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ABSTRACT: An ultrathin Ni interlayer (~1 nm) was
introduced between a TaN-capped Er film and a Si substrate
to prevent the formation of surface defects during thermal Er
silicidation. A nickel silicide interfacial layer formed at low
temperatures and incurred uniform nucleation and the growth
of a subsequently formed erbium silicide film, effectively
inhibiting the generation of recessed-type surface defects and
improving the surface roughness. As a side effect, the complete
transformation of Er to erbium silicide was somewhat delayed,
and the electrical contact property at low annealing temper-
atures was dominated by the nickel silicide phase with a high
Schottky barrier height. After high-temperature annealing, the
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early-formed interfacial layer interacted with the growing erbium silicide, presumably forming an erbium silicide-rich Er—Si—Ni
mixture. As a result, the electrical contact property reverted to that of the low-resistive erbium silicide/Si contact case, which
warrants a promising source/drain contact application for future high-performance metal—oxide—semiconductor field-effect

transistors.
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1. INTRODUCTION

Erbium has been acknowledged as a promising silicide-forming
metal due to the low Schottky barrier height (~0.28 eV)! and
contact resistivity (~8.0 X 107 Q cm?)” of its silicide form
(ErSi,_,) on n-type Si. These aspects are beneficial to the
fabrication of source/drain contacts for metal—oxide—semi-
conductor field-effect transistors (MOSFETs) and Schottky
barrier MOSFETs, though thermally induced Er—Si reaction
(silicidation) technology warrants further study to resolve
inherent problems before it can successfully replace conven-
tional contact materials such as titanium, cobalt, and nickel
silicides. Because Er is prone to oxidation during the thermal
annealing process, the introduction of an oxygen-blocking
capping layer is mandatory, and various materials have been
suggested.1’3_10 Another obstacle is the generation of surface
defects in either recessed or protruding shapes, depending on
the process conditions.* ° In our previous study,'® we were
able to minimize the formation of erbium silicate and eliminate
protruding pyramidal defects by adopting a TaN capping film
approximately 20 nm in thickness as an oxygen-blocking layer.
However, this method was not successful in removing recessed
defects (pitlike and square/rectangular-shaped defects), which
are believed to originate from the nonuniform island formation
of crystalline ErSi,_, and the localized Si out-diffusion occurring
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at the Er/Si interface region during an early silicide-forming
stage.s"g’10

In this study, we propose to remove these remnant recessed
defects by introducing an ultrathin Ni interlayer (~1 nm)
between the TaN-capped Er film and the Si substrate. Ni is
known to form a laterally uniform nickel silicide film at
relatively low temperatures via the Ni diffusion-controlled
growth mechanism,'"'* while ErSi,_, forms at a slightly higher
temperature (~400 °C) via Si diffusion, following a nucleation-
controlled mechanism.'®> We anticipate the initiation of uniform
nucleation of the ErSi,_, layer on the surface of the preformed
nickel silicide layer. On the basis of diverse characterization
results, the removal of recessed surface defects by the Ni
interlayer is confirmed, and detailed information on the
silicidation mechanism of an Er/Ni/Si system is suggested.
Finally, the impact of the Ni interlayer on the electrical contact
property of erbium silicide/Si is examined.

2. EXPERIMENTAL SECTION

n-type Si(100) substrates with a resistivity of 6—7 Q-cm were
ultrasonically cleaned for S min each with a series of acetone,
methanol, and deionized water, followed by dipping in a buffered oxide
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Figure 1. SAM surface images of the TaN/Er/Si samples (a, b) without and (c, d) with a ~1 nm thick Ni interlayer after annealing at different
temperatures: (a, c) S00 °C and (b, d) 600 °C. The insets of (a) and (b) are the corresponding high-magnification images disclosing the existence of

both recessed pits and square defects.

