97)02101-4

I. INTRODUCTION annealing conditions is only-25 A2 The nonequilibrium
diffusion vanishes for longer annealing tinfe$, which is
The advancing miniaturization of Si integrated circuits the transient signature of TED. An additional feature of TED
continues to expose severe gaps in our understanding of the Fig. 1 is that the peak portion of the B profile above
role of defects and impurities in Si processing. A striking 10'¥cm? is not electrically activated and has remained im-
example is the phenomenon of transient enhanced diffusiomobile during annealing. This is remarkable in view of the
(TED) which occurs when ion-implanted dopants in crystal-fact that the equilibrium solubility of B at 800 °C is higher
line silicon (c-Si), such as B and P, are subjected to thermathan 13%cm®, suggesting that the entire B profile should be
annealing. The process of enhanced dopant diffusion wasoluble and mobile.
first recognized more than 20 years ago by Hofieal! The It is by now well established that the anomalous diffu-
phenomenon has been extensively investigated in the pasion of ion-implanted B and P arises from excess Si self-
decad€™® and its basic features have been wellinterstitials that are generated by the implant. The interstitials
characterized™** As an illustration, Fig. 1 shows enhanced | couple with substitutional dopant atonds through the
diffusion for a shallow B profile implanted into float-zone reaction
(F2) crystalline silicon. Upon annealing at 800 °C for 35
min, B in the tail of the implanted profile has diffused over A tjoA | (1)
~700 A, whereas the equilibrium diffusion length for these
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A more pressing uncertainty in modeling TED is the
number of interstitials arising from the implant which con-
_As'_implm'ﬂed, 1.;X1O,4/'cm2, 3'0 o B' ] tribute to the enhanced diffusion. It was propd’g_adat the
— -Diffused, 800 °C, 35 min implanted atom causes a net imbalance in the ion-generated
* Diffused, carrier concentration population of interstitials and vacanciedJpon annealing,
interstitials and vacancies quickly recombine to restore the
damaged lattice, leaving one atom per implanted ion which
4 cannot be annealed out immediately. The supersaturation of
interstitials during TED is thought to arise from this one
excess interstitial per ion, rather than from the entire ion-
generated distribution of interstitials; this has become known
' as the “+1" model. Although this simple model provides an
estimate for the level of interstitials injected during TED, it
+ Y 5!',“ has never been verified experimentally. Furthermore, it is not
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Depth (um) neously from the initial distribution, or whether their rate of

injection is limited by interstitial clusteringFinally, model-
FIG. 1._Sec0ndary—i0n—mass spectrome(ﬂiyes) and spreading resistance ing the evolution of interstitial damage requires detailed
(solid circles measurements of an implanted B proffle5x10*/cn?, 30 o " . .
keV 19B) before and after transient enhanced diffusion at 800 °C for 35 min.knowIedge of the rate at which interstitials recombine, either
at the surface or in the bulk, a process which is still poorly
understood.
Another ambiguous feature of TED is the fact that the
peak portion of implanted B profiles remains static and inac-
@) tivated upon annealing when an apparent critical dopant con-
centration is exceedéd;!! as also demonstrated in Fig. 1. It
was proposed that this effect arises from the large super-
whereD% denotes the dopant diffusivity under equilibrium saturation of B atoms in interstitial positions leading to an
conditions and|*] the equilibrium interstitial concentration. effective lowering of the equilibrium solubility limit of B in
Although TED is minimal under rapid thermal annealing Si- Alternatively, the anomalous B diffusion was ascribed to
conditions(e.g., 1000 °C, 5)¢ it becomes more and more the trapping of B at extended defeCtsy was explained in
pronounced and critical with the continuing trend of reduc-terms of an enhanced coupling between B and neutral
ing the thermal budget in device manufacturing. Hence, TEDnNterstitials?® The latter model was based on the observation
now threatens to impose severe limitations on the minimunihat the kink in the dopant profiles after TED appears to be
device dimensions attainable in next generation devices. |gorrelated with the intrinsic carrier concentration. In a recent
addition, it has been shown that the lateral coupling betweegrticle on process simulatioRthe rather unphysical as-
excess interstitials and dopants is responsible for the sgumption was made that the incomplete B activation results
called reverse-short-channel effé&t*which encumbers the from the formation of immobile, isolated B interstitials
scalability of metal—oxide—semiconductéMOS) transis- through a kick-out reaction with Si interstitials. Each of the
tors. At present, simulation tools designed to predict dopanabove explanations allows for a sufficient number of free
diffusion during device processing are not capable of dealingparameters to enable fitting of the diffused dopant profiles
with TED in a satisfactory manner. From this perspective, itthrough process simulations, a situation which calls for de-
is crucial to improve our understanding of the physicalcisive experiments.
mechanisms of TED. An additional scientific challenge is the  In the past years, many of the detailed aspects of TED
development of processing-compatible methods for suphave been investigated by utilizing dopant marker layers in
pressing interstitial-enhanced dopant diffusion. diffusion experimenté?=3® These experiments were de-
Among the uncertain factors which preclude accuratesigned to detect the effect of interstitial injection from a lo-
modeling of TED are the diffusion coefficie®®, and the calized sourcée.g., implantation damage, oxidizing surface
equilibrium concentratiofil *] of the Si self-interstitial. As on well-separated dopant profiles. In the experiments pre-
shown in a recent article by Bracht, Stolwijk, and Mefiter sented in this article, diffusion studies using dopant superlat-
studies on self-diffusiolf and metal diffusiof?’!”in Si have tice structures were linked to damage measurements using
yielded reasonably consistent values for the mass transparansmission electron microscogf EM).2® This combina-
properties in Si, which implicitly contains the product tion has yielded a wealth of information about the mecha-
D,[1*]. Separate determinations &, and[I*],'® on the nisms of TED, and has significantly improved our insights
other hand, have resulted in an enormous spread in thegato the source of interstitials during TED, the diffusion be-
parameters. As suggested by Griffinal ¥ and by Cowerf?  havior of interstitials in Si, and the mechanism through
the discrepancies in the values Oy could be explained on which B is immobilized during TED.
the basis of trap-limited interstitial diffusion; however, no Several methods have been published through which the
consensus has been reached until now about the nature ioterstitial-enhanced dopant diffusion can be suppressed. A
these intrinsic traps in silicon. significant reduction in TED can be achieved by amorphiz-
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ing the c-Si substrate prior to dopant implantation and Additional diffusion measurements were performed for
annealing’’*® however, it has proven to be difficult to con- B marker layers implanted into FZ Si wafeis-type doping,
trol the defect band located at the original amorphous SiL00 ) cm, 100 orientationusing a tandem accelerator. The
(a-Si)/c-Si interface, which can result in increased junctiondetailed preparation scheme has been given in Ref. 47. In
leakage. Furthermore, additional interstitials will be emittedbrief, FZ wafers were amorphized at liquid-nitrogen tem-
from the defect band during further thermal processing thugerature by implanting 0.5, 1, and 2 MeV Si at a dose of
causing TED to persist. It has also been demonstrated th&tx10'%cn? each. The amorphized layers were subsequently
the TED of near-surface B implants can be greatly reduceimplanted with 2.%10"cn?, 60 keV B and &10/cn?,
by superimposing a high-energieV) Si implant before 400 keV B. The implanted samples were annealed after im-
annealing®® Although this reduction was originally ascribed plantation leading to regrowth of the amorphized layer
to the trapping of interstitials at the stable dislocation dam+through solid-phase epitax{8PB and full activation of the
age formed by the deepest impldnit is more likely caused implanted B, as ascertained from spreading resistance profil-
by the excess vacancies in the near-surface region generatgg (SRP.*’
by the high-energy implarff. Again, implementation of this Damage and diffusion experiments were also carried out
recipe for suppressing TED might be precluded by the detrion FZ and MBE samples which were intentionally doped
mental effects of the buried damage layers. Recently, it hagith relatively high levels of C or B. Samples with increased
been reported that C coimplantation can be used to reduag contents were prepared using two methods. First, the
TED of B.****This reduction has been attribuféd®to the  amount of C incorporated in MBE-grown superlattices was
fact that the implanted C provides a sink for excess interstienhanced by introducing acetylene gas in the MBE chamber
tials during annealing. The efficacy of C coimplantation inthrough a leak valve. As measured by secondary-ion-mass
suppressing TED is limited by the fact that the C needs tapectroscopySIMS) at a sputtering rate of 12 A/s using a 3
getter its own interstitial damage in addition to the intersti-ke\y Cs" beam, the background C level increases from
tials from the dopant implarif. It could therefore be more 108/ for the standard growth conditions to<20'%cm®
efficient to incorporate substitutional C mSi before im-  for growth under an acetylene pressure of 10orr. The C
planting the dopant species, which is an additional subject ghcorporation at the B doping spikes is increased by a factor
research in this article. of 3 due to growth interrupts. TEM analysis shows no carbon

This article is OrganiZEd as follows. Section Il deSCfibeSpreCipitation upon annea”ng the C-rich silicon |ayers at
the experimental details of the present work. The comple1ggg °C for 1 h, indicating that the incorporated C remains
mentary TEM and diffusion experiments are presented iypstitutional up to high temperatures.
Secs. Ill and 1V, respectively. Section V elaborates on an | 3 second scheme for achieving C doping, MBE-grown
interstitial-driven clustering mechanism of B. It is demon- superlattices and FZ Qi00) wafers were amorphized to a
strated in Sec. VI that incorporating substitutional Gc#$i  gepth of 2um at~77 K using 0.5, 1, and 2 MeV Si implants
is successful in suppressing TED. Furthermore, Sec. VI disgy g total fluence of 1.810'%cm?. Some samples were im-
cusses in detail how the presence of C in Si is thought igyanted with C at multiple energies ranging from 10 to 400
affect the diffusion of interstitials in marker layer experi- ke with doses chosen to approximate a uniform C doping
ments and metal diffusion studies. In Sec. VIl a Monte Carlggyg| o a depth of-1 um. Other samples were implanted at
diffusion code is presented which was developed to enricly gjngle energy so as to obtain a buried peak of high C
our understanding of the detailed defect-dopant interactionsyient. After the C implants samples were annealed in
during annealing. Finally, to illustrate the improvements that, ;- ,um at 500 °C for 1 h, 600 °C for 2 h, and 790 or 900 °C
have been made, Sgc. VIl shows hoyv the present results hayg: 15 min to regrow the-Si layer by SPE and dissolve the
been implemented into a process simulator. implanted C in thec-Si lattice. It should be noted that C is

known to regrow onto substitutional sites during SPEi
for C levels as high as-1 at. %%

