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Fluorine segregation and incorporation during solid-phase epitaxy of Si
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We report on the F incorporation into Si during solid-phase epit®8B at 580 °C and with the
presence of B and/or As, clarifying the F incorporation mechanism into Si. A strong segregation of
F at the moving amorphous—crystalline interface has been characterized, leading to a SPE rate
retardation and to a significant loss of F atoms through the surface. In B- or As-doped samples, an
enhanced, local F incorporation is observed, whereas in the case of B and As co-implantation
(leading to compensating dopant effee@ much lower F incorporation is achieved at the dopant
peak. The F enhanced incorporation with the presence of B or As is shown to be a kinetic effect
related to the SPE rate modification by doping, whereas the hypothesis of a F-B or F—As chemical
bonding is refused. These results shed new light on the application of F in the fabrication of
ultrashallow junctions in future generation devices2@5 American Institute of Physics
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The increasing scaling down of modern ultrashallowenon and its dependence on the presence of B and/or As. The
junctions for metal-oxide—semiconductor devices representgported results can improve the understanding and the ap-
a strategic challenge for the technological development aglication of F in modern ultrashallow junction fabrication.
well as a charming issue in fundamental research. In particu- Experiments were performed on-type, Si epilayers
lar, the future technological 32 nm node will require dopantgrown by chemical vapor deposition upon 6 (h00 Si wa-
activation and confinement in regions shallower thanfers. Si samples were amorphized from the surface to a depth
10 nm? In order to achieve this result, high B fluence im- of ~530 nm by implanting Si ions (3 10'5 ions/cn? at
plantation in preamorphized Si has been widely studied and50 keV, plus < 10'° ions/cn? at 40 keVj at the liquid ni-
the addition of the fluorine ingredient has become more antrogen temperature. The amorphized samples were enriched
more interesting, also for the usage of Bimplantation®®  in fluorine by implanting 100 keV, % 10 F/cn?, and

Dopant implantation in preamorphized Si has the advansome of these were further implanted with (B0 keV,1
tage to avoid both channelling effects and, of course, crystak 104 or 7.5x 10* atoms/crd) and/or As (55 keV, 6
damaging during the implantation itself. Still, the subsequentx 104 atoms/crd). All the amorphized samples were an-
recrystallization by solid phase epitax$PB leaves struc- nealed at 450 °C for 30 min, followed by SPE at 580 °C for
tural defects beyond the original amorphous—crystalline120 min in N, atmosphere. The SPE kinetics at 580 °C were
(a—c) interface, commonly referred to as tead-of-range  characterized in detail by annealing the samples from 15 min
defects(EOR).? Upon further thermal annealing, needed toup to the complete regrowttl20 min in a conventional
electrically activate the dopant, such EOR defects coulthorizontal furnace. By means of Rutherford backscattering
evolve emitting a backflow of Si self-interstitialks) toward spectrometryRBS) in random and channelling geometry, we
the surface. This leads to a dramatic spread of the l%Opafhﬁeasured the residual amorphous thickness after each an-
distribution due to the transient enhanced diffusi®&D). nealing step as well as the crystalline quality of the regrown

In such a system the F benefice consists in a strong r@ayer. Some of the regrown samples were treated by rapid
duction of boron TED without severely deteriorating the thermal annealingRTA) in N, atmosphere, at 850 °C for
electrical activity of the dopant*®® As we recently 10 min, in order to induce an Is backflow from the EOR
ShoWed, the atomistic mechanism of this F a.b|||ty cannot ergion and thus Study the F and B diffusion. The concentra-
ascribed to a B-F chemical bondifigs suggested instead tion depth profiles of B, As, and F were obtained by second-
by Mokhberi et al.” We concluded that an interaction be- gry jon mass spectromett$IMS), using a CAMECA IMS-
tween F and Is must be assumed to account for the borogf jnstrument, by collecting B (AsSi)*, and F secondary
TED reductior® Thus, the presence of F in the regrown Si is ions, respectively, while sputtering with a 3 ke\}, Geam.
crucial in order to achieve an ultrashallow B profile. Indeed,  The epitaxial regrowth kinetics at 580 °C of F implanted
an evident redistributionlcl)gf after the SPE of preamorphizeds; is shown in Fig. 1a), where the as-implanted F distribu-

