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Abstract 
 
 

This work discusses charge trapping effects and the dielectric reliability of 
metal-gated La2O3 stacked dielectrics. It will be shown that the gate stacks suffer from 
severe charge trapping, which causes adverse effects on the characteristics of 
La2O3-gated MIS devices like flat band Vfb and threshold voltages Vth shifts after 
stress. On the other hand, the lifetime projection of La2O3 after time-dependent 
dielectric breakdown measurements (TDDB) guarantees a 10 years operation period for 
La2O3-gated MIS devices at low gate voltages before breakdown. That latter result 
encourages us to look for alternative ways to minimize the electrical degradation found 
in La2O3-gated MIS devices after stress, whether by modifications in the deposition 
process of La2O3 or by introducing post-deposition processes like thermal treatments 
before and after the metallization step. Moreover, the problem of IL formation atop the 
silicon substrate still is a great challenge to be solved since La2O3 tends to develop this 
lower-k IL when deposited on silicon, thus increasing the final equivalent oxide 
thickness (EOT) of the whole high-k/IL stacked structure. Because of this La2O3–IL 
stack formation, the deterioration of the oxide stack will depend on the nature of these 
layers as well as the nature of the injected species (electrons or holes) under stress. 
From carrier separation measurements, substrate electron injection results in a shorter 
time to oxide breakdown tbd as compared to gate electron injection. Nevertheless, longer 
tbd for La2O3/IL as well as smaller degradation of its electrical characteristics with time 
were obtained after improving the deposition process and post-deposition process for 
this oxide. Specifically, an in-situ metallization for La2O3 minimizes the exposition of 
La2O3 surface to environment and post-metallization annealing (PMA), can help to 
reduce the damage introduced into La2O3 and its interfaces after the deposition by 
sputtering of the gate electrode, thus increasing the final reliability of La2O3-gated MOS 
devices. Further improvements on the physical characteristics of La2O3 will increase its 
reliability so that this dielectric material will have good chances to replace conventional 
gate oxides well beyond the 45 nm node since the fabrication of La2O3-gated MIS 
devices with EOT < 1 nm has been already demonstrated. 
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Organization of this study 
 

 This dissertation consists of seven 
chapters which are described schematically in 
fig. 1. 
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samples. The electrical stress for the 
La2O3-gated MOS devices was applied by: a 
ramped (TZDB) or constant voltage stress 
(TDDB). The measurement setup for 
interface-states density Dit after stress is also 
presented. Dit was obtained after charge- 
pumping measurements. The carrier separation 
measurement was also introduced in order to 
obtain a clearer vision on the phenomena of 
La2O3 degradation/breakdown since this 
technique is able to separate the individual 
contributions of tunneling electrons and holes 
flowing thorough the stacked oxide. 
 
Table 1 Methods for reliability measurement of 
metal/La2O3-gated MOS devices. 
Measurement Obtained data 

TZDB Breakdown strength, SILC 

TDDB Oxide lifetime, Tbd, Qbd, SILC, 
Vfb and Vt shift 

Charge pumping Interface-states density Dit 

Carrier separation Ielectrons, Iholes, BKD mechanism 

 
Depending on the intensity of the applied stress, 
electrically-induced degradation (SILC, Dit 
generation, Vth shift, etc) and/or breakdown 
condition (hard breakdown) can be reached 
within La2O3. 
 

Chapter 3
This chapter presents the results 

obtained from reliability characterization of 
metal- La2O3 MOS capacitor devices under low 
and high-voltage stressing conditions. The shift 
in flat-band voltage Vfb for low or 
high-stressing conditions showed electric-field 
dependence after stress. By stressing La2O3 

with TDDB, the degradation/breakdown of the 
dielectric will produce different effects on the 
final electrical characteristics of the stressed 
devices. First, the measurements of Vfb shift 
after stress for thick ad thin films were 
quantized and both results are shown in fig. 3. 
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voltages, lifetime expectancy for La2O3 of 10 
years was predicted by using the linear Vg 
model, see fig. 4. PMA increases the lifetime 
expectancy of La2O3 compared to PDA thermal 
treatment. 

 
 
 
 
 

(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 4
This chapter presents the results of 

applying electrical stress on the gate of 
La2O3-gated MOSFET devices. In MOS 
transistors, it is possible to monitor not only the 
gate current Ig but also the substrate current 
Ibulk simultaneously. This is a well-known 
technique usually referred to as carrier 
separation that allows identifying the dominant 
carrier type on the gate leakage current. From 
carrier separation measurements it was 
observed that electron injection was the 
dominant component of total gate leakage 
current Ig under positive TDDB whereas hole 
injection was the dominant component under 
negative TDDB, see fig. 5 A-B. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Also, since the degradation of La2O3 
involves both interfaces of the oxide with the 
metal and the silicon substrate, measurements 
of interface-state density Dit after stress were 
performed in order to correlate Vth shift with 
respect to Dit. The results are shown in fig. 6. 
Electrically-induced Dit generation after 
constant voltage stress (CVS) is almost zero for 
La2O3 and the use of forming gas (FG) during 
the PMA processing reduces the initial level of 
Dit, which indicates that some of the dangling 
bonds at the silicon surface have been 
passivated. The shift in Vth for nMOSFET and 
pMOSFET devices is shown in fig. 7 A-B. 

Figure 4 Lifetime projection for W-La2O3 gated 
MOSCAP after PDA/PMA annealing. Figure 5 Evolution of gate leakage current with 

stressing time. (A) Ielectron is the dominant component 
of the total Ig during substrate injection of electrons. 
(B) Ihole is the dominant component of the total Ig 
during gate injection of electrons. 

(B) 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures.    Page 6 of 8 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

From fig. 7 A-B we can see that for pMOSFET 
devices, the change in Vth during stressing is 
very small compared to the exponentially 
increasing shift in Vth for nMOSFETs. The 
shift in Vth for the nMOSFET device would 
come by the increase in fixed charge (Qf) 
instead of the almost zero Dit after stress. 
 

Chapter 5
 In this chapter, the previous results 
from the reliability characterization of 
La2O3-gated MOSCAP and MOSFET devices 
are joined in order to develop a more concise 
model explaining the mechanisms behind the 
degradation and breakdown of the La2O3-IL 
stacked layers on silicon; see fig. 8. 
 
 
 
 
 
 
 
 
 
 
 
 
At this stage, it has been concluded that during 
substrate injection, La2O3 presents IL 
breakdown followed by the breakdown of the 
La2O3 film. For the gate injection case, 
simultaneous breakdown of both the IL and the 
La2O3 film is proposed. Lastly, we briefly 
propose methods to improve reliability so that 
better projections and enhanced degradation 

Figure 6 Interface-states Dit measurements 
for nMOSFETs and pMOSFETs devices after 
positive and negative CVS respectively. 

substrate injection gate injection 

 
Figure 8 Proposed models for the breakdown of 
La2O3-gated MOS devices during substrate/gate 
injection conditions after positive/negative CVS. 

Figure 7 Evolution of Vth shift with injected charge. (A) 
nMOSFET devices show an exponential shift in Vth after 
stress. (B) pMOSFET devices show almost no change in 
Vth in the same way as in the Dit generation case. 
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and lifetime characteristics of La2O3 after stress 
can be obtained. 
 

Chapter 6 
Here, a comparison of the reliability properties 
for Hf-based oxides and La2O3 is presented. In 
order to predict the reliability of the La2O3 
dielectrics for use of the gate insulator, the 
published data for that of HfO2-based oxides 
were examined and compared with that of the 
La2O3. In general, the La2O3 dielectrics show 
higher reliability than that of HfO2-based 
dielectrics, although some of the reliability 
evaluations have not been carried out for the 
La2O3. Better SILC, Dit generation, Vth shift 
after stressing and time to breakdown data has 
been found for La2O3-gated MOS devices as 
compared to HfO2. On the other hand, the 
published data in the journal and the conference 
predict not sufficient reliability for the 
Hf-based oxide to be used in commercial 
products. However, Intel announced Hf-based 
high-k gate oxide introduction into the 45 nm 
CMOS with sufficiently high reliability which 
meets the commercial production thus the 
reliability of the Hf-based oxides with EOT 
down to sub 1 nm seems to have been already 
established, fig. 9 below. 
 
 
 
 
 
 
 

At this moment, any fundamental problems for 
the reliability of La2O3 dielectrics have not 
been found by this study; see table 1 below. 
 

  
 
 
 
 
 
 
 
 * High-temperature reliability measurements are needed. 

 
Thus, it is expected that the La2O3 reliability 
will meet the requirements for the production 
by the time when it is introduced into 
commercial devices. 
 

Chapter 7 
This chapter summarizes the findings 

and contributions of this study for the analysis 
of the reliability characteristics of La2O3-gated 
MOS devices. It was found that by using 
appropriate metal gate–La2O3 stacks in 
conjunction with thermal treatments, the 
problem of higher leakage current for low EOT 
could be substantially decreased. This has been 
achieved by avoiding the formation of an 
interfacial layer at the metal–La2O3 interface by 
using tungsten as the gate electrode. Because of 
the La2O3–Silicon interfacial layers formation 
by annealing, the deterioration of the La2O3 
gate stack will depend on the nature of these 
layers as well as the nature of the injected 
species (electrons or holes) under the stress. In  

 

 Figure 9 Metal gate/high-k (Hf-based) stacked

architecture developed by Intel and which meets the
reliability requirements for commercial production.
Table 1 Summary of the reliability results
for HfO2 and La2O3-gated MOS devices.
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this respect, and from carrier separation 
measurements, the substrate injection of 
electrons degrades more severely the 
conduction characteristics of the La2O3–IL 
stack, where the IL degrades more severely 
during the stress. A longer lifetime for the 
breakdown of La2O3 as well as smaller 
degradation of its electrical characteristics with 
time were obtained after improving the 
deposition process and post-deposition process 
for this oxide. An in-situ metallization for 
La2O3 enhances its reliability by minimizing 
the exposition of La2O3 surface to environment. 
On the other hand, by comparing the reliability 
properties of La2O3-gated MOS devices with 
those of HfO2-based gate oxides both with 
similar EOT, very important differences were 
found. It was observed that during SILC 
degradation, less degradation in gate leakage 
current after stress is found for La2O3-gated 
MOSCAP at the same EOT. Similarly, even 
though La2O3 presents an initially higher 
density of interface-states Dit, the generation of 
additional Dit is lower compared to HfO2, in 
which an exponential generation of Dit is 
observed. With La2O3, additional Vth shift after 
electron injection is minimized. By comparing 
TDDB lifetime extrapolation data, a 10 years 
operation before breakdown for both high-k 

materials is guaranteed even at relatively high 
Vg > 1 V. Regarding to the breakdown models 
for these oxides, it was found that during 
substrate injection, a Hf-based system 
experiences high-k bulk breakdown whereas 
La2O3 shows interfacial-layer (IL) breakdown 
followed by the breakdown of La2O3 itself. 
During the gate injection condition, a Hf-based 
system mostly experiences IL breakdown 
whereas La2O3 shows complete IL + high-k 
breakdown simultaneously. All the former 
results suggest that La2O3-gated MOS devices 
have an advantage over HfO2 since better 
reliability results have been demonstrated for 
La2O3–gated devices at very similar EOT levels. 
By using very thin high-k films with EOT < 
1nm we have identified a large SILC increase 
for La2O3-gated devices so that it is thought 
that the degradation-related reliability of very 
thin La2O3 gate oxides becomes compromised 
but their final lifetime before breakdown would 
remain within the specifications. Finally, even 
though the reliability results for HfO2-based 
gate oxides with EOT < 1nm that are found in 
the published literature are not good enough, 
the production of Hf-based MOSFET products 
for the 45 nm node announced by Intel make us 
think that the reliability issues for EOT < 1nm 
have already been resolved.
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Fig. 2.8 (A) Photograph of RTA system MILA-3000 used for the annealing of La2O3 
on silicon. 
(B) Photograph of RTA system QHC-P610C used for the annealing of La2O3 
on silicon. 

 

Fig. 2.9 Schematic drawing of bell-jar type thermal evaporator system. 
 

Fig. 2.10 Schematic drawing of Pt-based e-beam evaporation system. 
 

Fig. 2.11 Schematic drawing of a typical RF sputtering system. 
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Fig. 2.12 Photolithography process flow. 
 

Fig. 2.13 Schematic setup of an ellipsometry experiment. 
 

Fig. 2.14 (A) TEM of W-La2O3 without O2 flow during deposition (as-depo). 
(B) TEM of W-La2O3 with O2 flow during deposition (as-depo). 

 

Fig. 2.15 Basic components of a monochromatic XPS system. 
 

Fig. 2.16 Annealing temperature dependence of Si 1s XPS spectrum of La2O3 deposited 
within oxygen flow. A La-silicate IL formation is present for all samples 
whereas an additional SiO2-based IL formation appears for PMA at 500°C. 

 

Fig. 2.17 Linear extrapolation for Vth extraction from Id-Vg curve. 
 

Fig. 2.18  Charge pumping measurement setup for the extraction of Dit. 
 

Fig. 2.19 (A) TZDB I-V plot. Vg increases until La2O3 reaches breakdown at Vbd the 
breakdown voltage. 
(B) TDDB I-t plot. For a fixed Vg, Ig evolves with time until breakdown 
occurs at tbd. 

 

Fig. 2.20 (A-F) Device cross-sections and energy band diagrams for charge pumping 
measurements. The figures are explained in the text. 

 

Fig. 2.21 (A) CS measurement for nMOSFETs in inversion (positive CVS). Both 
electron and hole current components are detected at the gate and substrate 
respectively. 

 (B) CS measurement for pMOSFETs in inversion (negative CVS). Even 
though both electrons and holes tunnel simultaneously through the gate oxide, 
only the hole current component is illustrated flowing through the oxide for 
clarity purposes. Both hole and electron current components are detected at 
the gate and substrate respectively. 
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Chapter 3 
Fig. 3.1  C-V characteristics of Al-La2O3 gated MOSCAP after PDA in N2 ambient at 

different temperatures (300°C– 800°C). 
 

Fig. 3.2  Changes in physical thickness for La2O3 after several PDA temperatures. 
 

Fig. 3.3  W-La2O3 gated MOSCAP before and after thermal treatment in N2 ambient at 
300°C. PDA and PMA thermal treatments are both compared to the as-depo 
condition. 

 

Fig. 3.4  TEM of an aluminum-gated La2O3 MOSCAP after PMA in N2 at 300°C (10 
min.). The existence of a low-k Al2O3-based IL at the Al–La2O3 interface is 
shown. 

 

Fig. 3.5 (A) TEM of W-La2O3 without O2 flow during deposition (as-depo). 
(B) TEM of W-La2O3 with O2 flow during deposition (as-depo). 

 

Fig. 3.6  TEM of W-La2O3 without O2 flow during deposition (PMA). 
 

Fig. 3.7  C-V characteristics of La2O3 gated with different gate metals. 
 

Fig. 3.8  C-V characteristics of Ru-gated La2O3 before and after PDA at different 
temperatures. The large variations between samples exist even for the 
PDA@800°C samples. 

 

Fig. 3.9  J-V characteristics of Ru-gated La2O3 before and after PDA at different 
temperatures. It is clearly seen that there is almost no reproducibility in Jg 
even for the same sample. 

 

Fig. 3.10  J-V characteristics of Al and Ru-gated La2O3 after PDA in N2 at 400°C. The 
use of a higher work function metal leads to a reduced density of leakage 
current (gate injection). The inset shows the difference in barrier height for 
electrons during gate injection. 

 

Fig. 3.11  C-V characteristics of metal–La2O3 after PDA/PMA in N2. Even though lower 
EOT can be achieved with other metals, W gets the more stable and 
reproducible characteristics. 
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Fig. 3.12  C-V and I-V characteristics of Al–La2O3 before and after PDA in N2. 
 

Fig. 3.13 (A) Variation of some physical and electrical characteristics of Al–La2O3 
stacked structure before and after PDA in N2. 
(B) Jg-EOT plot for the same Al–La2O3 stacked structure. 

 

Fig. 3.14  J-V characteristics for Al-gated La2O3 stacked on p and n-type silicon. La2O3 
physical thickness ∼ 4.3 nm for as-depo condition on both Si substrates. 

 

Fig. 3.15 Jg-EOT plot for some of the Metal-La2O3 stacked MOS structures evaluated 
in this dissertation. Jg is taken at |1V|. 

 

Fig. 3.16 (A) I-V data for Ru-La2O3-stacked MOSCAP showing the Ig switching 
characteristic during TZDB stressing conditions. The trapping-detrapping 
processes occur before the HBD condition is reached. 
(B) I-t characteristic for W-La2O3 MOSCAP. Here, the trapping-detrapping 
processes occur after the HBD condition. The switching characteristic of Ig 
can be confirmed once the La2O3-IL stack breakdown. 

 

Fig. 3.17 (A) I-V characteristic of La2O3-gated MOSCAP showing the propagation of 
the breakdown spot as a gradual “jump”-like increase in leakage current Ig. 
(B) I-t characteristic for a different sample with the same structure in (A). The 
propagation of the breakdown spot is clearly visible as the tiny jumps in Ig 
after breakdown. 

 

Fig. 3.18 (A) I-V characteristic of La2O3-gated MOSCAP. The effect of the severity of 
stress on gate leakage current Ig is clearly shown (in real devices lower stress 
fields are expected). 
(B) I-t characteristic showing the effect of stress on the evolution of leakage 
current with time. The occurrences of SILC-SBD-HBD are highlighted both in 
the I-V and I-t data. 
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Chapter 4 
Fig. 4.1 (A) ∆Vth after CVS= 1V. Vth totally shifts to the left side in proportion to 

injected charge Qinj. 
(B) ∆Vth after CVS= 1.5V. Vth continues to shift to left side until a SBD event 
takes place. 
(C) ∆Vth after CVS= 2V. Vth increases to more positive values until SBD 
events changes this trend. 

 

Fig. 4.2  Vth shift versus injected charge density Qinj for W-La2O3 gated nMOSFETs 
after low to high positive stressing CVS conditions. 

 

Fig. 4.3 (A) ∆Vth after CVS= -1.5V. Vth totally shifts to the left side in proportion to 
injected charge Qinj. 
(B) ∆Vth after CVS= -2.0V. Vth continues to shift to left side as expected for 

 pMOSFETs. 
(C) ∆Vth after CVS= -3.0V. ∆Vth gradually increases during this higher CVS 
condition. 

 

Fig. 4.4  Vth shift versus injected charge density Qinj for W-La2O3 gated pMOSFETs 
after low to high negative stressing CVS conditions. 

 

Fig. 4.5 (A) Id-Vd plot for W-La2O3 gated nMOSFET before and after a positive and 
relatively low CVS. 
(B) Id-Vd plot showing the effect that a SBD event have on drain current Id. 
(C) Id-Vd plot with the expected trend in Id under high-stressing conditions 
and the effect of SBD. 

 

Fig. 4.6 (A) Simplified Id-Vg diagram showing the effect of negative ∆Vth after stress. 
(B) Simplified Id-Vg diagram showing the effect of positive ∆Vth after stress. 

 

Fig. 4.7  Schematic of nMOSFET with both Vg and Vd polarization during CVS. The 
total gate leakage current Ig is now reduced in proportion to Vd. 

 

Fig. 4.8  Hot carrier generation, current components, and electron injection into the 
La2O3-IL stacked oxide structure. 