II. EXPERIMENT Heavily boron-doped silicon substrates were prepared by
AS | ) the following procedure. Six FZ100 silicon wafers(B
- Sample preparation doped, 1Q cm) were first oxidized in dry @at 1000 °C to

The present experiments were designed to investigat®rm a 20-nm-thick screen oxide. Boron was then introduced
how implantation damage in silicon evolves during annealinto five of these wafers by ion implantation B at 120
ing, and how it affects the diffusion of dopant atoms. ThekeV to various doses, followed by annealing at 1050 °C for 2
structure and evolution of implantation damage was identih. This anneal accomplished two objectives: It removed all
fied by means of cross-sectional and plan-view TEM. Dopanbf the observable implantation damage caused by the B im-
diffusion was measured with high sensitivity by using spe-plant, and it diffused the implanted B profile uniformly over
cial marker layer structures grown by low-temperaturea considerable depth. The implantation and annealing condi-
molecular-beam epitax§MBE).*® These structures consisted tions had been chosen with the help of the process simulator
of 600-nm-thick films of Si grown on S{100 substrates PROPHET® to produce B profiles that were uniforfwithin
(FZ, P-doped to 10002 cm), containing 10-nm-wide spikes 10%) over a distance of at least 300 nm from the surface.
of substitutional B. The dopant spikes were separated bfhe implanted®8 doses were 810*¥cn?, and 2, 3, 4, and
~100 nm, with each spike containing X30™ or 1.5x10"*  6x10"cn?, producing boron concentratiofi8] of 1, 3, 5,
Blcn?. 7x10'% and 1x10'%cn?, respectively, in the uniform sur-
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face region after the diffusion anneal. Spreading resistance O PRI OO Y
. xS {/ " (* .
measurements were used to verify the quoted B concentra- _‘g‘/’:,‘ 1 A Ll ‘I;ﬂ
tions and depth distributions. The sixth oxidized wafer re- 5% X oo ; "y
ceived no'°B implant and was used as a reference. e o ., " & ! x
SR : o
W

5 ‘!ll

B. Implants, annealing, and diffusion §;‘§ _'i

Low-energy implant§<<70 keV) were performed by ex- O,

tracting negatively charged ions from a sputter source biased ::::“:“
at the desired voltage, without net acceleration inside the (%
tandem accelerator. The standard procedure to introduce EEXIoK
near-surface implantation damage in silicon samples con- i
sisted of room-temperature implants of 40 keV @it dose Xododd
rates of (1.3=0.6)x 10" ions/cnf/s to total doses ranging
from 5x10' to 5x10* jons/cnf. A typical B doping im-
plant was done at room temperature using a 60 ke¥dam FIG_. 2. Cross—sectic_)n h_igh—resolution electron micrograph shoy#id}

at a dose of 7.810¥cr?, which corresponds to implanting 20t Plane. and typical image contrast{B.L; defects.

30 keV B to a dose of 1.810%cn?.

After implantation, samples were chemically cleaned byj||. INTERSTITIAL INJECTION
successive rinsing with trichloroethylene, acetone, an% Results
methanol, followed by a standard RCA cleaning step. Priof
to being annealed, samples received a 20 s dip in a 1:20 This section presents TEM studies of the annealing be-
diluted solution of HF. Most anneals were carried out in ahavior of ion-implanted FZ samples. Identical implantation
conventional tube furnace with a base vacuum pressure wedind annealing conditions were used to study interstitial-
below 10’ mbar. Samples were carried by a support waferenhanced diffusion in B marker layer structu@ec. I\),
in a quartz boat and annealed in vacuum or under formingvhich will enable a direct link between implantation damage
gas(85% N,, 15% H,, flow rate 1.5//min). Varying be- and TED.
tween these two annealing ambients was found not to affect Figure 2 shows a cross-section electron micrograph of a
the present nonequilibrium damage and diffusion experifZ sample that was implanted with 40 keV Sk 50" /cn?
ments to a measurable extent, provided that the furnace seand annealed at 815 °C for 15 s using RTA. The high-
tings were changed to compensate for temperature shifts.resolution image of Fig. 2 clearly demonstrates the presence
Other gas flow conditions have occasionally been used andf a defect with 311 habit plane. A series of cross-section
are specified in this article where necessary. images demonstrates that these defects are confined to the

The furnace temperature settings were carefully calitop 0.1 um surface region of the sample. Plan-view analysis
brated in separate runs using a thermocouple mounted at tlsfiows a high concentration of elongated defects alaag)
exact location of the samples. Temperature differences badlirections, see Fig. 3, and this appearance is consistent with
tween annealing in vacuum and under gas flow were meahe notorious “rodlike” or “{311 defects.”>3 These defects
sured to be as high as, for instance40 °C for a furnace consist of an agglomeration of excess Si self-interstitials and
setting temperature of 700 °C. The temperatures quoted iare known to form in response to the nonequilibrium injec-
the remainder of this article are the calibrated values of théion of interstitials resulting from oxidatioi, electron
actual sample temperature during annealing, which are bdombardment® or ion implantatior’*>® Although {311}
lieved to be accurate to within 10 °C. Some samples werdave recently been presented as a band of interstitials on a
subjected to a rapid thermal annealifl@TA) step under compact disk®®’ it is generally recognized th4811} inter-
forming gas flow. In that case, the temperature was calistitial clusters have an anisotropic, elongated shape. For a
brated to within 25 °C by measuring the rates of SPE redetailed discussion on the structural propertieg3ifl} de-
growth of ion-beam-amorphized layers on (180 fects, the reader is referred to a recent review article by
substrates! Takeda and co-workers.

In order to study interstitial-enhanced diffusion, ion- Cross-section and plan-view microscopy were combined
damaged B superlattices were annealed under various theo follow the evolution of311 defects during annealing. As
mal conditions. Boron depth profiles before and after diffu-is clear from Fig. 3, the areal density {§11 defects drops
sion were obtained by SIMS at a sputtering rate of 4 A/sby several orders of magnitude upon increasing the anneal-
using 2 keV @ . The time-averaged intrinsic B diffusivity ing time at 815 °C from 5 to 30 s. Simultaneously, the aver-
(DY was derived from each diffused doping spike using theage length of the defects increases from roughly 5 to 20 nm.
optimization procedure described elsewh@r& The B spike  No defects were detectable for annealing times in excess of 5
confined to ion-damaged regions has been excluded in thmin, suggesting complete damage dissolution. The quantita-
diffusion analysis, as it is unclea priori to what extent tive measurements of defect density and average defect size,
the diffusion of this spike is perturbed by the implantationas summarized in Fig. 4, were used to calculate the number
damage. of interstitials contained 4311 defects>® Figure 5 shows
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FIG. 5. Transmission electron microscopy measurements of the total inter-
stitial areal density ig311} defects as a function of annealing time. Data are
shown for float-zone Si samples which were implanted witi8%¥/cn?, 40

keV Si and annealed in forming gas at various temperatures.

It is noteworthy that the interstitial density {811 de-
fects in the initial annealing stagé€Big. 6) is similar to the
implanted Si dose of 810"¥cn?. Apparently, about one ex-
cess interstitial is formed for each implanted ion during an-
nealing, in accordance with thel model. This observation
is reconfirmed by measurements of the interstitial density as
a function of ion dose in Fig. 7, which demonstrate-a.4
dependence. It should be noted that{841 defects were
observed for implantation doses belowsx 10'%/cn.

Figure 8 shows TEM measurements of the number of
interstitials contained if311 defects for samples which
o ) were doped with a high B backgrouridee Sec. Il for de-
~4 h at 670 °C. It should be noted that the width{8LL  (ajiq) |n similar experiments, FZ substrates were controlla-
defects could not be accurately measured for very short asly doped with a uniform C level by ion-beam amorphization
nealing times, while the statistics for the defect density ar)¢ 1o substrates followed by a series of C implants and
rather poor in the final stage of tH811; decay. These un- gnjtayial regrowth(Sec. I), and the results are shown in Fig.
certainties could imply that the decay curves are not purelyy g types of samples were implanted with 60 keV Si,
exponential as in Fig. 5, but are likely to be more convexy s 104cn?, and annealed at 740 °C for 15 min. It is clear

instead. The decay rates derived from the exponential fitS i 5t the interstitial density if811} defects decreases strongly
Fig. 5 are reproduced in the Arrhenius graph of Fig. 6, showyiyh, increasing B or C content. It thus appears that substitu-
ing an activation energy of 3:80.2 eV for the dissolution of

{311} defects.

