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Ultra-Shallow and Abrupt Boron Profiles
in Si by the d-Doping Technique
H. Kujirai, E. Murakami, and S. Kimura
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Ultra-shallow and abrupt Boron (B) profiles in Si are achieved by using molecular beam epitaxy, and thermal stability of these profiles is closely examined. Oxidation enhanced diffusion of &doped B can be minimized by wet q
oxidation owing to the shorter oxidation time than that of &y Or. Sheet resistance of heavily 6-doped layers is I kQ /sq which is almost constant even after
thermal annealing. This value is about 1/10 the reported value obtained by
solid phase diffusion in which solid solubility limits the maximum ca:rier concentration.

l. Introduction

u

ltra-shal low j unctions
(for p-MOSFET)

hecise control of Boron (B) profiles in Si is becoming increasingly important in the formation of ultra-shal-

low source/drain junctions (r) for p-MOSFETs, and for
punch-through stopper (2) in n-MOSFETs, as illustrated
in Fig.l. Such junctions are usually formed by ion implantation which is highly controllable in a wide range
of doping concentrations. However, scattering and
channeling of dopant ions in Si crystal result in relatively broad depth profiles. Recently, solid phase diffusion from Boron silicated glass or Boron molecular layer
has been investigated for ultra-shallow junction
formation (txr). fhsce techniques, however, suffer from
solid solubility limitation which determines the maximum carrier concentration. Thus, ultra-shallow B junctions with low resistivity are difficult to form.
Molecular beam epitaxy (MBE) is a promising

punch-through stopper
(for n-MOSFET)

Fig.l

Schematic cross section of d -doped B
punch-through stopper for n-MOSFETs
and ultra-shallow junctions for p-MOSFETs.

evaporator for Si deposition and an HBQ effusion cell

for B doping. Si (100) wafers were precleaned by
chemical treatment and a thin protective oxide layer was

formed. Then, the oxide layer was sublimated in the
MBE chamber by heat reatment at 830"C for 20 mino.
The samples for thermal diffusion experiments
were formed as follows. The 20O-nm-thick Si buffer
layer was grown on a p-type Si (9-12 Q cm ) substrate
and then HBO2 was adsorbed on it at 600'C. Next, a
l80-nm-thick Si cap layer was grown at 500'C with
$owth rate of 0.1 nm/sec, which is low enough to suppress surface segregation of B (t). As a result, B is confined within the buried 3-nm-thick region of Si. Furnace
annealing at around 800"C was performed in inert and

technique for dopant confinement on an atomic scale (&
doping ) and for precise control of a wide range of dop-

ing concentrations. While many studies of B 6-doping
have been reported(a), the thermal stability of B 6-doped
layers, which is indispensable in device fabrication, has
not been investigated . In this paper, two important considerations in the formation of 6-doping profiles will be
discussed: oxidation enhanced diffusion (OED) (s) during
gate oxidation, and B precipitation due to solubility t01.

2. Experimental

oxidizing ambients. Capacitance-voltage (C-V) measurements were used to examine the B profiles. Schottky
contacts 0.4mm in diameter were formed by Ti evaporation. It should be noted that Boron sheet density was

Vacuum Generator 366 system was used for Si
MBE. This system contains an electron beam gun
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Fig.2 Carrier profiles of d -doped Boron
layer annealed in dry Nz.

Fig.3 Arrhenius plots of diffusion coefficients
of d -doped Boron.
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Heavily 6-doped samples were formed as follows.
HBO2 was adsorbed on an n-rype Si (8-12 Cl cm) subsffate. Then, 5-nm- or lO0-nm+hick Si cap layer was
grown to incorporate B into substitutional site. Furnace
annealing at 600"C and 800'C and rapid thermal annealing at 1000"C, were used to investigate the thermal stability of 6-doped B in inert ambient. Secondary ion
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mass spectroscopy (SIMS) was used to investigate the B
depth profiles, and sheet resistivity was measured by the
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3. Results and discussion
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Fig.4 Boron SIMS profile after 5-nm-thick
oxide $owth in wet Ozat800C.