 

Fig. 4.9  Vth shift versus injected charge density Qinj for W-La2O3 gated nMOSFETs 
after both low positive CVS and Vd stressing conditions. 
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Fig. 4.10  Log-log plot of the data presented in fig. 4.9. 
 

Fig. 4.11 (A) Gate leakage current Ig versus stressing time. Ig reduces in proportion to 
drain voltage Vd. 
(B) In order to reach the same injected charge density, more time is necessary 
for the sample with a decreased Ig (higher Vd). The final effect is a stronger 
dependence of ∆Vth with Qinj. 

 

Fig. 4.12  Drain current Id increases with Vd until saturation occurs when the channel is 
cut-off at Vdsat (pinch-off condition). 

 

Fig. 4.13  Schematic of the charge pumping (CP) technique. CP is able to measure 
recombined charges at the substrate Isub=Icp. 

 

Fig. 4.14  Timing chart of square pulse method for CP measurement. 
 

Fig. 4.15 (A) Log-log plot of ∆Vth versus injected charge density Qinj for nMOSFET 
under positive CVS. A linear relationship between ∆Vth–Qinj is observed in 
this plot. 
(B) Interface-states density Dit measured at the maximum substrate current 
Isub after positive stressing measurements. A log-log plot shows no correlation 
of ∆Vth with injected charge density. The inset shows a linear-log plot of the 
same data for comparison. 

 

Fig. 4.16  Same data as presented in fig. 4.4. 
 

Fig. 4.17  Dit versus Qinj for pMOSFET after negative CVS. Independently of the CVS 
applied, the change in Dit after stress is almost constant. The inset shows a 
linear-log plot of these data for comparison purposes. 

 

Fig. 4.18 (A) Dit-Vbase plot for W-La2O3 gated pMOSFET after negative CVS= -1.5 V. 
(B) Dit-Vbase plot for W-La2O3 gated pMOSFET after negative CVS= -2.0 V. 
(C) Dit-Vbase plot for W-La2O3 gated pMOSFET after negative CVS= -3.0 V. 

 

Fig. 4.19 (A) Log-log plot of ∆Vth versus Qinj for pMOSFET under negative CVS and 
FG-based PMA. As before, identical behavior for these pMOSFETs is 
obtained but the initial levels of Vth are slightly lower than those found in 
N2-based PMA devices. 
(B) A log-lo plot of Dit vs. Qinj after stress shows lower levels of Dit as 
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compared to those found in N2-based PMA devices. It is thought that 
FG-based PMA is able to reduce the initial density of dangling bonds so that 
lower changes in Dit with stress are obtained. 

 

Fig. 4.20 (A) Schematic diagram showing nMOSFETs stressed with a positive CVS. 
The flow of both electrons and holes currents are measured at the gate and 
substrate respectively. 
(B) The energy band diagram shows that positive CVS implies injection of 
electrons directly from the substrate (via the inverted channel) into the 
IL-La2O3 stacked structure. 

 

Fig. 4.21 (A) Schematic diagram showing nMOSFETs stressed with a positive CVS. 
The flow of both electrons and holes currents are measured at the gate and 
substrate respectively. 
(B) The energy band diagram shows that positive CVS implies injection of 
electrons directly from the substrate (via the inverted channel) into the 
IL-La2O3 stacked structure. 

 

Fig. 4.22 (A) CS measurement for nMOSFETs in inversion (positive CVS). Both 
electron and hole current components are detected at the gate and substrate 
respectively. 

 (B) CS measurement for pMOSFETs in inversion (negative CVS). Even 
though both electrons and holes tunnel simultaneously through the gate oxide, 
only the hole current component is illustrated flowing through the oxide for 
clarity purposes. 

 

Fig. 4.23 (A) Ig versus Vg plot for nMOSFET before positive CVS (gate injection). 
After CS measurement, electrons were identified as the major contributors to 
gate leakage current. 
(B) After positive CVS, the Ig-Vg shape remains almost unchanged. Because 
of the trapping of electrons at the bulk of La2O3, Ig gets slightly lower as 
compared to fresh condition. 

 

Fig. 4.24 (A) Id versus gate voltage Vg. Same as the data presented in fig. 4.1C. 
(B)(C)(D) CS measurement for gate leakage current under positive CVS= +2.0 
V. The electron current is the main contributor to total leakage current with 
Ihole increasing with Qinj. 
(E) After a SBD event occurs, the main contributor to Ig changes from 
electrons to holes for low electric fields and the final effect can be seen as a 
net increase in Ig as well. 
(F) After SBD event, Ielectron is still dominant though Ihole increases well 
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above its fresh value. 
 

Fig. 4.25  Ig-Vg plot for nMOSFET with higher Vg ramping stress. Several degradation 
steps occur before and after fatalistic HBD event appear. 

 

Fig. 4.26 (A) Plot of CS measurement of Ig vs. Vg before and after negative CVS for 
pMOSFET. The injection of a smaller density of injected charge did not 
change the major contributor to Ig. 
(B) Holes still are the major contributors to Ig before and after negative CVS. 
The injection of a relatively higher charge density increases Ig compared to its 
fresh value. 
(C) Similarly, at the higher CVS condition, holes are the major components of 
Ig after inversion of pMOSFET and the fresh levels of Ig increases after stress 
indicating hole trapping in the oxide. 

 

Fig. 4.27 (A) Evolution of gate leakage current (substrate injection) with stressing time. 
Ielectron is the dominant component of the total Ig. A two–step breakdown 
behavior is also observed. 
(B) Evolution of gate leakage current (gate injection) with stressing time. Ihole 
is the dominant component of the total Ig. A one–step breakdown behavior is 
observed. 

 

 

Chapter 5 
Fig. 5.1  Schematic representation of the generation of failure modes with stressing 

time. 
 

Fig. 5.2  Schematic representation of the thinned (IL BKD) oxide approach. 
 

Fig. 5.3  Schematic representation of the percolation path between electrodes and 
formed within both La2O3 and IL lattices. For a dual-oxide, the polarization of 
applied stress is important to determine the “filling” of the first lattice trap 
sites by percolation traps and thus reach breakdown. 

 

Fig. 5.4  Schematic representation of the breakdown “path” followed by the injection 
of electrons coming from the substrate. Once the stressing continues the whole 
layer breaks down. 
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Fig. 5.5  Schematic representation of the breakdown “path” followed by the injection 
of electrons coming from the gate. Once the stressing continues the whole 
layer breaks down. 

 

Fig. 5.6  SILC measurement after positive CVS for thick and thin La2O3-IL stacks. 
(A) EOT= 1.5 nm (normal La2O3 deposition). 
(B) EOT= 0.74 nm (in-situ tungsten metallization) 

 

Fig. 5.7  Relative change in leakage current induced by SILC (same data as in fig. 5.6 
A-B). 

 

Fig. 5.8  Left side plot shows an energy band diagram during CVS measurement (high 
voltage). During CVS, new energy levels of generated defects are created. 
Right side plot shows electrons tunneling inelastically through generated 
levels during SILC measurement. 

 

Fig. 5.9  Left side plot shows the shift in Vth for La2O3-gated nMOSFETs stressed 
under low and high positive CVS. The change in direction of ∆Vth with stress 
is clear. Right side energy band diagram models the degradation phenomena 
occurring within the oxide stack. 

 

Fig. 5.10  Left side plot shows the evolution of leakage current with time under substrate 
injection conditions (positive CVS). At certain stressing time, the occurrence 
of a SBD event is detected. Right side energy band diagram models this 
degradation phenomenon as breakdown of the IL. 

 

Fig. 5.11  Left side plot shows the evolution of leakage current with time under substrate 
injection conditions (positive CVS). At certain stressing time, the occurrence 
of a HBD event is detected. Right side energy band diagram models this 
degradation phenomenon as total breakdown of the stacked oxide. 

 

Fig. 5.12 (A) Ig-Vg plot for La2O3-IL stack showing HBD characteristics and 
consequent propagation of the breakdown event with Vg. The post-breakdown 
current levels also increase in accordance to PBD. 
(B) Ig-time plot for La2O3-IL stack showing HBD characteristics and 
consequent propagation of the breakdown event with time. During PBD, 
higher Ig is related to a larger size of the total breakdown spot. 

 

Fig. 5.13 (A) The post-breakdown leakage current for nMOSFET in inversion shows a 
two-step breakdown. 

XVI 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

 (B) For pMOSFET, a single-step breakdown, along with higher levels for the 
post-breakdown Ig is obtained. 

 

Fig. 5.14 (A) For substrate injection, the lateral breakdown propagation of the La2O3 
layer (after IL breakdown) increases the post-breakdown Ig. Opening of new 
breakdown spots in La2O3 is also possible. 

 (B) In gate injection, higher post-breakdown Ig is related to the larger size in 
the breakdown spot within La2O3. PBD characteristics would be related to the 
widening/opening of same/new BKD spots. 

 

Fig. 5.15 (A) Ig-Vg plot for W/La2O3-IL stacked MOSCAP before and after continuous 
stress under substrate injection. The effect of several degradation modes on 
leakage current is shown. 

 (B) Ig-time plot for W/La2O3-IL stacked MOSCAP before and after 
continuous stress under substrate injection. Again, the effect of the same 
degradation modes on leakage current is shown. 

 

 

Chapter 6 
Fig. 6.1  Summary of the main reliability problems found for Hf-based oxides 

deposited on silicon. Depending on the conditions of the stressing 
measurements and the advance of the electrical degradation, some reliability 
properties will be more compromised than others. 

 

Fig. 6.2 SILC characteristics for several HfO2-gated MOS devices. 
(A) SILC characteristic for the Pt/HfO2/Si system. EOT= 2.9 nm. 
(B) SILC characteristic for the poly-Si/HfO2/Si system. EOT= 1.8 nm. 
(C) SILC characteristic for the poly-Si/HfO2/Si system. EOT= 1.5 nm. 
(D) SILC characteristic for the TaN/HfO2/Si system. EOT= 0.9 nm. 

 

Fig. 6.3 Dit-generation characteristic for HfO2-gated MOS devices with similar EOT. 
(A) Dit-generation for the poly-Si/HfO2/Si system. EOT= 1.7 nm. 
(B) Dit-generation for the TiN/HfO2/Si system. EOT= 1.6 nm. 

 

Fig. 6.4 Vth shift characteristic for HfSiON-gated MOS devices. 
(A) Vth shift for the poly-Si/HfSiON/Si system. EOT= 1.24 nm. 
(B) Vth shift for the poly-Si/HfSiON/Si system. EOT= 1.6 nm. 
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Fig. 6.5 Lifetime extrapolation of the time to breakdown data for HfO2. 
(A) Lifetime extrapolation for the poly-Si/HfO2/Si system. EOT= 1.5 nm. 
(B) Lifetime extrapolation for the TiN/HfO2/Si system. EOT= 1.87 nm. 

 

Fig. 6.6 (A) Proposed models for the degradation of HfO2-gated MOS devices. 
(B) When the degradation continues, the breakdown is modeled differently 
depending mainly on the polarity of the stress applied (gate and substrate 
injection of electrons) 

 

Fig. 6.7 Structural features of the metal gate/high-k (Hf-based) stacks used by Intel 
and which is scheduled for commercial production of MOSFETs in the 45nm 
node during this year. 

 

Fig. 6.8  (A) Less SILC degradation is found for La2O3 compared to HfO2-gated MOS 
devices. 
(B) SILC degradation for Hf-based oxides only. Exponential increase in Jg is 
clearly observed. 

 

Fig. 6.9  Comparison of the observed Dit generation between HfO2 and La2O3-gated 
devices during stress. 

 

Fig. 6.10  Comparison of the observed Vth shift between HfO2 and La2O3-gated devices 
during stress. 

 

Fig. 6.11  Comparison of the observed time to breakdown data between HfO2 and 
La2O3-gated devices 

 

Fig. 6.12 (A) Comparison of the breakdown models for HfO2 and La2O3 during 
substrate injection conditions. 
(B) Comparison of the breakdown models for HfO2 and La2O3 during gate 
injection conditions. 
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Abstract 
This study discusses charge trapping effects and the dielectric reliability of 

metal-gated La2O3 stacked dielectrics. It will be shown that the gate stacks suffer from 

severe charge trapping, which causes adverse effects on the characteristics of La2O3-gated 

MOS devices like flat band Vfb and threshold voltages Vth shifts after stress. On the other 

hand, the lifetime projection of La2O3 after time-dependent dielectric breakdown 

measurements (TDDB) guarantees a 10 years operation period for La2O3-gated MIS 

devices at low gate voltages before breakdown. That latter result encourages us to look for 

alternative ways to minimize the electrical degradation found in La2O3-gated MIS devices 

after stress, whether by modifications in the deposition process of La2O3 or by introducing 

post-deposition processes like thermal treatments before and after the metallization step. 

Moreover, the problem of IL formation atop the silicon substrate still is a great challenge to 

be solved since La2O3 tends to develop this lower-k IL when deposited on silicon, thus 

increasing the final equivalent oxide thickness (EOT) of the whole high-k/IL stacked 

structure. Because of this La2O3–IL stack formation, the deterioration of the oxide stack 

will depend on the nature of these layers as well as the nature of the injected species 

(electrons or holes) under stress. From carrier separation measurements, substrate electron 

injection results in a shorter time to oxide breakdown tbd as compared to gate electron 

injection. Nevertheless, longer tbd for La2O3/IL as well as smaller degradation of its 

electrical characteristics with time were obtained after improving the deposition process 

and post-deposition process for this oxide. Specifically, an in-situ metallization for La2O3 

minimizes the exposition of La2O3 surface to environment and post-metallization annealing 

(PMA), can help to reduce the damage introduced into La2O3 and its interfaces after the 

deposition by sputtering of the gate electrode, thus increasing the final reliability of 

La2O3-gated MOS devices. Further improvements on the physical characteristics of La2O3 

will increase its reliability so that this dielectric material will have good chances to replace 

conventional gate oxides well beyond the 45 nm node since the fabrication of La2O3-gated 

MOS devices with EOT < 1 nm has been already demonstrated. 
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1.1 Brief summary of the history of semiconductor devices 
 

 n 1947, W. Schockley, J. Bardeen and W. H. Brattain invented the bipolar 

transistor [1] at Bell Laboratories, Murray Hill, New Jersey. The invention of 

semico

of the 

demons

the fabr

by D. K

microel

propose

surface

the MO

integrat

minimu

features

45 nm

alternat

is a par

 

 

1.2 
 

continu

the den

integrat

quadrup
I

the transistor, a solid state amplifier, resulted in great efforts in the field of 

nductor devices. The integration of semiconductor devices on a single chip was one 

consequences of these combined efforts. J. Kilby at Texas Instruments first 

trated the concept of Integrated Circuits (IC) in 1959 [2]. This concept together with 

ication of the first Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET) 

ahng and M. M. Attala in 1960 [3] provided the basis for the evolution of the 

ectronics industry. The principle of a surface field effect transistor was already 

d in the early 30’s by Lilienfeld and Heil [4]. The experimental verification of the 

 field effect, however, could not be demonstrated for more than 30 years. Since then, 

SFET became by far the most important electronic device for very large scale 

ed (VLSI) circuits such as microprocessors and semiconductor memories. The 

m device dimension has been reduced from ~10 µm in the 1960’s to sub µm 

 in the 1990’s. Currently, researches are being conducted towards integration of sub 

 CMOS devices by several groups all around the world. The introduction of 

ive gate dielectrics with a high dielectric constant (ε), or so called high-k dielectrics, 

t of these research efforts. 

Beyond SiO2-based CMOS device scaling 

The fundamental building blocks for all the silicon chips — transistors — have 

ously kept on track with Moore's Law for over forty years [5]. This law states that 

sity of transistors (namely MOSFETs) that can be “crammed” into a single 

ed circuit is doubled through advances in technology and design every 18 months or 

led every 3 years, but as with any rapidly developing field, a limit will eventually 
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be reached. In the early 1980’s the minimum possible dimension was predicted to be 

approximately 0.5 µm. Ten years later, the predicted minimum dimension had decreased to 

about 0.1 µm and now, in the early 21st century, a frequently quoted limit is roughly 25 nm. 

Since its invention, MOSFETs have displaced bipolar transistors to become the most 

extensively used solid-state devices. MOSFETs have several advantages over bipolar 

transistors and it is easier to build them in dense arrays. They also typically consume less 

power than the bipolar integrated circuits do. Because of their simpler fabrication process, 

higher density, and low power consumption, MOSFETs are widely used in both memory 

circuits (totally displacing bipolar memories) and in logic circuits. The high-volume 

production of MOSFET IC has, in turn, financed enormous research programs to improve 

MOSFET performance; the ongoing research continues to reduce the device size, allowing 

more devices on a chip, and increasing the operation frequency. Dennard et al. [6] 

presented an influential systematic study of the impact of technology scaling (process of 

reducing the sizes of both active devices and passive elements in order to improve both 

packing density and circuit speed) on circuit performance. They proposed constant-field 

scaling rules, in which dimensions are changed in such a manner that the internal electric 

fields within the transistor remain (as close as possible) unchanged in the devices. A 

summary of the constant-field scaling rules is given in table 1.1. 

 
Table 1.1 Scaling rules for constant-field scaling [6]. 

Physical parameters Scaling factor 
Surface dimensions, L 1/K 
Vertical dimensions, tox, Xj 1/K 
Impurity concentrations K 
Currents, voltages 1/K 
Current density K 
Capacitance (per unit area) K 
Transconductance 1 
Circuit delay time 1/K 
Power dissipation 1/K2

Power density 1 
Power-delay product 1/K3

 

3 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

 Scaling rules of the type formulated by Dennard et al. are inherently of limited 

direct use because effects that can be neglected in larger devices become first significant, 

and then dominant as device dimensions continues to shrink. With the sub-micrometer 

dimension channel lengths that now characterize MOSFETs, device performance is 

completely dominated by high-electric field effects that are inconsequential in 

larger-dimension devices. So that instead of being strictly observed, the scaling rules have 

functioned more as a guide to size reduction in integrated circuits. In fact, the scaling of 

both passive and active devices has been influenced more by fabrication-technology 

limitations and device functionality than by the application of algebraic scaling factors. 

Reducing the gate oxide thickness tox, helps increase the desired coupling of the gate 

voltage to the channel charge, and every new generation of CMOS technology uses a 

thinner gate oxide. However, this scaling of oxide thickness is limited. When the oxide 

thickness becomes extremely thin, direct tunneling (DT) of electrons through it causes 

significant gate current to flow and reduces input impedance. The acceptable limit for gate 

oxide scaling appears to be about 2.5 nm without significant increase of the DT leakage 

current (though Intel™ announced a mere 1.2 nm that corresponds with only five 

atomic-layer thick for its 90 nm process). In addition to the limitation resulting from DT, 

the scaling of gate oxide below 2.5 nm cannot effectively increase the gate coupling 

because of carrier depletion in the poly-silicon gate electrode and the finite thickness of the 

inversion layer (channel) in the silicon, as illustrated in figure 1.1 

 

 

 

 

 

 

 Fig. 1.1 Cross-sectional ske
capacitances in ser
effect Cpd and a cap
tch to show that the MOSFET gate capacitance Cg is made up of three 
ies: the oxide capacitance Cox, the capacitance due to the poly-Si depletion 
acitance due to the finite thickness of the conducting channel Cinv. 

