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Introduction

Because of the ever-increasing demand for scaling down complementary
metal-oxide—semiconductor (CMOS) devices, a silicide process has become an
essential technology for high speed and performance logic in ultra large scale
integrated (ULSI) circuits. Among all silicides, CoSi» has been most commonly used
due to its low electrical resistance and various application fields.! However, it
suffers from large Si consumption and irregular interfaces between CoSi; and
Si-substrate. Recently, NiSi has been regarded as a promising candidate for the
development of high performance CMOS devices.? NiSi has superior properties, such
as low resistivity (14~20 Qcm), line-width independent sheet resistance, no
bridging failure, and low barrier height of contacts between the silicide and n- or
p-type Si’ In addition, Si consumption during silicidation is the smallest among all
metal silicides, which is an attractive feature for next generation CMOS devices.
However, a major concern with NiSi is phase transformation of NiSi into NiSi,
(resistivity : 35~50 Qcm) at relatively low temperatures (~700°C).* It should be
noted that after silicidation, a high temperature annealing process is required for the
reflow of interlayer dielectrics (ILD) such as borophosphosilicate glass (BPSG).
Such a high temperature process is typically performed above 850°C, which is much
higher than the nucleation temperature of NiSi.. In this work, we have investigated
the effect of a Ge interlayer on the electrical and structural properties of
Ni-silicides. It is shown that the NiSi> nucleation temperature strongly depends on
the thickness of Ge interlayers. It is also shown that Ge segregation enhances the
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agglomeration of Ni-silicides.

Experiment

After removing the native oxide using dilute HF solution, 2 and 5 nm-thick Ge
films were electron-beam-evaporated on (100) Si-substrates, followed by the
sequential evaporation of 30 nm-thick Ni films without breaking vacuum. For Ni
silicidation reactions, the samples were rapid thermal annealed at temperatures in
the range 400 -900 C for 30 s in N; ambient. In order to remove the unreacted
metal, the rapid-thermal-annealed samples were treated by a mixture of H2SO4 and
H:0; solutions. To investigate the effect of Ge interlayers on their structural and
electrical properties, the sample without a Ge interlayer was also prepared at the
same conditions. For convenience, Ni(30 nm)/Ge(2 nm)/Si, Ni(30 nm)/Ge(5 nm)/Si,
and Ni(30 nm)/Si samples are referred to here as ‘2 nm-interlayer, ‘5

nm-interlayer’, and ‘no-interlayer’ samples, respectively.

Results and discussion

Fig. 1 shows GXRD plots of the samples with and without the interlayers as a
function of the temperature. For the no-interlayer samples, only an orthorhombic
NiSi phase is formed, when annealed at temperatures below 650°C. However, a new
phase (e.g., NiSi; phase with a CaF: type cubic structure) appears at 700°C, and
then NiSi is completely transformed into NiSi; when annealed at 750°C. It is worth
noting that the NiSi-to-NiSi; transformation behavior of the 2 nm and 5
nm-interlayer samples is different from that of the no-interlayer sample. In other
words, the temperatures for the nucleation of NiSi» in the samples with the
interlayers are increased by higher than 150°C. This indicates that the use of the
Ge interlayer effectively expands the RTA processing window for the formation of
a NiSi film.

Fig. 2 exhibits cross—sectional bright field (BF) TEM images obtained from the
samples with the interlayers annealed at 500°C for 30 s. For both the samples,
there exists an additional thin layer (indicated by the arrow) at the interface
between the NiSi film and the Si substrate. EDX analyses (not shown)
demonstrated that these layers contain a mixture of Ni, Si, and Ge, implying the
formation of ternary NiSi;-xGex. High-resolution electron microscopy (HREM)
images (the insets of Fig. 2) show that for the 2 nm-interlayer sample [Fig. 2(a)],
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the crystalline NiSi;—«Gex layer is thinner than that of the 5 nm-interlayer sample
[Fig. 2(b)]. In addition, for the 2 nm-interlayer sample, the NiSi;-xGe. layer (~4
nm thick) is relatively uniform, while for the 5 nm-interlayer sample, the ternary
layer (~8 nm thick) is irregular with thermal grooves. :