etchant (BOE) to remove the native oxide. The samples were then
immediately loaded into a load-lock chamber to minimize further
surface contamination. Subsequent metal depositions were carried out
in situ using a dc magnetron sputtering system maintained at a base
pressure of ~2.5 X 1077 Torr. All metal films were sputter-deposited at
a working pressure and power of ~4 mTorr and 30 W, respectively,
with the exception of Ni, which was deposited at a power of 100 W. A
Ni film approximately 1 nm in thickness was used as an interlayer
(using a sputtering target with a purity of 99.99%), and an Er film
approximately 29 nm in thickness was subsequently deposited on top
(using a sputtering target with a purity of 99.95%). As reference
samples, pure Er and Ni films with a thickness of approximately 30 nm
were deposited directly onto Si. Following the Er deposition, all
samples were capped by an oxidation-preventing TaN film (a
sputtering target purity of 99.5%) with a thickness of ~S0 nm,
sufficient enough to block oxygen incorporation into the underlying Er
film."* After the metal deposition, all samples were annealed with a
rapid thermal processor at varying temperatures (300—700 °C) for 1
min while being maintained at a constant pressure of ~1 Torr with a
high-purity N, (99.999%) flow.

The temperature-dependent silicidation process was examined via
X-ray diffractometry (XRD; PANalytical, X’pert PRO-XRD) with Cu
Ko radiation. In-depth information on the chemical change near the
Ni interlayer was obtained via X-ray photoelectron spectroscopy (XPS;
Physical Electronics, Inc, PHIS000 versa probe) using a mono-
chromatic Al Ka X-ray source (hv = 1486.7 eV) with a pass energy of
23.5 V. The measured full width at half-maximum of a reference Ag
3d peak is approximately 0.45 eV, and the peak shift is distinguishable
down to about 0.1 eV. A lightweight Ne ion beam with a sputtering
power of 2 keV was used as an etching gas for depth profiling at a
working pressure of ~1 mPa to minimize sputtering artifacts. The
surface and cross-sectional microstructures were examined via
scanning Auger electron microscopy (SAM; Physical Electronics,
Inc., PHI 700) and transmission electron microscopy (TEM; JEOL,
JEM 2100F), respectively. In addition, the surface roughness was
measured upon completion of the silicidation process using atomic
force microscopy (AFM; Seiko Instruments, Inc, SPA-300HV) in
noncontact mode.

To examine the electrical contact properties between a metal silicide
and a Si substrate, circular patterns with a diameter of 100 ym were
fabricated via a liftoff process, as explained below. After negative
photoresist (PR) patterning on a BOE-cleaned Si wafer, 1% HF
cleaning for 1 min and metal deposition were conducted in series.
Afterward, the circular metal patterns were defined by removing the
PR in acetone. Following thermal silicidation at various temperatures,
leakage current density vs voltage (J—V) characteristics were measured
from two adjacent patterns using an Agilent B1S00A semiconductor
device analyzer.

3. RESULTS AND DISCUSSION

The surfaces of the annealed TaN/Er/Si samples were
inspected via SAM, both with and without a Ni interlayer.
Representative surface images are shown in Figure 1, taken after
annealing at 500 and 600 °C. These temperatures correspond
to the partial and near-complete conversion to erbium silicide
of the sample without a Ni interlayer (reference sample), as
verified in our previous report.'” In addition to many small-
sized surface pits with a high density, the reference sample
possesses a number of large-sized, recessed defects of a square
shape, even when exposed to an annealing temperature of 500
°C, as shown in Figure lab. In contrast, samples with a Ni
interlayer exhibit a clean surface free of notable defects under
identical annealing conditions, as shown in Figure lc,d. No
defects were found even after annealing at 700 °C.

To further scrutinize the surface morphology, AFM measure-
ments were performed on samples annealed at 600 °C with
different scanning areas, as shown in Figure 2. Consistent with
the SAM images, no surface defect was observed on the sample
with the Ni interlayer (Figure 2c), whereas a number of
recessed square defects were clearly identified on the reference
sample (Figure 2a). Moreover, in terms of the root-mean-
square (rms) surface roughness measured from the square-
defect-free regions selected from both samples (see Figure
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Figure 2. AFM surface images of the TaN/Er/Si samples (a, b)
without and (c, d) with a ~1 nm thick Ni interlayer after annealing at
600 °C taken on different scanning areas.

2b,d), the Ni-interlayered sample resulted in a much lower
value than the reference sample, ~0.06 and ~0.75 nm for
samples with and without the Ni interlayer, respectively, within
a scanning area of S ym X 5 ym. Although the rms values were
obtained from the capped TaN films, it is possible to compare
the surface roughness of the underlying silicide films.