4 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

The combination of polysilicon depletion and inversion layer capacitance can 

significantly reduce the MOSFET current drive. The overall capacitance Ctot of capacitors 

in series is dominated by the layer with the lowest capacitance as shown in equation 1.1, so 

material interfaces must be tightly controlled in order to control gate stack capacitance. 

( )L+++
=

321 /1/1/1
1

CCC
Ctotseries   (1.1) 

To increase gate coupling, some new approaches are being investigated. High 

dielectric constant (high permittivity or high-k) gate dielectrics are being actively explored, 

as well as gates made of metals that can eliminate the gate-depletion effect. Although these 

new materials and technologies have not yet become a part of production processes, their 

use will be necessary in future CMOS technology generations. The scaling requirements for 

future CMOS technologies are generally guided by the International Technology Roadmap 

for Semiconductors (ITRS) [7], where the introduction of alternative gate dielectrics is 

predicted for 2007 depending on the technology applications. The advantage for using 

high-k insulators is obvious. The gate oxide capacitance per unit area is given by: 

ox

ox

tA
Cg ε

=     (1.2) 

 Where εox and tox are the relative permittivity and thickness of the oxide 

respectively. Increasing εox, rather than continuing to reduce tox, avoids the problem of 

direct tunneling, since tunneling of leakage current through the dielectric layer 

exponentially increases as its thickness decreases. Nevertheless, making the dielectric ever 

thinner is necessary in order to meet increasing performance goals. When the gate dielectric 

of transistors is made thinner, its insulating quality decreases and current leaks through it. 

Uncontrolled, this conduction causes the transistor to stray from its purely "on" and "off" 

state and into an "on" and "leaky off" behavior. A schematic showing the problem of DT 

current flowing through thinner SiO2 films is shown in figure 1.2. Difficulties encountered 

in using high-k dielectrics in the past were mainly poor uniformity of the thicknesses of the 

deposited films and poor quality at its interfaces. However, recent reports have shown that 

fairly good interfaces can be achieved [8-10]. 

5 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

 

 

 

 

 

 

 Fig. 1.2 Sc
dif

 

 

1.3 Requireme
 

 Along with the u

or metal-silicide gate ele

This additional capacitor

with equation 1.1. The th

the carrier density as show

 As shown in e

concentrations. This rel

polycrystalline silicon (po

already reached their ma

much higher than even 

replacement for poly-Si. 

percent. Assuming a met

concentration in metal g

gates, Equation 1.1 show
hematic of direct tunneling through a SiO2 layer and the more 
ficult tunneling through a thicker layer of high-k oxide. 

nts for metal gates and high-k materials 

se of a high-k material to increase the gate capacitance, metallic 

ctrodes can be used to reduce the effect of polysilicon depletion. 

 lowers the overall capacitance of the gate stack in accordance 

ickness of the depletion layer, Ld, varies inversely with the root of 

n in equation 1.3: 

Ld  α  1 / (Ncarriers)2    (1.3) 
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the same bias) by replacing poly-Si with a metal (~one carrier/atom). The ITRS calls for a 

gate stack EOT of only 8Å by 2009, and depletion layer widths of only a few angstroms 

could easily limit the overall EOT of the gate stack at that time.  

 

 Meanwhile, the optimum work function for metal electrodes is believed to be ~4 

eV for n-channel and ~5.1 eV for p-channel MOSFETs devices, respectively. These values 

match the conduction- and valance-band energies of the Si substrate. Hence, achieving 

proper band alignment for CMOS requires using two different metals, significantly 

increasing process complexity. A compromise is to use a metal having a work function 

close to the midgap of silicon for both types of MOSFETs at the cost of having somewhat 

higher threshold voltages, Vt. Also, because of the possible formation and subsequently 

grown of low-k IL at the metal/high-k interface after annealing even at low temperatures 

[11-12], the scaling of metal/high-k structures into sub 1 nm EOT regime is difficult. 

Therefore, the introduction of inert gate electrodes with suitable work functions for high-k 

gated MOSFET devices is of the outmost importance. Metals that have been investigated in 

this thesis include layers of Al, Ta, Ru, Pt and W. Few physical properties for these metals 

are summarized in table 1.2. In general, metal gate processes are not yet compatible with 

the conventional poly-Si-gate CMOS processes [13], so replacing poly-Si with metal for 

the gate electrodes will require extensive process development. 

 
Table 1.2 Physical properties of the metals used in this thesis 

Metal Work function 
[eV] 

Bond enthalpy to oxygen 
[kJ·mol–1] 

Aluminum 4.06~4.20 511 
Tantalum 4.12~4.25 799 
Ruthenium 4.60~4.71 528 
Platinum 5.32~5.50 391 
Tungsten 4.10~5.20 672 
 

 Historically, the requirements for gate dielectrics are based on the unique 

properties of thermally grown SiO2. Silicon dioxide has been the prototypical gate 
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dielectric in view of its amorphous structure, a band gap of ~ 9 eV, band-offsets relative to 

silicon greater than 1 eV and, most importantly, the insolubility of the oxide (SiO2) in water. 

Indeed, the near ideal electrical characteristics of SiO2 and its compatibility with silicon has 

been the critical element leading to the superiority of silicon over germanium, especially as 

the latter oxide was water soluble [14]. For integration of alternative gate dielectrics with a 

high-k into future CMOS technologies these stringent requirements have to be satisfied. 

Depending on the application, an EOT of 1 nm or less will be required. The 

SiO2-equivalent oxide thickness EOT can be expressed as: 

hk
hk

ox
IL

IL

ox ttEOT ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

ε
ε

ε
ε    (1.4) 

Where the index hk refers to the high-k layer and the index IL refers to a possible 

interfacial layer between the Si substrate and the high-k film. The formation of such IL 

before, during or after the deposition needs to be minimized to obtain EOT less than 1 nm. 

Therefore, it is of high interest to deposit the high-k material either on a hydrogen 

terminated Si surface as obtained after an HF clean or on a “thin” intentionally grown SiO2 

layer. The latter leaves less room for the high-k film to be reduced to a lower-k silicate film 

during or after its deposition. In general, the requirements for high-k dielectric materials are 

various and they can be revised thoroughly in an excellent report by J. Robertson [15]. 

These requirements are: 

 

1. High enough k (k > 10) value to replace SiO2 in the long term 

2. Good thermodynamic stability when in contact with the silicon channel 

3. Kinetically stable and compatible with CMOS process 

4. Large enough (Ec, Ev > 1 eV) conduction and valence band offsets to silicon 

5. Good electrical interface with silicon (low density of Dit, defects, etc) 

6. Few bulk electrically active defects 

7. Electrically, its reliability properties such match or exceed that of SiO2. 
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Actually, one of the most challenging problems found in the use of high-k 

materials in contact with silicon is the formation of two IL at both the upper and bottom 

interfaces of the high-k. An interfacial layer of SiO2 often forms between the Si channel and 

the high-k oxide layer. There are advantages and disadvantages to this IL, as long as its 

presence and thickness can be controlled. The overall EOT of a layer (IL) of SiO2 and a 

layer (hk) of high-k oxide is given by equation 1.4. Thus, an extra SiO2 layer is undesirable 

as it adds up directly to the overall EOT, imposing a severe limitation to scaling. The SiO2 

layer does not arise from the direct reaction of high-k with Si. It arises from the diffusion of 

O through the high-k layer to oxidize the Si underneath [15-17]. The SiO2 layer usually 

grows during the post-deposition annealing stage, and not during the deposition itself. On 

the other hand, a purposely introduced SiO2-based IL would improve the overall electrical 

quality of the Si-oxide interface [15]. In principle, it can be made with a very low defect 

concentration, by annealing. A SiO2 layer will also space the Si channel from the high-k 

oxide, which can lessen carrier mobility due to remote scattering. Nonetheless, a 

disadvantage of an interfacial oxide is that it may not have the same quality as SiO2 

produced by thermal oxidation of Si [18-19], and it may be defective. Bersuker et al [20] 

have emphasized that defects in this layer contribute to decrease channel mobilities. Yet, 

J.A. Ng has demonstrated that by increasing the thickness of a thermally grown oxide IL, 

the mobilities of n-channel La2O3-gated MOSFETs can be improved [21]. Therefore, it is 

an advantage to be able to control the thickness of the interfacial SiO2 layer and if necessary, 

remove it entirely. 

 

 

1.4 Review of rare-earth metal oxides 
 

 "Rare earth elements" and "rare earth metals" are trivial names sometimes applied 

to a collection of sixteen chemical elements in the periodic table, namely scandium, yttrium, 

and fourteen of the fifteen lanthanides (excluding promethium), which naturally occur on 

the Earth. The former two are included as they tend to occur with the latter in the same ore 

9 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

deposits. Some definitions additionally include the actinides. "Earth" is an obsolete term for 

oxide. At the time of their discovery, earths of these elements were believed to be scarce in 

abundance as minerals. However, the term "rare earth" is now deprecated by the 

International Union of Pure and Applied Chemistry (IUPAC), as these elements are in fact 

relatively abundant in the Earth's crust; the most abundant, cerium, at 68 parts per million, 

is the 25th most abundant element in the crust, more common than lead, while even the 

least abundant "rare" earth element, lutetium, is 200 times more abundant than gold. 

 

 The term rare-earth oxide (REO) then comprises a chemical compound containing 

a rare earth element and oxygen. There are several of these REO seen as potential 

candidates for the replacement of conventional SiO2 at the gate of MOSFETs. Yet, a new 

gate dielectric can be selected in terms of its band gap and relative dielectric constant, since 

the product of the two can be a figure of merit to compare different dielectrics. Band gap of 

several candidate oxides for gate dielectric is shown in fig. 1.3, as a function of the relative 

dielectric constant. 
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1.5 Observations regarding the development of La2O3 films 
 

This section presents some aspects of La2O3 thin films processing and 

characterization in order to assess their development and possible application into future 

CMOS technologies. Because of the highly intrinsic potential that these high-k films have 

regarding the replacement of conventional gate oxides, the desired development of 

La2O3-based dielectrics as gate oxides must then be introduced. To do this, the research 

problems that have been found during the previous developments of La2O3 films are 

summarized and the main results obtained at Iwai laboratory regarding these high-k films 

are presented. Finally, a brief but precise discussion regarding the significance that a 

reliability study has on La2O3-gated MOS devices will be presented. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• La2O3 film deposition conditions (temperature, atmosphere, etc) 
• Annealing conditions （PDA, PMA, annealing timing, etc）
• Selection of metal gate materials (work function, composites, etc)

• MOSCAP characteristics：CV, JV, EOT–Jg
• MOSFET characteristics：CV, Id-Vg, Id-Vd, gm-Vg, Vth、µeff, etc

problem 1 hygroscopic properties of La2O3 (moisture absorption)

problem 2 low thermal stability (mainly for the metal gate-first fabrication process)
→ For annealing with T > 400°C : EOT, Jg, Dit increase whereas µeff decreases.

Problem 3 degradation of mobility for devices with EOT＜１nm
→ remote coulomb scattering at the La2O3/metal gate interface
→ remote roughness scattering
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Fig. 1.4 Identification of some of the main problems to be solved for the posterior 
development of La2O3-based high-k materials within Iwai laboratory.  
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In fig. 1.4, identification of the research of some of the most important issues 

regarding the development of La2O3 thin films is shown. The first topic is the obtention of 

the basic conditions for the deposition and processing of La2O3 thin films, where several 

processing-related steps are involved. This is followed by the fabrication of MOS devices 

(whether capacitor or transistor structures) and the consequent verification of the 

correspondent devices’ electrical characteristics in order to test the electrical nature and 

quality of the deposited La2O3 thin films. Since these first two topics are closely related to 

each-other (better electrical characteristics of devices will be obtained by improving the 

deposition and processing conditions of the La2O3 thin films), the immediate identification 

of the main problems related to the dielectric qualities of La2O3 must then be identified and 

some solutions must be implemented as shown in the figure. So far, some of the most 

important problems to be solved have been identified: 1) highly hygroscopic properties of 

La2O3 thin films, in which moisture absorption on the surface of the dielectric changes its 

physical, chemical and electronic properties leading to highly degraded MOS devices’ 

characteristics, 2) low thermal stability problem, which is related to the change in the 

chemical and electronic structure of the whole La2O3 film after relatively high temperature 

annealing conditions (whether during the deposition of the film itself, or during PDA or 

PMA conditions), 3) very low carrier mobility for ultra-thin EOT (< 1 nm) La2O3 films, 

since thinner films increase the density of leakage current and therefore, the probability of 

trapping at the bulk and interfaces of La2O3 with silicon and other immediate interfaces. 

 

In order to get a clearer vision of the high potential La2O3 thin films for the 

replacement of conventional SiO2-based films, what follows is a very short compendium of 

some of its main results obtained at Iwai Laboratory. To begin with, fig. 1.5 shows a 

Jg-EOT plot for several high-dielectric constant materials compared to La2O3 results 

obtained at Iwai Lab. It is clearly seen that even for the smaller EOT levels (below 1 nm), 

the leakage current density flowing through La2O3-gated MOS devices is the smallest of all 

the compared materials. This poses a great advantage for the introduction of La2O3 as the 

gate oxide of very short channel length transistors, were the use of ultra-thin oxide films is 
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projected and therefore the appearance of excessive leakage currents (even when the 

transistor’s gate is turned off) had been the major limitation towards transistor 

miniaturization. 
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Fig. 1.5 Gate leakage current density versus EOT at Vg= 1 V for high-k materials. Several other 
high-k dielectric materials are compared to La2O3 results obtained at Iwai Lab. 

Fig. 1.6 shows how La2O3-gated MOSFET devices very high electron mobility 

h-k based) can be obtained. A very high electron mobility of µeff= 312 cm2/Vs has been 

ined along with a very low interface-state density Dit= 6x1010 cm2/eV. Nevertheless, 

elatively large EOT= 1.7 nm level obtained for this specific sample makes necessary to 

ove the deposition and post-deposition processing of La2O3 on silicon so that better 

trical characteristics can be obtained. Another advantage of La2O3 over the very popular 

ased high-k material is that La2O3 does not exhibit the Fermi-level pinning as observed 

f-based devices, see fig. 1.7. 
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Fig. 1.7

 

Effective mobility versus effective electric field for La2O3-gated n-channel MOSFET. Very 
high electron mobility along with very low interface-states density Dit was obtained. 
 Normalized capacitance versus gate voltage for HfO2 and La2O3-gated MOS devices on 
silicon. Fermi level pinning is observed only for the HfO2-based MOS device samples. 
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From fig. 1.7, it can be seen that by using La2O3 as the gate oxide, a wide 

controllability of the flat-band voltage Vfb can be obtained when using different 

compositions of the Pt-W metal electrode’s system. On the other hand, HfO2-based oxides 

present a “pinning” of Vfb which results in a very poor control over the threshold voltage 

Vth of MOSFET devices when using the same low and high metal work functions. 

 

All these advantages of La2O3 over other high-k materials, along with the 

continuous improvement in the electrical characteristics of the MOS devices that are being 

fabricated (by modifying deposition and post-deposition processing conditions for La2O3) 

have resulted in the identification and most importantly, minimization of the intrinsic 

problems presented by these films. When all of the former approaches are put together, the 

research on La2O3-gated MOS devices must therefore advance to the next stage of electrical 

characterization, which is the reliability study of the fabricated devices; see level 4 of the 

diagram depicted in fig 1.4. A brief summary of the main problems that have been 

identified for La2O3-gated devices along with potential solutions are presented next: 

 

 

Present problems for La2O3-based MOS devices and their respective solutions 

 

Problem 1: Highly hygroscopic properties of La2O3 (moisture absorption)

Solutions: a) In-situ deposition of both La2O3 and metal gate electrodes. 

  b) Mix La2O3 with other high-k materials (La2O3 and HfO2, Sc2O3, etc) 

 

Problem 2: Low thermal stability (TS) when using gate-first processing

Solutions: a) Use stacked-layer structures with higher TS high-k materials (HfO2, 

Sc2O3, Y2O3, etc) 

b) Use alloys (La2O3-HfO2, La2O3-Sc2O3, La2O3-Y2O3, etc) 

  c) Implement gate-last processing (reducing the final thermal budget) 
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Problem 3: Mobility reduction for La2O3-gated devices with EOT < 1nm

Solutions: a) Use appropriate deposition and annealing conditions for La2O3

  b) Improve the quality of the La2O3 interface with silicon (under study) 

 

 

As it can be seen, the present status of La2O3 still presents some serious issues 

before its implementation as the gate oxide for next-generation transistors. However, and 

because of the good results having obtained so far, La2O3 is being considered as a possible 

candidate not only for the replacement of SiO2 but also for HfO2-based materials since 

Hf-based high-k materials are surpassed by La2O3 in terms of ultra-low leakage current 

density levels for the smallest EOT ever obtained. A brief summary of the reasons behind 

the significance of La2O3-related reliability studies will be shown below. 

 

 

What is the significance of La2O3-related reliability studies? 

 

1. Since the Fermi-level pinning phenomenon is not present for La2O3-gated MOS devices, 

and because of the high quality of the interface between La2O3 and silicon substrate, the 

high dielectric constant of La2O3, the high energy band offsets for La2O3, etc., the 

expectation for the introduction of La2O3 for devices in the EOT < 1 nm region is 

growing. 

 

2. Even though La2O3 still presents some problems related to its high hygroscopic 

properties (moisture absorption), low thermal stability, etc., the solutions to some 

degree of all these problems are foresighted. 

 

3. When La2O3 is considered as a gate dielectric material for devices with EOT < 1nm, the 

importance of the role and potential that these films can be achieved has become bigger, 

and for that reason, it is quite important to grasp the best structure and process, that is, 
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using La2O3 as the gate oxide for gate-last or gate-first processing, single-layer La2O3, 

compositional mixtures of La2O3 with HfO2, Sc2O3, etc., or stacked structures of La2O3 

with Sc2O3, etc., the latter depending on the value of the EOT. 

 

4. The study of the reliability evaluation for La2O3 films is still an undeveloped field, 

therefore, this study must first verify the reliability of La2O3 itself, must make clear 

what is the real nature of its dielectric degradation phenomena, and must also identify 

what are the main problems that need to be solved. 

 

5. The use of La2O3 thin films for the EOT < 1 nm regime is the ultimate goal but since 

the processing for these ultra thin films is still going under continuous improvements, 

the present reliability study was mainly applied for films with EOT ~ 1.5 nm. In 

addition, the current study was focused on the use of La2O3 with the gate-last 

fabrication process, so that the highest annealing temperature during the post-deposition 

of the La2O3 films was limited to 500°C. 

 

6. At this stage, since the fabrication of La2O3-gated MOS transistors with ultra-short 

channel length cannot be realized in this laboratory, we excluded the reliability studies 

of hot-carrier instabilities (HCI) for these films. 
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1.6 Motivations for using La2O3 as high-k material 
 

La2O3 has the largest band gap of the rare earth oxides at Eg > 5 eV, while also 

having the lowest lattice energy, with very high dielectric constant, ε = 27 pF/m [25-26]. 

The use of La2O3-gated MOSFET devices will significantly reduce leakage-current density 

because of the larger band offset for electrons as compared to HfO2, see fig. 1.4. 
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since once it is exposed to air, the hydration reaction will degrade its physical properties, 

thus creating defects or inducing stress concentrations of the film, even lowering its 

dielectric constant. A good deal of information about the chemical reactivity and stability of 

rare-earth and particularly La2O3 materials can be found in [32]. 

