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Abstract 
 

The use of SiO2 thin films as the gate dielectric is 
quickly reaching a limitation due to the rapid increase 
in tunneling current and worsened device reliability.  A 
logical alternative is to use a gate insulator with a 
higher relative dielectric constant (high-k) than silicon 
dioxide (3.9), thereby spurring tremendous research 
activities to produce better high-k gate dielectric 
materials.   In this paper, the recent progress made in 
our laboratory on the high-k materials is described.  
The various means to improve the thermal stability of 
high-k materials like Ta2O5, ZrO2, and HfO2 deposited 
on Si and their electrical properties will be discussed.  
The characteristics of Al2O3 gate dielectrics on fully-
depleted SiGe-on-insulator (SGOI) will also be 
described. 
 
 

1. Introduction 
 

The success of the semiconductor industry relies 
on the continuous improvement of integrated circuit 
performance, which is achieved by reducing the 
dimensions of the key components in the circuits: the 
MOSFETs (Metal-oxide-semiconductor field effect 
transistors).  One of the key elements that allow 
successful scaling of silicon-based MOSFETs is 
certainly the excellent material and electrical 
properties of the gate dielectric used so far in these 
devices.  The SiO2 gate dielectric layers have been 
made as thin as 1.5 nm.  However, further scaling of 
the SiO2 gate layer thickness is problematic which can 

result in a large increase of the leakage current and 
jeopardize device reliability [1].  Therefore, a 
promising alternative way is to use an insulator with a 
higher relative dielectric constant (high-k) than SiO2 as 
the gate layer to reduce the leakage current and 
improve the reliability of the devices.  Recently, there 
are worldwide research efforts on the investigation of 
high-k gate dielectrics for the application in advanced 
complementary metal-oxide-semiconductor (CMOS) 
technologies.  The 2005 edition of the International 
Technology Roadmap for Semiconductors (ITRs) 
anticipates the use of high-k gate dielectrics in 
production as early as 2007 [2].  Nevertheless, many 
factors that negatively impact the application of high-k 
materials are found.  Among them, the thermal 
stability of high-k gate dielectrics is one of the most 
important issues.  According to the 2001 ITRs 
roadmap, ion implanted dopants can be electrically 
activated by post-annealing between 450oC and 800oC 
to realize ultra shallow junctions for source drain 
extensions to satisfy the device junction roadmap 
requirements for the 65 nm node and beyond.   
Unfortunately, the most promising high-k materials 
such as ZrO2 and HfO2 usually crystallize at 
temperatures below 500oC, and Ta2O5 is thermally 
unstable in the interface between the films and Si 
substrate.  It seriously limits the applications of high-k 
materials in ultra large-scale integrated (ULSI) circuits.   
Consequently, it is necessary to control the thermal 
stability of high-k materials and make them more 
compatible with semiconductor processing and 
suitable as gate dielectrics. 
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Recently we have conducted extensive research 
to control the thermal stability and interfacial 
properties of high-k materials like Ta2O5, ZrO2, and 
HfO2 on Si by different methods and the electrical 
properties have also been studied.  The relative 
characteristics of Al2O3 gate dielectrics on fully-
depleted SiGe on insulator (SGOI) have been also 
investigated. 
 
2. Interfacial and dielectric properties of sputtered 

Ta2O5 thin films by substrate biasing 
 

In our work, Ta2O5 thin films were prepared by 
magnetron sputtering system under substrate bias 
assistance and the elemental composition of thin films 
was characterized by RBS [3].  According to the 
deconvoluted RBS data, an interfacial layer with 
graded composition is clearly shown in Fig. 1.  
Comparing Figs. 1(a), (b), (c), and (d), an interesting 
phenomenon can be observed.  The thickness of the 
interfacial layer is almost independent of the substrate 
bias increase perhaps because the formation of the 
interface layer is mainly decided by the deposition  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Elemental depth profiles derived from the RBS data for Ta2O5 

thin films deposited using different substrates biases 

temperature, which has been confirmed by Ono et al. 
[4].  Thus, it can be deduced that the substrate bias 
does not affect the deposition temperature apparently 
but it aids to increase the nucleation density in the thin 
films.  The ratio of tantalum to oxygen at the interface 

between the Ta2O5 and Si is different from that of the 
bulk film and it could influence the dielectric 
properties.  This may be due to more diffusion of Ta 
into the substrate relative to that of oxygen under 
negative biasing conditions. 
 