Si has been observéc?;_ ~“even if the evolution of this ion (dotted ling and the post-SPE orfiangles are plotted
redistribution, the contributions of F implant conditions Or together with the F profile snapshots at four different SPE
dopant co-implantation, have to be clarified. times[15, 30, 60, and 90 miticontinuous lineg. In addi-

_ The aim of this work is to study the epitaxial regrowth of o the a—c interface positions, as determined by RBS
F implanted Si, characterizing the F segregation phenomynaiyses, are reported as vertical lines relative to the partial
regrowth experiments. It is clear that, during the SPE pro-
@Electronic mail: mirabella@ct.infn.it cess, F atoms accumulate at thec interface by which F is
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FIG. 1. (a) SIMS profiles of F incorporation after implantatiédotted line, § B in presence of F
100 keV, 4x 10 at./cn?), during (continuous linesand after(triangles S E
SPE at 580 °C. The a—c interface positions during SPE, as determined by m - 7
channeling measurements, are also indicated by vertical lipp8veraged 10 ' 3

SPE rate(squares, left-hand vertical axiand reciprocal of F peak FWHM
(circles, right-hand vertical axisrersus depth. The undoped Si SPE rate at
580 °C(Ref. 13 is reported toghorizontal dashed line
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FIG. 2. (a) SIMS profiles of B and As concentration after implantation:

. 10 keV, 1x10*B/cn? (open circley 55 keV, 6x 10 As/cn? (open
pushed toward the surface. The F peak is clearly located & are5 10 kev, 7.5¢ 101 B/cr? (open diamonds, used to compensate
the amorphous side of the-c interface, and, once SPE is the As doped sampleThe B atomic excess in the B and As co-implanted

completed, this F peak disappears, evaporating from the susample is shown with a dash-dotted liie) SIMS profiles of F concentra-
face. On the crystalline side, F is incorporated at a concerfion after 580 °C SPE in the Bopen circles or As- (open squargsioped

. . samples, in the B and As co-implanted sam(plash-dotted ling and with-
tration about two orders of magnitude lower than the F peakOUt any dopanftriangles. F profile in the B doped sample after 850 °C,

In fact, the segregation coefficient at the interfacedefined 10 min RTA is reported togclosed circles (c) SIMS profiles of B concen-
as the concentration in the crystal over the one in the amottation after the SPE and 850 °C, 10 min RTA, in absefobesed squargs
phous at the interface depth, is measured to range from O_O%in presencéclosed circlesof F. The as-implanted B profil@pen circles
to 0.03. Thisk variability could mean that the system is not 'S reported as reference.
in steady-state conditions. As a result of this segregation, we
observe that at the end of the SPE only 15% of the F imamorphous Si is constant during the whole regrowth process.
planted fluence remains in the sample. Since F diffusivity in amorphous Si will be given by the
From Fig. 1a) we can also follow thea—c interface  product between SPE rate and FWHM of the segregation
motion, whose velocity decreases with time. The averag@eak, an estimate can be easily done. This gives a value of
velocity between two consecutive—c interface positions (0.9+£0.) X 107 cn/s at 580 °C, which agrees very well
were calculated and plotted in Fig(kl with open squares with the F diffusivity in amorphous Si determined by Nagh
(left-hand axi$, together with the undoped Si SPE rate al. with a very different experimental methdd This very
(dashed lingat 580 °C*® A reduction of the SPE rate up to high diffusivity together with the low segregation coefficient
10 times with respect to the undoped case is observed, due measured explains the substantial F loss we observed after
the F segregation, in agreement with literature dafa. SPE. The time to regrow 1 nm at 580 ° C~25 s, whereas
In Fig. 1(b), we plotted the reciprocal of the full-width at in the same time F diffusion length in amorphous Si is about
half-maximum(FWHM) (closed circles, right-hand scalef 5 nm, hence F can escape the regrowing front.
the F segregation peaks as extracted from Fig). Accord- We also studied the effect of B and/or As on the F in-
ing to the classic segregation thedfythe reciprocal of the corporation during SPE at 580 °C, taking into account the
FWHM of the peak segregated at thec interface is equal SPE rate modification by dopants. In FigaRthe used dop-
to the ratio between the SPE rate and the impurity diffusivityant implant profiles are shown: 10 keV,x110* B/cn?
in the amorphous phase. In fact, the SPE rate and the impuepen circlek 55 keV, 6x 10** As/cn? (open squargsand
rity diffusivity have opposite effects on the F incorporation, 10 keV, 7.5< 10 B/cn? (open diamonds The first two
competing the first in favor and the second against it. Admplants were performed separately on different samples, in
shown in Fig. 1b), the correlation with the SPE rate is quite order to achieve the same SPE rate enhancement by different
high, indicating that, in fact, the SPE rate and FWHM aredopantsl.3 The second implant was performed together with