FIG. 3. Plan-view(220 dark-field images of FZ silicon implanted with
5Xx10%cn?, 40 keV Si after rapid thermal annealing at 815 °C far5 s,
(b) 30 s.

that the areal interstitial density falls off exponentially with
characteristic decay times ranging from?0 s at 815 °C to
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FIG. 4. Development of the density and the average leng{B1E defects

during annealing at 815 °C.
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FIG. 6. Arrhenius graph of the time constant {811 decay derived from
the annealing curves in Fig. 5.
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during the early stages of annealing for 60 keV Si implants into float-zone

silicon. FIG. 9. Density of interstitials if311} defects observed after annealing a
1x10%cm?, 60 keV Si implant at 740 °C for 15 min, as a function of the C
background doping level.

tional B and C reduce the formation ¢811} defects; the

implications of this observation are discussed extensively in

Secs. V and VI of this article. that interstitials are emitted from and recaptured{Bg1}

For implantation doses exceeding1x10“cn?, the defects, favoring the growth of largére., more stablede-

damage annealing behavior in FZ samples becomes mofécts at the expense of smaller ones. However, as interstitials

complex in that dislocation loops are observed in addition tcre lost from the damage region through diffusion to the

{311 defects>®° The defects observ@dupon annealing a surface or into the bulk of the material, the interstitial content

1.5x10"/cn?, 145 keV Si implant at 900 °C for 15 min are held by{311 defects gradually decreases with time.

predominantlyi111] Frank loops frequently arranged in lin- The presence diB11} defects implies that the interstitial

ear chains, suggesting that the loops may form from th&€oncentration in the interior of the implanted sample is main-

1-um-long rodlike defects seen at lower doses and shortelgined above equilibrium. Hence, the interstitials which are

anneals. gradually lost from thé311 defect distribution will give rise
to enhanced dopant diffusion when they are captured by a
B. Discussion dopant atom. Therefore, the evaporatiof3#1; defects will

determine the time scale and the instantaneous strength with

In the dose range from>610*% to ~1x10'%cn?, {311 which TED takes place. It is shown in the following section
defects are the only defect structures visible at the peak ghat the time scales for enhanced B diffusion in marker layer
the implant damage during annealing. The observation thatxperiments are indeed consistent with {821} decay rates
the defect density drops while the average defect size inn Fig. 5. The presently derived activation energy for inter-
creasesFig. 4) is indicative of Ostwald ripening. This shows stitial injection of 3.8-0.2 eV is in perfect agreement with
the value of 3.7 eV, which was estimated from a collection
of measurements of the time needed to saturate the enhanced
diffusion of implanted B!

Figures 6 and 7 show that the interstitial conten{31f1}
defects is in remarkable agreement with thé model. Ear-

3.0 , ,

~——clustering model

% 2.5 — —dilute approx.

-;3\ lier experiments on the formation and growth of dislocation

.0l § loops in ion-implanted Si have also indicated that the inter-

- stitial densities emerging during annealing are close-fio

2 approximatiorp2©2 lo simulations h

casl i pproximatiort.~*“Monte Carlo simulations have been used

& to investigate how this simple rule of thumb can be recon-

° ok ] ciled with the complex interactions between interstitials and

:g vacancies that govern the generation and annealing of ion

v os| _ damagé? Parts of these simulations are presented in Sec.

2 VIIA.

= 00 ! I I | | Figure 10 gives a tentative summary in the form of a
0 2 4 6 8 10 “phase diagram” for{311} behavior, based on the observa-

B 18 3
B concentration (107/cm) tions for Si implants into FZ silicon in the energy range from

20 to ~150 keV. For doses below the amorphization thresh-

FIG. 8. Areal density of interstitials {811 defects observed after anneal-
ing a 1X10"/cn?, 60 keV Si implant at 740 °C for 15 min, as a function of _Old' the defect processes are only weakly dependent on the

the B background doping level. The solid and dashed lines are fits to théitial damage |eV?|’ so that the diagram can be mapped in
data assuming interstitial trapping through B clustering. terms of implantation dose versus annealing “strength.” At
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FIG. 10. Schematic diagram of the annealing behaviof3afl} defects in (I) — Coussian fits  “clustered B
relation to the implanted ion dose and the thermal annealing “budget.” m

1018 |
AY
implantation doses below>510'%cn?, no {311} defects are

observed. This could indicate that the interstitial clusters 107
formed from the implantation damage are too small to be
detected by TEM. Alternatively, this threshold dose could

|
R
'.||
!
Il

) . . 000 4000
reflect a nucleation barrier for the formation and growth of Depth (R)
{311} defects. For doses in betweenx$0*/cn? and

4 ..
1x10"cn?, {311 defects_a_re the pnly visible defec_ts and |G, 11. (a) SIMS measurements of the B doping profile for an as-deposited
they evaporate for a sufficiently high thermal bud@iet.,  superlattice and for a superlattice implanted with ®'¥cn?, 40 keV Si
annea“ng time and temperatturé’he evaporation rate at a and annealed in vacuum at 790 °C for 10 min) Deconvolution of the

: : : - ping markers into Gaussian diffusion profiles. Portions of the three near-
given temperature IS dEpendent on |mplantat|0n dose ar‘(sét?rface markers are assumed to be immobile. The dashed lif@ iimdi-

energy?®®* Above a threshold dose of10"/cn?, {311 de-  cates the region in which stabf811} clusters are formed during annealing.
fects undergo unfaulting, leading to both Frank loops and

perfect dislocations. Since these dislocations are more stable

than{311} defects, significantly stronger annealing steps ardures of TED as shown in Fig. 1. In Sec. V it is demonstrated
needed to fully dissolve the dislocation damage. Furthethat the static B peaks result from clustering of B driven by
studies are necessary to identify how the time scales anifie interstitials.

strength of interstitial injection are affected by the transfor-  Figure 12a) shows the time-averaged intrinsic

mation of{311} defects into dislocation loops. B-diffusivity (DI as a function of depth derived from the
diffusion profiles in Fig. 11a) together with data obtained
IV. INTERSTITIAL DIFFUSION for 790 °C, 30 min annealing. The enhanced B diffusivity

(i.e., the ratio oKDY to the equilibrium diffusivityD§) is
proportional to the amount by which the time-averaged local
The injection of interstitials fror{311 defects was de- concentration of self-interstitial§[1]) exceeds the equilib-
tected by probing the broadening of B marker layers duringium level [I*], as indicated on the right-hand-side axis of
annealing. It was verified that the annealing behavior ofFig. 12. The average interstitial concentration near the ion-
{311} defects in MBE material is quantitatively similar to the implanted region drops from about 200*] to about
studies on FZ material presented in Sec. Ill, at least for th&0X[1*] upon increasing the annealing time from 10 to 30
implant conditions presently usé¢Bx10-¥cn?, 40 keV Sj. min, indicating that the injection of interstitials has dimin-
Figure 11 shows the as-deposited and diffused B dopingshed after~10 min. The time-averaged interstitial diffusion
profiles in MBE-grown superlattice structures. After implan- profiles in Fig. 12a) were modeled by calculating the time-
tation and annealing, each of the doping spikes has broadverage of a Gaussian peak broadening with a fixed effective
ened well beyond the initial width of 100 A as a result of interstitial diffusivity. Reasonable agreement was obtained
the injection of interstitials. The broadening exceeds thermaby assuming~1.3x10"12 cm/s for the diffusivity indepen-
diffusion for all markers and is most pronounced near thedent of annealing time.
ion-implanted region. This behavior clearly demonstrates the The diffusion studies of Fig. 11 were repeated for B
diffusion mechanism underlying TED: Excess interstitials in-marker layers implanted in FZ Si wafegisee Sec. Il and Ref.
jected from the ion damage cause enhanced diffusion of thé7). Figure 13 shows SIMS profiles of the marker layer after
substitutional B markers. It is obvious that portions of thepreparation and after implantation with80/cn?, 40 keV
three doping markers closest to the surface remained immdi followed by annealing at 790 °C for 10 min. The B peak
bile during annealing. The Gaussian fits in Fig(dlshow near the damage region broadens considerably upon anneal-
this particular shape can be reproduced by assuming that ttieg, whereas the deepest peak remains unaffected. The
markers consist of a mobile and an immobile componentbroadening of the near-surface peak is remarkably asymmet-
This diffusion behavior very much reproduces the key fea+ic, which is presumably due to the fact that the clustering of

A. Results
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with similar decay lengths were also observed for thermal

annealing 550 °C up te-150 h® The diffusion profile after

annealing at 670 °C fo5 h deviates from this steady-state

100 situation [see Fig. 1fb)], indicating that interstitials have
diffused beyond the initial decay length.

! T T - 1000

ol B * 790 °C, 10 min
¥ © 790 °C, 30 min

B. Discussion

©, ! | N The diffusion data in Figs. 11 and 12 indicate that the
o 107" 670 15 mn | 0= injection of interstitials lasts for-10 min at 790 °C and-5
o e 670 gci 1h - h at 670 °C, and these time scales are consistent with the
~ 1078 ©8707°C. 5 h 00 measured evaporation rate {811} defects in Fig. 6. There-
~ fore, it appears that the duration of interstitial injection is
1077 N J1o correlated with the evaporation ¢811} defects, reconfirm-
. \FQ\g: ing the n_oltion of _Sec. Il that311} defects act as the source
10-18 JZ*E ®) \:F s Sl B of Interst|t|aI§ during TED._ N N .
O~-°= 20'00 40'00 GO'OO 80'00 _ The profile _of excess interstitials ex_hlblt_s regular, diffu-
Depth (R) sional broadening at 790 °C, and the diffusion conseafit

was estimated to be-1.3x107!? cm/s for MBE material.
. . . . . . eff N _13

FIG. 12. Time-averaged intrinsic B diffusivity as a function of depth de- Similar dlfoSIOI_W StUd|_es at 720 °C y|_e| ~1.1x10
rived from the broadened portion of each doping marker after annealing a&€n’/s. The stationary interstitial profiles observed at 550 and
(a,)rr79_0_°c ade(b) ?]70 °C for various times. Tflwe_#ep_th depeﬂr_\dsnﬁe of theg70 °C, on the other hand, indicate that the penetration depth
diffusivity reflects the time-averaged interstitial diffusion profiflght-hand = ¢ jiected self-interstitials is limited by the capture at trap-
axis). Solid lines arga) fits of the interstitial profile assuming an interstitial . X C.
diffusivity of 1.3x 1012 cr?/s and(b) fits of exponential decays according PING centers in the material. Under these conditions, the

to Eq. (3). time-averaged interstitial profile is given by the steady-state
profile [15x)],*°
S! —_TI* O7_r|* —
B suppresses diffusion near the damage source. By analyzing [POOT=0F ]+ (P = [ Dexp = x/L,), ©)

the broadening of the B peaks as a function of dépthe  where[1°] is the interstitial concentration at the sour@es-
interstitial diffusivity was estimated to be4x10 2 cné/s.  sumed to be constank the distance from the source, abg
Figure 12b) shows interstitial diffusion profiles obtained a characteristic decay length related to the trap denSify [
by measurements on MBE-grown superlattices at 670 °C. Iand the trapping radiug; according toL,=(4mat[T]) -2
contrast to the diffusion behavior at 790 °C, the interstitial  The solid line in Fig. 1&) is a least-squares fit of Eq.
supersaturation near the damage source and the decay leng® to the diffusion profiles for 15 min and 1 h, yielding
of the diffusion profiles remain unchanged during annealing-,=480+50 A and [1°]/[1*]=(7.7+3.8x10>°® The den-
for t<1 h. It thus appears that the interstitial diffusion pro- sity of traps in the MBE-grown superlattice can be estimated
files are initially stationary at 670 °C. Stationary profiles from the value forL, by takinga; equal to the interatomic
distance(a;=2.35 A), yielding [T]=(1.5+0.2X10"/cm?®.
The vacancy level in our MBE-grown samples is below the
detection limit of positron annihilation spectroscopy