The corresponding dielectric properties of the as-
deposited Al/Ta2O5/Si MOS structure at different 
substrate biases from 0 V to -200 V are shown in Fig.2.  
As the substrate bias increases, the capacitance value 
is enhanced, which corresponds to the improvement of 
the ability to save electrical charges in the Al/Ta2O5/Si 
MOS structure.   It also means a larger permittivity as 
shown in Fig. 2 (d) which further indicates that the use 
of a suitable substrate bias can enhance the dielectric 
constant of the as-deposited Ta2O5 films.  The 
enhancement is believed to be due to the improved 
crystallinity and orientation of the thin film as revealed 
by our XRD & FTIR results and is consistent with 
observations made in other studies [5].     The flatband 
in the C-V curves shifts towards the negative voltage 
direction as the substrate bias increases.  Furthermore, 
the C-V hysteresis loop widens as the substrate bias 
increases and it is probably related to the larger 
number of slow trapping sites. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2 Forward-and-reverse C-V curve of Ta2O5 prepared at 620oC 

under different substrate biases and the dielectric constant of Ta2O5 

thin films as a function of the substrate bias 
  According to the counterclockwise hysteresis 
behavior in the C-V curves in Fig. 2, the density of the 
defect states can be deduced, which is caused by the 
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trapping of positive charges in the oxide defect states 
when the MOS capacitor is stressed.  The density of 
the slow trapping sites can be calculated and the value 
extracted from Fig. 2(c) for the as-deposited Ta2O5 is 
similar to that reported by Pignolet et al [6]. 

 
The forward-and-reverse J-V curves of the 

Al/Ta2O5/Si structure under different substrate biasing 
conditions have also been characterized and the results 
indicate that the leakage current density of the thin 
films obviously decreases as the substrate bias 
increases.   It further indicates that by applying the 
proper substrate bias during magnetron sputtering, 
Ta2O5 thin films with excellent interfacial and 
dielectric characteristics can be obtained at low 
substrate temperature. 
 

3. Thermal stability and dielectric properties of 
ZrO2 thin films by plasma nitridation 

 
In our experiments, plasma nitridation in 

conjunction with cathodic arc deposition was used to 
improve the thermal stability and dielectric 
characteristics of ZrO2 thin films fabricated on Si [7].   
FTIR spectra of ZrO2 thin films on Si (100) deposited 
at 450oC using various gas ratios are shown in Fig.3.  
The thin film prepared with pure oxygen exhibits 
strong absorption peaks near 580, 510 and 420 cm-1 
corresponding to the Zr-O vibrational modes.   
Furthermore, the weak absorption bands at around 720 
cm-1 of Zr-O-Si and 800 & 1080 cm-1 of the Si-O 
vibration mode can be observed implying the 
formation of a small amount of SiOx and ZrSiOx at the 
interface.  In contrast, the Si-O absorption peaks can 
hardly be observed in the samples prepared by plasma 
nitridation and the intensity of the Zr-O-Si absorption 
peaks diminishes significantly indicating that with the 
addition of nitrogen, the interfacial structure of the 
ZrO2/Si structure has been improved. 

 
The HRTEM images further confirm that the 

ZrO2 thin film prepared using pure oxygen has a 

polycrystalline phase whereas the nitridated sample is 
almost amorphous as shown in Figs. 4(a) and (b).  
Moreover, the interfacial layers in the two ZrO2  
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Fig.3 FTIR spectra of ZrO2 thin films prepared at 450 oC using 

different working gases 

 
samples are obviously different.  The former sample 
shows a 2 nm thick interfacial layer while no visible 
interlayer can be observed in the nitridated sample, 
which is consistent with the FTIR results.  The above 
results suggest that by using plasma nitridation, the 
growth of an interfacial layer with low permittivity can 
be suppressed.  It is believed that plasma nitridation 
not only impedes crystallization and improves the 
thermal stability but also effectively blocks oxygen 
diffusion through the grain boundaries subsequently 
mitigating the formation of the low-k interfacial layer, 
thereby boding well for the dielectric properties of the 
thin films. 