As suggested in our previous study'® and others,>” the
formation of recessed defects (pits and square defects) can be
explained by localized Si diffusion due to the nonuniform
nucleation/growth of island-shaped ErSi, , crystallites at an
early Er silicidation stage. On the basis of this model, we can
describe the early interfacial reaction in the Ni-interlayered
sample as follows. The initial formation of a uniform, ultrathin
Ni—Si reactant layer (most likely nickel silicide) via Ni
diffusion-controlled growth kinetics'> from an interlayered Ni
film in direct contact with a Si substrate is believed to be helpful
in incurring subsequent or simultaneous uniform nucleation/
growth of ErSi, , and, more globally, homogeneous out-
diffusion of Si atoms through the formed interfacial layer. This
process may lead to a defect-free and smooth sample surface, as
revealed through SAM and AFM analyses.

Although the introduction of an ultrathin Ni interlayer is
proven to effectively prevent the formation of surface defects
(specifically recessed defects) and reduce the surface roughness,
it is necessary to verify whether the entire Er film can be
completely converted to an erbium silicide film at a reasonably
low temperature. The temperature-dependent silicidation
reaction was investigated via XRD measurements on samples
annealed at 300—700 °C with a step of 100 °C, as shown in
Figure 3. Crystalline ErSi, , peaks begin to appear in the
reference sample without a Ni interlayer after annealing at a
temperature over 400 °C (Figure 3a), and a significantly large
increase in intensity was observed at temperatures over 500 °C,
demonstrating a reproducible result in conjunction with our
previous experiment.'® No erbium oxide peaks (ErO, or Er,O5)
were identified throughout the range of annealing temperatures,
confirming the effective blocking of oxygen incorporation into
the Er film by the ~50 nm thick TaN capping layer. A similar
evolution of XRD spectra under varying annealing temperatures
was observed for the sample with the Ni interlayer (Figure 3b)
compared to the reference sample without Ni. The only notable
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Figure 3. XRD spectra obtained from the TaN/Er/Si samples (a)
without and (b) with a ~1 nm thick Ni interlayer as a function of the
annealing temperature, including the as-deposited states.

difference is the onset temperature of ErSi, , formation; the
first hexagonal ErSi,_,(100) peak appeared at an annealing
temperature of 600 °C in the Ni-interlayered sample. This
implies that ErSi, , formation begins at an annealing
temperature over 500 °C, which is somewhat higher than
that of the sample without the Ni interlayer. Although probable
nickel silicide formation is expected at the interface region prior
to or during the appearance of an erbium silicide phase, no
corresponding diffraction peak was detected, presumably due to
the thinness of the Ni interlayer (a thickness of ~1 nm), which
is insufficient for detection via XRD. When the thickness of the
Ni interlayer was increased from ~1 to ~3 nm in a separate
experiment, a similar absence of surface defects was verified,
though ErSi, , formation was largely suppressed even after
annealing at 700 °C (see Figures S1 and S2 in the Supporting
Information), suggesting that the thickness of the Ni interlayer
is an important parameter to be carefully optimized.

Summarizing these XRD results, it can be hypothesized that
the Ni interlayer somewhat delayed the formation of erbium
silicide, probably by forming an ultrathin nickel silicide layer at
the interface region and interrupting Si out-diffusion to the Er
film. This process is beneficial to the achievement of a
subsequent growth of a uniform and smooth crystalline ErSi,_,
film without surface defects. Of note here is a slight shift of the
ErSi,_,(100) and ErSi,_,(200) peaks to a low diffraction angle
with the use of the Ni interlayer. For instance, the measured
spacing of the ErSi,_,(100) plane increased from 0.328 to 0.339
nm when the Ni interlayer was introduced. Although the origin
of this volumetric expansion in an out-of-plane direction is not
clear and warrants further study, it may be related to a mixing of
the initially formed nickel silicide with erbium silicide, leading
to the formation of an Er—Si—Ni mixture at high temperatures,
as discussed in the following XPS study. Eventually, it may lead
to a further stress release of the film.

