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Shouldering in B diffusion profiles in Si: Role of di-boron diffusion
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The role of di-boron diffusion in evolution of B diffusion profiles has been investigated. We find that
boron pair (B—B;) diffusion can become as important as boron-interstitial pair-@@) diffusion

when both boron concentration and annealing temperature are very high, leading to
concentration-dependent B diffusion. Our simulated B diffusion profiles with dramatic shouldering
are in excellent agreement with experimental ones reported by SdarabfAppl. Phys. Lett.74,
3996(1999] for high-temperaturé~1200 °Q postimplantion annealing of ultralow-ener¢p500

eV) implanted high-concentration=10*® cm™3) boron in silicon. ©2003 American Institute of
Physics. [DOI: 10.1063/1.1619219

Boron doping is an essential ingredient in the fabricationshouldering behavior is consistent with a previous experi-
of silicon-based semiconductor devices. As gate dimensionmental observatidhthat shows B diffusion enhancement at
shrink to nanometer scal¢s:100 nm), it becomes critical to  high B concentration; that i$’B diffusion increased at the
gain precise control of doping profiles. Consequently, a gregdresence of high concentrations={0*° cm %) of back-
deal of effort is being devoted to understanding and controlground boron'!B. In fact, the concentration-dependent B
ling transient enhanced diffusigidED) of boron during im-  diffusion has been explained by the variation of charged de-

plantation and postimplantation annealing. fect concentrations under extrinsic conditiofi®e., Fermi
While it is understood that a mobile boron-silicon inter- level shift effect,vide infra).'°
stitial pair (B—Sj) plays an important role in B TEB? siill In this letter, we present the influence of di-boron diffu-

little is known about underlying reasons for the enhancemension and other possible factors including Fermi level shift on
(or the retardationof B diffusion at high concentrations of evolution of B diffusion profiles.
boron (>10® cm™3) (or impurities, such as carbon or oxy- The kinetic model used here includes only the formation/
gen. dissolution of B-Si and B-B; pairs; that is, B

We were particularly intrigued by the diffusion profiles + Sj«Bs—Si and B+ B¢—Si«Bg+ B;«<>B,—B;. This ne-
(Fig. 1) determined by Schroest al?® using secondary ion glects many details in the interactions between B and Si
mass spectroscopySIMS). Their results show clearly a atoms. But the influence of largenmobileB clusters should
concentration-dependent behavior; that is, B diffusion is enbe negligible due to their low concentrations as a result of
hanced as the B concentration increases. They implanted béast dissolution at high temperature annealing. When cluster-
ron at energies-500 eV with a dose of 0 cm 2 into a  ing is insignificant, the equilibrium concentrations of-ESi
p-type, epitaxially grown(epi) silicon layer on Si001). and B-B; are mainly determined by the total boron and
Then, the substrate was annealed at 1200 °C. The concentiaterstitial concentrations. Hence, the simplified kinetics
tions of oxygen and carbon in the epi-Si layer are typicallyshould provide a reasonable description in the overall physi-
less than 18 cm™3. Hence, impurities are likely to play an cal picture.
insignificant role in determining the doping profiles in these  Figure 2 shows a comparison between simulated diffu-
experiments. In addition, high temperature annealing asion profiles and SIMS profilés{from Fig. ). Our simula-
1200 °C results in fast dissolution of B clusters formed at thetions start with the initiallas implanted distribution while
very early stages of annealing. Therefore, the densifynef
mobile large boron clusters, if any, is too low to influence
diffusion profile evolution. This suggests that only Si inter-
stitials andmobileB species should be considered in explain-
ing these experiments. In the absence of concentration-
dependent and/or transient effects, single component
diffusion should lead to a Gaussian distributiGomce the
diffusion profile is fully developed but the experimental
result$ in Fig. 1 differ substantially from a simple Gaussian.
B TED appears to be enhanced with increasing B concentra- i

tion, leading toshoulderingin the diffusion profiles. The 0 o 200
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102 ron. We definey as the relative contribution of B B; and
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< 1oL s Here the factor of 2 arises because two boron atoms are
@ a _ transported in B-B; diffusion. Our kinetic simulation shows
implanted] \ t=1s . ..
107l \ . L that, as thg tot_al boron concentration is mcreaged, theBB
0 100 200 concentration increases almagtadratically, but in contrast
depth, nm

the B—Si concentration increasesiblinearlyat a high B
FIG. 2. A comparison between the experimen(@IMS) profiles (Ref. 3 concentration reg|0n>61018 cm 3) due to suppression by
and the profiles from simulations. The simulations, which include bothBs—B; cluster formatior?. As a result, at 1% cm™3, the
Bs—B; and B—Si diffusion, are in quantitative agreement with experiment equ”ibrium concentration of g_BI becomes four orders of
providing strong support for the role of the B dimer diffusion at high tem- magnitude larger than the ;BSi one® We calculate that
peratures. The inset shows a comparison between SIMS and simulated pro- — 0 _35 . ) . .

file with B.—§ diffusion only. y~1.4 whenCg=10° cm 3 (it increases linearly witiCp)
using the diffusivities and the binding energies listed before.

