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A comparative study of theI –V characteristics ofp1/n diodes silicided with a pure Ni and Ni~Pt!
alloy has been performed. Higher saturation currents as well as abnormal reverseI –V
characteristics were observed for some of the diodes which were silicided with pure Ni at 700 °C
while goodI –V characteristics were observed for other diodes. Our results show that the forward
current in the diodes with goodI –V characteristics is dominated by electron diffusion in thep1

region. For diodes with higher saturation currents, it has been concluded that both forward and
reverse currents in these diodes are dominated by the current following through Schottky contacts
that are formed due to inadvertent penetration of NiSi spikes through thep1 region inton region.
The formation of Schottky contact was not observed in diodes silicided with a Ni~Pt! alloy,
providing a clear evidence of enhanced thermal stability of Pt containing NiSi. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1374496#
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NiSi is potentially an attractive silicide material due
its low resistivity, less consumption of Si, and ability
maintain low resistivity even for linewidth down to 0.
mm.1–3 While the thermal stability of the NiSi is the majo
concern for its application to deep submicron devices, it
been recently demonstrated that the addition of a sm
amount of foreign elements~e.g., 5% Pt! can significantly
enhance the thermal stability of NiSi without increasing
resistivity.4–6 In this work, we have measured, analyzed, a
compared theI –V characteristics of Ni and Ni~Pt!-alloy si-
licided p1/n diodes. The results of this work reveal that, f
pure Ni silicidation, an rapid thermal processing~RTP! sili-
cidation at 700 °C or above may induce the formation
Schottky contacts in thep1/n junctions, resulting in higher
saturation currents (I S) and abnormal reverseI –V character-
istics. The results also show that the formation of Schot
contact can be avoided if a small amount of Pt~5 at. %! is
added into Ni, providing a clear evidence of enhancemen
the thermal stability of NiSi by the addition of Pt.

p1/n diodes were fabricated by 40 keV BF2
1 implanta-

tion at 231015 cm22 into n well in a boron dopedp-type
~100! silicon substrate with resistivity of 6–9V cm and sub-
sequent dopant activation annealing at 925 °C for 20 s. P
Ni and Ni~Pt!-alloy ~with 5% Pt! films, 250 Å thick, were
deposited at room temperature after a dilute HF dip. T
wafers were then subjected to a RTP annealing at 600
700 °C for 60 s in N2 ambient for silicidation. Unreacted N
was selectively etched off using H2O21H2SO4 solution. The
diodes were square shaped with an area of 131024 cm2 each
and a dopant concentration of about 2.631017 cm23 in then
region.

a!Electronic mail: dz-chi@imre.org.sg
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Figures 1~a!–1~d! show typicalI –V curves measured on
p1/n diodes silicided with Ni or Ni~Pt! at 600 and 700 °C.
The ideality factors and saturation currents are extrac
from the forwardI –V curves in Figs. 1~a!–1~d! and shown
in Fig. 2. As shown in these figures, goodI –V characteris-
tics are observable for the majority of measured diodes
cept some of the diodes which were silicided with pure Ni
700 °C. The ideality factors and saturation currents of
diodes with goodI –V characteristics are in the range
1.01–1.08 and 2310215– 9310215 A, respectively. For the
diodes with poor I –V characteristics, the correspondin
ranges are 1.11–1.13 and 5310214– 3310213 Å. In addi-
tion to higher saturation currents, these diodes also exh
abnormal reverseI –V characteristics, i.e., drastically in
creased leakage current with increasing reverse bias.

