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Scaling of CMOS technology has required high-k gate insulator instead of conventional
Si0; ‘and/or SiON gate insulator because of the increase of direct tunneling gate leakage
current which leads to degradation of dielectric integrity, reliability, and standby power
consumption such as HfO; or HfSiON. Despite of the high dielectric constaﬁt, however, the
formation of an interfacial layer with low dielectric constant between the high-k dielectric and
Si substrate causes the increase of equivalent oxide thickness (EOT). On the other hand, the
most of the reported high-k materials and oxides causes the interfacial layer formation.
Furthermore, the oxide high-k gate insulators have severe problem such as flat-band voltage
(Veg) roll-off due to oxygen vacancy. Therefore, nitride dielectrics are the candidate
materials as the gate dielectric instead of oxide dielectrics to suppress interfacial layer
formation and the Vg roll-off. However, the most of the nitride dielectrics reported so far,
such as SiN or AIN, show low relative dielectric constants below 10. Nitrogen-rich HfN has
high dielectric constant such as 30 compared with other nitride dielectrics. Generally, the
stoichiometric hafnium mononitride is a metal. On the other hand, the nitrogen-rich HiN is
reported to be a transparent insulator. In this thesis, HfN gate insulator was studied to
realize under 0.5 nm-thick EOT using electron-cyclotron-resonance (ECR) plasma sputtering
methods. The nitrogen-rich HfN gate insulator formation on Si substrate was investigated
for the first time.

First, to obtain insulating property for HfN film, we deposited HfN film with various Ar/N,
flow ratio to optimize the deposition condition. After optimizing the Ar/N, flow ratio, the
EOT of 1.1 nm was obtained by hydrogen annealing at 400°C 10 min. However, it was
found that the oxygen incorporated more than 20% in the dep‘osited HiN film. Therefore,
we investigated the dependence of pre-sputtering condition to suppress the oxygen
incorporation. We investigated Ar pre-sputtering instead of Ar/N; pre-sputtering. We
found that Ar pre-sputtering is effective to improve the electrical characteristics. The EOT
of 0.6 nm was obtained for the 4 nm-thick HfN gate insulator after post deposition annealing
(PDA) of N»/4.9% Hy (FGA). The relative dielectric constant for 400°C FGA sample was




obtained as 26, and no interfacial layer was observed. The density of interface state (Dy)
was as low as an order of 10" ecm?eV™'. From the depth profile measured by x-ray
photoelectron spectroscopy (XPS), it was found that oxygen incorporation was suppressed to
5% or less in the HIN film. In the HfN film, the atomic concentration ratio of hafnium and
nitrogen was confirmed as 1:1.2. To reduce EOT for the HfN gate insulator, we investigated
1 nm-thick HfN film. The EOT of 0.5 nm with low leakage current of 2.6 x 107 A/em® (@
Veg -1 V) was realized after 500°C FGA for 20 min. It was found that hydrogen annealing
leads to improve the electrical characteristics for the HIN film.

Next, we investigated the reliability for HfN gate insulator. To evaluate the activation
energy of HIN gate insulator, the C-V and J-V characteristics dependence on measurement
temperature were investigated. From Arrhenius piot, the activation energy of HIN gate
insulator was calculated as 1.6 eV. It was found that the HfN film is stable and has lower
traps. Time dependent dielectric breakdown (TDDB) characteristic was also investigated
compared with SiN gate insulator. When we, applied 20 MV/cm for 1000 s, it was found
that the HfN was not broken down and showed better TDDB characteristic compared to the
SiN gate insulator. Furthermore, the stress induced leakage current (SILC) was measured
after constant voltage stress at room temperature. Even after constant voltage siress, no
significant SILC was observed.

Finally, the MISFETs with 4 nm-thick HfN gate insulator were fabricated and evaluated for
the first time. From the characterization of the fabrication MISFETs with gate width (W)
and length (L) of W/L = 90/5 pm, the saturation mobility, on/off ratio, and subthreshold swing
at W/L = 90/5 pm were 32.4 cm*/(Vs), 104, and 180 mV/dec., respectively. In particular, the
n-MISFET exhibits Ipssat = 20.2 pA/um and gy = 20.5 mS/mm. The improvement of
fabrication process will realize good device characteristics ‘

In conclusion, HfN gate insulator was investigated on Si substrate for the first time. The
fabricated diode with the HfN gate insulator showed 0.5 nm-thick EOT with low leakage
current of 2.6 x 10 A/em® It was found that the HfN film was stable and had good TDDB
and SILC characteristics. From the device characterizations, the saturation mobility, on/off

ratio, and subthreshold swing were 63.5 em?/Vs, 10%, and 180 mV/dec., respectively.
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