 

 Because of the reduced densities of leakage current that can be obtained for 

relatively low EOT, La2O3 is considered a very promising candidate for the replacement of 

SiO2 in future generations of CMOS devices. However, the high chemical reactivity and 

instabilities presented in La2O3 after its deposition on silicon, prevents the initially good 

electrical characteristics of La2O3-gated devices to hold with time or applied stress. 

Therefore, the characterization of the degradation and breakdown of La2O3-gated devices 

must be evaluated since the reliability data resulted from there will provide a consistent 

path towards the realistic consideration of this high-k material as a serious replacement for 

still SiO2-based MOSFETs. 

 

Finally, by limiting the reliability characterization of La2O3-gated MOS devices 

(capacitors and transistors) by excluding those samples with the higher densities of leakage 

current and taking only the devices with the most closely similar electrical characteristics 

(similar gate leakage current levels, flat-band and threshold voltages Vfb-Vth, etc), the 

problem of electrical irreproducibilities can be minimized and therefore, the reproducibility 

of the reliability data is improved. This is quite important since the degradation and 

breakdown of La2O3-gated devices must be extrapolated to very long lifetimes over 10 

years and therefore, a minimized dispersion of the data must be achieved. This is also 

obtained by increasing the number of the stressed samples and the timing of the stressing 

measurements. Lately, improvements of the La2O3 deposition and post-deposition 

processing has resulted in better and more reproducible electrical characteristics of the 

fabricated devices so that still better reliability projections from these films can be obtained. 
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1.7 Objectives and organization of this study 
 

 Electrical reliability is considered to be a big challenge for La2O3 gate stacks. Until 

recently, very little was known about the reliability or long-term ability of La2O3-gated 

MOS devices to perform and maintain their functions in normal operation (low voltages 

and currents) conditions, as well as in high-field stressing conditions (which will be 

normally found in scaled down devices). In this respect, the most influential parameter than 

can modify the electrical behavior of La2O3-gated MOSFETs is the injection of carriers 

whether at low or high gate voltages. Under low voltage conditions, the increase in the 

density of gate leakage current will degrade the electrical performance of the devices 

whereas at high voltage conditions the injection of hot electrons and the continuous 

degradation of La2O3 will ultimately lead towards its total destruction or electrical 

breakdown. Because devices are often designed to operate reliably under normal operation 

conditions for at least 10 years, it is impractical to wait for this long period of time to verify 

the reliability of La2O3-gated devices. Instead, we need to find ways to accelerate the stress 

test so that we can obtain the time-to-failure tf in a reasonable time. One technique is to 

carry out the stress at higher biases than are normally used during system operation; 

typically the gate voltage Vg is increased to accelerate the life test. In this study we used 

relatively high gate voltage stressing conditions to induce La2O3 degradation and 

breakdown in order to asses its lifetime and therefore extrapolate these results in order to 

obtain degradation and lifetime projections at normal operation conditions. 

 

 The objective of this study is to investigate the reliability characteristics of 

La2O3-gated MOS devices, and to identify what are the main issues and what are the 

differences from conventional SiO2-based gate stacks. Besides, since a 

metal–La2O3–silicon stacked structure usually contains interfacial layers at both the bottom 

and top of the dielectric, the reliability characterization for this stacked structure must take 

into account this phenomenon. Especially, efforts should be made to enhance the reliability 

properties of La2O3-gated MOS devices by decreasing Vth shifts after stress and increasing 
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the lifetime before breakdown tbd of this dielectric. From the current results, the initial 

understanding on the physical mechanisms that lead to these degradations and the ways to 

prevent or at least minimize them should be provided. 

 

 With this objective, the approach was to focus on the improvement in the quality 

of the metal–La2O3 stack by modifying the deposition process and after-deposition process 

of the stack, that is, by adequate thermal treatments and less exposure to environment 

contaminants so that an improvement in the reliability characteristics for La2O3 can be 

obtained. Additionally, the certainty of the reliability projections was improved by stressing 

a relatively high number of samples in which the reproducibility of their fresh electrical 

characteristics was ensured. Since the data collection would be meaningless without 

comparing to other high-k materials, the results were compared with the results available in 

the literature in order to find a more direct path towards ensuring better reliability 

properties for the metal–La2O3 stacked structures. 

 

 This dissertation consists of seven chapters which are described schematically in 

fig. 1.9. Following this chapter, chapter 2 describes the fabrication and characterization 

methods used throughout this study. Detailed fabrication flows of MOS capacitors and 

MOS transistors as well the basic principles of all the equipment used for the fabrication 

were briefly discussed. The measurement setups and characterization methods used in this 

study were also mentioned, taking especial emphasis on the reliability characterization 

techniques that were applied to the fabricated samples. 

 

Chapter 3 presents and discusses the results obtained from reliability 

characterization of metal-La2O3 MOS capacitor (MOSCAP) devices under low and 

high-voltage stressing conditions. It is important to notice that by stressing La2O3 with an 

applied constant voltage, the immediate or retarded breakdown of the dielectric will 

produce different effects on the final electrical characteristics of the stressed devices. First, 

the dielectric was electrically stressed with low-electric fields so that hard-breakdown 
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(HBD) could be avoided during the stress and the degradation in the devices’ parameters 

(shifts in Vfb, SILC, etc.) could be measured. Secondly, the dielectric films were stressed 

with higher-electric fields in order to force La2O3 to HBD condition and thus, obtain the 

lifetime of La2O3-gated MOSCAP. All these results of degradation and breakdown for this 

dielectric are presented. 

 

 Chapter 4 presents and discusses the effects of electrical stress for La2O3-gated 

MOSFET devices in which the dielectric was also conditioned to avoid/reach the condition 

of HBD. Since the MOSFET structure can give us a more detailed description of the 

degradation phenomena occurring during the stress, most of the results in this chapter 

belong to low-stressing conditions in which HBD was avoided. Additionally, in MOS 

transistors, it is possible to monitor not only the gate current Ig but also the substrate current 

Ibulk simultaneously. This is a well-known technique usually referred to as carrier separation 

that allows identifying the dominant carrier type on the gate leakage current. These 

measurements and the discussion of the results are presented here. Since the degradation of 

La2O3 under carrier injection conditions involves both interfaces of the oxide with the metal 

and principally, the silicon substrate, measurements of interface-state density Dit after stress 

were also performed and the correlation between Dit and the degradation of the threshold 

voltages of nMOSFET and pMOSFET devices was discussed. 

 

 In chapter 5, the previous results from the reliability characterization of 

La2O3-gated MOS capacitors and transistors are taken in order to develop a more concise 

model explaining the mechanisms behind the degradation and breakdown of the La2O3-IL 

stacked layers on silicon. It will be shown that there are many similarities as well as 

differences regarding the degradation of these high-k layers when compared to SiO2. Lastly, 

brief proposal on methods to improve reliability was presented so that a better projection of 

the degradation and lifetime of La2O3 after stress can be obtained. 

 

Chapter 6 presents a summary of the most important reliability results obtained for 

22 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

Hf-based high dielectric constant materials along with a comparison of the reliability 

properties of these Hf-based oxides with those of the present La2O3-gated MOS devices. 

 

 Finally, chapter 7 summarizes and concludes the findings and contributions of this 

study and suggests recommendations for future work. 
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Fig. 1.9 Outline and organization of this dissertation.  
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2.1 Introduction 
 

his chapter is devoted to the discussion of the fabrication steps of 

La2O3-gated metal-oxide-semiconductor (MOS) capacitors and MOS 

stand

post-

as we

prese

 

 

 

 

T field-effect transistors (MOSFET’s) that were used in this study. The 

ard as well as modified deposition process of La2O3 on silicon is introduced and their 

deposition processes, thermal treatments before and after metallization, are explained 

ll. The physical and electrical characterization of the fabricated devices will be briefly 

nted giving especial emphasis on the techniques used for reliability characterization. 
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2.2 MOS capacitor and MOSFET fabrication 
 

Figure 2-1 (A-B) schematically shows the fabrication steps for MOS capacitor 

(MOSCAP) structures after two different processing sequences. N- or P-type silicon (Si) 

substrates with (100) orientation were used as the semiconductor material. 

 

(B) Standard and modified deposition 
of La2O3 using SiO2-based spacers 

(A) Standard deposition of La2O3 
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Fig. 2.1 (A) Standard deposition of La2O3 for the fabrication of MOS capacitors. 
 (B) Use of SiO2-based spacers for the standard and modified deposition of La2O3.  

 

 From figure 2.1 (A), the standard deposition of La2O3 on silicon initiates with the 

chemical cleaning of the silicon surface with Sulfuric acid Hydrogen Peroxide Mixture 

(SPM), which is a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) in ratio 

of 4:1. This mixture is used to chemically oxidize the Si surface. After that, the induced 

SiO2 is removed by dipping it into 1 % hydrofluoric acid (HF), thus providing passivation 

for the Si dangling bonds with hydrogen (HF-last surface). La2O3 is then deposited on Si 
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surface at 300°C by E-beam evaporation within an ultra-high vacuum (UHV) chamber 

using molecular beam epitaxy (MBE) system. The chamber pressure during deposition was 

between 10-7 to 10-5 Pa. After removing the La2O3-Si substrates from the UHV chamber, 

ex-situ low temperature post deposition annealing (PDA) inside infrared lamp based rapid 

thermal annealing (RTA) was carried out. This step is done before the metal gate formation. 

If the low temperature heat treatment is performed after metal gate formation, it is known 

as post metallization annealing (PMA). The gate metallization is usually done by thermal 

evaporation of aluminum or RF magnetron sputtering of different metal materials. The 

deposition of the metal on La2O3 is done through a shadow mask with circular patterns of 

different areas which define the gate of the capacitors. For some samples, ex-situ low 

temperature PMA is then carried out inside RTA apparatus and finally, backside aluminum 

(Al) metallization is done by using bell-jar type thermal evaporator. This completes the 

fabrication process of MOSCAP structures. 

 

 In figure 2.1 (B), the introduction of SiO2-based spacers (with thickness 200–300 

nm) for a modified capacitor structure were used in order to minimize La2O3 exposition to 

environment’s moisture through the lateral regions of the gate area. For some samples, the 

standard deposition of La2O3 on Si surface was then realized as described above. Also, a 

modified deposition of La2O3 was realized in which a continuous flow of oxygen (O2) was 

introduced in order to minimize oxygen losses during the film deposition. Therefore, in an 

effort to minimize the formation of oxygen vacancies and to stabilize the reactivity of the 

metal–oxide, the deposition of La2O3 under process (B) can be thought as being done under 

PDA in O2 ambient, so that La2O3 is oxidized during the deposition itself, creating a silicate 

layer. Although detrimental to the permittivity, the resulting structure should be more stable 

and less apt to contain oxygen deficiencies [1]. The deposition temperature for both 

processes was done at 300 °C. The metallization step in figure 2.1 (B) also played an 

important role in determining the final electrical characteristics of the fabricated devices. 

Here, tungsten was primarily used as the gate electrode and it was deposited directly on the 

La2O3 surface without shadow masks. An ex-situ deposition of tungsten means that this 
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material was deposited within a dedicated sputtering chamber (outside the UHV chamber) 

so that the vacuum obtained during the dielectric deposition was broken and La2O3 was 

briefly exposed to environment’s moisture. Ex-situ tungsten deposition was done within 30 

min after the deposition of La2O3 to reduce moisture adsorption and any other possible 

contamination on these films at minimum. For other samples, an in-situ deposition of 

tungsten was realized in a contiguous chamber (within the same MBE system) immediately 

after the dielectric deposition thus avoiding the breakdown of the UHV and reducing the 

exposure of La2O3 surface to the environment. Because of this, the physical thickness of 

La2O3 cannot be measured by conventional methods like ellipsometry but by transmission 

electron microscopy or any other imaging technique. During the in-situ deposition of the 

metal, an argon flow of 7 sccm at the pressure of 1.33 Pa with 150 W RF power was used 

and the patterning of the gate electrodes was done by reactive-ion etching (RIE) using SF6 

chemistry at 30 W power together with standard photolithography processing. Only PMA 

were applied and the back-side metallization by thermal evaporation of Al concludes the 

processing flow for these samples. Top and cross-sectional views of the fabricated devices 

after both processing flows (A) and (B) are shown in figure 2.2 (A-B). 

 
(A)  Standard deposition 

of La2O3 on silicon 
(B)  Modified deposition 

of La2O3 on silicon  

 

 

 

 

 

 

 

 
Fig. 2.2 (A) Top and cross-sectional views of MOS capacitors after standard deposition of La2O3. 

(B) Top and cross-sectional views of MOS capacitors after deposition of La2O3 using 
SiO2-based spacers in order to reduce exposure to moisture through lateral regions of gate area.  
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 Fig. 2.3 (A) Simplified process flow for La2O3-gated MOS capacitors after standard deposition. 
(B) Simplified process flow for La2O3-gated MOS capacitors after modified deposition. 

 

 A simplified MOSCAP process flow with standard and modified La2O3 deposition 

is schematically depicted in figure 2.3 (A-B). For process 1, different metals as well as 

different PDA and PMA temperatures were used. For process 2, samples with PMA at 

different temperatures were obtained. For these two processes, as-deposited (no-annealing), 

PDA and PMA samples were obtained. 

 

 Outline of the MOSFET fabrication processing, a micrograph of the fabricated 

MOSFET’s along with its cross sectional view are shown in figure 2.4 (A-B-C). The gate 

structure is of the type W–La2O3–pSi (nMOSFET) for the as-depo sample. After 

Source/Drain (S/D) implantation and thermal activation through SiO2-based windows, wet 

chemical cleaning of the gate active area is done by SPM and HF-last step as in the 

MOSCAP case. This is followed by deposition of La2O3 whether in vacuum or within an O2 

flow to reduce oxygen losses in the film. Only in-situ metallization of tungsten by 

sputtering is done in a contiguous chamber within the same MBE system immediately after 

the dielectric deposition in order to keep the UHV conditions during this step, thus reducing 

the exposure of La2O3 surface to environment. 
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(B) Micrograph of MOSFET (A) MOSFET fabrication flow 
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(C) Cross-sectional view  

 

 

 

Fig. 2.4 (A) La2O3-gated MOSFET fabrication flow (only in-situ metallization and PMA processing). 
(B) Micrograph of fabricated W-La2O3 gated MOSFET structure (L/W = 10/50 µm). 
(C) Cross-sectional view of the MOSFET structure shown in (B). 

 

 

The tungsten metallization step by sputtering is done at room temperature (RT). 

The gate area definition and the opening of windows for S/D metallization with aluminum 

are obtained after photolithography. Once Al is directly evaporated on the exposed surfaces 

of S/D areas, the remaining aluminum metal is removed by lift-off and the samples are then 

ready for PMA in N2. After PMA, the back contact electrode is deposited and that finalizes 

the fabrication of the W-La2O3 gated MOSFET structures used in this study. A micrograph 

of the fabricated W-La2O3 MOSFET structure is shown in Fig. 2.4 (B). 
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2.3 Fabrication process 
 

In this sub-chapter, next major fabrication steps outlined in Figs. 2.1 and 2.4 will 

be discussed in details (including operational theories and actual fabricating conditions): 

• Si surface cleaning and preparation 

• E-beam evaporation of La2O3 

• Low temperature annealing by rapid-thermal anneal (RTA) 

• Metal gate evaporation 

• Metal gate and La2O3 etching 

• Photolithography 

 

2.3.1 Si surface cleaning and preparation 

ULSI technology requires more stringent and reliable means to control the surface 

smoothness and to get rid of particles and contamination, such as metallic and organic 

residues on the silicon surface, than does VLSI technology. These basic concepts to remove 

contamination have not changed since they were developed. However, as the dimensions of 

the devices have shrunk to submicrometer scale, additional requirements have been 

proposed for an ultra clean wafer surface in VLSI and ULSI. The sources and the related 

effects of the contaminations are shown in table 2.1. Different contaminants will cause 

different effects on device reliability. 
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Table 2.1 Sources and related effects of various contaminations 

Contamination Possible source Effects 
Particles Equipment, ambient, gas, deionized (DI) 

water, chemical 
Low oxide breakdown (BKD). 
Poly-Si and metal bridging-induced 
low yield 

Metal Equipment, chemical, reactive ion etching 
(RIE), implantation, ashing 

Low BKD field. Junction leakage. Vt 
shift 

Organic Vapor in room, residue of photoresist, storage 
containers, chemical 

Change in oxidation rate 

Microroughness Initial wafer material, chemical Low oxide BKD field. Low mobility 
of carrier 

Native oxide Ambient moisture, DI water, rinse Degraded gate oxide. Low quality of 
epi-layer. High contact resistance. 
Poor silicide formation. 
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Fig. 2.5 Si wafer cleaning and surface preparation steps.  

 

In this dissertation, the surface cleaning and preparation processes is outline in fig. 

2.5. First of all, Si wafer is rinsed with running DI water for 10 minutes before removal of 

native oxide at the Si surface by dipping into 1 % HF. After that, the Si wafer is again 

rinsed with running DI for 10 minutes prior to SPM (H2SO4:H2O2 = 4:1) treatment for up to 

5 minutes. SPM helps formed chemical oxide (SiOx) layer at the Si surface and at the same 

time removed existence organic and metallic impurities. Prior to dipping into 1 % HF 
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solution, Si wafer is against rinsed with running DI water for the third times. After final 

step 1 % HF dip treatment, Si wafer with hydrogen terminated (or HF-last) surface is then 

ready to be loaded into UHV chamber for La2O3 deposition. 

 

2.3.2 E-beam evaporation of La2O3 

In this study, La2O3 film is deposited by the E-beam evaporation method in the 

ultra high vacuum chamber (deposition chamber), as shown in fig. 2.6. There are four 

compartments to allocate same/different solid sources at the bottom of the chamber. La2O3 

is then bombarded and subsequently heated by the E-beam, which is located near the source 

and its beam being controlled by a magnetic sweep controller. The E-beam is accelerated at 

5 kV prior to bombardment onto solid La2O3 source. Now, there are many types of pumps, 

but the ones used to create UHV conditions are typically one or more of the following: 

turbo molecular (TMP), diffusion (DP), ion or (IP), sublimation (SP) or cryopumps (CP). 

The base pressure inside growth chamber is maintained at 10-8 Pa by using IP together with 

liquid nitrogen (LN) trap. Then, since the chamber is maintained at the ultra high vacuum 

state, the La-O molecule begins to evaporate when the temperature of the source is greater 

than the evaporation temperature. Evaporation temperature is reported as 1820 °C at vapor 

pressure at 10-4 Pa [2]. The Si substrate is heated and its temperature is maintained at 

250 °C during La2O3 deposition. Chamber pressure during deposition is around 10-7 - 10-6 

Pa. The physical thickness of La2O3 thin film is controlled and monitored through crystal 

oscillator for better thickness controllability. To ensure better uniformity during deposition, 

the sample holder, which contain the Si wafer is rotated at 30 rpm. 
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Fig. 2.6 (A) Photograph of MBE chamber 1 used for the deposition of La2O3 on silicon. 

(B) Schematic of the La2O3 deposition within MBE chamber with UHV.  

In general, as-deposited films (without annealing) have large atomic defects 

compared to the thermally grown film. This deficiency of the composition often leads to the 

fixed oxide charge. Since the fixed charge of the as-deposited La2O3 film is always positive, 

oxygen deficiency in the film are expected, which can function as trapping centers for 

electrons and consequently, affect the reliability properties of La2O3-gated MOS devices 

(shifts in flat band voltage Vfb after trapping of electrons by electrical stress). 

