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Systematic TLM Measurements of NiS1 and PtSi1
Specific Contact Resistance to n- and p-Type Si
in a Broad Doping Range
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Abstract—We present the data on specific silicide-to-silicon con-
tact resistance (p.) obtained using optimized transmission-line
model structures, processed for a broad range of various n- and
p-type Si doping levels, with NiSi and PtSi as the silicides. These
structures, despite being attractive candidates for embedding in
the CMOS processes, have not been used for NiSi, which is the
material of choice in modern technologies. In addition, no data-
base for NiSi-silicon contact resistance exists, particularly for a
broad range of doping levels. This letter provides such a database,
using PtSi extensively studied earlier as a reference.

Index Terms—NiSi, PtSi, silicide, specific contact resistance,
transmission-line model (TLM).

I. INTRODUCTION

ETAL SILICIDES are being widely used in semicon-

ductor manufacturing for years [1]. These silicides show
metallic conductivity [1]. The metal silicide is formed as a
result of heat treatment of a metal-semiconductor contact.
The silicide—silicon junction is expected to behave similar to
a metal-semiconductor contact, providing low line and con-
tact resistance. Furthermore, for commonly used silicides, the
silicide—silicon interface is free of contaminations due to the
formation mechanism [2]. Contacts formed in this manner
generally show stable electrical characteristics and exhibit very
good mechanical adhesion [2]. Silicide-silicon contacts are
therefore of considerable importance in silicon technology for
providing contacts to source, drain, and gate of a MOSFET.
Ultrashort channel MOSFETs with self-aligned silicide con-
tacts are required for high-speed circuits. Thus, the ability to
accurately measure the contact resistance of silicon-to-silicide
junctions is essential for the development of the contact process.
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II. MOTIVATION

The contact resistance of silicide—semiconductor junctions
has been extensively studied using various methods and struc-
tures, although the results show considerable scatter [3]. More-
over, some values for NiSi can be found in the literature
[4]-[7], but no solid database for NiSi—silicon contact resis-
tance exists, particularly for a broad range of doping levels.
Most of the research studying p. used cross-bridge Kelvin
resistor (CBKR) structures, while in modern IC technology, one
would tend to use transmission-line model (TLM) structures
as they could be easier embedded in the standard self-aligned
silicide CMOS process [8]. The advantage of the TLM structure
over the CBKR one is that, in TLM structures, the silicide
segments and the contact pads are made in one single-salicide
process step. This allows one to define critical dimensions and
makes in-line process control possible. The known accuracy
problem of CBKR structures, while extracting low specific-
contact-resistance values, was the other reason for us to choose
the optimized TLM structures instead of CBKR structures.
Furthermore, the extraction of the specific contact resistance,
determined either by CBKR or TLM structures, resulted in
different values (orders of magnitude difference) for a given
doping level [3]. Our purpose is to compare the results obtained
from our optimized, in terms of the silicide lengths and the
number of segments, TLM structures with the data known from
literature for PtSi and provide systematic measurement data
for NiSi.

III. EXPERIMENTAL APPROACH

The behavior of silicide—silicon junctions is similar to that
of metal-semiconductor junctions. Therefore, the contact re-
sistance, defined as the reciprocal derivative of current density
with respect to the voltage [9], is determined mainly by the
thermionic-emission-current transport mechanism for contacts
with lower doping concentrations [9]. For contacts with higher
doping levels, the tunneling process dominates. Hence, the
specific contact resistance depends strongly on doping con-
centration and varies exponentially with (¢p,/v/Np) [9].
To verify the consistency of the extracted contact resistance,
it was decided to evaluate a wide range of doping levels
(10'¥-10?' cm™3) of p- and n- type Si contacts to NiSi
and PtSi. Deep junctions were chosen in order to enable an
accurate measurement of the doping profiles and, therefore,
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to minimize errors during the extraction of the specific con-
tact resistance. Moreover, for deeper junctions, the relative
(to the junction depth) silicon consumption is lower. This
also increases the validity of our measurements, resulting in a
smaller relative change of the doping profile (and, therefore,
the sheet resistance), which can be expected when silicon is
consumed, since the sheet resistance of the semiconductor
immediately beneath the contact is an important part of the
contact resistance/resistivity. NiSi and PtSi silicides are chosen
because of their technological importance. NiSi is widely used
in advanced CMOS [10]. It has a resistivity comparable to
that of commonly used TiSis and CoSi,. NiSi can be formed
at low temperatures, and less silicon is consumed [11]-[13].
In addition, NiSi has no agglomeration problems on narrow
lines [14]-[16]. On the other hand, PtSi has been studied
thoroughly [3], [17]-[19], providing a good reference. Silicide-
to-silicon contact resistance was investigated using a set of
optimized test structures with silicided segments of varying
lengths, based on the Scott model for TLM structures [8],
[20]. The validity of our results is based on the following:
1) systematic measurements and statistical data analysis (i.e.,
the represented data were averaged over 18 dies for each
doping type and concentration), 2) experimental verification
of the actual active doping concentrations and doping profiles
by secondary ion-mass spectrometry (SIMS) and spreading-
resistance-probe (SRP) techniques, 3) verification of the actual
silicide lengths for different silicide segments by TEM analysis,
and 4) optimizing the TLM structures in terms of the silicide
lengths and the number of segments. The latter was a result
of analyzing the existing TLM-structure design features that
we use and by other researchers in their previous work [8],
[20]. The optimized structures provided a better fit and a higher
accuracy using the Scott method and, therefore, supported the
data verification.