A clearer picture of the Er silicidation process was obtained
via the cross-sectional TEM images shown in Figure 4. For the
reference sample annealed at 500 °C (Figure 4a), two layers
with an irregular interface were discriminated from the capping
TaN layer and the Si substrate. Because the Si atoms make up
the primary diffusing species in the Er—Si reaction system, an
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Figure 4. Cross-sectional TEM images of the TaN/Er/Si samples (a, b) without and (c, d) with a ~1 nm thick Ni interlayer after annealing at

different temperatures: (a, c) 500 °C and (b, d) 600 °C.

outward Si flux advances the continuous growth of an
amorphous Er—Si mixed layer, while crystalline ErSi,_,
nucleates from the bottom region at approximately 400
°C.'"""* The two discerned layers can therefore be attributed
to crystalline ErSi, , and an overlying amorphous Er—Si
mixture, which indicates an incomplete Er silicidation stage. A
delay in the Er—Si reaction was observed in the Ni-interlayered
sample considering the thinness of the ErSi,_, layer compared
to the reference sample at identical annealing temperatures,
though a uniform interface morphology was attained in ErSi,_,,
as shown in Figure 4c. This supports the uniform Si out-
diffusion and nucleation/growth of the ErSi,_, film. After
annealing at 600 °C, both samples reached a near-complete
silicidation stage, as shown in Figure 4b,d. These measurements
are in agreement with the XRD results.

Although uniform Si out-diffusion via the early-formed
interfacial layer was expected given the precedent analyses, it
is still unclear whether the Ni-containing interfacial layer
(primarily nickel silicide) maintains its location throughout the
following erbium silicide conversion process at a higher
temperature. If the formed nickel silicide remains intact at
the interfacial region until the transformation of the entire
quantity of Er to erbium silicide is complete, the Schottky
barrier height determined by the material in direct contact with
Si cannot be lowered and improvement in the electrical contact
property using erbium silicide cannot be expected. Because the
reverse J—V characteristics can predict a possible change in the
interface material in contact with Si, they were measured on
samples both without and with a Ni interlayer as a function of
the annealing temperature, as shown in parts a and b,
respectively, of Figure 5. In addition, reverse J—V characteristics
of a TaN/Ni/Si sample annealed at identical temperatures were
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Figure S. Reverse |-V characteristics of the TaN/Er/n-type Si
samples (a) without and (b) with a ~1 nm thick Ni interlayer as a
function of the annealing temperature. (c) shows similarly measured
J—V characteristics of the TaN/Ni/n-type Si sample. (d) Summarized
graph showing the current densities measured at —2 V for all the
samples as a function of the annealing temperature. The inset of (b) is
a schematic diagram showing the electrical measurement config-
uration.
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also measured for an additional reference sample (Figure Sc).
For a clearer comparison, the reverse current density measured
at =2 V is plotted for each sample with different annealing
temperatures, as shown in Figure 5d. A large reverse current
was observed for the TaN/Er/Si sample without the Ni
interlayer, even without a subsequent annealing step, due to the
small Schottky barrier height of Er on n-type Si.'* This
increased further as the transition to erbium silicide proceeded.
The Ni-interlayered sample exhibited a much lower reverse
current for the as-deposited state. Considering a further
decrease in the current observed in the TaN/Ni/Si sample, it
can be concluded that the Schottky barrier height of the as-
deposited Ni-interlayered sample is dominated by Ni, which
has a larger Schottky barrier height than Er.'* When the
annealing temperature was increased, a large increase in leakage
current was observed and a current level similar to that of the
TaN/Er/Si sample was achieved at 500 °C. A conversion of Er
to erbium silicide was confirmed to occur at this temperature
according to the XRD and TEM results; therefore, it can be
assumed that the interface characteristics are dominated by an
ErSi,_,-to-Si contact with a low Schottky barrier height, as the
erbium silicide film grows. Meanwhile, when the stacking
sequence is reversed (i.e, an ultrathin Er film is used as an
interlayer at the Ni/Si interface), it is reported that the interface
characteristics are predominated by a NiSi-to-Si contact,
independent of the Er thickness.'"® This emphasizes the
importance of the stacking sequence to achieve a low contact
resistance.