 

2.3.3 Low temperature annealing by rapid-thermal anneal (RTA) 

Thermal annealing processes are often used in modern semiconductor fabrication 

for defects recovery, lattice recovery or impurity electrical activation of doped or ion 

implanted wafers. In this study, low temperature (between 300°C–600°C) thermal 

treatments utilizing infrared lamp typed rapid thermal anneal (RTA) system were used. The 

MILA-3000 and QHC-P610C RTA systems from ULVAC Co., were used for oxygen (O2), 

nitrogen (N2) or forming gas (97% N2 + 3% H2) annealing, either for post deposition 
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annealing (PDA) or post metallization annealing (PMA). Fig. 2.7 illustrates the schematic 

drawing for MILA-3000 [3] whereas fig. 2.8 shows photographs of both RTA systems. 

Prior to every annealing cycle, existent gases inside the anneal chamber and gas lines were 

pumped and purged out to minimize any possibility of contamination of other residual 

gases or particles. This RTA system is heated-up by infrared lamp heating furnace and 

cooled-down by constant flowing of pipe water. Thus, it has an asymmetric profile of 

temperature ramping for heating up and cooling down. The ramp up rate of annealing 

temperature is set at 400 °C/min. The gas flow rate is kept at 1.2 l/min for annealing cycles. 

All annealed samples were removed from the chamber at 100 °C. 

 

 

 

 

 

 
Fig. 2.7 Schematic drawing of MILA-3000 RTA system. 

 

(A) (B) 
 

 

 

 
Fig. 2.8 (A) Photograph of RTA system MILA-3000 used for the annealing of La2O3 on silicon. 

(B) Photograph of RTA system QHC-P610C used for the annealing of La2O3 on silicon. 
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2.3.4 Deposition of metals for gate electrodes 

At least three different types of metal gate materials have been studied and 

analyzed yet tungsten (W) was used as the main gate electrode in this dissertation. Because 

of different melting temperatures, all these different metals, aluminum (Al), platinum (Pt), 

tantalum (Ta), ruthenium (Ru) and tungsten (W) were evaporated by using different 

techniques. The melting temperature for Al is the lowest, at around 660 °C, thus, Al can be 

evaporated by using thermal evaporation method. On the other hand, Pt, Ru, Ta and W have 

higher melting temperatures of 1768°C, 2334°C, 3017°C and 3422°C, respectively [4]. 

Thus, these higher melting temperature materials can be deposited on top of La2O3 either 

by E-beam evaporation or RF-sputtering. In this study, E-beam evaporation for Pt and RF 

sputtering for Ru, Ta and W deposition on La2O3 were used. Initially, metal shadow mask 

(15 mm X 15 mm) consisting of multiple 100 µm and 200 µm diameter round shape 

patterns were used to form the metal gate of La2O3 MOSCAP, besides, photolithography 

was also used for the gate electrode definition as shown in fig. 2.1B. For La2O3-gated 

MOSFET structures, only tungsten was sputtered directly on La2O3 and then patterned by 

photolithography. All MOS capacitors and MOSFETs were coated with Al as backside 

electrode. 

 

2.3.4.1 Thermal evaporation of Al gate electrode 

Aluminum evaporation in this study was formed by using bell-jar type thermal 

evaporation as illustrated in fig. 2.9. This system utilized a turbo molecular pump (TMP) to 

achieve background pressure up to 1.0x10-5 Pa prior to Al evaporation at 300 °C (achieved 
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after DC current flow through the tungsten-type filament at around 18 A). The filament 

used to hold Al wires is made of tungsten. The purity of both W filament and Al source is 

99.999%. Methanol and acetone were used to clean the W filament and Al wires prior to 

every evaporation process. Chamber pressure during evaporation is 2x10-5 to 4x10-5 Pa. 
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Fig. 2.9 Schematic drawing of bell-jar type thermal evaporator system. 

 

 

2.3.4.2 E-beam evaporation of Pt gate electrode 

The schematic cross section of Pt based e-beam evaporation system used in this 

study for Pt gate evaporation is shown in Fig. 2.10. E-beams were accelerated by 4 KV 

before bombarded onto Pt source. Base pressure during Pt evaporation is 10-4 Pa. Pt film 

thickness and evaporation rate are monitored by crystal oscillator throughout the whole 

evaporation process. Pt source used in this study has purity of 99.999 %. 
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Fig. 2.10 Schematic drawing of Pt-based e-beam evaporation system. 

 

2.3.4.3 RF-sputtering of Ta, Ru and W gate electrodes 

All Ta, Ru and W thin films were deposited by RF magnetron sputtering due to 

their high melting temperatures. Figure 2.11 illustrates the schematic drawing for RF 

magnetron sputtering system. The deposition of Ta and Ru thin films is done by means of 

physical sputtering that occurs in a magnetically-confined RF plasma discharge within an 

inert argon (Ar) gas. The base pressure during sputtering process is 10-5 Pa. The flow rate 

and RF power of Ar gas is 7 sccm and 150 W, respectively. The system is equipped with 

auto impedance matching circuit. For the deposition of W, the sputtering of this film occurs 

whether outside/within the MBE deposition chamber (see process flow of fig. 2.1B) so that 

ex-situ W deposition is done within the former sputtering system (outside the MBE system) 

and in-situ W deposition is done within the same MBE system in UHV conditions where no 

carrier gas is available. Whether with ex-situ or in-situ tungsten deposition, the physical 

sputtering process for the deposition of this metal is the same. 
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Fig. 2.11 Schematic drawing of a typical RF sputtering system. 

 

2.3.5 Metal gate and La2O3 etching 

The etching process of Al, Pt and W metal gates were all different between each 

other. Initially, Al and W metal gates were etched by using chemical solvent (wet etching 

process) whereas Pt metal gate electrode’s pattern was defined after dry etching process. Al 

etching is done at 50°C by using phosphoric acid (H3PO4:H20 = 1:1) whereas W gate was 

formed after dipping into hydrogen peroxide (H2O2) at room temperature. Ar bombardment 

inside reactive ion etching (RIE) system was used for Pt gate electrode formation. Ar flow 

rate and RF power is 50 sccm and 150 W, respectively. After that, resist layer on top of Pt 

was removed by O2 flashing method inside the same RIE system. Aqua regia (mixture of 

HNO3 and HCl) is not suitable for etching of Pt/ La2O3 structure due to its reaction with 

La2O3 (La2O3 will react with HCl even at very low HCl concentration at room temperature). 

For the last samples (W-only metallized MOSCAP and MOSFET), RIE was performed to 

define W-based patterns. W etching by RIE was done within SF6 gas at 30W by 1 min and 

this was followed by O2-based ashing for resist removal. 
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2.3.6 Photolithography 

The photolithography process flow which was used throughout this study is shown 

in fig. 2.12. Electrical hotplate is used for baking purposes. Spin coating consists of coating 

OAP (5000 rpm, 20 seconds spin) and OFPR800 (3000 rpm, 20 seconds spin) layers. The 

spin-coated dual-layer photoresist was aligned and exposed through tungsten coated e-beam 

patterned hard-mask with high-intensity ultraviolet (UV) light at 405 nm wavelength. 

MJB3 of Karl Suss contact-type mask aligner was used for aligning and exposition 

purposes. The exposure duration was set to 13 sec. After that, exposed wafers were 

developed using the specified developer called NMD-3 (Tokyo Ohka Co. Ltd.) by dipping 

them into the solvent for 1 minute. Baking at 110 °C for 5 minutes is necessity to harden 

the developed photoresist pattern before metal gate etching or prior to S/D metallization 

(lift-off method). 
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Fig. 2.12 Photolithography process flow. 
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2.4 La2O3 deposition in O2 with in-situ metallization 
 

Two different La2O3 deposition methods were used in order to evaluate the impact 

of O2-flow and tungsten in-situ metallization for reliability characterization. The silicon 

substrate doping for all samples was between 1e15 to 6e15 cm-3. Only dry N2-based 

annealing was performed for all the samples. 

 

Because the deposition of La2O3 in UHV conditions at 300°C is regarded as being done 

under PDA conditions, the occurrence of oxygen losses during the deposition of the La2O3 

film would create defects for the trapping of charge that ultimately will pose serious 

restrictions on the final reliability of MOS devices with these films. In order to reduce any 

possible oxygen loss during the La2O3 deposition [5], La2O3 film for these samples was 

deposited at 300°C within an oxygen flow of 1x10-5 Pa. Also, in-situ sputtering of tungsten 

was done at 150W in a contiguous chamber (within the same MBE system) immediately 

after the dielectric deposition in order to reduce the exposure of La2O3 surface to the 

environment. Because of this, the physical thickness of La2O3 cannot be measured by 

conventional methods like ellipsometry but by transmission electron microscopy or any 

other imaging technique. During the deposition of the metal an argon flow of 1.33 Pa was 

used. Patterning of the gate electrodes was done by reactive-ion etching using SF6 plasma 

with a 30W power. There were Si O2-based spacers (200nm in thickness) used around the 

gates of the devices in order to minimize La2O3 exposition to environment’s moisture. Only 

PMA was done in N2 ambient at 300°C and 500°C during 5 min. A simplified process flow 
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for these samples is shown in fig. 2.3B where it can be compared to the process flow of 

“standard” deposition of La2O3 on silicon (fig. 2.3A). 

 

 

2.5 Physical characterization 
 

The physical characterization of deposited La2O3 films consisted of spectroscopic 

ellipsometry measurements for physical thickness determination (of as-deposited samples 

or La2O3 without annealing), transmission electron microscopy (TEM) for the imaging of 

the structures created before and after annealing and X-ray photoelectron microscopy 

(XPS) measurements for the determination of the nature of the interfaces created between 

La2O3 and silicon before and after annealing. 

 

2.5.1 Spectroscopic ellipsometry 

This technique uses a polarized laser light source which is directed to the 

oxide-covered wafer at a specified angle. The polarized beam enters the semi-transparent 

oxide film and reflects off the reflective wafer surface. During its passage through the film, 

the angle of the beam plane is rotated. The amount of rotation of the beam is a function of 

the thickness and index of refraction of the film. A detector in the instrument measures the 

amount of rotation and an onboard computer calculates the resulting thickness and index of 

refraction. Ellipsometer accuracy and range is enhanced with the addition of multi-viewing 

angle capabilities, multiple wavelengths sources and reduction in beam spot size. The 
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La2O3 physical thickness was optically extracted by Otsuka FE-5000 ellipsometer using a 

Cauchy model and a single layer approximation [6]. Incident angle was fixed at 70°. 

Photon energy varied from 1.55 to 4.14 eV, which correspond to wavelengths from 800 to 

300 nm and which were used for data fitting. Film thickness without PDA corresponds to 

the as-deposited (as-depo) film thickness. The schematic setup of an ellipsometry 

experiment for La2O3 thickness measurement is depicted in fig. 2.13. 
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Fig. 2.13 Schematic setup of an ellipsometry experiment. 

 

The refractive index n increases with decreasing wavelength in the visible range, 

and this is referred to as normal dispersion. One of the common empirical relations for this 

behavior is the Cauchy formula: 

n = A + (B/λ2) + (C/λ4)   (2.1) 

Here, n is the refractive index of a single wave length. A, B and C are all fitting 

constants. On the other hand, in the region of the natural frequency where resonance occurs, 

the index n decreases with the decreasing of wavelength and this is known as anomalous 

dispersion. Eq. 2.1 can be derived in the following way. The square of the refractive index n, 

at frequencies far from the resonant frequency, is expressed by the relation: 
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Where N is the number of the atoms per unit volume, e is the electronic charge, m 

is the electronic mass, V0 is the natural frequency, and finally V is the frequency of the 
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t, which can be evaluated using the values of bulk La2O3. 

 

n

Where K is a constan

2.5.2 Transmission electron microscopy 

Cross section of the fabricated samples was observed by transmission electron 

microscope (TEM). The principle of TEM is similar to that of optical microscope. In TEM, 

observation is made in ultrahigh vacuum, where an electron beam is focused onto the 

sample by electromagnetic lenses. Because the electron beam’s wavelength is less than that 

of visible spectra, resolution of TEM is higher than the conventional optical type 

microscope. The thickness of the sample must not be greater than 0.1 µm in order for the 

electron beam to transit through the structure under study. Thus, special way of sample 
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preparation has to be done prior to every cross section evaluation. In this study, Hitachi 

FB-2100 system which is a focus ion beam (FIB) system and equipped with 

micro-sampling module was used for sample preparation, which will be then transferred to 

Hitachi HD-2300 scanning transmission electron microscope (STEM) ultra-thin film 

evaluation system for observation and evaluation. Prior to transfer to HD-2300 system, 

TEM samples were treated and cleaned with ozone (O3) plasma to reduce ion density on 

the sample’s surface. Samples preparation and observation was done in Fujita laboratory of 

Tokyo University. Figure 2.14 shows photographs of W (30nm) – La2O3 (8nm) stacked 

ructure with and without O2 flow during La2O3 deposition. 
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 Fig. 2.14 (A) TEM of W-La2O3 without O2 flow during deposition (as-depo). 
 (B) TEM of W-La2O3 with O2 flow during deposition (as-depo). 

The deposition of La2O3 within O2 ambient is intended to minimize any oxygen 

losses within the oxide that could occur during the deposition of the film. This is done in 

order to reduce the density of oxygen vacancies-type of defects that could serve as centers 

for trapping of charge and thus decrease the final reliability of the La2O3-gated (oxygen 
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deficient) MOS devices. On the other hand, it is seen from fig. 2.14 that the introduction of 

O2 during the deposition of the La2O3 film will increase the thickness of the IL so that a 

final lower dielectric constant for the whole stack can be expected. This imposes a serious 

mitation towards the fabrication of La2O3-gated devices with sub 1nm EOT. 

 

es ultra-high 

acuum (UHV) conditions. Fig, 2.15 shows a typical XPS experimental setup. 

 

li

2.5.3 X-ray photoelectron spectroscopy (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic technique 

that measures the chemical composition and electronic state of the elements that exist 

within a material. XPS spectra are obtained by irradiating a material with a beam of X-rays 

while simultaneously measuring the kinetic energy (KE) and number of electrons that 

escape from the top 1 to 10 nm of the material being analyzed. XPS requir

v

 

 

Fig. 2.15 Basic components of a monochromatic XPS system. 
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A typical XPS spectrum is a plot of the number of electrons detected (Y-axis, 

ordinate) versus the binding energy of the electrons detected (X-axis, abscissa). Each 

element produces a characteristic set of XPS peaks at characteristic binding energy values 

that directly identify each element that exist in or on the surface of the material being 

analyzed. These characteristic peaks correspond to the electron configuration of the 

electrons within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons in each 

of the characteristic peaks is directly related to the amount of element within the area 

(volume) irradiated. To generate atomic percentage values, each raw XPS signal must be 

corrected by dividing its signal intensity (number of electrons detected) by a "relative 

sensitivity factor" (RSF) and normalized over all of the elements detected. To count the 

number of electrons at each KE value, with the minimum of error, XPS must be performed 

under ultra-high vacuum (UHV) conditions because electron counting detectors in XPS 

instruments are typically one meter away from the material irradiated with X-rays. It is 

important to note that XPS detects only those electrons that have actually escaped into the 

vacuum of the instrument. The photo-emitted electrons that have escaped into the vacuum 

of the instrument are those that originated from within the top 10 to 12 nm of the material. 

All of the deeper photo-emitted electrons, which were generated as the X-rays penetrated 

1–5 micrometers of the material, are either recaptured or trapped in various excited states 

within the material. For most applications, it is, in effect, a non-destructive technique that 

measures the surface chemistry of any material. Fig. 2.16 shows a typical XPS spectrum for 

the analysis of La2O3 deposited on silicon with O2 flow. The detection of a La-silicate and 

iO2-based interfacial layers after PMA are clearly demonstrated with this technique. S
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Fig. 2.16 Annealing temperature dependence of Si 1s XPS spectrum of La2O3 
deposited within oxygen flow. A La-silicate IL formation is present for all samples 
whereas an additional SiO2-based IL formation appears for PMA at 500°C. 

 

 

 

 

 

 

 

 

2.6 Electrical characterization 
 

2 3

In this sub-chapter, electrical measurement techniques and characterization 

methods that were used for the analysis and evaluation of La O  MOSCAP and MOSFET 

structures in this study will be discussed in detail. This section is separated into two main 

categories, MOSCAP and MOSFET electrical characterization. The capacitance-voltage 

(C-V) and gate leakage current density-voltage (Jg-V) are used to evaluate the oxide’s 

equivalent oxide thickness (EOT), hysteresis, flatband voltage (Vfb) and leakage current 

density of fabricated MOS capacitor and MOSFET structures. I-V plots from MOSFET are 
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used to evaluate the subthreshold slope (a.k.a. subthreshold swing), which is related to 

channel interface properties and threshold voltage (Vth) extraction. Finally, the charge 

pumping evaluation technique for the extraction of interface-states density Dit is presented. 

 

he calculated EOT, dielectric constant of 

deposited La2O3 film can be easily determined: 

2.6.1 C-V measurement 

A detailed introduction of C-V and its basic operating principles can be found on 

Schroder [8]. The high frequency C-V measurement technique was used to evaluated the 

C-V profiles in terms of high frequency dependency (1 KHz – 1 MHz), magnitude of 

hysteresis, flatband voltage shift and EOT determination. Step voltage for both forward and 

backward sweeps was 50 mV on all C-V measurements. Magnitude of hysteresis is 

calculated from the biggest gap between forward and backward sweeps. Vfb shift is 

accurately determined by plotting (1/C)2 versus Vg. The lower knee of this curve occurs at 

Vg=Vfb. Such a transition is sometimes difficult to determine due to distortion on the 

initial C-V curve. Differentiating this curve and finding the maximum slope of the left flank 

of this differential curve a second time results in a sharply peaked curve whose peak 

coincide with Vfb. For comparison purposes, CVC software (version 5) developed by 

North Carolina State University [9] was also used to determine the EOT taking into 

consideration the quantum mechanic tunneling effect. EOT calculations were based on high 

frequency 100 KHz C-V curve. Together with the La2O3 physical thickness obtained from 

spectroscopic ellipsometry measurement and t

2
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32 SiO
OLa

OLa k
EOT
t

k ×=     (2.5) 
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eter (Agilent 4284A) and semiconductor parameter 

nalyzer (Agilent 4156C) respectively. 

 

e threshold voltage is determined from the extrapolation or 

2.6.2 Ig-Vg measurement 

I-V measurements were done on HP4156A semiconductor parameter analyzer with 

a 25 mV voltage step and 100msec/step measurement setup for every single sample in order 

to ensure proper distribution on the leakage current density. Metal gate electrode with 

circular patterns and different diameters were used in this study when measuring the gate 

leakage current of MOSCAP. The measurement started at 0 V and sweep towards 

accumulation region until breakdown occurs. Detailed analyses on conduction mechanisms 

of La2O3 can be found on Kim [10]. For all the samples, capacitance–voltage (C-V), 

current–voltage (I-V) and time-dependent dielectric breakdown (TDDB) characteristics 

were obtained with a precision LCR m

a

2.6.3 Threshold voltage (Vth) determination 

Threshold voltage (Vth) is an important MOSFET parameter. However, Vth is a 

parameter that is not uniquely defined. The existence of nonlinearities at the subthreshold 

region on the Id-Vg plot makes it difficult to have a universal definition. One of the most 

common threshold-voltage determination techniques is the “linear extrapolation method”. 