inversely proportional and therefore that F diffusivity in the third one on sample to attempt the dopant compensation,
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for which no SPE rate modification occurs. peak concentration of1x 10% atoms/crd)* for which the

In Fig. 2b) the F profiles after the 580 °C SPE are SPE rate is decreasétiand then the F incorporation is hin-
shown in the different samples: B dopifgpen circles As  dered. On the contrary, for our As concentration peak the
doping(open squargsand B and As co-dopingdash-dotted SPE rate is enhanced and F is seen to be superincorporated
line), together with the case of only F implanted samiple  [squares in Fig. @)]. Since our results unambiguously ex-
angles. In the case of B doping, F incorporatidopen clude an F bonding with B and/or As, a dependence of the F
circles in Fig. 2b)] is locally enhanced, quantitatively repro- incorporation on the SPE rate must be assumed.
ducing the B implantation peak. If we now consider the As  Finally, on the regrown B-doped sample, we performed a
doping case, the F profil@pen squares in Fig(B)] exactly — RTA process(850 °C,10 min to study the F and B diffu-
reproduces the previous one, even if the As peak concentrgion. We observed a considerable F outdiffusimosed
tion is six times higher than the B one. In both cases, the kircles in Fig. Zb)], but, in spite of this, the B profiliclosed
incorporation enhancemeff super-incorporationis of the  circles in Fig. Zc)] does not suffer any diffusion at all, being
same factor(almost ten timeswith respect to the case of identical to the implanted one. In absence of F, the expected
only the F implanted samplériangles in Fig. 2b)], regard-  poron TED, caused by the Is backflow from EOR defects, is
less of the different dopant amount. It is worth noting that theinstead revealediclosed squares in Fig.(@]. This means
different dopant dose was used on purpose to obtain the sanigat in the presence of F a clear suppression of boron TED
SPE rate enhancement which, in both cases, doubles the &tcurs which cannot be ascribed to a B—F chemical bonding,
undoped SPE rat€.Thus, we hypothesize that the F super- confirming what we reported in a previous wérk.
incorporation is strictly related to the SPE rate, rather thanto  |n conclusion, we studied the incorporation of F in Si in
a direct interaction between F and the dopants. the presence of dopants. In Si doped with B or As a higher,

In order to disclaim this point we did a definitive experi- |ocal F incorporation is revealed, whereas a lower F incor-
ment, by adding B in the As-doped sample in order to atyporation is achieved if B and As are co-present, compensat-
tempt the dopant compensatijsee open diamonds and ing each other. We showed that the F incorporation enhance-
squares in Fig. @)]. In fact, if the dopant compensation is ment cannot be ascribed to a chemical bonding between F
achieved no SPE rate enhancement occurs in spite of theyq dopants, while it is due to a kinetic effect related to the
dopants co-presenc.On the other hand, the dopants co- SPE rate, which is modified by the doping. These results,
presence would result in a even higher F superincorporationyarifying the F incorporation mechanism in Si, have strong

if the incorporation is due to F chemical bonding with B jmplications for the application of F in the fabrication of
and/or As. When B and As are co-implanted, the F profiley,irashallow junctions in future generation devices.

after the usual SPE, is shown with a dash-dotted line in Fig.
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