IV. RESULTS

The (100) p-type Si wafers were used as starting material
for the contact-resistance study. The active areas were defined
by Shallow Trench Isolation, and the channels were defined by
I-line lithography. Doping concentrations were achieved by
low-dose well implantations of B (180 keV) or P (420 keV)
for the p-well or n-well, respectively. As and B implantations,
followed by spike annealing, were carried out for n- and
p-highly doped drain (HDD) areas, respectively. The doses and
energies were adjusted to cover the 10 —10'® cm™ doping-
concentration range. In order to verify the actual concentra-
tions, the same implantation recipes were applied to blanket
wafers, and the total doping concentration and the concentration
of electrically active impurities were determined by SIMS and
SRP techniques respectively. The results agreed very well with
the given energies and doses used. The concentration profiles
are shown in Fig. 1.

For the TLM structures, a silicide blocking layer (SiOs/
SizNy) was deposited and patterned using deep ultraviolet
lithography. The silicided segments were made on the n- and
p-HDD areas with two different silicide widths (W) of 2 and
8 wm and silicide lengths (L) ranging from 0.1 to 3 pm, chosen
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Fig. 1. (a) As and (b) B concentration profiles of (a) n- and (b) p-HDD areas

obtained by (open symbols) SIMS and (solid symbols) SRP. Each symbol type
corresponds to a given profile. Active doping concentrations (x 1019, per cubic
centimeter) at 20 nm used for p. extraction: for (a): 0.5 (1), 0.79 (2), 1.2 (3),
2.1(4),4.7(5),7.1(6), 15 (7), 19 (8); for (b): 0.31 (1), 0.61 (2), 1.0 (3), 1.7 (4),
2.5(5),4.6 (6), 8.3 (7), 14 (8), 30 (9).
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Fig. 2. TEM cross section of PtSi on p-HDD for n = 100. The arrow depicts
the location where the length was measured. SizN4 /Pt is used as a protecting
layer for TEM sample preparation.

to cover the entire range L values in the Scott fit. Thus, each
TLM structure consisted of a number of fragments, where each
fragment comprised n silicided segments of length L. The
number of segments n varied from 0 to 150. Finally, a 10-nm-
thick Ni layer or a 13-nm-thick Pt layer was deposited, and the
silicide was formed by either two-step annealing (300 °C for
43 s+ 470 °C for 43 s) for NiSi or one-step annealing (500 °C
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(a) Specific contact resistances to n-HDD as a function of the doping level: NiSi from this letter (4), PtSi from this letter (), and PtSi from [17] (OJ).

(b) Specific contact resistances to p-HDD as a function of the doping level: NiSi from this letter (A ), PtSi from this letter (A), PtSi from [17] (L), and PtSi from

[181(O).

for 30 s) for PtSi. In both cases, the unreacted metal was
selectively removed by wet etching.

The silicide profiles and lengths for NiSi and PtSi were
verified by TEM analysis using a FEI Tecnai F30ST TEM
operated at 300 kV (see Fig. 2).