Here, the drain current Id is measured as a function of gate voltage at a low drain voltage of 

100 mV to ensure operation in the linear MOSFET region. The threshold voltage is not zero 

below threshold and approaches zero only asymptotically. Hence the Id versus Vg curve is 

extrapolated to Id = 0, and th
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intercept gate voltage Vg by: 

2
VGVth Si −=     (2.6) 

Where VG

Vd

fit a 

raight line to the Id–Vg curve from this point and extrapolate to Id = 0, see fig. 2.17. 

 

Si is the intercepted Vg value at Id = 0 and Vd is the drain voltage used during 

the measurement (100 mV in this study). The Id–Vg curve deviates from the straight line at 

low gate voltage below threshold voltage due to subthreshold currents and above threshold 

voltage due to series resistance and mobility degradation effects. Thus, in order to 

determine the threshold voltage accurately, it is a common practice to find the point of 

maximum slope on the Id–Vg curve by maximum in the transconductance, then 

st

 

Fig. 2.17 Linear extrapolation for Vth extraction from Id-Vg curve. 

 

 

 

 

 

 

2.6.4 Charge pumping for interface-state density (Dit) measurement 

In this study, measurement of interface state density based on charge pumping 

technique on fabricated La2O3 MOSFET is used for evaluation and characterization 
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purposes. The measurement of Dit is done before and after a positive constant voltage stress 

under which a fixed density of charge is trapped inside La2O3 and at its interfaces. Then we 

correlate the change in Dit after TDDB stress with respect to the resulted changes in Vt in 

order to establish/eliminate a relationship between Vt instability and Dit increase after 

stress. Charge pumping method, originally proposed in 1969 by Burgler and Jespers [11], 

allows probing of interface state density of actual small geometry MOSEFT instead of large 

diameter MOS capacitor. Thus, eliminating the need of a separate test device and 

extrapolate the electrical characterizations between MOS capacitor and MOSFET. The 

easurement setup of charge pumping is shown in Fig. 2.18. 
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Fig. 2.18 Charge pumping measurement setup for the extraction of Dit. 

 

 

 

 

 

 

The MOSFET’s source and drain are both interconnected and slightly reverse 

biased with Vr = -0.5 V. The time varying gate voltage (pulse unit) is 2 V, sufficient enough 

for the Si surface under the gate to be driven into inversion and accumulation. Square type 
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pulse train with 100 KHz pulse width was used throughout the Dit evaluation. The charge 

pumping current (Icp) is then measured at the substrate. The charge pumping action 

proceeds in the following manner. When the pulse is on (transits from accumulation to 

inversion), electrons flow to the surface from the source and the drain. The interface states 

capture the inversion electrons and become negatively charged. When the pulse is off 

(transit from inversion to accumulation), the inversion electrons immediately flow back to 

the source and the drain while the captured electrons are still retained by the interface states. 

However, the surface is accumulated now and the holes are captured by the negatively 

charged interface states resulting in recombination. The holes, needed in this recombination, 

flow through the substrate. Thus, by measuring the charge pumping current at the substrate, 

the interface state density can be obtained by following equation: 

Agqf
I

Dit cp

××
=    (2.7) 

2 3

Where Icp is the measured charge pumping current (measured at the substrate), f is 

the pulse frequency used in the measurement, q is the magnitude of electron charge and Ag 

MOSFET’s gate area. The transit time from pulse’s off to on and vice versa is 10 MHz. 

 

 

2.7 Reliability measurement techniques 
 

This section introduces the measurement principles behind the reliability 

characterization used on La O -IL stacked oxides thorough this study. Reliability can be 

defined as the probability of operating a product for a given time under specified conditions 
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without failure. Failure can be defined as the cease in the operational functions of the 

measured device or as device parameter degradation, i.e. if the MOSFET threshold voltage 

drifts from its specified value, the drain current changes and the circuit may not operate 

within its specification. Since the gate oxide of an MOS device is one of the most important 

MOS device parameters, it is very sensitive to damage and can be easily degraded. 

Although the oxide resistivity is on the order of 1015 Ω·cm (for SiO2), it is not infinite. 

Hence, gate currents flow through a gate oxide for any gate voltage and with the reduction 

in the oxide thickness they growth exponentially with applied voltage. To characterize the 

lifetime and integrity of gate oxides, voltages higher than operating voltages or 

temperatures higher than operating temperatures are used with appreciable current flow 

through the oxide. 

 

2.7.1 TZDB and TDDB measurements 

Oxide integrity is determined by time to zero and time dependent dielectric 

breakdown measurements (TZDB and TDDB respectively). TZDB measurement method is 

simply an Ig-Vg MOS device measurement with increasing gate voltage until the oxide 

breaks down, see fig. 2.19A. The breakdown voltage is gate-voltage ramp–rate dependent. 

This dependence is related to the damage created in the oxide during the measurement. For 

low ramp rates, more time is available to create damage resulting in lower breakdown 

voltage than for higher ramp rates. For TZDB measurements of La2O3-gated MOS devices, 

we used a ramp rate of 100 mV/sec in all cases. 
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Fig. 2.19 (A) TZDB I-V plot. Vg increases until La2O3 reaches breakdown at Vbd the breakdown voltage. 
 (B) TDDB I-t plot. For a fixed Vg, Ig evolves with time until breakdown occurs at tbd. 

The time-dependent measurements are the constant gate voltage and constant gate 

current methods. We make use only of constant gate voltage stressing (CVS) conditions for 

the degradation and breakdown of La2O3-gated MOS devices, see fig. 2.19B. In the 

CVS-TDDB method, a gate voltage near the breakdown voltage Vbd (illustrated in the 

Ig-Vg plot) is applied and the gate leakage current is measured as a function of time. The 

evolution of gate leakage current with time during the CVS conditions, will increase or 

decrease with respect to its fresh condition or initial value (at t= 0 sec) depending on the 

density and polarity of the charge trapped into La2O3 and at its interfaces. When a sudden 

jump in leakage current occurs, the time of this event is defined as the time to breakdown 

tbd point. Time to breakdown is a very important parameter since stressing of multiple 

samples with different magnitudes of gate voltage will result in a broad range of tbd data 
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and by extrapolating all these tbd data with respect to applied gate voltages, the lifetime 

projection of La2O3 to operational voltages can be obtained. When the oxide is driven into 

breakdown, one defines a charge to breakdown Qbd as: 

dtJQbd
tbd

g∫=
0

    (2.8) 

Where tbd is the time to breakdown and Qbd is defined as the charge density 

flowing through the oxide necessary to break it down and it depends mainly on the gate 

oxide thickness, magnitude, polarity as well as frequency of the CVS. In fig. 2.19B, Qbd is 

the area under the curve so that even with samples presenting different levels of gate 

leakage current during TDDB measurements (which produce a broad range of tbd points), 

the use of Qbd as a comparison parameter helps greatly to reduce dispersion of the resulting 

data and thus, more accurate predictions of oxide lifetime can be realized. 

 

2.7.2 Stress Induced Leakage Current (SILC) 

An effect frequently observed in thin electric field-stressed oxides is a gate oxide 

current increase, referred to as SILC. It is defined as the increase of oxide leakage current 

after high-field stress compared to before stress (fresh condition). It is typically observed at 

low to moderate oxide electric fields and increases markedly as oxide thickness decrease. 

However, SILC decreases for oxides thinner than about 5 nm (where direct tunneling DT 

currents take over Fowler-Nordheim FN currents), believed to be due to reduced trap 

generation rates in thin oxides. Different models have been proposed to explain SILC: 

interface-state generation, bulk-oxide electron-trap generation, non-uniformities or weak 
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spot formation into the oxide films, trapped holes injected from the anode. SILC can be 

best explained by the generation of neutral electron traps in the oxide, allowing more 

current to flow through the oxide layer by these traps acting as “stepping stones” for 

tunneling carriers, know as trap-assisted tunneling. The generation of these neutral sites is 

caused mainly by the “trap creation” phenomenon related to hydrogen release by hot 

electrons. SILC is obtained by first measuring the Ig-Vg fresh condition characteristics of 

MOS devices, stressing the oxide with CVS-TDDB measurements and measuring the Ig-Vg 

characteristics again, this IV-TDDB-IV-TDDB-IV… cycle is repeated over and over again 

until the required conditions (certain amount of stressing time, injected charge, etc) are 

reached. 

 

2.7.3 Charge pumping (CP) measurement 

In the charge pumping (CP) method, a MOSFET is used as the test structure. We 

explain the technique with reference to fig. 2.20. The MOSFET source and drain are tied 

together and slightly reverse biased with VR. The time varying gate voltage is of sufficient 

amplitude for the surface under the gate to be driven into inversion and accumulation. The 

pulse train can be square, triangular, trapezoidal, sinusoidal or tri level. The CP current is 

measured at the substrate, at the S/D tied together, or at the source and drain separately. Let 

us begin by considering the MOSFET in inversion, fig. 2.20(A). The corresponding 

semiconductor band diagram – from the Si surface in to the substrate – is shown in (C). For 

clarity we show only the semiconductor substrate on this energy band diagram. The 

interface traps, continuously distributed through the band gap, are represented by the small 
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horizontal lines at the semiconductor surface with the filled circles representing electrons 

occupying interface traps. 
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 Fig. 2.20 (A-F) Device cross-sections and energy band diagrams for charge 
pumping measurements. The figures are explained in the text. 

 

When the gate voltage changes from positive to negative potential, the surface 

changes from inversion to accumulation and ends up as in (B) and (F). However, the 

important processes take place during the transition from inversion to accumulation and 

from accumulation to inversion. When the gate pulse falls from its high to its low value 

during its finite transition time, most electrons in the inversion layer drift to source and 
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drain and electrons on those interface traps near the conduction band are thermally emitted 

into the conduction band (D) and also drift to source and drain. Those electrons on interface 

traps deeper within the band gap do not have sufficient time to be emitted and will remain 

on interface traps. Once the hole barrier is reduced (E), holes flow to the surface where 

some are captured by those interface traps still occupied by electrons. Holes are indicated 

by the open circles on the band diagrams. Finally, most traps are filled with holes as shown 

in (F). Then, when the gate returns to its positive voltage, the inverse process begins and 

electrons flow into the interface to be captured. Eight holes flow into the device in (B). Two 

are captured by interface traps. When the device is driven into inversion, six holes leave. 

Hence, eight holes in, six out result in a net charge pumping current Icp, that is proportional 

to Dit. 

 

2.7.4 Carrier separation (CS) measurement 

In MOS transistors, it is possible to monitor not only the gate current but also the 

substrate current simultaneously. This is a well-known technique usually referred to as 

carrier separation that allows identifying the dominant carrier type on the gate leakage 

current [12]. The identification of the major carrier contributor to leakage current can also 

help us to identity the major carrier contributor to the damage and consequent electrical 

degradation of the MOSFET characteristics with applied stress. A simplified carrier 

separation measurement methodology along with the contributions of electrons and holes to 

total gate leakage current Ig is illustrated in fig. 2.21 A-B for nMOSFET and pMOSFET 

devices respectively. 
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Fig. 2.21 (A) CS measurement for nMOSFETs in inversion (positive CVS). Both electron and 
hole current components are detected at the gate and substrate respectively. 

 (B) CS measurement for pMOSFETs in inversion (negative CVS). Even though both 
electrons and holes tunnel simultaneously through the gate oxide, only the hole current 
component is illustrated flowing through the oxide for clarity purposes. Both hole and 
electron current components are detected at the gate and substrate respectively. 
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T 

3.1 Introduction 
 

he reliability results of La2O3-gated MOS capacitors after low and high 

voltage stressing conditions are presented and discussed in this chapter. 

During low-stressing conditions for La2O3 (avoiding hard-breakdown, HBD) the 

degradation in the MOSCAP devices’ parameters (shifts in Vfb, hysteresis, 

stress-induced leakage current SILC, etc.) could be measured and quantified. We also 

stressed the dielectric under higher electric-field strengths or longer stressing times so 

that HBD would eventually appear in order to obtain the lifetime of La2O3-gated 

capacitors. All these conditions are summarized in table 3.1 as follows: 

 

Table 3.1 Obtained reliability data depending on the severity of the applied stress. 

Severity of electrical stress MOSCAP measurements MOSFET measurements
Fresh condition (low voltages and 
low currents without stress) 

Ig-Vg, Cg-Vg, Jg-EOT, Vfb, 
hysteresis, etc. 

Ig-Vg, Id-Vg, Id-Vd, Vth, 
subthreshold slope Ss, 
transconductance gm, 
interface-states density Dit, etc. 

Degradation Vfb shit, hysteresis, 
stress-induced leakage current 
SILC,  

Vth shift, negative and positive 
bias-temperature instabilities 
NBTI/PBTI, Ss shift, gm shift, 
carrier separation during stress, 
Dit shift, etc. 

Breakdown Time to zero dielectric 
breakdown TZDB, 
time-dependent dielectric 
breakdown TDDB, lifetime 
projection, time to breakdown 
tbd, charge to breakdown Qbd, 
soft, hard and progressive 
breakdown SBD, HBD, PBD. 

TZDB, TDDB, lifetime 
projection, tbd, Qbd, SBD, 
HBD, PBD, carrier separation 
until breakdown, mechanism of 
breakdown, etc. 
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3.2 Influence of post-deposition annealing (PDA) 
 

By annealing the as-deposited La2O3 within a relatively low temperature and 

N2-based atmosphere, the electrical characteristics of the dielectric can be enhanced as 

shown in fig. 3.1. In this figure, the use of aluminum as the gate electrode for a 

La2O3-gated MOS capacitor is evaluated by obtaining the MOSCAP C-V electrical 

characteristics before and after PDA treatment. 

 

 

 

 

 

 

 

 

 

 

 Fig. 3.1 shows capacitance-voltage (C-V) results for La2O3 capacitors before 

(as-depo condition) and after PDA treatment at several temperatures. The metal gate 

used was aluminum. The as-depo condition shows a huge hysteresis after a 

double-sweeping capacitance measurement. La2O3 after PDA shows a negative shift in 

 
Fig. 3.1 C-V characteristics of Al-La2O3 gated MOSCAP after PDA 

in N2 ambient at different temperatures (300°C– 800°C). 
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Vfb for all temperatures and a reduction in hysteresis. Thus, reduction in hysteresis is 

the main advantage of annealing as-deposited La2O3. On the other hand, the shift in 

Vfb (∆Vfb) and the reduction in accumulation capacitance Cacc at higher temperatures 

(T>600°C) after PDA are some issues that need to be solved since the controllability 

of these parameters are extremely important to predict the final electrical 

characteristics of La2O3-gated MOS devices. From fig. 3.1 we can see that after PDA 

with T > 600°C, the final Cacc is reduced compared to the Cacc of the as-depo 

condition. It is thought that changes in the physical thickness of La2O3 through a 

densification process after PDA are the main factor for changing Cacc, see fig. 3.2. 

 

 

 

 

 

 

 

 

 

 From fig. 3.2 we can see that the physical thickness for thinner La2O3 films 

after higher PDA temperatures tends to increase as compared to thicker La2O3 films. A 

6.2 nm thick La2O3 film shows both decrease and increase in its physical thickness and 

 
Fig. 3.2 Changes in physical thickness for La2O3 after several PDA temperatures. 
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this change occurs at a temperature of 600°C. It is thought that a densification process 

takes place in order to decrease the final thickness of the dielectric whereas an increase 

in a lower-k interfacial layer (IL) occurs simultaneously and it is enhanced at higher 

PDA temperatures thus explaining the monotonous increase in thickness. From the 

literature it is well known that PDA leads to densification [1-3], decrease in leakage 

current [4-5], density of midgap states [6], and charge trapping [7-8]. Also, during 

PDA, an interfacial layer is easy to be formed at between the high-k oxide film and Si 

substrate in general, resulting in Equivalent Oxide Thickness (EOT) increment. To 

suppress the interfacial layer growth, in-situ vacuum PDA of the Lanthana films was 

proposed [9]. However, vacuum PDA could trigger oxygen loss in Lanthana film via 

oxygen desorption and reduction of La in the Lanthana-layer [10]. Since PDA 

treatment can dramatically alter the final electrical characteristics of as-deposited 

La2O3, we also compared the results of post-metallization annealing (PMA) treated 

La2O3, where the thermal treatment is done after the metallization step. 

 

 

3.3 Influence of post-metallization annealing (PMA) 
 

The introduction of thermal treatment after the deposition of the metal gate 

electrode is able to recover the Vfb shift generated during PDA treatment as illustrated 

in fig. 3.3. The sample for this figure is a W- La2O3 gated MOSCAP. Here we can see 

that PMA sample can recover Vfb shift to positive side as compared to PDA treatment, 

where Vfb is shifted to the opposite side with respect to the as-depo La2O3. The shift in 

Vfb after PDA or PMA can be related to the creation and compensation of opposite 
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fixed charge inside the dielectric or at its interfaces, development of both top and 

bottom interfacial layers with respect to La2O3, increase of oxygen losses during the 

annealing, etc. All these issues will be discussed in detail further in this chapter. 

 

 

 

 

 

 

 

 

 

It is important to note that an aluminum-gated La2O3 MOSCAP will develop 

an alumina-based interfacial layer after PMA, and this IL is located at the interface 

between La2O3 and Al. Because of this lower-k IL development, the scaling of EOT 

towards sub 1nm is quite limited with this Al- La2O3 stacked material. The evidence 

for this lowest-k IL is shown after imaging the gate section of a MOSCAP with this Al- 

La2O3 stack by transmission electron microscopy, see fig. 3.4 [11]. Because of the 

Al2O3-based IL developed after PMA, the reduction in Cacc after even 

low-temperature PMA treatments will prevent this stacked structure to be used for 

scaled down devices below EOT < 1 nm. 

 Fig. 3.3 W-La2O3 gated MOSCAP before and after thermal treatment in N2 ambient at 300°C. 
PDA and PMA thermal treatments are both compared to the as-depo condition. 
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This is why the use of metal gate materials with a less reactive nature to La2O3 

during PMA is necessary in order to minimize the development of lower-k IL during 

the annealing. TEM images of W-gated La2O3 before and after PMA treatment are 

shown in figs. 3.5-3.6 for comparison. . 

 

 

 

 

 

 

 

 
Fig. 3.4 TEM of an aluminum-gated La2O3 MOSCAP after PMA in N2 at 300°C (10 min.). The 

existence of a low-k Al2O3-based IL at the Al–La2O3 interface is shown, after Ng [11]. 

Fig. 3.5 (A) TEM of W-La2O3 without O2 flow during deposition (as-depo). 
 (B) TEM of W-La2O3 with O2 flow during deposition (as-depo). 

 

(A) 

La2O3 

IL 

Silicon 

W 

 

(B) 

La2O3 

IL 

Silicon

W 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

72 

 

 

 

 

 

 

 

As seen in fig. 3.3, the use of tungsten as the gate electrode not only prevents 

the reduction in Cacc after PMA, but also compensates the shift in Vfb and decreases 

the hysteresis generated during the PDA treatment. 

 

 

3.4 Evaluation of the metal gate electrode material 
 

 Fig. 3.7 shows the C-V characteristics of La2O3 (different physical 

thicknesses) with different metals used as gate electrodes. The annealing conditions for 

all of these samples are described in the left side of fig. 3.7. We can see that ruthenium 

(Ru) is able to produce the biggest increase in Cacc after annealing, which 

consequently results in a very low EOT<1 nm. However, Ru-gated La2O3 MOSCAP 

showed a lot of variations in their electrical characteristics as shown in fig. 3.8 and 3.9. 