: S . Here, the prefactor of B-B; and B— Si dissociation rates is
controlling precipitation(and/or evaporatiognat the surface estimated based on the Debye frequeneyl0® s 1).

to match the integrated amount of B in the substrate to be This study suggests that the-BB, component may be-

same as experiments. When botb-5} and BB, diffu- .come as important as the;BSi component in determining

sion are included, as shown in F'g' 2, we see that there Qiffusion profiles when both B concentration and annealing
excellent agreement between the simulated and experlment,[al

results. Suppose that only;BSi diffusion is important and emper?ture are very high. For low 'Fempera.lture annealing
. R . (<900 °0O, however, the boron clustering at high concentra-
the Fermi level effect is insignificant, then substantial B clus-. 8 -3 . e .
: . . . tions (>10'® cm™ %) makes di-boron diffusion unimportant.
tering would lead to capture of mobile;BSi species by a . . .
: Next, we discuss the influence of the following factors
second B complex to form a stable multiboron cluster. Sucfg)n dopina profile evolution:
clustering would impede B TED, leading to a “tailing” be- ping p ’
havior (i.e., the displacement of diffusion profiles becomes(i) Fermi level shift;
larger as the B concentration decreasgsposite to what is (i)  density distribution of neutral interstitials;
observedsee the inset in Fig.)2 (iii)  impurities such as oxygen and carbon; and
In the absence of the Fermi level shift effect, essential tqiv) stresses caused by surfaces and extended defects.
the success in accurate modeling these experiments was in- _ _ o N
cluding diffusion of the boron dimer (8B;). Recently, Fermi level shift In p-doped Si, interstitials may charge
Hwang and Goddardused first principles quantum mechan- positively or remain neutral. Under extrinsic conditions, the
ics (DFT/GGA) to follow the details of boron dimer diffu- concentration of the charged interstitials is a function of the
sion. They found a pathway leading to an energy barrier of€rmi level (that depends on the dopant concentratioh
only 1.81 eV for the dimer diffusion. Although far larger While the concentration of neutral interstitials remains un-
than the activation energy for,BSi diffusion (~0.68 e\),*  changed. Therefore, the total interstitial concentration
the |arger bmdmg energy forsg. Bi6'7 leads to a B-B; con- Changes with the boron concentration if a substantial fraction
tribution to diffusion comparable with the;BSi when both ~ Of interstitials were charged, which may in turn result in a
B concentration and annealing temperature are very high. concentration-dependent behavfoms boron diffusion is
Since clustering is insignificant at 1200 °C, the shape ofmainly mediated by interstitials. Thus, an accurate estimation
the diffusion profile is dominated by the ratio of the meanO©f the relative density of interstitials at a different charge
diffusion length between BB, and B—Sj pairs, State is essential.

\(Bs—B;)/\(Bs—Si).8 Based on literature values of the dif- The relative populations for positively charged intersti-
fusivities and binding energies tials under intrinsic conditions are determined by the donor
levels, the Fermi level, and the substrate temperafuf&zor
[Do(Si)=5 exg — 1kgT) cné/s® the first donor levekE.—1.2 eV? the second donor level

~E.—0.4 e\? the intrinsic Fermi levek0.6 eV (whereE,
is conduction band minimum for instance, the estimated
relative concentrations of 041, and 2+ charged interstitials
are 1, 7.5x10 3, and 0.038 at 1200 °C, respectively. With
and E,(Bs—B;)=1.5 eV],” we deduce that the ratio of the the intrinsic carrier concentratiom{) of ~2x10° cm3 at
mean diffusion length betweensBB; and B—Si pairs i€ 1200 °C, forp=10° cm 3 (i.e., p/n;=5) the relative popu-
N(Bs—B;)/\(Bs—Si)~56.46. The results in Fig. 2, used a lations of 1+, 2+ charged interstitials increase to 3.75
value of A(Bs—B;)/\(Bs—Si) =55, well within the uncer- X102 and 0.95, respectively. This indicates that the total
tainty. (Since the density of free Si interstitials does not af-interstitial concentration may increases substantially in the
fect the mean diffusion length, these simulations simply asextrinsic region.
sume the free interstitial concentration of'4a@m™2.)3 In addition to the interstitial concentration variation, the
The importance of di-boron diffusion is determined dissociation and diffusion rates of boron-interstitial com-

