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a b s t r a c t

This study focuses on studying the effective electron mobility in direct contact La-silicate/Si structure
based nMOSFETs and searching for the difference of the mobility characteristics compared with the
SiO2 MOSFETs. In this study, three types of gate electrode structure were prepared to investigate the
mobility characteristics over a wide EOT range; W for EOT of 1.63 nm, TiN/W for EOT of 1.02 nm and
metal-inserted poly-Si (MIPS) for EOT of 0.71 nm. Since the silicate formation is basically caused by
the presence of oxygen, Si layer in MIPS can suppress the oxygen in-diffusion from atmosphere, resulting
in scaled EOT. It is found that the Eeff dependence of mobility with La-silicate is observed to differ from
the mobility of SiO2 MOSFETs. The electron mobility with La-silicate shows the weaker Eeff dependence
than the mobility of SiO2 nMOSFETs in middle and high Eeff region. This suggests an existence of addi-
tional mobility component related to the direct contact La-silicate/Si structure. The effective electron
mobility is degraded with decreasing EOT in entire Eeff region. This means that the scattering sources
including Coulomb scattering, phonon scattering and surface roughness scattering are located not at
La-silicate/Si interface but the inside of gate stacks and approach the Si inversion channel. Coulomb scat-
tering and phonon scattering are thought to be strengthened by increasing k-value because of the
enhancement of Coulomb scattering potential and higher ionicity in La-silicate gate dielectrics. The influ-
ence of metal/high-k interface is also considered to affect on the mobility with decreasing the EOT.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Reduced carrier mobility is one of the crucial problems in high-
k/metal gate stack MOSFETs [1]. Several scattering mechanisms
inherent to high-k gate dielectrics has been proposed to under-
stand the physical origins of the mobility degradation, such as re-
mote Coulomb scattering (RCS) caused by fixed charges inside
high-k gate dielectrics, remote phonon scattering (RPS) originating
from low-energy optical phonon modes in high-k gate dielectrics
and remote surface roughness scattering (SRS) [1,2]. The carrier
mobility can be recovered by insertion of SiO2 interfacial layer
(IL) because scattering sources separate from inversion channel
[1]. However, removal of the IL is essential issue for reduction of
equivalent oxide thickness (EOT) in high-k/metal gate stacks.
Continued scaling in the EOT highly contributes to suppress the
short-channel effect and threshold voltage variability in advanced
MOSFETs [3,4]. In particular, small threshold voltage variability is
required for decreasing power supply voltage, resulting in low

power consumption. Therefore, the direct contact of high-k/Si
structure is strongly needed.

The direct contact high-k/Si structure has been reported with
Hf-based oxides to scavenge the IL by sophisticated method [5].
Moreover, the direct contact high-k/Si structure can be realized
by using La2O3 as gate dielectrics because of a form La-silicate by
the silicate reaction between La2O3 and Si at interface [6]. Advan-
tage of this method is that the direct contact high-k/Si structure
can be easily achieved by simply depositing the La2O3 on Si sub-
strate. The scaled EOT and superior interfacial property has been
demonstrated in direct contact La-silicate/Si structure by metal-
inserted poly-Si (MIPS) in conjunction with high temperature
annealing [6].

Multiple studies regarding Hf-based oxides have revealed that
the carrier mobility is decreased with decreasing the IL thickness
[7]. Most of the published works were carried out on the presence
of SiO2 IL in high-k/metal gate stacks. It is thus of great importance
to study the carrier mobility in MOSFETs with direct contact high-
k/Si structure for determining the performance of highly scaled
MOSFETs. The objective in this study is to obtain the better under-
standing of carrier mobility in direct contact La-silicate/Si structure
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based nMOSFETs with a wide range of EOT. The impact of IL-free
structure on carrier mobility is experimentally investigated. The
physical origin is also discussed based on the experimental
results.

2. Device fabrication

La2O3 in 3 nm thickness was deposited on HF-last p-Si substrate
by e-beam evaporation in an ultra-high vacuum chamber, followed
by in situ W (tungsten) metal deposition by RF sputtering. TiN and
Si were deposited on W metal for MIPS stacks. The physical thick-
ness of W, TiN and Si were 5 nm, 10 nm and 100 nm, respectively.
Source and drain pre-formed p-Si (100) substrates were utilized to
fabricate nMOSFETs. The substrate impurity concentration of MOS-
FETs is 3 � 1016 cm�3. The thermally-grown SiO2 nMOSFETs was
also fabricated with same substrate impurity concentration. The
metal was patterned by reactive ion etching (RIE) with SF6 chem-
istry to form gate electrodes. The samples were post-metallization
annealed in forming gas ambient (H2:N2 = 3%:97%) at 800 �C for
30 min to form the La-silicate by the reaction with Si substrate
[6]. Al was deposited on the source/drain region and back side of
the substrate as a contact. Finally, recovery annealing (FGA) was
performed. Process flow and fabricated device structures are sum-
marized in Fig 1a and b. EOT was estimated by NCSU CVC program
[8]. Split-CV method was employed to measure an effective mobil-
ity of nMOSFETs [9].