 

Fig.4 HR-TEM images of ZrO2 thin films prepared at 450 oC under 

(a) pure oxygen and (b) oxygen mixed with nitrogen 
 

The C-V characteristics of the Au/ZrO2/Si MOS 
capacitors are shown in Fig. 5 and the inset in Fig. 5 
indicates the corresponding J-V curve.  With the 

(a) (b) ZrO2

Zr-O-Si 

Si



addition of nitrogen and argon, the accumulation 
capacitance value in the C-V curves is enhanced, 
which corresponds to the improvement in the ability to 
store electrical charges in the Au/ZrO2/Si MOS 
structure.  With the introduction of nitrogen, a 
negligible flat-band voltage shift can be observed.  It is 
well known that the flat-band voltage shift can arise 
from many factors such as trapped charges at the 
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Fig.5 Forward-and-reverse C-V curves of Au/ZrO2/Si MOS 

capacitors prepared at 450oC under different working gas ratios 

measured at a frequency of 1 MHz (the leakage current density as a 

function of voltage is shown in the insert plot) 

interface and fixed charges in the oxide.  Our results 
suggest that good interfacial properties between the 
nitridated ZrO2 thin film and Si substrate can be 
obtained by addition of nitrogen.  Moreover, the 
corresponding leakage current density is also 
significantly reduced with nitrogen incorporation.  It 
can thus be concluded that by using plasma nitridation, 
the thermal stability and dielectric properties of 
ZrO2/Si can be improved. 
 
4. Control of interfacial silicate between HfO2 and 

Si by high concentration ozone 
 

In our study, HfO2 samples were prepared by 
oxidation of evaporated Hf metal films on silicon 
substrate in high concentration (3%) ozone at low 
temperature [8].   The interfacial silicate layer between 
HfO2 and Si substrate was controlled by introducing 
high concentration ozone for oxidation.  Fig. 6 shows 
the XPS spectra of HfO2 oxidized by ozone (denoted 

as ozone HfO2 for convenience) compared to HfO2 
oxidized in oxygen (denoted as oxygen HfO2) and as-
deposited Hf metal.  Prior to the analyses, about 1 nm 
of the surface materials was cleaned by 4 keV Ar ion 
bombardment.  It can be seen that the Hf 4f core-level 
spectrum of ozone HfO2 only has a Hf 4f7/2 peak at a 
binding energy of 17.6 eV which corresponds to the 
Hf-O bond in bulk HfO2, whereas for oxygen HfO2, 
two noticeable but small shoulders (indicated by 
arrows) at the lower binding energy side of the main 
peak are observed in Fig. 6 (b), which can be 
attributed to the Hf-Si bond due to oxygen deficient 
oxidation and formation of Hf-silicide.  In contrast, a 
strong peak at 14.2 eV appears in the Hf 4f core-level 
spectrum of the as-deposit Hf metal, as shown in Fig. 
6(a), which corresponds to the strong Si-Hf bond in 
pure Hf metal.  Furthermore, a shoulder at the binding 
energy of 17.4 eV is also detected that is attributed to 
the Hf-O bond in HfO2 or (HfO2)x(SiO2)1-x.  These 
results from partial oxidation of the as-deposit Hf 
metal are observed after removal from the vacuum 
chamber and exposure to air.  As for the Si 2p core-
level spectra of all the samples, the main peak appears 
at 99.3 eV which is the binding energy of bulk Si.  
Only oxygen HfO2 shows a shoulder at about 102.2 eV 
in the Si 2p spectra.  This implies a more silicate-like 
nature at the interface between HfO2 and H-terminated 
Si substrate. No increment of oxygen concentration 
with respect to hafnium concentration in the samples 
can be detected from the RBS data, in comparison to 
the ozone HfO2 with oxygen HfO2.  This clearly 
indicates that the introduction of ozone can 
significantly improve the bonding nature between 
hafnium and oxygen. 

 
The cross-sectional HRTEM images of both the 

oxygen and ozone oxidized HfO2 samples are shown 
in Fig. 7.  Oxygen HfO2 in Fig. 7 (a) has a high 
interface roughness compared to that prepared by 
ozone.  An interfacial region about 1.2 nm thick 
appears which well agrees with the results of the XPS 