In order to investigate the distribution of elements in the samples with the
interlayers annealed at 500°C for 30 s, cross sectional STEM-EDX mapping for and
Ni, Si, and Ge atoms was performed (Fig. 3). As shown in the TEM results (Fig.
2), the mapping of Ni and Si indicates the formation of NiSi films [Figs. 3(b, ¢, f,
and g)l. However, Ge atoms are mostly present at the surface and the NiSi/Si
substrate interface regions. This indicates that a large amount of Ge is outdiffused
to the surface region through the NiSi film. Such outdiffusion behavior could be
explained in terms of the difference in the surface tension of the elements in the
present sample.5

Fig. 4 shows cross-sectional STEM Z-contrast images and corresponding EDX
compositional maps for Ni, Si, and Ge atoms in the samples with the interlayers
after annealing at 850°C for 30 s. For both the samples, the silicide films become
severely agglomerated. EDX point analyses (not shown) showed that the silicide
films of the 2 nm and 5 nm-interlayer samples are NiSiz and NiSi phases,
respectively. Furthermore, the STEM and EDX mapping results show that for both
the samples, Sij-xGex layers [indicated by the arrows in Figs. 4(a), and 4(e)] are
formed in-between the agglomerated silicides. The Si;-xGex layer of the 5
nm-interlayer sample is thicker than that of the 2 nm-interlayer one. For the 5
nm-interlayer sample, Ge atoms are also present in-between the NiSi film and
Si-substrate [indicated by arrow in Fig. 4(h)]. However, for the 2 nm-interlayer
sample, there is no evidence for the presence of Ge atoms at the interface region
between the silicide/Si substrate. This indicates that there exist NiSi;-xGex phase in
the 5 nm-interlayer sample, but not in the 2 nm-interlayer sample.

According to the classical theory of the nucleation, activation energy required
for the transformation of NiSiz from NiSi;-zGex is higher than that from pure NiSj,
because of lower free-energy level in NiSi;-xGex driven by increasing the entropy
of mixing.? From the TEM and STEM-EDX results, it is evident that the ternary
NiSi;-xGex and NiSi films are formed simultaneously during low temperature
annealing. As the temperature increases, Ge outdiffuses from the NiSi-xGex more
readily and consequently segregates at the surface region, since Ni-Si bonding has
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a lower heat formation energy compared with that of Ni-Ge bonding.” Such Ge
outdiffusion behavior causes the thickness reduction of the NiSi,-«Gey layer. The
presence of the NiSi; xGex layer in-between the NiSi film and the Si-substrate
hinders Si supply (or Ni diffusion) required for the NiSi; nucleation. This causes
the slowing down of phase transformation from NiSi to NiSie. Thus, during
annealing at high temperatures, a thick NiSi-«Gex layer is more effective in
delaying NiSi; nucleation, compared to a thin NiSi;-xGex layer. Furthermore, the
segregated Ge atoms react with Si and participate in the formation of Sii-xGex layer

at the surface region in order to minimize surface energy.8

Conclusion

We investigated the Ge interlayer thickness dependence on the electrical and
micro-structural properties of  Ni-silicides as a function of  the
rapid-thermal-annealing temperature. For the sample without the interlayer, NiSi
transformed into NiSi; at 700°C. For the samples the interlayers, however, the NiSi,
nucleation temperatures increased up to 850 and 900°C due to the presence of

NiSii-«Gex ternary layers formed in-between the NiSi films and Si-substrates.
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Fig. 1. GXRD plots of the samples (a) without the interlayer, and with (b) the 2
nm-thick and (c) 5 nm-thick interlayers as a function of the rapid-thermal-

annealing temperature.
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Fig. 2. Cross-sectional BF TEM images taken from (a) 2 nm-interlayer and (b) 5
nm-interlayer samples after annealing at 500°C for 30 s.
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Fig. 3. (a) and (e) Cross sectional STEM Z-contrast images, and corresponding
STE-EDX maps for (b) and (f) Ni, (¢) and (g) Si, and (d) and (h) Ge atoms
obtained from the samples with the 2 nm and 5 nm-interlayvers after annealing at
500 °C for 30 s, respectively.

Fig. 4. (a) and (e) Cross sectional STEM Z-contrast images, and corresponding
STE-EDX maps for (b) and () Ni, (c¢) and (g) Si, and (d) and (h) Ge atoms
obtained from the samples with the 2 nm and 5 nm-interlayers after annealing at
850°C for 30 s, respectively.
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