FZ, double layer (5x10%cm?),%” suggesting that the dominant traps are asso-
e T T T T ] ciated with impurities. Indeed, the background C level
| — as—prepared [Cuse] in the MBE superlattices is~10'%cn?®, and it is
o i —-40 keV Si, 5x10"/cm? 790 °C, 10 min _— .
, : shown below(Sec. V) that substitutional C is a strong trap
£ 0L for self-interstitials. The fact that the above estimate of [
~ is slightly lower than Cyge] could indicate that not all car-
5 : bon is active as a trap, or that is smaller than 2.35 A due
© ol £ to a small activation barrier to trappirig-0.15 e\j}.
=10t Ly e : : ; "
< 5 For diffusion times exceeding.=1 h, the interstitials
Q migrate beyond the trapping length at 670 °C. This effect
S ., either arises from the saturation of centers available for in-
g'J 107 ks h ‘~ terstitial trapping'® or from the reemission of interstitials
ég initially bound to traps. The effective interstitial diffusivity
=o ! ! I ! D" in this regime can be estimated from the criterion that
00 02 04 06 08 1.0 12

Depth (wm) JDft. =1, ,ﬁyielding D"~ 6.4x 10" cnf/s. The present
values forD{" are in good agreement with our previous stud-
FIG. 13. SIMS measured B concentration profiles of FZ marker layers aftelles on . O)élgatlon_enhanced dlffus.lon In MBE—grqwn
preparation(Ref. 47 and after implantation with $10'¥cn?, 40 keV Si superlattices;” but are orders of magnitude lower than diffu-

followed by annealing in vacuum at 790 °C for 10 min. sivities derived from metal diffusion studié€® and exhibit
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2 10% { e 40 keV Si, 5x10'/cm? 670°C, 1 hr
s - , R
(|) ‘ l FIG. 15. Temporal evolution at 550, 670, 720, and 790 °C of the clustered
m B fraction in the second doping marker, derived from Gaussian fits to dif-
108 B fusion profiles as in Fig. 1b).
!
10" x \ by
\Sf & 3 5} "j,“ ing spike, whereas this dual behavior is not observed in the
X T el 5 N . . .
('® ! ““"l v ‘fsu.;w:‘ ' low concentration sample. Figure 15 shows that the immo-
! 40'00 ‘ S - bile fraction of the second B doping spike in high-
; 9 3 -
Depth (R) concentration sample€l0'® B/cm®) ranges from~0.5 at

550 °C to~0.25 at 790 °C. The immobile fraction remains at
FIG. 14. Boron diffusion profiles after TED5x108cn?, 40 kev Siim-  the initial level upon continued annealing in the temperature

plant; 670 °G 1 h anneal for delta-doping superlattices with B peak con- range from 550 to 720 °C, whereas it decays on a time scale
centrations ofa 10*¥%cn? and (b) 10"%cn’, of ~10 h at 790 °C.

a higher effective activation energy of 3:8.5 eV compared _ _
to 1.2—1.8 e\A>® These discrepancies can be reconciled or- Discussion

the basis of trap-limited interstitial diffusion resulting from The observations made on the basis of Fig. 14 indicate
the high carbon concentration in the presently studied MBEnat the formation of immobile B requires a relatively high
material. It should be noted that this carbon level is not neceoncentration of both interstitials and substitutional B. Ap-
essarily representative for the material quality obtained bysarently, the clustering of multiple B atoms is facilitated
MBE growth®?’ It is remarkable that the FZ marker layers when sufficient B atoms are driven out of solution by Si
(Fig. 13 give similar values foDf", whereas the C content se|f-interstitials. Electrical measurements show that the im-
of FZ silicon is expected to be well below Tm®. Presum-  mobile B peaks are electrically inactive, which is indeed
ably, additional impurities or vacancy-type defects were in-consistent with B clustering. Presumably, the clustering pro-
troduced during the amorphization and/or regrowth steps iess involves mobile B atoms, Bnd a possible set of reac-

preparing the FZ marker layers, thereby hampering interstitions which describes the generation and clustering 6B
tial diffusion. Section VI discusses in detail how C is thoughtgiyen by

to affect the diffusion of Si self-interstitials.
Bs+ 1B, (49
V. BORON CLUSTERING Bs+mB,< B +nl, (4b)

A. Results where B refers to immobile clusters containimg+1 B at-

The marker layer experiments of Fig. 11 show that a0ms, andn is the number of interstitials ejected upon clus-
considerable portion of the B spike located next to the damtering to allow for stress relief. While reactidda) sustains
age region remains immobile during annealing, whereas théhe interstitial-enhanced diffusion ofsBreaction(4b) pro-
deeper B spikes exhibit regular broadening without a signavides a channel through which,Becomes immobile at con-
ture of immobile B. Figure 14 demonstrates how this effectcentrations below the solubility limit, as observed. Figure 15
changes upon reducing the maximum B level in the superdemonstrates that the B clusters are metastable and dissolve
lattice from 16° to 10%cm3. Transient diffusion was in- upon continued annealing at sufficiently high temperatures.
duced in both samples by annealing a 40 kev Si, In an attempt to further identify the clustering mecha-
5% 10*¥/cm? implant at 670 °C for 1 h. Analysis of the dif- hism, the diffusion behavior of an ion-implanted B superlat-
fused spikes shows that the interstitial diffusion profiles intice annealed at 670 °C fal h was numerically modeled
both samples are nearly identical. Yet, the diffused profile in(Fig. 16. The diffusivity Dg_of unclustered, substitutional B
the high concentration samglEig. 14b)] shows a clear dis- is enhanced by the local interstitial concentratibhdccord-
tinction between mobile and immobile B in the second dop-ing to
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40 KeV Si, 5x10" fom?; 670 °C, 1 h served in the marker experiments can indeed _be attributed to
: — — — the clustering of a fewtwo or threg¢ B atoms induced by
gmggi . doto excess Si interstitials.
10"k L —fit - This notion is further corroborated by the result of Fig.
8, which illustrates that increasing the B background concen-
: tration leads to a reduction in the number of interstitials con-
10'81- N tained in{311} defects during annealing. Presumably, this
: interstitial loss arises from the trapping of interstitials during
: the B clustering proce$S.The data in Fig. 8 can be analyzed
107} = in detail by assuming that a fixed density of interstitials,
: 4 [I311l0, is shared in quasiequilibrium between an unsaturable
sink S (i.e., {311} defect$ and a population of small B clus-
ters (assumed to be BB pairg. This assumption implies
that

[Bi]=ki[Bs], (7a)

o~

-3

Concentration (cm

<
o
I

(@]
N
o
o
(@]
IS
Q
o
(@]
[e)]
(@)
(@)
(@]

cuperiatice annealed &t 670 -G bh and the cortesponding bestoid. [BiBs] =kikal ByJ?, (7b)
line) obtained by modeling interstitial-enhanced clustering of B. with k1=exp(—AE/kT) and k2= [Ns] -1 exp(EZ/kT). Here
AE denotes the energy difference between an interstitial
trapped at a sink and an interstitial pairediwdt B atomk is
< ] Boltzmann'’s constant, N is the Si atom density
B+’ 5  (5x10%%cmd), and E, is the effective binding energy be-
tween two B atoms in a B-B; pair. The areal density of
interstitials trapped by one or more B atoms is given by

D

DBS:(1+B|’]B
1

whereDg = D§/(1 + B), p=n, for[Bs]<n;, andp=[B,] for

[B.]>n; ,%® with n; the intrinsic carrier concentration and
B=0.2 at 670 °C. Assuming that the pairing reaction f B [lyapl =AX([B]+[B;Bs]), (8)
and B is diffusion-limited, the formation of Bclusters is

governed by the following rate equation: whereA X is the width of the region in which interstitials and

B atoms interact, which should be roughly equal to the width
d[B,] of the as-implanted damage peak. Equatighsnd(8) yield
dt :47TacDB|[BI][Bs]’ (63 the following expression which describes {841} intersti-

. o ) . i tial density[l3;4] as a function of the total B concentration
whereDyg, is the diffusivity of B, a. is the pairing radius, .
| [Btot]-

and[B.] and[B,] are the concentrations of.Band B, re-
spectively. It should be noted that E@a ignores the dis- [laido— 1311 [Bod kKi—1 1-(1
solution of clusters folf =670 °C in agreement with Fig. 15. AX T2 8kko |

The produciDBI[B|] reflects the B diffusion capacity and is

1/2
equal toDg [ Bs]. Therefore, Eq(6a can be rewritten as + % [ Biotl } 9)
2
d[B¢] ) . ) N -
T=4waCDBS[BS] ) (6b) Equation (9) was fitted to the data in Fig. 8 yielding X

=500 A, AE=0.3 eV, andE,=0.9 eV for the free param-
The concept of Eq(6b) can be readily extended to include eters. Also shown is a quadratic model which is obtained
higher order clustering reactiofs.g., pairing of Band B.).  from the above equations in the limit of dilute interstitial
The above approach was used to calculate the evolutioconcentration® It is obvious that the above model for in-
of the as-deposited B superlattice profile in response to difterstitial trapping during B clustering satisfactorily repro-
fusion and clustering of B under the wind of interstitials. Theduces the measurements in Fig. 8.
interstitial concentrationl[x)] was fixed at the steady-state The B-B; pair has been shown by deep-level transient
profile of Eq.(3) using the fitted values fdi°] andL, [Fig.  spectroscopyDLTS) to be stable up to temperatures of at
12(b)]. Satisfactory agreement was obtained by taking twdeast 400 °C? Diffusion anomalies in earlier marker layer
clustering reactions into accouie., B—Bs and B—B, pair-  experiment§" were also explained in terms of, BB, pair
ing), both with the same pairing radias . The solid line in  formation/? although the evidence was not as obvious as in
Fig. 16 represents the best fit to the diffusion data usinghe present experiments. The pairing reaction has been suc-
a.=0.5 A, a value which seems reasonable in comparison toessfully applied in modeling TED for a small variety of
the interatomic distance in Si. Similar values were derivedmplant and diffusion condition§ Recent first-principles
from analyzing data for diffusion at 670 °C, 15 min. Model- calculation* have been used to identify the atomic structure
ing the data for 720 and 790 °C would require more elaboof the B —Bs pair, and the activation barriét,, to breaking
rate calculations to account for the non-stationary interstitiathis pair into two separate Batoms and oné was deter-
profiles, which is beyond the scope of this simple analysismined to be~3 eV. To first order, the average timg, for
Yet, the results in Fig. 16 suggest that the static peaks oldissolving a B—B; pair can be estimated on the basis of the
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activation barrier by assuming;, =10 expH/kT) s.