Si 2p spectra.  In contrast, the ozone oxidized sample 
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Fig.6 XPS spectra of Hf 4f and Si 2p core-levels of (a) as-deposit Hf 

metal, (b) oxygen HfO2, and (c) ozone HfO2 
 

in Fig 7 (b) shows a sharp interface between the HfO2 
and Si substrate and no noticeable interfacial layer can 
be observed.  This is considered to be due to the 
reduction of interfacial Si displacement during ozone  
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Fig.7 Cross-sectional HRTEM micrographs of (a) oxygen HfO2, and 
(b) ozone HfO2 
 

oxidation and the layer-by-layer growth mode being 
predominant to form the homogenous hafnium oxides.  
Furthermore, the ozone HfO2 shows excellent C–V 
characteristics, where the measured C–V hysteresis is 
negligible.  This again demonstrates that ozone 
oxidation after Hf deposition is beneficial to 
improving the interface properties and reducing the 
charge trapping centers, in comparison to the HfO2 
sample oxidized in pure oxygen. 
 
5. Interfacial and electrical characteristics of Al2O3 
gate dielectric on fully-Depleted SiGe-on-Insulator 

Al2O3 was deposited on the SiGe channel layer 

by electron beam evaporation using a high purity 
sintered powder target at room temperature and 
pressure of 10-6~10-7 Pa [9].  Post-annealing was 
conducted under N2 at 800oC for 30 minutes to 
investigate the interfacial reactions and structural 
characteristics of the films.  Figs. 8 (a) and 8 (b) depict 
the cross-sectional HRTEM image of the annealed 
high-k gate dielectric on the fully-Depleted SiGe-on-
Insulator (FD SGOI) substrate.  In Fig. 8 (a), the Al2O3 
gate dielectric and an interfacial layer (IL) on the FD 
SGOI substrate are clearly shown and the two 
interfaces are atomically flat.  Fig. 8 (b) shows that the 
layer consists of a top amorphous Al2O3 film with a 
thickness of ~9.4 nm, an amorphous IL with a 
thickness of ~2.3 nm, and a strained SiGe channel 
with a thickness of ~26.7 nm.  The clear lattice image 
without micro-twins or defects indicates that a high-
quality SGOI substrate has been fabricated using Ge 
oxidation/condensation.  Since the IL between the 
Al2O3 and FD SGOI is an integral part of the gate 
dielectric, the properties of this layer are investigated 
along with those of the Al2O3 film by HRXPS. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.8 Cross-sectional HRTEM micrograph of annealed Al2O3 high-k 

gate dielectric fabricated on FD SGOI substrate 
 

The electrical properties of the gate dielectric of 
Al2O3/IL/SGOI structure using an Al electrode are 
shown in Fig. 9 and the typical high-frequency (1 
MHz) capacitance-voltage (C-V) characteristics of the 
as-deposited and annealed (800oC, 30 min) gate 
dielectric.  In Fig. 9 (a), the hysteresis loop in the 
counterclockwise direction with a flat band voltage 

(a) (b) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.9 High frequency C-V curves acquired from the 

Al/Al2O3/IL/SGOI/Al SGOI-MOS capacitor: (a) as-deposited and (b) 

annealed 

shift (∆Vfb = 0.36 V) is the result of a large number of 
interfacial trapped charges as the result of GeOx 
formation in the IL according to the Ge2p3/2 XPS 
results (not shown here).  On the other hand, a well-
behaved C-V curve is obtained in the annealed sample, 
as shown in Fig. 9 (b).  The trapping and detrapping 
electrons almost disappear, and no obvious hysteresis 
exists between the positive and negative scans 
indicating that little interface trapped charges are 
located in the gate dielectric or at the interface 
between the gate dielectric and the top SiGe of FD 
SGOI.  We believe that this difference between the as-
deposited and annealed samples mainly results from 
the chemical state of the interfacial layer because of 
GeOx incorporation into the IL of the as-grown film, 
while that of the annealed sample comprises a silicate 
layer.  On the other hand, the annealing process is 
advantageous to the neutralization of the charges. 
 

6. Conclusion 
 

The recent progress made in our laboratory on 
our recent high-k materials research results is reviewed.  
The interfacial properties of high-k materials such as 
Ta2O5, ZrO2, and HfO2 deposited on Si were 
investigated and their dielectric properties were also 
discussed.  The characteristics of Al2O3 gate 

dielectrics on fully-depleted SiGe-on-insulator (SGOI) 
were also described.  The interfacial properties of 
these high-k films are obviously improved and it will 
promote the compatibility with ultra shallow junction 
techniques and accelerate the application of alternative 
high-k thin films in advanced gate dielectric fields. 
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