It is well known that ideality factor is close to 1 whe
the forward current is dominated by diffusion current a
becomes close to 2 in the presence of dominant recomb
tion current. For the diodes with goodI –V characteristics, it
is therefore believed that the forward current is dominated
the diffusion current. Assuming that no Schottky contacts
formed in these diodes, the saturation currents can be
pressed as

I S5AqDppno /Lp1AqDnnpo /WP1 , ~1!

whereA is the diode junction area,q is the electron charge
Dp,n are hole/electron diffusion coefficients,pno andnpo are
equilibrium hole/electron concentrations inn/p1 regions,Lp

is the hole diffusion length given by (Dptp)1/2 with tp as the
hole lifetime inn region, andWP1 is the width ofp1 neutral
region. Using Eq.~1!, theLp andWP1 values are calculated
assuming either hole or electron diffusion being domin
diffusion current. In the case of hole diffusion inn region
6 © 2001 American Institute of Physics
or copyright; see http://apl.aip.org/about/rights_and_permissions
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being the dominant diffusion current, we obtainLp;1
31025 cm for a typicalI S value of 5310215 A, settingtp

around 2.5310211 s. This is an extremely low value fo
minority carrier lifetimes in Si, considering that normal m
nority carrier lifetime in device quality Si is in the range of

FIG. 1. TypicalI –V curves measured onp1/n diodes silicided with Ni and
Ni~Pt! alloy films at 600 and 700 °C. Ni~Pt! silicided p1/n diodes show
tight distribution of series resistances.

FIG. 2. Distribution of saturation currents and ideality factors obtained fr
forward I –V curves in Fig. 1. Higher saturation currents as well as abn
mal reverseI –V characteristics are observable for some of diodes~labeled
A–E! which were silicided with pure Ni at 700 °C.
wnloaded 30 Jun 2011 to 155.69.4.4. Redistribution subject to AIP license 
few microseconds to a few hundreds microseconds. On
other hand, in the case of electron diffusion being the do
nant diffusion current, we obtain a value of a few hundr
angstroms forWP1 ,7 which is close to the thickness~;700
Å! of p1 region. Therefore, it seems that the forward diff
sion current in these diodes is dominated by electron di
sion in thep1 neutral region.

For the diodes with higher saturation currents, it
tempting to attribute the observed higher saturation curr
and slightly higher ideality factor to the possible presence
an appreciable recombination current. However, this po
bility is ruled out due to following two reasons. First, thoug
slightly higher, the ideality factors~1.12–1.13! of these di-
odes are still close to 2, but much lower than 2. Second,
ideality factor remains constant for forward bias up to t
point where the series resistance effect becomes signific
For a diode with an appreciable recombination current,
forward I –V curve normally features two distinguishab
ideality factors, a value considerably larger than 1 in t
lower voltage region and a value close to 1 in the high
voltage region. Therefore, the observation of a constant
ality factor suggests that recombination currents are not
dominant current sources under forward bias in these dio

The observed behavior of the forward current in the
odes with poorI –V characteristics is analyzed in this pap
from the viewpoint of Schottky contact being formed by i
advertent penetration of NiSi through thep1 region into the
n region. This is based on the analyses of the Arrhenius p
for the saturation and leakage currents~Fig. 3!. As shown in
Fig. 3, the measured activation energies associated with
saturation current and reverse leakage currentI R ~at 20.5 V!
for the diode with the highest saturation current are 0.62
0.58 eV, respectively. Assuming that these values are ef
tive barrier heights of a Schottky barrier under different
ases~i.e., 0 and20.5 V!, one obtains a value of 0.67–0.6
eV for the ideal barrier heightfBn , taking into account the
lowering of the barrier height by the image force. ThefBn

value obtained~0.67–0.64 eV! is much smaller than Si ban
gap ~1.12 eV!, but very close to the barrier height of NiS
n-Si ~0.65 eV!.8 This good agreement seems to provide
clear evidence that Schottky contacts are formed in the
odes with poorI –V characteristics, and the forward curren
in these diodes are dominated by the currents flow
through the Schottky contact areas. The effective Scho