This yields 7,,=16 s at 790 °C, which is much shorter than implont 7505 10 min . e 1o
the measured dissolution time of10 h (see Fig. 15 This 1019 damage ’ ’ ’
suggests that higher-order, more stable B—B agglomerates :
are involved in the clustering process. 10'8L
The present observations support the earlier suggéStion
that interstitial-driven B clustering might be responsible for B 4017
the fact that the peak of implanted B profiles is static during g
TED and remains electrically inactivsee Fig. 1 The static ;’ 10" s s
B peak was observéto dissolve on a time scale of4 h 2 (o) MBE, 107 ¢/em”
during post-TED annealing at 800 °C, which is indeed con- < 5 ' '
sistent with the data in Fig. 15. The present study also shows § 10"
that the pinning of the B concentration during TED does not 9
necessarily require the presence of extended defects such as o, 10'®
rodlike defects or stacking faults, in contrast to what was
proposed in the literature.Furthermore, earlier studiés 107
have pointed out that the demarcation level between mobile
and immobile B appears to be correlated with the intrinsic 10" ! e s .
carrier concentratiom; . This observation has occasionally i (b) V8%, 20 o/em

1
been used as a reference point in process simulations to 0 1000 Desgfo(/&) 5000 4000
model the immobile B fraction during TED. However, the
resent study has shown that the demarcation levels ma
P f )(( t ik ithi inal ke f IXG. 17. Secondary-ion-mass spectrometry measurements of B diffusion
vary from spike to spike within one single sampj e, lor profiles in MBE-grown superlattices containing substitutional C levelg)of

instance, Fig. 11 which implies that the apparent correlation 16'%cn and (b) 210" Cien®. Profiles are shown for unimplanted and
with n; is fortuitous. ion-damaged5x 10'¥/cn?, 40 keV S) superlattices after diffusion at 790 °C

Finally, the present data indicate that Si self-interstitials®" 10 min-
become incorporated into the B clustér®., whenn<m),
leading to a local reduction in the interstitial concentration.
This feature is further supported ly situ electron micros-
copy measurements t is noteworthy in this respect that the
annealing of shallow B implants was found not to be accom
panied by the formation off311} defects, while TED
remained?® In this case, the interstitial content is presumably

reduced to below the thrgshold 1_‘{31]} .d?feCt formation as 17(a)] is strongly enhanced with respect to thermal diffusion,
a resglt of tr_'e congumptlon Qf |nter_s_t|t|a|s by B CIUSterIng'and the behavior is similar to the previous superlattice mea-
combined with an increased interstitial loss due to the surg,ements. The B diffusion in the ion-damaged superlattice
face proximity. _ . with 2x 10" C/cn? [Fig. 17(b)], on the other hand, shows no

I.n. the.present marker layer experiments, the flu.x of In'signiﬁcant enhancement relative to thermal diffusion. TEM
terst|t|als.|s.not Qetectably perturbed by the clustering pro'rnicrographs demonstrate that the formatio§31f1} intersti-
cess. This is evident from, for instance, the fact that th

ial def is full i -rich Si les. Thi
interstitial diffusion profile at 670 °C is not significantly af- Tial defects is fully suppressed in C-rich Si samples. This

f g duci h KB on b q illustrates that the effect of C is to eliminate the source of
ecte upon reaucing the peak. concentration by one ®LED, rather than to limit B diffusion by trapping the dopant
cade(Fig. 14. One explanation is that the level of trapped atoms

interstitials is too low to affect the interstitial population in Figure 18 compares TED for a @0%/cn?, 30 keV B
the local vicinity 9f the B dopmg _splke. Alternat|ve|y_, rec_er_]t_implant in C-lean FZ silicorfprepared by amorphization and
superlattice studies seem to indicate that B clustering is 'n"SPE and C-rich FZ silicon with a uniform level of

tiated during the very early interstitial “burst” of TED, be- 4-6x10" C/en® in the near-surface reqi
A . . - - giofprepared by
fore the{311-controlled diffusion process is establishéd. amorphization, C implantation, and SPE: see Sec.The

diffused B profiles in the C-lean reference sample exhibit all
VI. CARBON SUPPRESSING TRANSIENT ENHANCED the features characteristic to THBee Fig. 1 Boron in the
DIFFUSION tail of the implanted profile has undergone enhanced diffu-
sion over a distance 6£700 A upon annealing at 800 °C for
35 min, while the peak portion of the profile above'¥em?

On the basis of interstitial diffusion data it was specu-has remained immobile due to the clustering of B driven by
lated in Sec. IV B that C could act as a trap for Si self-the excess interstitials. The diffusion behavior for the C-rich
interstitials. To investigate this notion in more detail, the substrate is very different, as shown in Fig(l)8 First, the
effect of C doping on interstitial-enhanced B diffusion wasdiffusion length of B in the tail of the B profile stays well
studied by growing two different B superlattices by MBE below ~700 A at both 800 and 950 °C. In addition, there is
(see Sec. )t one with a background C level of ¥cm®  no pronounced signature of immobile B in the peak of the

grown under standard conditions, and one with an intention-
ally raised C level of X10*%cm® grown under a background
acetylene pressure of 10Torr. Figure 17 shows SIMS mea-
surements of the B profiles for unimplanted and implanted
(5x10%cn?, 40 keV S) superlattices after annealing. The B
diffusion in the superlattice containing ¥0C/cn? [Fig.

A. Results
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L L TR FIG. 20. Comparison of atomic and electrical B profilespitype, C-rich
0 1000 2000 3000 4000 5000 FZ silicon [as Fig. 18b)] obtained after annealing an implant of
Depth (R) 1.5x10"cn?, 30 keV B at 800 °C for 35 min and 950 °C for 15 min.

FIG. 18. SIMS measurements of B profiles after implantation ) ]
(1.5x10"cn?, 30 keV B and after subsequent annealing. Prior to B im- approximately 60% and increases+®5% upon further an-

plantation, the float-zone Si sample (D) was amorphized to a depth of 2 npealing at 950 °C, consistent with Fig. 20. The sheet resis-
pm by Si ion implantation, enriched with C by multiple implants to a level

; . .
of 4—6x10'%cn® over 1um, and regrown at 500 °C for 1 h, 600 °C for 2 h, tance IS, 800 and 620/L] after annealing at 800 and 950 _C’
and 900 °C for 15 min. Sampl@) was prepared as sampl®), but without _respectlvely. Comparable values were found for B profiles
the C implants. implanted into FZ substrates and annealed under the same
conditions. These electrical measurements therefore show

_ _ . _ that the presence of C and/or C-interstitial agglomerates does
profile. Again, this demonstrates that C acts as traps for inpot deteriorate the doping efficiency to unacceptable levels;

terstitials thereby suppressing both the enhanced B diffusioRowever, preliminary ion-implanted diode structures pre-

and the interstitial-driven clustering of B. In Fig. 19 the as-pared in wafers with relatively high C concentrations indi-
prepared and diffused C profiles are compared, which showgate enhanced junction leakage. This is in line with electrical

that a considerable portion of the C has diffused from thgneasurements on C-implanted Si sampfes.Further stud-
peak of the B implant to a depth 62000 A after the high- jes are required to investigate whether C incorporation in

temperature anneal. This indicates that C diffusion is ensjjicon precludes the formation of high-quality devices.
hanced by the injected interstitials, as is discussed in Sec. | order to assess the details of how C affects the flux of

VIB. . _ . interstitials from a near-surface implant, superlattice struc-
The spreading resistance measurements of Fig. 20 shofyres were prepared which contain a nonuniform profile of

that the major par{~80%) of the B profile is electrically  gypstitutional C. To this end, MBE-grown B-dope€Si su-

active after the 950 °C annealing step. In addition, Hall meaner|attices were amorphized to a depth of:éh, implanted

surements on B profiles in-type, C-rich substrates show \yith 115 keV C to a dose of 910%cn?, and thermally
that the electrically active fraction after diffusion at 800 °C is regrown. Figure 21 shows the B and C profiles in C-rich

superlatticef CSPBH and reference superlattices without C
(SPB after implantation and annealing. The injection of in-
, , , , terstitials from the ion damage in sample SPE leads to diffu-
— As—implanted sion and clustering of the B markers near the damage source.
10911 T 0 M ] Figure 21b) shows that the 76 C/cn? in sample SPE has
redistributed under the injection of interstitials, analogous to
N the result of Fig. 19. The decoration of the B peaks with C
9% could indicate that part of the mobile C is gettered at the B
clusters. The substitutional C which was incorporated into
superlattice CSPE consists of a peak of ®'%cm® at a
I ! L ! depth of~3000 A[Fig. 21(b)]. Figure 21a) shows that the
0 1000 Zgooth 30/{’0 4000 5000 injection of interstitials in sample CSPE also enhances B
epth (9 diffusion, but the broadening of the B peaks in the C-rich
FIG. 19. Carbon depth profiles in C-rich FZ silicas Fig. 18b)] after region is much less pronounced than in reference sample
preparation of the sample, and after annealing an implant of 105Ycn?, SPE. )
30 keV B at 800 °C for 35 min and 950 °C for 15 min. Figure 22 summarizes the values {@rs") as a function

C concentration (cm™)
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FIG. 21. SIMS measurements ¢d) boron and(b) carbon depth profiles 10777 | | |
after diffusion at 790 °C for 10 min. CSPE refers to a MBE-grown B doping 0 1000 2000 3000
superlattice which was amorphized using Si implants, implanted with 115 Depth (R)

keV C to a dose of 910'¥cn?, and regrown at 500 °C for 1 h, 600 °C for
2 h, and 790 °C for 15 min. SPE was prepared as CSPE, but without the
implantation step. The damaging implant consisted i6'%cn?, 40 keV

Si.