Figure 2 shows the carrier profiles obtained by C-V
measurement after annealing in dry N, at 800'C. It was
found that these profiles can be approximated by Gaussian distribution. Generally, a carrier profile is different
from a dopant profile in the case of non-uniform doping.
However, it was confirmed by computer simulation that
the standard deviation (o ) of the Gaussian profile of the
dopant can be estimated well from the carrier profiletto).
It was also found that the dispersion value (o2)of the carrier profile as a function of annealing time (t) follows the

concenffation of Si interstitials. Figure 4 shows the B
depth profile after growing a S-nm-thick oxide layer at
800'C in wet Or. Since the oxidation rate in wet O, is
faster than that in d.y O' the diffusion length (= {2Dt )
in wet O, is smaller than that in dry O, in spite of higher
diffusivity. As a result, the abrupt B profile for a punchthrough stopper can be minimized (o- 7.5 nm) by using
wet 02 ambient during gate oxidation.
Figure 5 (a) shows the SIMS depthprofiles of heavily 6-doped B layers with sheet densities of I x lOtaand 3
x 1014 cm-2 after dry N, annealing at 800'C. The thickness of Si cap layer was 100 nm for SIMS measurement.
The profiles remain abrupt even after 30 minutes of annealing, which corresponds to a junction depth of 22nm
at 1 x 10rE cm'3. In addition, the profiles maintain Gaussian distribution without shoulders, which means that
there is no B precipitation due to solubility. In contrast,
as shown in Fig. 5 (b), the sample formed by solid phase

theoretical relation for a Gaussian distribution:
o2=oo2+2Dt (D; diffusion coefficient). Arrhenius plots
of the diffusion coefficient of B in inert and oxidizing
ambients are shown in Fig. 3. As can be clearly seen,
OED occurs in this low temperature range, and the diffusivity in wet O, is higher than that in dry Q. It is well

known that OED is caused by Si interstitials generated at
the SiOr/Si interface(5). [n our case, it was shown that the
differences between dry O, and wet O, can be attributed
to the dift'erences in oxidation rates which determine the
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Fig.5 SIMS profiles of heavily doped Boron
(a) d -doped B annealed in dry Nz, (b) Solid
phase diffused B by UHV annealing.

Fig.6

B diffusion in the Si-MBE chamber shows a shoulder
due to B solubility of 3xlOte cm-3 at 369 "g to

d -doped B as a
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that B precipitation occurred before any significant
broadening of depth profile at this low temperature.
4. Conclusions

Abrupt Boron profiles in Si can be formed using
the 6-doping technique. Oxidation enhanced diffusion
occurs in the temperature range of 700-850"C and diffusivity in wet O, is larger than that in dry O, owing to a
higher oxidation rate. The profiles in Si can be r,naintained after gate oxidation in wet O, but not in dry Orin
spite of higher diffusivity.

An ultra-shallow, B-doped layer with low resistance was also shown to be easily obtainable. Sheet resistance of heavily E-doped layers is 1/10 that of samples
formed by solid phase diffusion, and are almost constant, even after annealing at 800'C and 1000'C. At 600
'C, sheet resistance increases with increasing annealing
time. Therefore, it is believed that B precipitation oc-
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.

Sheet resisrance (p') of 6-doped B with a 5-nmthick Si cap layer is shown in Fig. 6 as a function of
annealing time at 1000"C, 800"C, and 600"C in dry Nr.
At 800"C, ps is 2.3 and l.l kfUsq. for B sheet densities
of I x 10ta and 3 x l0ta cffi-2, respectively. These values
are in good agreement with data obtained by Hall

curred before any significant broadening
file at this low temperature.

Sheet resistance

function of annealing time.

depth pro-
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