mainly by the total concentration of nonclusteréae) bo-  plexes are likely to be strongly influenced by the Fermi-level
Downloaded 21 Dec 2005 to 131.215.225.171. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp
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position>?®’ However, the energies of the different chargefects (if any) would be dissolved too fast to have significant
states of boron-interstitial pairs and interstitials are poorlyinfluence!’
known, thus it is difficult to quantify the Fermi level effect. In summary, we show di-boron diffusion can be impor-
Density distribution of neutral interstitialsThe intersti-  tant and lead to shouldering in B diffusion profiles for high
tials are usually generated by high-energy ion bombardmenemperature(~1200 °Q annealing with high B concentra-
and remain in the form of small clusters during implantation.tions (>10'° cm™3). This study suggests that di-boron dif-
At the onset of annealing, most of the interstitial clustersfusion and Fermi-level shift would result in a similar
(including interstitial-boron complexgsnay exist near the concentration-dependent behavior of B diffusion, but their
surface. At the nonequilibrium stage where these clustergelative contributions are hard to be quantified as the relevant
serve as a main source for excess interstitials through dissenergetics is still poorly known.
lution, a sizable gradient in the interstitial density may de-
velop along the depth. However, high temperature annealing . , ; )
(~1200°Q results in rapid dissolution of the clusters. Ac- >€iko-Epson Corporation for many helpful discussions. They
cording to a recent measuremé&ng81L defects decay expo- thank Seiko-Epson Corporation for prowdlng fmanmal_ sup-
nentially with annealing temperature: the characteristic deP°: G-S.H. also thanks the Welch Foundation for their par-
cay time ranges from-40 s at 815 °C to~4 h at 670 °C. tial financial support. The facilities of the MSC are also sup-
Extrapolating to 1200 °C leads to a decay time<of0~3 s,  Ported by grants from DOE-ASCI, ARO/DURIP, NSEHE)

Given that smaller clusters dissolve much faster than the eXARO/MURI, NIH, Chevron-Texaco, Beckman Institute, 3'\{"
tended{311 complexes, this estimate suggests that most oPOW Chemical, Avery-Dennison, General Motors, Kellogg's,
interstitial clusters formed during implantation and/or the”S&hi Chemical, and Nippon Steel.
early stages of annealing evaporate within 18 at 1200 °C.
If so then the Qiﬁusiqn profile.evolutic.)n will be barely influ- 15 sadigh, T. J. Lenosky, S. K. Theiss, M.-J. Caturla, T. Diaz de Rubia,
enced by the interstitial density gradient. and M. A. Foad, Phys. Rev. Le®3, 4341(1999.

Even if the dissolution rate is far slower than £0s, the ZV\:-] Windl, M. M. Bunea, ?- St;mpf, S.T. Dunham, and M. P. Masquelier,

: : : : e - Py Phys. Rev. Lett83, 4345(1999.

.reSU|tlng density gradient of interstitials WI!I b(_:" mSIngI.Cam 3E. Schroer, V. Privitera, F. Priolo, E. Napolitani, and A. Carnera, Appl.
in a short length scale<100 nm) due to their high mobility Phys. Lett.74, 3996(1999.
[De(Si)=1.5x10" 2 cnf/s at 1200°¢* In the end, the  “A.F. W. Willoughby, A. G. R. Evans, P. Champ, K. J. Yallup, D. J.
free interstitials may be equilibrated with interstitial- 5gogfr<|e_|y, and M.dGV-VDP(\JWGseg’dJ. é“IFI’:O'-P Eh@é 2395&9825901(2002
P lap . . . 9. Awang an . A. Goaaar , yS. ReV. .
containing cluste_rs. On_c_e the equilibrium is establlshe_d, the ; Zhu, T. Diaz de Rubia, L. H. Yang, and C. Maihiot, Phys. Re®43
number of free interstitials decreases with the density of 4741(1996: J. zhu, Comput. Mater. ScL2, 309 (1998.
traps(such as interstitial clusters and boron-interstitial com- ”X.-Y. Liu, W. Windl, and M. P. Masquelier, Appl. Phys. Lef7, 2018

plexes. Thus, the observed shouldering phenomenon for B is,2000- o o I
uite unlikely to involve density gradient of free Si intersti- The projected diffusion length is given by=6D./Dyss where D,
q y y and Dy are the diffusivity of a departing species and the dissociation
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tials. rate, respectively. Since a species must diffuse one jump away
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may affect the boron diffusion by forming;8; (interstitial rate  for B-Bj, as Dgise*De(Bs—Si) X exd—EyBs—B)1/ksT].
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