%IG. 23. (a) Boron diffusion profiles andb) intrinsic B diffusivities for a
MBE-grown superlattice containing a buried spike of substitutional C. Tran-
sient enhanced diffusiofTED) was induced by annealing a3.0"¥cn?, 40
keV Si implant at 810 °C for 15 min in vacuum. Oxidation enhanced diffu-
sion (OED) was induced by repeating the same diffusion anneal for an
of depth derived from the diffusion profiles in Figs. 11 and uUnimplanted sample in a dry oxygen ambient.
21(a). The interstitial diffusion profile in sample SPE is sig-
nificantly steeper than in the as-grown MBE sample, indicat-
ing a Ic.)we.r interstitial diffusivity. This suggests th‘."‘t the rofiles for samples SPE and CSPE demonstrates that the
amorph|;at|on ."’?”d’or SP.E-regrowth steps have ra|seq t |(ra1terstitial-enhanced diffusion of B is reduced by a factor of
level of interstitial traps in the superlattice. One p055|ble~10 at the peak of the C profile-3000 A deep Beyond a
mechanism could be the knock-on of carbon from deposite% h of 4200 A h b h | FoD Y I
hydrocarbons on the sample surface during the relativel ept_ or= , lowever, t € values D )_are nearty
long (~1 F) amorphizing implant at liquid-nitrogen tempera- Ydentical for both samples, indicating that the interstitial dif-
9 AMOrp g1mp d 9 pera fusion profile is only perturbed in the local vicinity of the
ture. In addition, vacancy-type defects could have been mfncor orated C
troduced during SPE. The deviation between the diffusion FFi)gure 23 s.,hows measurements of TED and oxidation-
enhanced diffusiofOED) for a B-doped superlattice which

contains of a narrow C spike at a depth-e2300 A. This

790 °C, 10 min anneal structure was grown by briefly leaking,i&, into the MBE
| T | J1000 chamber in between the growth of the second and third B
1071 2 YPE T gomage doping spike. As is obvious from the diffusion enhancements
—~ O SRER, damege, in Fig. 23b), the implantation damage is a more efficient
N q100 __ source for interstitials at 810 °C than the oxidizing surface.
£ 1077 = For both TED and OED, the third B spike shows signifi-
= %\ 5 cantly less broadening than the two spikes adjacent to the
'Emm-“" 10 = source of interstitials. In particular, the interstitial-enhanced
S5 diffusion is fully suppressed at the wing of the third doping
1, spike that is contained within the buried C spilsee Fig.
1077 23(a)]. On the other hand, the deepest marker layer exhibits

|
0 2000 5 43?0(/3\) 60006 8000 at least as much broadening as the preceding spike, and the
P diffusion is a factor of 5 abovB} . Analogous to the results
S _ in Figs. 21 and 22, this indicates that the incorporation of C
FIG. 22. Depth dependence of the intrinsic B diffusivity showing the effect o545 19 g |ocal reduction of the interstitial concentration
of solid-phase epitaxy and C incorporation on the interstitial diffusion pro- ", . . "
file in MBE-grown superlattices. Data were obtained by analyzing the BWithout fully obstructing the flow of interstitials to the bulk

diffusion profiles in Figs. 1¢a) and 21. of the material.
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B. Discussion

The results in the previous subsection have shown that

Temperature (°C)

1000
T

800

raising the C concentration in Si from oo 10:%cm? re- 10 ' —o Bracht
duces the strength of interstitial-enhanced B diffusion. The ¢ D implant
straightforward explanation is that the interstitials driving 107015 N .
TED are captured by substitutional (C,) through the fol- —_ DN (1 1y
lowing well-known replacement reactift* X107 dilute™\ 107 1000
£ AN
C.+1eGC . (10) S gm0l SN -
a NN
The thus formed highly mobile Ccomplex can pair with 1072 o N i
?g(gr;egrzggbsututlonal C atom to yield a more stable complex e Tt 21 e .\\Q_j\\
1k 1 | | 1 Pid\
6 7 8 9 10 1
C,+C&=CCs. (17 1007 (K1)

The ability of G to absorb interstitials is believed to play a
crucial role in the coprecipitation of C and oxygen in Si at FIG. 24. Interstitial diffusivities in silicon. Solid lines refer to data derived
high tem erature%“ althouah the detailed kinetics of this from metal diffusion studiegRef. 15, whereas points are from MBE

9 P . ! g g7 . . marker layer experimentsSec. IV and Ref. 3b The dashed lines refer to
process are still under deb&fe®’ The formation of G pairs  model fits of trap-limited diffusion assuming immobile traps, Etf).
through the replacement reaction of EH4O) reduces the
amount of interstitials available for pairing with substitu-
tional B, thereby lowering the B diffusivity. The density of Constantk; can be approximated byy~N; ! exp(E1/kT),
interstitials that is bound if811} defects in the early anneal- with E; the energy difference between the free and bound
ing stages of TED was found to decrease linearly with in-states ofl . For immobile traps, the interstitial diffusion flux
creasing C leve(Fig. 9), consistent with Ctpairing. J, is entirely carried by the mobile speciesand the effec-

In the case of an initially uniform C distribution, the tive diffusivity D" for the total interstitial distribution

continuous exchange between C and | will impose a gradier] +[IT] is defined through
in C; which follows the diffusion profile of I. Since Gs _ R
highly mobile8184this gradient will result in a net transport Ji==D,\V[I]==D7V([+[IT]).
of C from the ion-implanted region to the adjacent region, asor a uniform distribution of trap€V[T] =0), the evaluation
observed in Fig. 19. For comparison, it has been shown thaif this definition yields
the injection of interstitials during P in-diffusion yields a

e e T . D,
similar diffusion behavior in the near-surface region of Deff= 5.
C-rich Si sample&® In the case of a localized C peékigs. 1+ke[ TI{1+ kel 1T}

21-23, the interstitials that are paired with C will be liber- Equation(13) was fitted to our TED and OED measurements

ated when ¢ diffuses out of the high-concentration region. of the interstitial diffusivity in Fig. 24 by takin@®, and[I*]

This explains why the presence of C only causes a locarom the metal diffusion experiments of Ref. 15. Further-

reduction in the B diffusivity without fully suppressing the mqre, [T] was fixed at 16f/cm® to match the C content in

interstitial pppulauon at greater depths.. . our samples, and the average interstitial concentration in the
In addition to the effects of O-pairing, part of the TED and OED experiments was taken as 18pG] and

mobile G species will interact with remaining substitutional 1gx[|*7,28 respectively. UsingE;=2.1 eV, the calculations

C atoms through, for instance, reactid). These C-related for pe'f indeed reconcile the discrepancy between metal dif-

trapping reactions affect measurements of the interstitial diffsion studies and our experimental data.

fusivity D, in Si. Figure 24 compares typical values oy A severe limitation of the above analysis, however, is
from metal diffusion studie$ with results obtained from the he simplifying assumption of immobile traps, whereasl C—
present experiments using MBE-grown B superlatt®sc.  pajring through reactioii10) leads to the formation of mo-
IVB). The values foD, at 800 °C vary from 10°t0 10**  pjje ¢ complexes. This implies that the interstitial flxis
cmf/s, while the activation energies for diffusion range from actually carried by the migration of botrand G . In order to
~lto~3.5eV. Also, the diffu;ion range of inte_r;titials inSi gvaluate the effect of trapping reactiofl®) and(11) on the
superlattices grown by chemical-vapor deposition has beegiffusion of free interstitials, the full set of coupled diffusion
shown to be much larger than in MBE-grown’8iThis dis-  and trapping equations was solved using the process simula-
crepancy between the various experiments has been ascribgdt propHET*2 The diffusivity of G was taken aDe,
to the fact that the migration of self-interstitials is perturbed _ -3 _ym M 81
by the presence of interstitial traps in‘8f°and presumably 2.5% 10" exp(~ Hc/kT) szls‘w'tth =0.8eV."The
C is the dominant impurity as demonstrated above.
The presence of trapping site$)(will impose a local
equilibrium between freel] and trapped interstitial$IT)
according to

[T]=ke [ HI([TI=[1TD).

(13

trapping enthalpies for reactio$0) and(11) were assumed
to be 1.7 and 0.9 eV, respectively, in accordance with recent
first principle calculation$?