3. Results and discussion

The details of fabricated MOSFETs in this study are summarized
in Table. 1. It is worth pointing out that these three devices were
fabricated at the same time. This means that the physical thickness
of La2O3 and W metal are completely same in these three types of
MOSFETs. An average k-value in overall gate dielectrics was esti-
mated from EOT and cross-sectional TEM observations. Using the
W metal yields the EOT of 1.63 nm, while the EOT of 0.71 nm can
be obtained by MIPS stacks. The formation of La-silicate is attrib-
uted to the Si diffusion from substrate to La2O3, and hence it results
in not a bilayer structure of La-silicate/La2O3 but a compositional
gradient in La-silicate dielectrics by annealing at 800 �C for
30 min in forming gas ambient [10]. The k-value of La-silicate is de-
creased with increasing Si content in gate dielectrics similar to
HfSiON [11,12]. The formation of La-rich silicate by suppressing ex-
cess silicate reaction is key issue for achieving scaled EOT. Since the
silicate reaction is basically triggered by the existence of oxygen
during annealing process, Si layer in MIPS stacks can prevent the
oxygen diffusion from atmosphere during annealing process,
resulting in the suppression of excess silicate reaction [6]. The
threshold voltage (Vth) and sub-threshold slope (SS) are almost
identical regardless of gate stacks. This strongly suggests that the
significant interface traps are not generated and superior interfa-
cial property is maintained even at EOT of 0.71 nm. Fig. 2 shows
the gate leakage current (Jg) at gate voltage (Vg) of 1 V as a function
of EOT. The gate leakage current is increased with decreasing EOT.
According to the previous study, band gap of La2O3 is 5.5 eV, while
the band gap of La-silicate is increased up to about 6 eV [11]. It
should be noted that the band gap of high-k dielectrics is inversely
proportional to the dielectrics constant [11]. As a result, the band
gap of Si-rich silicate is larger than that of La-rich silicate [11]. In
addition, contrast change in the gate dielectrics adjacent to Si sub-
strate and increasing physical thickness of the overall gate dielec-
trics were observed from cross-sectional TEM images when W
single layer was utilized as gate electrode, indicating the formation
of Si-rich silicate. On the other hand, contrast change cannot be ob-
served in the case of MIPS structure. Therefore, increasing gate
leakage current with decreasing EOT is likely caused by suppress-
ing excess silicate reaction and the formation of La-rich silicate
with smaller band gap. Fig. 3 shows the effective electron mobility
as a function of EOT at measurement temperature of 300 K. The
effective electron mobility is monotonically decreased with
decreasing EOT in the entire effective field (Eeff). It is well known
that the inversion layer mobility in Si MOSFETs can be divided into
three scattering mechanisms, namely Coulomb scattering, phonon
scattering and surface roughness scattering [13]. From Fig. 3, effec-
tive electron mobility is found to be limited by all of three compo-
nents with decreasing EOT. The Eeff dependence of mobility for La-
silicate is weaker than that for SiO2 in middle Eeff region, indicating
the influence of the remote phonon attributed to La-silicate gate
dielectrics [2]. Furthermore, at high Eeff, mobility of La-silicate
shows gradual Eeff dependence compared with that of SiO2 and sur-
passes the mobility of SiO2 at Eeff higher than 1 MV/cm. The differ-
ent characteristics for the mobility are clearly observed as shown
in Fig. 3. However, reducing mobility with decreasing the EOT is
similar to the Hf-based oxides [7]. Previous study has reported that
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Fig. 1. (a) Process flow of nMOSFETs and (b) fabricated device structures,
respectively.

Table 1
Details of fabricated MOSFETs in this study.

Gate structure k-value EOT (nm) Vth (V) SS (mV/dec)

W 8 1.63 �0.06 65
TiN/W 12 1.02 �0.12 66
MIPS 16 0.71 �0.14 67
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