Resistance values R, and R; of all the fragments were
measured, as explained in [20]. The fitting of the obtained
Remeas values with the Scott model [20] was carried out to
extract the specific contact resistances. The specific contact
resistances, plotted as a function of the doping levels (1/1/N)
for n- and p-HDD, are shown in Fig. 3. The doping levels were
taken from the SRP profiles at 20-nm depth, as they represented
the relevant electrically active concentrations of HDD areas
after the 20-nm-thick silicide had been formed.

V. DISCUSSION AND CONCLUSION

Except for the highest concentrations (102* ¢cm~3 for B
and 102°—102' cm—3 for As), all the dopants were activated
showing good match between the results obtained by SIMS
and SRP methods (Fig. 1). The first 10 nm of the SIMS curves
cannot be compared with the results obtained by SRP because
of the known SIMS accuracy problem for the upper layer.
However, this fact does not compromise the interpretation of the
results, since the relevant active concentrations are at 20-30-nm
depth, as the upper silicon layer is consumed during the silicide
formation.

It was found that p. decreased with increasing As or B
concentration, as expected from theory [9]. For lower As
concentrations, PtSi to n-type silicon contact resistance was
slightly higher than that of NiSi to n-type silicon [Fig. 3(a)].
It is known that, at high doping levels, the effective barrier
height for the given metal-semiconductor contacts can be lower
[9]. The similar values of specific contact resistance to silicon
for PtSi and NiSi at high doping levels, shown in Fig. 3, are
due to a convergence of the effective barrier height for these
silicides. PtSi contacts to p-type silicon exhibited the lowest
contact resistance at lower doping in agreement with the lower
Schottky barrier [2]. A detailed discussion of the experimental

results in light of transport mechanisms will be included in our
future publications.

PtSi to n-type silicon p, values, known from literature, range
from 3—4 - 107* to 4 - 10~® Q - cm? for doping concentrations
between 5 - 10'® and 3 - 102° cm™3 [3]. For low concentrations
(3 - 10" cm™3 and below), our results are in agreement with
the results previously obtained using other methods. For con-
centrations of 10°° cm~3 and higher, a disagreement appears.
For example, Cohen et al. [17] determined a p. of 3.7—5 -
1078 Q - cm? at an As concentration of 3 - 102° cm™3, whereas,
in this letter, a value of 1.5-107% Q- cm? is found at an As
concentration of 1.9-10%° cm™? [Fig. 3(a)]. The difference
can be explained by the fact that most of the measurements
presented in the literature have been performed using SIMS
analysis for determining the dopant concentration. The active
concentrations for the highest doses might be lower, as shown
in this letter. This could crucially affect the contact-resistance
value. From our results for PtSi to n-type silicon, a change of
two orders of magnitude in the doping range of 1.9 - 10%° to
4.7 -10' cm~3 was seen.

The p. results of PtSi to p-type silicon is a similar case.
For a low concentration of ~10'® ¢cm™3, our results fall in
the expected range [3]. For higher concentrations, in particular
10'? cm~2 and above, the difference becomes larger. Reported
values are 4 - 1078 and 7.4 - 1072 Q- cm? for B concentrations
of 1.2-10%° and 7 - 10'? cm~3, respectively [17], [18]. In this
letter, much lower p. values of 1.9-10° and 2.8-107° Q-
cm? have been determined for a similar B concentration, i.e.,
1.4-10% and 8.2-10' cm™3 [Fig. 3(b)]. In addition to the
fact that the exact concentrations of the active As/B were not
always verified, a possible explanation of the difference is
the known accuracy problems during the data extraction using
CBKR structures in the range of ~1078 Q - cm? and below [21].
In this case, the current-crowding effect may lead to significant
errors (orders of magnitude) [3], [22]. Yet, another factor that
complicates the data comparison is that, in some cases, different
processing and measurement techniques were used.

Using systematic measurements of optimized TLM struc-
tures to determine PtSi-to-silicon p., the differences with the
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literature values have been explained in terms of active doping
concentrations and CBKR measurements limitations. Based on
our PtSi-to-silicon p, study, the p. values obtained for NiSi-
to-silicon were validated. The NiSi data were obtained from
structures fabricated in a CMOS technology, using standard
salicide recipe. These very low values further favor the use of
NiSi in modern CMOS processes in terms of the similar values
obtained on both n- and p-type silicon. Finally, we created
a unique database for NiSi-to-silicon p. for a wide range of
doping levels, which is important for the development of the
modern contact technology.
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