Figure 25 shows the evolution of the distributions! of
C,, CC,, and C at 800 °C. These profiles were calculated
(120 by assuming an interstitial injection level of 1000*] at

6044 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997 Stolk et al.
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|
10" I 4 lating traps into our process simulafSrindependent of the
. . trap concentrationT], excellent fits to the measured diffu-
00 V] sion profiles of Zn are obtainéd. The extracted value for
1010 v [1*] varies inversely with T], while the product of1*] and
\ D, remains constant. This implies that metal diffusion ex-
10°h | | | — periments only provide direct information on the Si self-
o _ ! ¢ A diffusion coefficient, that is,I[*]D,. The separate determi-
____________________ '\.\ nation of[1*] andD,, on the other hand, requires detailed
1oL N R knowledge about the interaction bfwith C or other impu-
TE _______ % | rities. Further experiments and analyses are required to solve
S 108k \\\ \ (. this enigma.
c N A \
.2 ] ] !
® ' ' . cc, VII. PHYSICAL MODELING
§ L \\ 7] A. Monte Carlo simulations
C
8 10" P The experiments in Secs. Il and IV have shown that the
\ rate and strength of interstitial injection during TED is con-
10%F : trolled by the evaporation of311} defects, that is, for the
: | | implantation regime presently explored. Implementation of
ol Cs this concept into process modeling tools requires a detailed
;. —10 us understanding of the kinetics and parameters that are in-
» —--1 ms volved in the formation and annealing of implantation dam-
Lt Tigo ms age. For instance, it i@ priori not clear how the as-
—1000 s implanted population of vacancies and interstitials develops
1077 | | | into a distribution of rodlike interstitial clusters in the early
.01 1 100 stage of annealing. To help elucidate these processes, an ato-
Depth (um) mistic process simulator was develofédhis simulator in-

FIG. 25. Profiles of Si self-interstitialls carbon-interstitial complexes, C
C,Cs pairs, and substitutional C during diffusion at 800 °C, which were
obtained by using the numerical calculations.

the surface, typical of TED. It is obvious that the simulta-

neous migration of and G introduces a strong concentra-
tion dependence in the interstitial diffusion profile, which

cluding the trapping of interstitials at immobile, nonannihi-

cludes a Monte Carlo diffusion code coupled to the
MARLOWE®? computer code, which employs the binary colli-
sion approximation to estimate ion-induced defect formation
in silicon. The parameters used in the Monte Carlo simula-
tions were derived from molecular dynamics calculations us-
ing the Stillinger—Weber potential for &. More details
about the new simulator have been given in a recent article
by Jaraz et al®®

The simulation of a typical room-temperature implant of

unfortunately obstructs the extraction of effective interstitial5x 10"¥cr?, 40 keV Si into S(100) indicate that~520 Fren-

diffusivities for comparison with experimental data. Never-kel pairs are generated per implanted ion. Approximately 70
theless, the important conclusion from Fig. 25 is that thenterstitials per ion survive room-temperature recombination
apparent interstitial diffusivity in marker layer studies will of interstitials and vacancies during and after implantation,

depend critically on how the experimental conditidesg.,
interstitial injection levels and C contgnhodify the relative
strength ofl and G diffusion.

which is implicitly accounted for in the modeling. The re-

sulting defect population consists of small interstitial and
vacancy clusters, which are distributed according to the ini-

Carbon should also affect the analysis of metal diffusiontial MARLOWE depth profile of interstitials and vacancies.

studies. In an extensive number of experimefetg., Refs.
15 and 68, the diffusion profiles of various metals in @iu,
Zn, and Pt have been used to derive values Byrand[l*].
It was shown almost 20 years afdhat increasing the C

For a subsequent anneal at 815 °C, free vacancies are
emitted from their clusters, while the more tightly bound
interstitials remain immobile in their small clusters. The ran-
dom walk of the vacancies annihilates most of the intersti-

concentration in Si accelerates the in-diffusion of interstitialtials. Although the dominant annihilation process is bulk re-

Au (Au;), which was ascribéd to C trapping the interstitials
formed in the kick-out reaction,

Au; < Aug+1, (14

combination, some vacancies reach the surfassumed to
be a perfect sinkand annihilate there, leaving an excess of
interstitials. Figure 26 shows the cumulative number of va-
canciesV s and of interstitialsl ;,; annihilated at the sur-

where Ay denotes Au incorporated on substitutional sites. Inface, per implanted ion, as a function of simulation time. The

most papers on metal diffusion, the Ciateraction is fully
ignored in spite of the fact that the C content in “standard”
Si wafers could be as high as10'”/cm®. Therefore, Zn dif-
fusion data from Ref. 15 were reanalyzed by explicitly in-

J. Appl. Phys., Vol. 81, No. 9, 1 May 1997

emission from the vacancy clusters can be easily identified as
an increase iV, especially after 10° s, when the larger
clusters break up. At-1 s, all of the vacancies have disap-
peared with the overwhelmingly dominant mechanism being
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Upon continued annealing, small interstitial clusters un-

L o S S dergo an Ostwald ripening proceésig. 27, dashed line
S Initial number of 1 .= analogous to the observed dynamics{f8t1} defects in Fig.
s /_,«"' | & v.| only 4. Eventually, the large clusters dissolve by emitting intersti-
& e ; tials that subsequently annihilate at the front surface. The
> 10 - 7] effect of trapping centers is almost negligible because of
T //' | recombined in bulk their low concentration relative to the interstitial concentra-
v ; tion in the ion-implanted region. The dominant initial pro-
; / cess during the high-temperature anneal is interstitial—
ﬂg ' Vour -l vacancy recombination in the bulk of the material
z \ Pty Consequently, the imbalance in the interstitial and vacancy
= St \ concentration arising from the implanted i¢he +1 mode}
< / surf dominates the excess interstitial concentration. This was con-
0.1 10'_8 10(_6 10'_4 10'_2 150 1(')2 firmed by a simulation where the implanted ion was inten-
Time (s) tionally removed from the diffusion process. In that case the

simulation yields+0.3 for the excess interstitial level, as
FIG. 26. Monte Carlo calculations of damage annealing in ion—implantedoppo_Sed to+1.3. The clustering mechanism On!y eSt_ab“Sh_eS
silicon (40 keV Si, 5<10*%cnr?). Comparison between the number of inter- the time scale as was shown by an annealing simulation
stitials recombined with vacancies in the bulk and the number of vacanciegyjthout clusters(E,i,q=0 for all clusterg, in which case the
Vaur and interstitials o, annihilated at the surface. vacancies disappear inxa0 ° s, leaving+1.3 interstitials
per implanted ion. Thet1 model is, therefore, physically
o ] ) plausible because of the dominant role of bulk recombina-
bulk recombination; only 1% of the vacancies diffuse to theion with only minor deviations due to sputtering and sur-
surface. _ - . face annihilation. This feature makes it a particularly robust
~ Figure 27 plots the net excess of interstititgerstitials approximation for process simulation tools, only weakly sen-
minus vacancigs per implanted ion, throughout the anneal. gjive to changes in the implant or anneal parameters.
The starting valuél.3) corresponds to the situation after the Finally, the implications of these results for TED can be

room-temperature implant, and includes the contribution ohgsessed. A close correlation between the excess interstitials
the implanted ion(the true +1), the sputtered Si atoms ,nq the induced TED can be drawn from the free interstitial
(—0.3), the trapping of vacancies at oxygen r&p9.3), and  gjistribution, time-integrated throughout the anneal. It is
the surface contributioc0.3) due to the fact that vacancies f4nd that most of the TED occurs after the vacancies have
diffuse faster than interstitials and are on average slightl)fu"y disappeared® which explains why continuum simula-
closer to the surface. The number of interstitials remainingg,g yield reasonable predictions using thé model in this
when all the vacancies have disappeared 1sperimplanted  gamage regime. However, simulations for implant doses as
ion, in agreement with the measurements in Fig. 7. Itis quit§y, as 5<10%cn? demonstrate that TED predominantly
remarkable that the full blown calculation, with the sputter-;,.ag place before all vacancies have recombined. In this

ing and surface terms, gives such a good approximation Qfase, the probability of an interstitial interacting with a dop-

the +1 model. ant atom has become greater than with a vacancy, because of
the dilute interstitial and vacancy populatiBtt° This notion
could explain the observation that the total broadening of B
marker layers induced by TED declines with decreasing im-
plantation dose, saturating at a fixed, nonequilibrium level
for low doses

Although the+1 model seems to be appropriate for suf-
ficiently high implantation dose&>5x10'%cn?), successful
implementation of this model into process simulators re-
quires detailed description of how interstitial clustéig.,
{311} defects and dislocation loopslecay as a function of
the implant(energy, doseand annealing condition@ime,
temperature One example will be given in the following
subsection. Modeling for lower doses should also include the
fact that the average number of interstitial diffusion steps
oobT———r=—====77 | o prior to recombination progressively increases with decreas-
T 10 107 107t 1072 10° 102 ing ion dose, leading to a more efficient damage-dopant cou-

Time (s) pling.

2.0

-
w

o

—Excess interstitials

e 311 defects AW
~ —-Average cluster size N l| - 20
\

Interstitial per ion

o
o

Interstitials per cluster

FIG. 27. Monte Carlo calculations of the net excess of interstitials perB. Process simulations
implanted ion during the 815 °C anneal. The solid points represent experi-

mental data from TEM measurements{811} defects(Fig. 5. Also shown The concept of inter?;titim Clusteringg B?S been ipcorpo—
is the average interstitials cluster size. rated into the process simulaterRoPHET**%* The basis of
6046 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997 Stolk et al.
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the model is that an interstitial in a cluster may spontane- 1014
ously escape at a rate given by the interstitial hopping fre-
guency and the binding energy to the cluster, while the clus-
ters grow whenever diffusing interstitials are trapped by a
cluster. The overall equation governing cluster kinetics is
given by

d[lcl]_4 DI 0 DI _Eb
dt maaD|[I][1¢] [c|]g2'eX T

10" |-

Interstitials in <311> clusters (cm2)

, (19 102 | o
A
whereD, =D, exp(—E/kT) is the interstitial diffusivity,a f
is the average interatomic spacing,is the capture radius .
. . . . 101
expressed in units o&, [l4(x,t)] is the concentration of 100 102 108
interstitials trapped in clusters, an{x,t)] is the concentra- Time (s)

tion of free interstitials. Whenever free interstitials are nu-

merous, the first term dominates aﬁql] grows exponen- FIG. 28. Simulation of the number of interstitials contained in clusters, as a

tiaIIy until it is balanced by the evaporation flux. Equating function of time, at various annealm_g tem‘peratures. The ‘experlme_ntal data
. . . . are reproduced from Fig. 5. The simulation model predicts the time and

the first and second terms in EALS) yields the following  temperature dependence L1} evaporation.

