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Novel Dopant Activation of Heavily Dopedp1-Si by High Current Densities
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Novel dopant activation in the heavily boron-dopedp1-Si was created by applying an electrical
current of high current density. Thep1-Si was implanted by 40 keV BF2

1 of 5 3 1015 ionsycm2

and annealed at 900±C for 30 min to obtain a partial boron activation. For additional activation, we
gradually applied current until a current density of5 3 106 Aycm2 was achieved. The resistance of
the p1-Si responded by gradually increasing, then decreasing with a precipitous drop. The resistance
was reduced by a factor of 5 to 18. Mechanisms of the novel dopant activation are proposed. [S0031-
9007(96)01839-X]

PACS numbers: 61.72.Tt, 66.30.Jt, 81.40.Rs
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Ion implantation has been widely used to dope Si
making shallow junction devices. Host lattice damage
ion implantation must be repaired to achieve dopant a
vation and to recover carrier mobility [1,2]. Postimplant
tion annealing, typically at 800–1000±C for 30 min or
rapid thermal annealing (RTA) at 1100±C for 1 sec,
is required [3,4]. However, for a heavily doped
s.1020 ionsycm23d, these conventional annealings are
capable of achieving complete activation and have b
an outstanding issue for some time [5–11]. Higher te
perature annealing is undesirable, as it increases the
budget and broadens the junction. In this Letter, we
port a novel activation of B dopants inp1-Si by applying
a high current densitys.5 3 106 Aycm2d at room tem-
perature. We found that the resistance of thep1-Si can
be reduced by a factor of 5 to 18 over that of conventio
annealing. We can activate the supersaturated B.

(100) Si wafers, 3–5V cm, n-type, were oxidized to a
thickness of 300 nm oxide. Photolithography and buffe
HF etching were used to define Si channel regions wit
the oxide. A screen oxide was grown to 20 nm thick f
filtering and capping the implanted ions. The wafers w
implanted with a dosage5 3 1015 ionsycm2 of BF2

1 ac-
celerated to 40 keV. The projected range was0.3 mm.
Postimplantation annealing at 900±C for 30 min in N2 am-
bient was carried out to activate B dopants without the
moval of the capping oxide. Sheet resistance of thep1-Si
channels was85.7 Vyh. To achieve further activation
electrical contacts were made. A 300 nm low temperat
oxide was then grown on thep1-Si. A set of square con
tact windows,10 3 10, 8 3 8, 6 3 6, 4 3 4, 2 3 2, 1 3

1 mm2, were opened to the channel region by photolitho
raphy and buffered HF etching. Finally, metal films (N
Ti, or Al) of thickness 260 nm were deposited to ma
contacts to thep1-Si. The metal bond pads were d
fined by photolithography with a lift-off process in ac
tone. Shown in Fig. 1 are the top and side views of
test structure. We prepared samples of thep1-Si chan-
nels with different lengths (50, 70, 95, 97.5, 100, 140, a
175 mm) and widths (1, 2, 4, 6, 8, and10 mm). The chan-
4926 0031-9007y96y77(24)y4926(4)$10.00
r
y
ti-
-

i
-
en
-

mal
e-

al

d
in
r
re

e-

re

g-
,
e
-
-
e

d

nel width was matched with the contact size and differ
Ohmic contactssNiyp1-Si, Tiyp1-Si, Niysilicideyp1-Si,
and Alyp1-Sid were used. The resistance changes of
p1-Si channels together with the contacts at different
plied currents, ranging from 1 to 80 mA, were measu
using a Keithley current source and voltage meter.
also studied the resistance changes at different temp
tures (25, 100, and 200±C).

Figures 2(a) and 2(b), respectively, show the volta
drop across thep1-Si (10 mm wide and175 mm long)
and the corresponding resistance change as a functio
applied current at three different temperatures. It c
be seen in Fig. 2(b) that the resistance increases g
ually then reaches a maximum value at a “critical c
rent,” defined as the current at which the resistance
maximum. Beyond that, the resistance decreases g
ually. This electrical behavior which has the appe
ance of a resistance peak is temperature dependen
shown by the three curves in Fig. 2(b). The critical cu
rent decreases with increasing temperature. The sam
of Niyp1-Si, Tiyp1-Si, Alyp1-Si, and Niysilicideyp1-Si
were studied. They all show the same electrical beh
ior, indicating that it is independent of the contacts a
is merely due to thep1-Si channel. We note that th

FIG. 1. Schematic of the test structure (the inset in the mid
shows the top view). Ap1-Si channel is shown. Curren
is applied to the Si channel, and the voltage drop across
channel is measured.
© 1996 The American Physical Society
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FIG. 2. The electrical properties of thep1-Si as a function of
temperature. (a) A plot of voltage vs applied current. (b) A p
of resistance vs applied current at different temperatures
100, and 200±C). The critical current, where the resistance (
voltage) is maximum, decreases with increasing temperatur

resistance is in thekV range, which rules out the contr
bution of the contacts in the 1–10V range. The specific
contact resistivity of the metalyp1-Si contacts are abou
s2 5d 3 1026 V cm2 measured by Kelvin bridge.