 

W

La2O3+IL ∼ 6 nm

Si

W

La2O3+IL ∼ 6 nm

Si

 

Fig. 3.6 TEM of W-La2O3 without O2 flow during deposition (PMA). 
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Fig. 3.7 C-V characteristics of La2O3 gated with different gate metals. 

 Fig. 3.8 C-V characteristics of Ru-gated La2O3 before and after PDA at different temperatures. 
The large variations between samples exist even for the PDA@800°C samples. 
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By using Ru as the metal gate electrode, La2O3-gated MOSCAP showed a lot 

of variations in Cacc and Vfb values as well. Even after PDA, these irreproducibilities 

could not be minimized as shown by the variations on Vfb for the sample annealed 

with the highest PDA temperature. Fig. 3.9 shows the J-V characteristics of Ru-gated 

La2O3 before and after PDA treatment. The large variations and lack of reproducibility 

in gate leakage current density Jg for these samples avoid the implementation of Ru as 

the metal gate electrode for La2O3. Besides, because of the deposition technique used 

for this metal (rf sputtering at room temperature), it is expected that La2O3 will present 

large amounts of plasma damage-induced traps which could only be minimized after 

PMA treatment. 

 

 Fig. 3.9 J-V characteristics of Ru-gated La2O3 before and after PDA at different temperatures. It is 
clearly seen that there is almost no reproducibility in Jg even for the same sample. 
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 The use of platinum (Pt) electrode above La2O3 also showed large variations 

in Vfb and Cacc before and after PDA as well (not shown here), so that its 

implementation as the gate electrode for La2O3 could not be carried out at this stage. 

We also investigated Ta as the gate electrode for La2O3 and this metal was directly 

deposited on the oxide by rf sputtering at room temperature. We found, however, that 

by depositing this metal directly on La2O3 at room temperature, the thickness 

uniformity of the deposited TaN film was not directly controlled by the time or any 

condition of the sputtering process (rf power, pressure). Since Ta was deposited at 

room temperature (with fixed rf power and pressure), there were many variations in 

thickness along the MOSCAP area so that non-reproducible electrical characteristics 

were always obtained. It is interesting to observe that by increasing the temperature 

used during the sputtering process of the metal under evaluation, we could improve the 

thickness uniformity of the whole stack. Nonetheless, this increase in temperature 

during the sputtering of the metal (time where the La2O3 surface is directly exposed to 

the ambient within the sputtering deposition chamber) would lead to an undesirable 

PDA annealing of the stack and thus, variations in the final electrical characteristics of 

the devices. 

 

On the other hand, being Ru a metal with a higher work function compared to 

Al, it is expected that a reduction in leakage current will be obtained at least during 

gate injection conditions because of the higher barrier for electrons, see fig. 3.10. From 

fig. 3.10 and for the same La2O3 film thickness, we can observe the reduction in 

leakage current density Jg (gate injection) just by changing the metal electrode from 

low to a high work function metal material. 
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 Besides, compared to Al, Ru has a higher enthalpy for chemical bond 

formation with oxygen (see table 1.2). This is a great advantage since the formation of 

a lower-k IL at the interface between La2O3 and the metal would make more difficult to 

use this high-k material for devices purposed to be scaled down to EOT < 1 nm. The 

use of inert metal electrodes for the gate of high-k MOS devices has a great potential to 

further scale down the EOT of these devices. In fig. 3.10 and for the same La2O3 

physical thickness (measured by spectroscopic ellipsometry during the as-depo 

condition), EOT > 1nm is obtained by using Al whereas EOT < 1 nm is obtained by 

using Ru as the gate electrodes. Fig. 3.11 shows other potential metal gate electrode 

candidates in conjunction with the ones we already presented. Here, La2O3 with 

 

Al
Ru

La2O3

Al
Ru

La2O3  

Fig. 3.10 J-V characteristics of Al and Ru-gated La2O3 after PDA in N2 at 400°C. The use of a 
higher work function metal leads to a reduced density of leakage current (gate injection). 
The inset shows the difference in barrier height for electrons during gate injection. 
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different physical thicknesses were used for these samples so that the C-V data is 

presented only for comparison purposes. 

 

 

 

 

 

 

 

 

 

 

 From fig. 3.11 we can observe a wide variation in the final electrical 

characteristics of La2O3 when gated with a specific metal gate electrode. One of the 

most important parameters obtained when gating La2O3 with a specific metal is the 

flat-band voltage Vfb. Because different metals (with different work functions) are 

expected to be used for both n and p-channel MOSFETs, the search for a metal able to 

produce a low threshold voltage Vth for both types of MOSFETs is desirable. In 

literature [12], extensive simulations have shown that the optimal gate work functions 

for the sub-50 nm channel lengths should be 0.2 eV below (above) the conduction 

(valence) band edge of silicon for n-type MOSFETs (p-type MOSFETs). In this respect, 

 
Fig. 3.11 C-V characteristics of metal–La2O3 after PDA/PMA in N2. Even though lower EOT can 

be achieved with other metals, W gets the more stable and reproducible characteristics. 
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W is considered as a mid-gap-metal gate electrode able to produce normally-off n and 

p-channel MOSFETs with low enough threshold voltages. Nevertheless, a dual-metal 

gate electrode technology is needed to further reduce the Vth for these surface-channel 

MOSFETs. On the other hand, the hysteresis and variations in Vfb after the first 

stressing measurements are quite important to determine the reliability characteristics 

of metal-gated La2O3. These reliability results for La2O3-gated MOSFETs will be 

presented in chapter 4. Now, from the viewpoint of process integration, the use of inert 

materials as the gate electrode for high-k gated devices imposes a big challenge related 

to the etching of this metal for the definition of the gate area patterns. This analysis, 

however, is beyond the scope of this dissertation but it is a research topic that needs to 

be further investigated. 

 

 

3.5 C-V and I-V characterization 
 

 In this section, we will present the C-V and I-V electrical results before any 

electrical stress was applied to La2O3-gated MOSCAP. This condition is defined as the 

“fresh condition”. Fig. 3.12 shows the electrical characterization of Al-gated La2O3 

before and after PDA annealing in N2 at different temperatures. From both figures we 

can see that La2O3 without annealing will present too bad electrical characteristics 

which make it unable for use in MOS devices. From the C-V data, La2O3 without 

annealing presents a large degree of hysteresis and poor insulation properties are 

observed from the J-V characteristics for this sample. After PDA, the hysteresis is 

minimized and better insulation characteristics are obtained as observed by the 
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reduction in gate leakage current for the annealed samples. 

 

 

 

 

 

 

 

 

 The highly conductive nature of La2O3 without annealing is quite 

characteristic of an oxide with extrinsic breakdown features (the highly conductive 

state caused by extrinsic bulk and interfacial defects rather than to intrinsic properties 

of La2O3). Fig. 3.13A shows the variation in some of the parameters for this Al-gated 

La2O3 MOSCAP and fig. 3.13B plots the leakage current density Jg versus EOT for 

these samples as well. From fig. 3.13A it is clearly seen that the increase in EOT after 

PDA is directly correlated to the increase in the physical thickness of the stack. This is 

related to the development and continuous increase in the physical thickness of a 

lower-k interfacial layer IL (at the interface between La2O3 and silicon) and which 

worsens at higher PDA temperatures. Since the use of Al as the gate electrode makes it 

difficult to obtain devices with EOT < 1 nm, even by using relatively thin La2O3 films 

(4.3 nm for the present sample) the final EOT after PDA was always greater than 1 nm. 

 

  
Fig. 3.12 C-V and I-V characteristics of Al–La2O3 before and after PDA in N2. 
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The use of n and p-type silicon substrates for the evaluation of both substrate 

and gate injection of carriers respectively, was carried out and these results are shown 

next. 

 

 

 

 

 

 

 

 

  
Fig. 3.13 (A) Variation of some physical and electrical characteristics of Al–La2O3 

stacked structure before and after PDA in N2. 
(B) Jg-EOT plot for the same Al–La2O3 stacked structure. 

 
Fig. 3.14 J-V characteristics for Al-gated La2O3 stacked on p and n-type silicon. La2O3

physical thickness ∼ 4.3 nm for as-depo condition on both Si substrates. 

(A) (B) 
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From fig. 3.14, the gate leakage current levels and the distribution of the 

breakdown voltages for La2O3 deposited on p and n type silicon substrates shows an 

asymmetry in their respective values. When several samples with the same PDA 

condition were stressed, a more smooth distribution of the TZDB voltages was found 

for La2O3 deposited on n-Si substrate (only one sample for each PDA condition is 

shown) so that the voltage at which breakdown was reached (Vbd), was closely 

distributed at almost the same gate voltage. Interestingly, the asymmetry in the gate 

current density levels with respect to the injection polarity can be partially explained 

by the difference in barrier heights of the different silicon substrates and Al. For Al- 

La2O3 stacked on n-type Si substrates, higher levels of leakage current as well as lower 

TZDB voltages are found, so that by increasing the quality of La2O3 films deposited on 

n-type silicon substrates (reducing Jg and increasing breakdown voltages) it is 

expected that the quality of the metal- La2O3 stacked on p-type silicon substrates will 

increase as well. 

 

 By resuming and comparing the C-V and I-V electrical characteristics of most 

of the fabricated samples we can obtain the leakage current density Jg versus 

Equivalent Oxide Thickness EOT or so called Jg vs. EOT plot as shown in fig. 3.15. 

The leakage current density shown for all the samples was taken at the gate voltage of 

+ 1 V for La2O3 on n-type silicon and – 1 V for La2O3 on p-type silicon substrates 

respectively. The EOT values were obtained after simulation of the C-V data by using 

the CVC NCSU Software [13], which takes into account the quantum mechanical 

correction for very thin La2O3 films. 
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From fig. 3.15 it is seen that depending on the metal used as the gate electrode, 

La2O3 will present variations in the final level of leakage current density Jg even for 

the same EOT. For instance, at EOT ∼ 1.5 nm, Al-gated La2O3 produces a higher Jg by 

almost 3 orders of magnitude compared to a W-gated La2O3. Since an Al-gated La2O3 

will develop a lower-k IL at the Al-La2O3 interface, the use of this metal with even 

thinner La2O3 films imposes a limitation towards obtaining La2O3-gated devices with 

EOT < 1nm. By using tungsten, which is a material highly valued because of its highly 

inert properties (resistance to oxidation even during high temperature conditions), 

obtaining MOS devices with EOT < 1nm can be guaranteed. The limit imposed by 

ITRS on the Jg and EOT parameters for MOS devices is seen as the two topmost data 

points of the graph. Because of the La2O3 high dielectric constant, devices gated with 

relatively thick La2O3 films can produce low EOT levels together with low Jg and 

which lie below the limits imposed by ITRS (Low Operation Logic LOP) thus 

 
Fig. 3.15 Jg-EOT plot for some of the Metal-La2O3 stacked MOS structures 

evaluated in this dissertation. Jg is taken at |1V|. 
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demonstrating the high potential of La2O3 as a candidate to replace conventional SiO2 

as the gate oxide for future generation devices. 

 

The next section will present and discuss the reliability characteristics of 

Metal- La2O3 stacked MOSCAP devices as submitted to their respective journals. In 

the first paper, entitled “Breakdown and Reliability of Metal Gate– La2O3 Thin Films 

after Post-Deposition Annealing in N2”, the reliability characteristics of Al and 

W-gated La2O3 before and after PDA annealing are presented. The second paper, 

“Charge Trapping Characteristics of W-La2O3-nSi MIS Capacitors After Post 

Metallization Annealing in N2”, presents the results of only W-gated La2O3 MOSCAP 

after PMA for thick and thin La2O3 films (EOT>1nm and EOT<1nm respectively). 

Finally a third paper, “Degradation and breakdown of W-La2O3 stack after post 

metallization annealing in N2” reviews the degradation mechanism for La2O3 with 

respect to the severity of the applied stress and proposes a very simple degradation 

mechanism able to explain the results shown in there. The figures’ numeration for the 

following subchapters 3.6–3.8 will be shown as presented during the submission of 

these papers to their respective journals. 
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3.6 Breakdown and reliability of metal gate–La2O3 thin 

films after post-deposition annealing in N2 

 

With the continuous scaling down of the CMOS technology, the research of 

ultra thin gate oxide films with higher dielectric constant has been greatly advanced. 

The main motivation behind the use of high dielectric constant materials for the gate of 

MOS transistors is the lower gate leakage current density levels that can be obtained by 

using thicker oxide films without compromising their final EOT values. However, the 

list of viable candidates for the long-term replacement of SiO2 shrinks when the k 

value and the bandgap energy of these materials are both considered. Figure 1 shows 

that there is an inversely proportional relationship between the dielectric constant and 

the bandgap energy for some of the most important high-k gate oxides under research 

(2-4). From figure 1, we can see for instance that materials like ZrO2 and HfO2 have a 

large k = 25 but they also have small band offsets for electrons and holes when these 

materials came into contact with silicon. A material like Al2O3 has larger band offsets 

for both carriers but its small value of k = 9.0 make it unable to replace SiO2 in the 

long term. In the case of La2O3, the band offsets for electron and holes are large 

enough so that low levels of leakage currents by both carriers can be expected. Besides, 

the k value of La2O3 is big enough so that lower EOT levels can be guaranteed for 

relatively thick films. On the other hand, the gate poly-depletion effect represents a 

serious concern that can lower the final capacitance of the gate stack; this can be 

overcome by using metal-based gate electrodes. For all these reasons, metal/high-k 

gate stacks are now becoming important issues to be addressed. In this paper, we 
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evaluate the reliability characteristics of metal/high-k gate stacks in order to determine 

their electrical evolution before breakdown and their integrity during electrical stress 

conditions. 

 

 

 

 

 

 

 

Thin films of La2O3 with physical thickness= 4.3 nm and 9.1 nm (after PDA) 

were deposited on H-terminated n-type silicon substrates by electron-beam evaporation 

using MBE system (ANELVA I) at 250°C. The pressure in the chamber during the 

deposition was around 1x10-9 Torr with rate of 0.5nm/min. PDA thermal treatments 

were carried out in N2 ambient at 400°C and 300°C for 5min by Rapid Thermal 

Annealing (ULVAC-MILA 3000) system for the 4.3nm and 9.1nm La2O3 films 

respectively. Shortly after the La2O3 deposition and PDA treatment, the metal gate 

electrodes were immediately deposited by using a metal shadow mask. 2 different 

metals for the gate were used. Al=150nm and W=50nm metal thin films were 

deposited by thermal evaporation and RF magnetron sputtering respectively. The 

experimental procedure is all resumed in figure 3. C-V, I-V and Time Dependent 

Dielectric Breakdown (TDDB) electrical characteristics were obtained using a 

 

this work 

Al-La2O3-nSi 
W-La2O3-nSi 

Fig. 2 Jg-EOT for metal/high-k materials (5-9). Fig. 1 Permittivity and band offset values for SiO2
and different high-k materials on silicon (2-4). 
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precision LCR meter (HP 4284A) and SPA (HP 4156C) respectively. 

 

Figure 2 shows the Jg-EOT characteristics of several metal/high-k gate stacks 

(5-9). We can observe that for an EOT ～ 1.5 nm, the level of gate current density Jg 

decreases for almost 3 orders of magnitude by using W-gated La2O3 instead of 

aluminum as the gate electrode. Here, we must state that the physical thickness of 

La2O3 below the tungsten electrode is almost twice the thickness of La2O3 below the 

aluminum electrode (La2O3 thphys= 4.3nm, 9.1nm for Al and W-based gate electrodes 

respectively). In this way, the Jg level can be greatly reduced in the W-La2O3 stack 

thanks to a thicker oxide film with the added advantage of keeping a low EOT. From 

C-V measurements for both Al-La2O3-nSi and W-La2O3-nSi systems, EOT = 1.4nm 

and 1.6nm were respectively estimated, see figure 4. This figure shows that even when 

the physical thickness of La2O3 below the aluminum electrode is almost 2 times 

thinner than the physical thickness used for the W-gated capacitor, the capacitance in 

accumulation for the later structure is higher. Two different values of k for La2O3 were 

found from these C-V curves after taking into account the quantum mechanical 

correction (10). 

 

 

 

 

 
 

Fig. 3 Process flow for La2O3-based MIS structures. 
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A relatively low k = 12 was found for the Al-gated La2O3 capacitor, whereas a 

larger k = 22 was found by using W as the gate electrode. These differences in the k 

value were attributed to the presence of an extra interfacial layer formed between the 

aluminum electrode and the La2O3 film. It is well known the easy with which 

aluminum oxidizes when in contact to any source of oxygen (11). The oxidation of Al 

by oxygen taken directly from the La2O3 film could be enhanced by temperature 

during the thermal evaporation of this metal so that a relatively low k interfacial oxide 

is created. This undesired effect is able to increase the devices’ EOT and it gets worse 

after post-metallization annealing of the Al-La2O3 stack (12). Then, by having this 

Al2O3-based interfacial layer in addition to the unavoidable SiO2-based interfacial layer, 

the final k of the oxide stack lowers dramatically. In the case of a W-gated La2O3 stack, 

the final EOT obtained is very close to that of 27 reported for La2O3 (13). We can also 

observe a difference in the flat band voltage Vfb for both systems due to different work 

functions WF for the gate electrodes, being WF = 4.1 and 4.7 eV for Al and W 

respectively (14). This is why the Vfb for the W-La2O3 system gets closer to 0 V. 

Fig. 4 C-V characteristics of Al-La2O3-nSi and 
W-La2O3-nSi gate stack structures.

k = 22 

k = 12 

Fig. 5 J-V characteristics of Al-La2O3-nSi and 
W-La2O3-nSi gate stack structures. 
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Ideally, the Vfb of Al-oxide-nSi stack should be close to 0 V but when a high density 

of positive charge is present in the oxide (a likely situation for our C-V curve in figure 

4), the Vfb then shifts to more negative values as a consequence of large amounts of 

oxygen vacancies or the presence of hydroxyl group (OH)-1 ions in (O2)-2 sites (15). 