expression for the interstitial concentratioh,][ in equilib-

rium with the defect clusters:

[.] 1 E—E, abrupt than'the experimental ones. Apart from' thg posgibility
(7] = Amal exp( T ) (16 of an experimental artifadsee Sec. Il A, this dissimilarity
is probably due to ignoring the dependence of the binding
whereE; is the formation energy of the interstitial ahdis  energy on cluster size. Including Ostwald ripening in a more
defined by the interstitial formation entropy through sophisticated model with a distribution of cluster sizes would
I'=exp(S;/k). As is obvious from the above equation, the probably improve the evaporation behavior; yet, it is satisfy-
interstitial supersaturation during TED is set by the balancéng that this single population model already predicts the
between cluster evaporation and growth, provided that théme to remove a given dose of interstitials with an error of
initial interstitial level is high enough for stable clusters to beonly 30%.
formed. Having establishe&,+ E = E¢q=3.57 €V, and know-
The evaporation rate of clusters after self-implantationing the interstitial self-diffusion energlf;+E,,=Egp, then
can be estimated by assuming that the excess interstitial dogige formation energy per atom of{a11} cluster is given by
(Q~+1) immediately condenses into clusters upon annealthe differenceEs; ;= Esp—Eeya=E¢— E,=1.38 eV(see Fig.
ing. The loss of interstitials from the cluster region is con-29). This is in very satisfactory agreement with recent pre-
trolled by the diffusive interstitial flux to the surface, which dictions ofE3,, from molecular dynamics calculatiofis-1.3
can be approximated b®,[I.]/R,, whereR, is the pro-  eV),*?and tight binding calculation®.7-0.9 eV.% The for-
jected ion range. Substituting the supersaturation of B8, = mation energy per atom is also the activation energy of the
the effective time needed to dissolve the clusters is given bjnterstitial supersaturation in E¢16), allowing the intersti-
Eq. (17). Thus, the evaporation time is thermally activatedtial supersaturation during TED to be estimated-a&00 at
according to 800 °C and~400 at 1000 °C. Typical experimental numbers
4 are in the range of~1000—10 000 at 800 °G1011:%6 gng
_ maR,Q Ent+Ep B °@0117p, . tal val :
= DN, ex T a7 20-200 at 1000 °C: e experimental values are gener

ally underestimates since they attribute the diffusive motion
This model reproduces TEM observations that {B&L

decay rate decreases with increasing ion dose and

energy?®®* Applying this model to the 510"¥/cn?, 40 keV

Si implants of Figs. 2—-5, assuminrg=1, and using the most 1 ¥

recent experimental values bf; and[1*],*° yields 7=42 s at Ey =177V Eq = 177V
815 °C aqdrz 14600 s at 670 °C,_in perfect agreement with _}'r_ £, = 495V 4[—— By = 3570V
the experiments in Fig. 5. The activation eneEgyt E,, was

T

taken to be 3.57 eV, in accordance with the TED time con- v Fom A

stants in Fig. 6 and in Ref. 11. A more exact calculation was Ep = 318V -

carried out using theroPHETsimulator with the above nu- Eapy = 1386V

merical values to solve the differential equations for intersti- ) ) Silicon Crystal
tial transport, recombination, and reaction with clusters in Free interstitials Clustered interstitials

space and time. The result is shown in Fig. 28. The detailed
calculation confirms the initial impression that the modelFIG. 29. The average energy of an interstitial ifBa1} cluster is found to
; _ be 1.38 eV. This estimate is independent of the particular experimental
captures the. time and tgmperaturg dependen@ld} clus values taken fob, and[l*], as it comes out as the difference of g 1*]
ter evaporation. There is some discrepancy in the shape gf

) ) ) oduct, which is in good agreement between various studies af{@1fie
the evaporation curves in that the simulated curves are moraporation time activation energies.
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to the entire annealing time, whereas the transient vanishes

some intermediate time during the anneal. From the intersti- - ! ' ! ' ! C ]
tial profile in Fig. 12b) it was derived thatl[,]/[1*] is fixed - Si(100)-FZ:B v s
at (7.7£3.9x10° during TED at 670°C. This yields TLIPEN 22(;‘?‘0’ 1355;;": PR
E3;=1.3=0.1 eV upon substitution in Eq.16), in good = E 3
agreement with the above numbers. It thus appears that the ¢ -7 ]
above model provides a self-consistent way of dealing with § fi -
the clustering and injection of interstitials during TED, 2 10185_ i
which can be efficiently implemented into process simulation é = 3
programs. Z - AN .
A simple model of boron clustering can be developed on £ i \\\ 4
the following lines. One imagines a distribution of clusters, 8 1071 N |
containing 2,3,4, etc., boron atoms. A cluster may shrink by ® E E
spontaneously emitting a mobile boron-interstitial pair, or it - EXP ANNEALED 7 '
may grow by capturing a free boron-interstitial pair. This | ——- PROPHET-1 ?
yields rate equations which are analogous to those of Eq. o1 PROPHET-2 = R
(6@, but now with the addition of a decay term, 0 200 400 600 800
N, —N, DEPTH (nm)
—= +4ma.Dg[B,]N,, (183
dt T ! FIG. 30. propHET simulation of TED for the experiment of Fig. 1
(1.5x10*cn?, 30 keV1%B implant diffused at 800 °C for 35 mjnA com-
dN;, —Ny parison is made between the default diffusion mo@eorHeT-3 and the
W: . +47TacDB|[B|]N3, etc., (18b) new model including interstitial and B clusterifgroPHET-2. This figure

clearly illustrates the improvements that have been made.

whereN; is the number of clusters of sizeand 7 is a spon-

taneous decay time. Multiplying each equation nd sum- The above approaches for dealing with interstitial and

ming overt, boron clustering were implemented int®&oPHETand used
d —ZiN; to simulate the initial TED experiment of Fig. 1. It was re-
5 (2 iNi) =1 +47TacDB|[BI]E iN;. (19  quired to take the net interstitial excess-80.5 instead of
i T i

+1.0 to match the diffusion in the tail of the profile. A simi-
The rate equation for the total number of boron atoms inar effect has been seen in other wdriwhere implanting B
clustersB, = SiN;, is then and Si at the same dose and energy gave identical TED in
! buried markers. Since the B is implanted more deeply, one
diBc]  [Bc] would expect more TED than from the Si implant. That one
dt T does not is an indication that the net interstitial excess is
smaller with B implants than Si implants. Alternatively, this

This result relies on the approximations thaind a. are  giscrepancy could reflect the trapping of some of the inter-
independent of cluster size, and that the average cluster COB¥itials in B clustergFig. 8). As can be seen from Fig. 30, the

tains at least three or four boron atoms. Making one finais 1 the B profile has greatly improved as a result of the
assumption that the pairing reaction for forming[Bq. (4] physical insights presented in this article. Of course, more

is in equilibrium, simulations are required to test the present model for a wider
e B range of implant and annealing conditions.
= k(BB (1)

+4ma;Dg B 1[Be]. (20)

VIIl. SUMMARY: THE LIFE OF THE INTERSTITIAL

with k; a rate constant expressed in %sn The equation . . . . e
. . - : This article h It with cl ring and diffusion phe-
predicts that when the number of interstitials is large, the s article has dealt with clustering and diffusion phe

. . . nomena involvin nts an f which ar iv in
second term will dominate and lead to an exponential growth omena involving dopants and defects which are activated

) . . . . ion-implanted silicon during annealing. The common micro-
in [B.]. The exponential growth will continue until the sec- P 9 g

ond term is reduced and the first term increased to brin scopic agent of these processes is the Si self-interstitial, and
; . %he physical mechanisms which control transient enhanced
them into balance. When this occurs,

dopant diffusion can be summarized in a qualitative manner
by following the life of the interstitial.

m=[55]- (22 lon implantation leads to an athermal generation of in-

terstitials and vacancies through the collisional displace-

That is to say, the free boron concentratj@a] will be low- ments of lattice atoms. The average number of Frenkel pairs
ered until it reaches a quasisolubility which is inversely re-that is generated per incoming ion depends on the ion species
lated to the interstitial concentration][ This is consistent and energy, and may vary from tens to thousands for keV
with the observation that the apparent solubility in each suimplants of atoms such as B, Si, or P. The Monte Carlo
perlattice spike is inversely related to the amount of diffusionsimulations in Sec. VII A have shown that a fraction of the
seen in that spikésee, for instance, Fig. 11 Frenkel pairs recombines during and after implantation at
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room temperature, and the remaining interstitials and vacarthe interstitial-enhanced B diffusion and clustering may ac-
cies are contained in small clusters. Upon annealing, thes®ally occur as the interstitial and vacancy population col-
clusters will dissolve by emitting point defectmterstitials  lapses. This would require a full-blown evaluation of the
and/or vacancigs which will eventually recombine with coupled defect—defect and defect—dopant interactions to as-
their free or clustered counterparts, annihilate at the surfacsess the B profiles and the defect distribution before the
or diffuse into the bulk. It was demonstrated by TEM mea-{31L-controlled diffusion regime kicks in. This is just one
surements in Sec. Il that for sufficiently high damage levelsguestion which remains to be answered among many others:
(40 keV Si, >1x10"/cnP), the resulting excess number of By which microscopic mechanism does B diffuse? Can the
interstitial atoms approximately equals the imbalance in thevarious published diffusivities of Si indeed be reconciled on
interstitial and vacancy concentrations resulting from the exthe basis of C-interstitial trapping reactions? How {841
tra implanted atongthe +1 mode). This suggests thdt-V  defects evolve into dislocation loops, and how does this pro-
recombination is the dominant decay mechanism in the inicess affect the interstitial injection kinetics? Do the intersti-
tial annealing stage, as reconfirmed by the Monte Carldial and vacancy populations behave independently for high-
simulations in Sec. VII A. energy implants? These and related issues will certainly
The excess interstitials are contained {Bil1} defect provide a challenge to the silicon research community for
clusters for doses in the range fronx 50*? to 1x10*%cn?,  many years to come.
and these defects sustain a local supersaturation of intersti-
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