The resistance of thep1-Si as a function of channe
width was also investigated. Shown in Fig. 3 are the re
tances of the samples with the same lengths100 mmd but

FIG. 3. Resistance vs applied current for thep1-Si at 25±C.
Samples with different channel widths were used. The crit
current increases with increasing width.
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different widths (10, 8, 6, 4, 2, and1 mm) at room tem-
perature. Several unique features were observed. F
the narrower the channel width, the higher the current d
sity, and the faster the rise in resistance. While the10 mm
sample showed a wide Ohmic regime, the1 mm sample
showed a negligible one. Second, the critical curre
where the resistance is maximum, increases with incre
ing width. Third, the magnitude of resistance increa
from the initial value to the maximum value, decreas
with increasing width. Fourth, the graduate decrease
resistance after the critical current also decreases with
creasing width.

We found that the electrical behavior shown in Fig.
is reversible as long as the current is below 80 mA. T
rate of current increase and decrease used was a
0.5 mAysec. Table I lists the critical current densitie
sJcritd for the p1-Si as a function of channel width “w.”
The critical current density is defined by the relationsh
Jcrit ­ Icritysw 3 td, whereIcrit is the critical current and
t is the depth of thep1-Si channel and is estimated t
be about0.15 mm. For the p1-Si, the critical current
densities are in the range ofs2 6d 3 106 Aycm2, as listed
in Table I. The critical current densities were found to
a function of temperature, as the critical currents sho
in Fig. 2; they decrease with increasing temperature. T
activation energyQcrit, determined from a plot ofJcrit
vs 1ykT , is a function of channel width. The activatio
energy varies from 0.55 eV for the10 mm wide to
0.28 eV for the1 mm wide, as shown in Table I.

A dramatic event occurred when the applied current w
increased to about 80 mA. Figure 4 shows the resistan
of the p1-Si (10 mm wide and100 mm long) for four
consecutive runs as a function of applied current at ro
temperature. The resistance curve of the first run follow
the upper curve and showed the same electrical behavio
shown in Figs. 2 and 3. However, the resistance drop
precipitously at 80 mA, corresponding to about a curre
density of 5 3 106 Aycm2 (Fig. 4). Interestingly, the
curves of the second and third runs followed the low
curve; no peak appeared as in the upper curve.
resistance decreased significantly (by a factor of 5)
comparison with the postimplantation annealing value.

Thep1-Si channels of different width were also studie
All showed a large resistance decrease by a factor of
18 upon a high applied current density, as indicated
the ratio ofR1yR2 in Table II and plotted in Fig. 5. To
test the stability of the channels after the resistance d
we annealed the sample at 450±C for 30 min. The fourth
run indicated that it was stable and very little change w
observed (see Fig. 4, and compareR2 andR3 in Table II).
We found that, instead of ramping up the current, w
could achieve the large resistance drop instantaneo
by applying directly the “activation current,” defined a
the current where the abrupt resistance drop occurs.
“activation current density,”Jactiv f­ Iactivysw 3 tdg, was
found to increase with decreasing width.
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TABLE I. The critical current densitiessJcritd and the activation energiessQcritd of the p1-Si as a function of channel widthswd
(samples No. 1 to No. 6) at 25±C. The activation energies are determined fromJcritvs 1ykT .

p1-Si
Sample No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
l smmda 100 100 100 97.5 95 95
w smmd b 10 8 6 4 2 1

Jcrit s106 Aycm2d 2.5 2.8 3.1 3.3 4.4 6.0
Qcrit (eV) 0.55 0.62 0.55 0.34 0.28 0.28

aThe nominal length is100 mm. Because of contact size, the length is slightly shorter for the narrowed channels with smalle
tacts. We are studying the length to see if it has an effect on the critical current density.
bNarrow channels, especially the 1 and2 mm, are not well defined due to lithography and etching.
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The mechanisms for the electrical inactivity of boron
heavily doped Si are still controversial [12]. The mob
interstitial silicon atom produced during ion implantati
damage [13] may have a strong influence on the for
tion of the excess boron. In the following section, w
attempt to explain the observed resistance changes, e
cially the peak and drop, in terms of rearrangement
the implanted dopant atoms. For a highly dopedp1-Si,
the dopant concentration may reach beyond the solub
limit set by the postimplantation annealing temperatu
In this study, a dose of5 3 1015 ionsycm2 of BF2

1 at
40 keV was implanted into Si. The average concen
tion was3.3 3 1020 ionsycm23 of B, which is obtained
from dividing the dose by the projected range. At an
nealing temperature of 900±C, the solubility of boron was
5 3 1019 ionsycm23 [5,6], which was much smaller tha
the average concentration of the implanted boron. C
sequently, only part of the boron atoms were activa
leaving behind a large amount of excess boron to fo
SiBx clusters [5,14].