-

FIG. 3. I S /T2 vs 1000/T andI R(200.5V)/T2 vs 1000/T curves of the diode
which was silicided with pure Ni at 700 °C and shows highest saturation
well as reverse leakage current.I S /T4 vs 1000/T curves of the diodes with
good I –V characteristics are also plotted to show that current transpo
these diode is dominated by diffusion mechanism~see Ref. 9!.
or copyright; see http://apl.aip.org/about/rights_and_permissions
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contact areas extracted using the measured saturation
rents and the effective barrier height~0.62 eV! under zero
bias are found to be less than 0.001% of the junction are
131024 cm2 ~i.e., 0.066mm2 for the diode with the highes
saturation current!. In Fig. 3, one can also see that the sa
ration current activation energies~0.95–1.11 eV! of the di-
odes with goodI –V characteristics, obtained fromI S /T4 vs
1000/T curves,9 are close to the Si band gap~1.12 eV!. This
result further confirms our previous conclusion that the el
tron diffusion current dominates forward currents in the
diodes.

In view of the earlier correlation of the observed high
saturation current with the presence of Schottky contacts,
observation of abnormal reverseI –V behavior in the diodes
with poor I –V characteristics can be understood if the dom
nant reverse current under higher reverse bias is attribute
the tunneling currents through the Schottky barriers. The
sons for this conclusion are as follows. First, withI R as
reverse leakage current,T as temperature,E as maximum
electric field, ande as permittivity, the measured slopes
I R /T2 vs E1/2 curves ~0.020–0.075 V1/2/cm1/2! are much
larger than the theoretical value 0.0044 V1/2/cm1/2 ~at 24 °C!,
as calculated taking into account the lowering of t
Schottky barrier height by the image force, which is given
Df5(qE/4pe)1/2. Thus, the observed rapid increase in t
reverse current with increasing reverse bias cannot be
plained just on the basis of the lowering of the effecti
barrier height by the image force. On the other hand,
effect of temperature on the reverseI –V curves, as shown in
Fig. 4, reveals nearly athermal behavior for biases of f
volts, which is considered a fingerprint of tunneling curre

The formation of small area Schottky contacts in Ti
licided n1/p diodes was also reported by Ada-Hanifiet al.10

They explained the observation of dominant tunneling c
rents in the same diodes in terms of the enhancement o
local electric fields~1–3 MV/cm! near the silicide spikes
~200–600 Å radii!. According to the criteria given by Pado

FIG. 4. Temperature dependence of reverseI –V characteristics of the diode
with highest saturation and leakage currents. The diode was silicided
pure Ni at 700 °C.
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vani and Stratton,11 it can be shown that almost the sam
values~.1 MV/cm! of maximum electric field are require
for tunneling current to be the dominant reverse curren
room temperature in a NiSi/n-Si Schottky barrier. Such fields
are very large and cannot be reached uniformly in our
vices, given the doping concentration inn regions (2.6
31017 cm23!. Following the analyses of Ada-Hanifiet al. it
is thus proposed that the high electric field results from
enhancement of local electric fields near individual NiSi s
icide spikes that constitute the total effective Schottky are
as calculated from the measured saturation currents~e.g.,
0.066mm2 for the diode with the highest saturation curren!.

In summary, we have measured, analyzed, and comp
the I –V characteristics ofp1/n diodes silicided with a pure
Ni and Ni~Pt! alloy. GoodI –V characteristics were observe
for all the diodes except some of the diodes Ni-silicided
700 °C, which showed higher saturation currents as wel
abnormal reverseI –V characteristics. Experimental resul
show that electron diffusion current inp1 region dominates
the forward current in the diodes with goodI –V character-
istics. In contrast, for diodes with poorI –V characteristics, it
has been concluded that both forward and reverse curr
are dominated by the current that flows through Schot
contacts which are inadvertently created as a result of N
spikes penetrating through thep1 region in then region. For
diodes silicided with a Ni~Pt! alloy, all showed goodI –V
characteristics without any evidence of the formation
Schottky contacts. This provides a clear evidence of
hancement of the thermal stability of NiSi due to the additi
of Pt.
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