For a further understanding of the change in the Ni interlayer
as a function of the annealing temperature, a series of XPS
measurements were conducted following sputter etching of the
surface layer. Annealing temperatures of 400 and 600 °C were
chosen because the interface region adjacent to the Si substrate
is suspected to be nickel silicide dominant at 400 °C and to
change to an erbium silicide-rich region at 600 °C, according to
the observed J—V characteristics. Figure 6 illustrates the
spectral changes in the Ni 2p;,, and Si 2p core levels after
annealing at two temperatures. The spectra reflecting the
chemical information on the interfacial region were selected by
considering the depth profiling data of the Si 2p core level; all
spectra in Figure 6 were obtained immediately prior to the
intensity saturation of the Si substrate peak. A Ni 2p;,, peak
appears at a higher bindin§ energy (~853.9 eV) than that of
metallic Ni (~852.7 éV)'”'® for the sample annealed at 400 °C,
as shown in Figure 6a. This implies a possible reaction between
the interface Ni and the Si to form a nickel silicide phase, as
expected given the J—V characteristics. When the annealing
temperature is low (400 °C), the average position of the Si 2p
peak is located at a binding energy of ~99.5 eV, which is nearly
the same as that of the Si—Si bond from the substrate
(separately measured from a reference Si wafer), as shown in
Figure 6b. The binding energy of Ni—Si formed at a low
temperature is reported to be close to that of Si—Si,'® and also
the reaction kinetics between Ni and Si Iprefers the formation of
nickel silicide at this temperature.'""> Therefore, although
there is a large contribution of the overlapping Si 2p signal
originating from the underlying Si substrate, the Ni interlayer is
expected to be converted to a nickel silicide phase. As the
annealing temperature was increased to 600 °C, which is nearly
high enough to complete the Er—Si reaction, the Ni peak
shifted slightly, by ~0.2 eV, to a lower binding energy.
Although there was little observation of a notable change in the
Si 2p peak, the increase in annealing temperature (600 °C)
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Figure 6. XPS core level spectra of the Ni interlayered samples

annealed at 400 and 600 °C taken during depth profiling: (a) Ni 2p
and (b) Si 2p.

caused a slight binding energy shift of the Si 2p peak to the
lower binding energy side (see Figure 6b). The shift to a lower
binding energy can be attributed to the lower electronegativity
of Er (1.24) than that of Ni (~1.91)," which can enhance the
charge transfer from Er atoms to Si—Ni bonds, as compared to
Ni—Si—Ni.

Summarizing the discussed XPS analysis, it can be concluded
that an ultrathin nickel silicide layer is formed at the interface
region at approximately 400 °C. As the annealing temperature
is increased to 600 °C, Si out-diffusion and the Er—Si reaction
proceed, forming a larger volume of erbium silicide. As a result,
the preformed nickel silicide is mixed with erbium silicide, and
the interface region becomes erbium silicide-rich, explaining the
observed increase in reverse current (Schottky barrier height
lowering) to a level comparable to that found in the Er/Si
sample without a Ni interlayer.

4. CONCLUSION

As a facile route to prevent the formation of recessed surface
defects during erbium silicidation, a Ni interlayer approximately
1 nm in thickness was inserted between TaN-capped Er and a
Si substrate. While the thick TaN capping layer (~50 nm)
prevented oxidation-induced surface defects (protruding
pyramidal defects), the ultrathin Ni interlayer -effectively
prevented the formation of recessed defects and lessened the
measured surface roughness. The interfacial Ni silicidation
process occurring at a low annealing temperature (less than 400
°C) is believed to initiate the uniform nucleation/ growth of
subsequent Er silicidation by controlling the Si out-diffusion
and to avoid the generation of recessed defects. Schottky
contact behavior was observed at low annealing temperatures,
and a slight increase in the formation temperature of erbium
silicide was observed due to the Ni interlayer; however, a near-
complete formation of erbium silicide was achieved after
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annealing at 600 °C when ohmic contact behavior comparable
to that of the sample without a Ni interlayer was attained,
probably due to the formation of an Er—Si—Ni mixture and the
subsequent enrichment of erbium silicide at the interface region
in direct contact with Si.
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SAM surface images and XRD spectra measured from the
TaN/Er/Si samples with a Ni interlayer approximately 3 nm in
thickness as a function of the annealing temperature. This
material is available free of charge via the Internet at http://
pubs.acs.org/.
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