We speculate that, under the stress of a high current
sity, the SiBx clusters can be dissociated into B inters
tials. The scattering of the interstitials raises the resista

FIG. 4. Resistance vs applied current for thep1-Si at four
consecutive runs at 25±C. The first run (incompletely acti
vated) follows the upper curve. The second and third r
(nearly completely activated) follow the lower curves. The l
run (after 450±C 30 min annealing) followed the curves of th
second and third runs. Niyp1-Si contacts were used.
4928
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As the applied current increases, an increasing numbe
boron atoms become interstitials. At the critical curre
where the resistance is maximum, we suggest that
solubility of interstitial B has been reached. Beyond th
each B interstitial starts to couple with a lattice Si atom
form a B-Si split interstitial dumbbell pair; the resistanc
begins to decrease. This is the onset of dopant activa
induced by a high current density.

We further speculate that, as the current further
creases, more and more of the B-Si dumbbell pairs
formed. As a result, the resistance of thep1-Si decreases
gradually all the way to below the original value. Th
aforementioned electrical behavior of thep1-Si is re-
versible; i.e., if we reduce the applied current, the dum
bells will part and clusters will reform.

At an extremely high current, defined as the activ
tion current (80 mA in the case of the10 mm wide line,
as shown in Fig. 4), the resistance of thep1-Si drops
abruptly. This implies a nearly complete activation
boron dopants. The large resistance reduction is per
nent. The resistance curve of the activatedp1-Si shows
a stable behavior, as shown by the lower curve in Fig
We speculate that at the precipitous drop, the B atom
the dumbbell pair displaces its Si mate into an inters
tial site and becomes a substitutional dopant itself. T
substitutional B dopants are quite stable, even beyond
solubility limit, at 450±C for 30 min. Since activation
can be achieved instantaneously by applying the act
tion current directly, no long range diffusion of B atom
or Si atoms, is required in this mechanism.

In Fig. 2 we note that the resistance (below the critic
current) increases with temperature. This is also true
the resistance of the activatedp1-Si (the lower curves
in Fig. 4). We speculate that the metallic behavior m
be due to the scattering from the clusters or interstiti
which are responsible for the reduced carrier mobility. O
the other hand, the large drop of resistance could also
influenced by carrier mobility. It is a subject to be studie

We also note that the resistance (R1 in Table II) is
not proportional to the reciprocal of the cross-section
area sw 3 td of the channel, especially for the 1 an
2 mm channels. The size effect can also be seen fr
the decrease in the activation energysQcritd with the
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TABLE II. The resistance of thep1-Si (100 mm long) of as-receivedsR1d, activated by currentsR2d, and thermal annealed a
450±C for 30 minsR3d as a function of channel widthswd. The activation current densitiessJactiv d are higher in narrower channels

900±C-30 min Current 450±C-30 min
Sample width as-received activated annealed

w smmd R1 sVd R2 sVd R3 sVd R1yR2 Jactiv s106 Aycm2d
10 633 132 125 5 4.8
8 818 116 102 7 6.3
6 1140 108 117 11 8.1
4 1600 94 88 17 11.3
2 2537 143 128 18 15.6
1 3355 192 171 18 18.3
t
t
h
h
e

e
n

a
c

r

o
w
e
a
o
c

g,
ha-
et to

.
ys.

m.

d

n,

J.

d.

.

J.
decreasing channel width shown in Table I as well as
greater resistance drop with the narrower channels plo
in Fig. 5. For all the size effects, it is plausible that t
pattern formation and the lateral spread [15] from t
mask edge in ion implantation might have influenc
the narrower channels, hence the two-dimensional mo
of implantation and dopant activation should be examin
for small structures. Specifically, the effects of fluori
defects and strain in the channel edges, caused by
capped postimplantation annealing, may be import
[16]. At the moment, we cannot explain the size effe
in Tables I and II. However, it is clear that this metho
of dopant activation by high current densities is mo
efficient for smaller size structures.

In conclusion, we have shown the activation of bor
dopants in thep1-Si by high current densities. This ne
method of activation may activate dopants beyond th
solubility limits as imposed by the conventional therm
annealing. The activation current density needed is ab
5 3 106 Aycm2 for implanted B. A large resistance redu

FIG. 5. The resistances of thep1-Si (100 mm long) before
and after the application of activation current density at 25±C.
Different channel widthss1 10 mmd are shown.
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tion, by a factor of 5 to 18 over that of thermal annealin
has been achieved. While much of the activation mec
nism is uncertain and many process parameters have y
be explored, this finding is nevertheless very exciting.
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