Now, because the deposition of the tungsten electrode was done by RF magnetron 

sputtering method, plasma-related damage caused during the sputtering of this metal 

was induced in the MOS capacitor and this can be observed in the distortion caused to 

its C-V curve at the lowest part of the depletion regime. In resume, we have a lower k 

value for the Al-La2O3 stack caused by the probable oxidation of aluminum at the 

interface and on the other hand, higher k values for W-La2O3 stack at the expense of 

higher levels of damage by the sputtering of the metal (which can increase the density 

of traps in the oxide). With all this in mind, the reliability characteristics of both 

systems, especially the degradation of their electrical characteristics during conditions 

of electrical stress must be asserted. Figure 5 shows the J-V characteristics for Al- 

La2O3 and W-La2O3 stacks in which the gate voltage increases until the oxide breaks 

down. As expected, the gate current density before breakdown was larger for the 

thinner film because of a large contribution of Direct-Tunneling leakage current. For 

the thicker film, at least two different carrier conduction mechanisms can be directly 

observed. Also, the breakdown strength Ebd of La2O3 is obtained from this “time to 

zero breakdown” measurement. An Ebd = 4.3 MV/cm was found for both Al and 

W-gated La2O3, which is in agreement with the value reported for La2O3 in the 

literature (16). The conduction mechanism just before breakdown was also investigated 

and in the case of both films, Fowler-Nordheim (F-N) conduction mechanism was 

detected after plotting the same data of figure 5 by using an F-N plot, see figures 6-7. 
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The breakdown strength of La2O3 is shown in Figure 6 for both gate 

electrodes. Figure 7 shows the F-N plot of the former J-V data for a limited interval of 

the electric field. We can see that the Al-gated La2O3 stack shows F-N conduction just 

before breakdown and this is only for the higher range of the electric field applied. We 

also observed a deviation from the F-N conduction regime at lower electric fields, 

which can be thought as a larger contribution to the leakage current coming from the 

Direct-Tunneling (D-T) regime for thinner films. The thicker La2O3 film (which is 

gated with tungsten) shows purely F-N conduction for the whole range of electric field 

shown in figure 7. In any case, the high electric field applied to the MOS capacitors 

triggers the trapping of charge that comes from F-N conduction until the oxides reach 

breakdown. Figure 8 indicates that a SiO2-based interfacial layer IL at the La2O3-nSi 

interface is present because of nonzero intercept. The physical thickness for this IL is 

about th= 0.3 nm. With this information, we can now depict a clearer image of the gate 

stack for both Al-La2O3-nSi and W- La2O3-nSi systems, see figure 9. 

 

Fig 7 F-N plot of Metal-gated La2O3 on Si. Fig 6 J-E characteristics of Al-La2O3-nSi and 
W-La2O3-nSi gate stack structures. 
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One important difference for these proposed stacks is that for the Al-gated 

capacitor, there must be an extra IL which comes after the oxidation of aluminum 

during its deposition on La2O3 (reaction that could possibly be triggered or enhanced 

during the thermal evaporation of this gate electrode). Tungsten has a larger bond 

enthalpy to oxygen compared to aluminum. Due to this higher resistance of W to form 

or break bonds with oxygen, and because of the deposition method used for this metal 

(sputtering on La2O3 at room temperature) we have then omitted an IL at the W-La2O3 

interface. This does not means that the real physical structure for both systems is 

exactly like the presented below, but it should be close to it, and more importantly, it 

helps to explain the observed electrical characteristics after CVS measurements. TEM 

imaging, XPS analysis or any other technique able to visualize these structures could 

solve this question. 

 
 
 
 

Fig 8 SiO2-based IL estimation after PDA. 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

91 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 10-11 show the C-V characteristics of the stack structures depicted in figure 9 

before and after a CVS in the substrate injection condition. After a stress of 2V, the Al- 

La2O3-nSi stack shows a large positive flat band voltage shift ∆Vfb and its capacitance 

in the accumulation regime Cacu decreases. The W-La2O3-nSi stack however, shows 

only a very slight change in its Vfb and almost no change in its Cacu after the same 

stress was applied for even longer times. By using a modified Reaction–Diffusion 

model (17), these changes in the CV characteristics of the Al-gated La2O3 system can 

Fig 10 C-V for Al-La2O3-nSi stack before and after 
stress under substrate injection condition. 

Fig 11 C-V for W-La2O3-nSi stack before and after 
stress under substrate injection condition. 

 

Fig 9 Schematic drawings of the proposed structural model for the Al-La2O3-nSi and 
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be explained. To better illustrate how this model works, refer to figure 12. 

 

 

 

 

 

 

 

 

The C-V curve in figure 12 shows the same data as in figure 10 but here, the 

data of the fresh condition is purposely shifted towards the right side of the plot to 

illustrate the real reduction in Cacu after the stress. A schematic of the R-D model is 

also presented. The R-D model makes use of the Electric Stress–Induced Defect 

Generation ESIDG mechanism to explain the degradation of SiO2 dielectrics (17). 

During conditions of high-electrical stress, some of the electrons coming from the 

silicon substrate are injected and trapped into localized states of the SiO2–based IL 

(which can be generated by irregularities in the bonding network and other defects in 

SiO2 like oxygen vacancies). In there, some of the trapped electrons are attached to 

Si–O bonds so that their binding energy weakens. The weakened Si–O bonds are easily 

broken into Si+ and O- species and separated under the electric field. The Si+ would 

accumulate in the IL layer and the O- species then diffuse/drift towards the aluminum 

electrode across the bulk of the La2O3 dielectric. The diffusion/drift of O- species 

 

Fig 12 Shifted C-V data of figure 10 and schematic of the Reaction–Diffusion Model mechanism. 

Reaction–Diffusion Model 
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through La2O3 would have two important consequences: contribution to a more 

positive Vfb shift after stress by the filling up of some oxygen vacancies, the other 

would be the possible reaction occurring at the aluminum electrode which could create 

extra Al–O bonds so that a very thin layer of alumina–based dielectric is created. This 

Al2O3 IL formation/modification could be the reason for the final lowering of Cacu in 

the stack as seen in figure 12 and also could contribute to a more positive Vfb shift by 

the creation of some Al–O dangling bonds after the stress (18-19). In the end, the 

greatest contribution for this large positive Vfb shift would be the trapping of electrons 

within trap sites of La2O3 after the high electric field stress applied. Figure 13 shows 

the evolution with time of the gate leakage current after different CVS stresses on the 

substrate injection condition for Al-gated and W-gated La2O3 stacks. 

 

 

 

 

 

 

 

 

From figure 13 we can see at least two important characteristics coming out 

from these TDDB measurements. First, both stacks show that their initial levels of gate 

Fig 13 Gate current evolution with time after different CVS for Al-gated and W-gated La2O3. 

Al-La2O3-nSi W-La2O3-nSi 
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leakage current are proportional to the CVS applied and so is the time required for 

these samples to reach breakdown. For instance, the Al-gated La2O3 structure shows 

that for the lowest stress applied, a lower initial gate leakage current level is obtained 

so that a longer time to breakdown develops. By applying a higher CVS, the leakage 

current increases and the time to breakdown shortens as expected. On the other hand, 

the initial levels of leakage current for the Al-La2O3-nSi stack are kept almost without 

change until the samples reach breakdown. There is a significant difference with 

respect to the W-gated La2O3 structure, in which the initial levels of gate current 

decrease almost immediately after applying the CVS for a few seconds. This fast 

decrease in the gate current with time could be attributed to the fact whether to a lower 

temperature used during the PDA treatment or to plasma damage introduced during the 

sputtering of the metal so that a large amount of charge traps are generated. Figure 14 

shows the lifetime projection for both structures after TDDB–CVS measurements and 

by taking into account a 63% mean time to failure. 

 

 

 

 

 

 

 

 

Fig 14 Linear and Reciprocal Vg models for the lifetime projection of Al-gated and W-gated La2O3. 
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In figure 14, we found that the gate voltage necessary for both stacks to last at 

least 10 years before breakdown occurs is around 0.6V and 2.3V for Al-gated and 

W-gated La2O3, respectively. Of course, this prediction is only a rough approximation 

because once the exponential law of voltage dependence reaches voltages as low as use 

conditions; the linear model will tend to approach a more power-law based model 

(20-21). In any case, a 10 years operation is guaranteed by using the very simple linear 

Vg or reciprocal 1/Vg models because of the high electric fields applied during the 

stressing of these samples. At high electric fields, the linear and reciprocal models 

converge and that is why both models can be used here to project at least roughly, the 

lifetime of La2O3. In the end, none of these simple extrapolation laws are exact when 

considering more real voltage operation conditions, i.e., by applying very low voltages 

for comparing long-term stress data, so that a larger set of samples would be needed 

for a more accurate prediction. Finally, we can see that the advantages of a W-gated 

La2O3 stack resided on the ability to produce higher k oxides and longer lifetimes 

before breakdown while keeping almost the same EOT value. Nonetheless, the 

introduction of plasma-related damage during the sputtering of this metal into La2O3 

should be taken into consideration for the reliable operation of MOS devices and the 

expected improvement on the electrical characteristics of W-gated La2O3 stacks by 

introducing a post-metallization annealing PMA treatment is also necessary. 

 

Summarizing this section, the reliability characterization of Metal-La2O3 thin 

films on silicon after the high-k Post-Deposition Annealing in N2 was carried out. A 

modified Reaction-Diffusion mechanism was used to explain the small change in the 

CV characteristics of Al-based samples before and after stress. Diffusion/drift of 
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oxygen ion species within the bulk of La2O3 and their posterior reaction with 

aluminum are discussed. No change was detected for W- La2O3-nSi system. Because of 

the high electric fields applied during TDDB tests, a 10 years lifetime is guaranteed for 

La2O3 by using the linear or reciprocal model. In conclusion, for an EOT ～ 1.5 nm, a 

W-La2O3-nSi system shows better electrical characteristics and longer lifetimes before 

breakdown when compared to Al-La2O3-nSi capacitors. We need to compare Al and 

W-gated La2O3 under the same processing conditions such as PDA temperature, and 

we need damage removal by annealing after W electrode sputtering for the fair 

comparison of the lifetime. However, we can expect that W-gated La2O3 can produce 

higher lifetimes than Al at the same EOT. 
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3.7 Charge trapping characteristics of W-La2O3-nSi 

MOSCAP after post-metallization annealing in N2 

 

The main motivation behind the use of high dielectric constant materials for 

the gate of MOS transistors is the lower gate leakage current density levels that can be 

obtained by using thicker oxide films without compromising their final EOT values. In 

this respect, Hafnium (Hf) based family of high-k materials has received a lot of 

interest and has been intensively studied during the past years and it is expected to be 

used in production in year 2008. The immediate question then arises as to which 

material can be considered to replace Hf-based oxides in the future? According to the 

International Technology Roadmap for Semiconductors (ITRS), lanthanum oxide 

(La2O3), which is a member of rare earth-based oxides, was classified into the next 

group of potential candidates to succeed Hf-based oxides. Besides, the selection of the 

metal electrode material also plays an important role in the final electrical 

characteristics of the devices with high-k dielectrics since poly-Si based electrodes will 

not work below 1 nm EOT regime due to the gate poly-depletion effect so that 

introduction of suitable metal gate will be needed. Furthermore, because of the 

possible formation and subsequently growth of low-k interfacial layer at the 

metal–La2O3 interface after PMA even at low annealing temperature, the scaling of 

metal–La2O3 stacked structures into sub 1 nm regime is limited. Therefore, the 

introduction of inert gate electrodes with suitable work functions for La2O3-gated 

MOSFET devices is of the outmost importance. Tungsten-gated La2O3 films results in 

lower EOT as compared to aluminum-gated La2O3 so that the introduction of this metal 
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atop of high-k La2O3 film (already providing an advantage into sub 1 nm scaling) 

needs to be evaluated for reliability purposes. A critical parameter for gate stacks is the 

injection barrier which is the offset between the conduction band edges of the silicon 

substrate and the oxide. Fig. 1 shows a roughly inversely proportional relationship 

between the dielectric constant and the bandgap energy for some of the most important 

high-k gate oxides under research (1-3). 

 

 

 

 

 

 

 

 

 

 

From fig. 1, we can see for instance that materials like ZrO2 and HfO2 have a 

large k=25 but they also have small band offsets for electrons and holes when these 

materials came into contact with silicon. A material like Al2O3 has larger band offsets 

for both carriers but its small value of k=9 makes it unable to replace SiO2 in the long 

term. In the case of La2O3, the band offsets for electron and holes are both large 

Fig 1 Permittivity and band offset values for SiO2
and different high-k materials on silicon (1-3). The 
injection barrier for electrons is higher in La2O3 as 
compared to HfO2 while both dielectrics have almost 
the same dielectric constant 25. 

Fig 2 Jg–EOT plot for metal/high-k stacks (4-8). 
Set A contains PDA and PMA samples for the 
same La2O3 film whereas set B contains only 
PMA samples for a thinner La2O3 film. From set 
A, the timing of annealing after La2O3
deposition can significantly change the EOT 
versus Jg characteristics. 
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enough so that low levels of leakage current by both carriers can be expected. Besides, 

the k value of La2O3 is big enough so that lower EOT levels can be guaranteed for 

relatively thick films. Fig. 2 shows gate leakage current Jg versus EOT characteristics 

for some metal/high-k gate stacks (4-8) including the results of PDA and PMA thermal 

treatments from W-La2O3 gated stacks. From these Jg–EOT data, we can observe that 

there exists a significant difference in La2O3 after PDA or PMA thermal treatment. 

While PMA will produce the lowest Jg levels, its EOT value gets slightly compromised, 

yet the final effect of both annealing procedures on the reliability characteristics of 

La2O3 gated devices has not been totally clarified. In a previous report (9), the 

reliability characteristics of Al and W-gated La2O3 MOS capacitors were evaluated 

after annealing the deposited dielectric in what is called Post-Deposition Annealing 

(PDA). This PDA thermal treatment consists in annealing the dielectric film 

immediately after its deposition on the silicon wafer. After PDA, it is expected to 

improve the La2O3-silicon interface quality in order to reduce the density of defects 

and/or interfacial trapped charge thus improving its electrical characteristics like 

mobility from La2O3-gated MOS transistors (10). Obviously, the nature of the 

silicon–high-k interface is of paramount importance regarding to the successful 

operation of MOSFET devices because after modifying the electronic structure of this 

interface, technological requirements can be meet (11). The La2O3 film after PDA will 

modify its bulk and interface properties with silicon by going through some physical 

and chemical changes during the thermal treatment. Here, one of the most important 

side effects of PDA on La2O3 is that oxygen losses can occur during the thermal 

treatment or even during the deposition of La2O3 itself thus increasing the density of 

oxide traps inside the dielectric and consequently, degrading its electrical 
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characteristics (12-13). On the other hand, the effect of PMA for La2O3 films has been 

that a more positive Vfb can be obtained (from Capacitance–Voltage CV 

measurements) as compared to PDA for the same gate metal, thus leading to think that 

the occurrence of oxygen loss during annealing is less probable after the metallization 

step (14). Moreover, PMA involves the improvement on the physical quality of both 

silicon–high-k and metal–high-k interfaces so that more reliable characteristics of 

MOS devices after PMA can be expected. In the present report, we evaluate the effect 

of PMA thermal treatment on the reliability characteristics of W- La2O3 gated MOS 

capacitors after positive constant stress. 

 

Two different deposition methods and annealing sequences for La2O3 were 

used in order to evaluate the impact of the annealing timing within the process flow 

and also, the influence of in-situ metallization for reliability characterization. The 

silicon substrate doping for all samples was between 1e15 to 6e15 cm-3. Only dry 

N2-based annealing was performed for all samples and they are schematically depicted 

in fig. 3. 

 

 

(a) La2O3 Deposition in vacuum with ex-situ Tungsten Deposition 

 

Thin films of La2O3 with physical thickness = 9.7nm were deposited on HF-last or 

Hydrogen-terminated n-type silicon substrates by electron-beam evaporation using 

Molecular Beam Epitaxy MBE system (ANELVA I) at 300°C. The base vacuum in the 

chamber during the deposition was around 1x10-7 Pa with a constant rate of 
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0.5nm/min, which is much smaller than one single atomic layer so that the thickness of 

the films grown by this method can be easily controlled. Following the La2O3 

deposition, PDA and PMA thermal treatments were carried out in N2 ambient at 300°C 

during 5min by Rapid Thermal Annealing (ULVAC-MILA 3000) system. Tungsten 

was used as the metal gate electrode for both PDA and PMA–annealed samples and it 

was sputter-deposited within 30min after the deposition of La2O3 to reduce moisture 

absorption and any possible contamination on these films at minimum. Tungsten 

deposition with a thickness of W= 50nm was carried out by using a metal shadow 

mask with circular patterns for the gate definition of MOS capacitors. Tungsten was 

deposited by RF magnetron sputtering at room temperature. C-V, I-V and 

Time-Dependent Dielectric Breakdown (TDDB) electrical characteristics were 

obtained using a precision LCR meter (HP 4284A) and Semiconductor Parameter 

Analyzer (HP 4156C) respectively. 

 

 

(b) La2O3 Deposition within O2-Flow with in-situ Tungsten Deposition 

 

In order to reduce any possible oxygen loss during the La2O3 deposition (13), which is 

carried out at 300°C, La2O3 for these samples was deposited within an oxygen flow of 

1x10-5 Pa. Also, in-situ sputtering of tungsten was done at 150W in a contiguous 

chamber (within the same MBE system) immediately after the dielectric deposition in 

order to reduce the exposition of La2O3 surface to the environment. Because of this, the 

physical thickness of La2O3 can not be extracted by conventional methods like 

ellipsometry but by Transmission Electron Microscopy TEM or any other imaging 
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technique. However, it is estimated that the physical thickness for this film was about 4 

nm (more than half the physical thickness used for the first samples). During the 

deposition of the metal an argon flow of 1.33 Pa was used. Patterning of the gate 

electrodes was done by Reactive-Ion Etching RIE within SF6 plasma radical specie 

and with a 30W DC power. There were SiO2-based spacers (200nm in thickness) used 

around the gates of the devices in order to minimize La2O3 exposition to environment’s 

moisture. Finally, PMA thermal treatments in N2 ambient at 300°C and 500°C during 

5 min were carried out. Same as with the first samples, the C-V, I-V and TDDB 

electrical characteristics were also obtained using a precision LCR meter (HP 4284A) 

and Semiconductor Parameter Analyzer (HP 4156C) respectively. The experimental 

procedures for both samples are all resumed in Fig. 3. 

 

 

 

 

 

 

 

 

 

 

Fig 3 Process flow for the samples used in this work. Two different processing methods were used to 
evaluate the impact of in-situ metallization on W–La2O3 reliability. In the first deposition of La2O3, 3 
different samples were obtained: as-deposited (no-annealing), PDA and PMA both at 300°C. In the second 
(and modified) deposition of La2O3, a thinner dielectric film was deposited and 3 different samples were 
also obtained: as-deposited, PMA at 300°C and PMA at 500°C.  

  

((aa))  ((bb))  
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(a) Vfb shift and lifetime projection for W-La2O3 gated MOSCAP with EOT > 1 nm 

Fig. 2 shows gate leakage current Jg versus EOT for some metal/high-k gate stacks 

[4-8]. The Jg results for W-gated La2O3 stacks used in this section are also shown. 

From these Jg–EOT data, we found a significant difference in the resulting 

characteristics of La2O3 after PDA or PMA (PDA means that La2O3 was annealed right 

after its deposition on Si and before metallization). From the set A samples, La2O3 after 

PMA produces the lowest Jg level but its EOT gets slightly increased, so that the 

sensitivity of La2O3 electrical characteristics with respect to the annealing timing and 

conditions within the process flow can lead to further improvements in its final 

reliability. This difference in the EOT-Jg characteristic for La2O3 after PDA and PMA 

samples comes after considering that a stronger densification of the La2O3 film during 

PDA results in a stronger reduction of La2O3 thickness thus decreasing the final EOT 

for this particular sample. Besides, it is thought that PMA improves the physical 

quality of both silicon/high-k and metal/high-k interfaces simultaneously so that more 

reliable characteristics of MOS devices after PMA can be expected. In the present 

report, we evaluate the PMA effect on the reliability characteristics of MOS capacitors 

with W-gated La2O3 dielectric after constant positive voltage stressing. 

 

From figure 2 we can observe that for an EOT around 1.5nm, Jg decrease for almost 

three orders of magnitude by using W-gated La2O3 instead of aluminum as its gate 

electrode. Here, the Al-gated La2O3 MOSCAP made use of a much thinner dielectric 

film (La2O3 thickness= 4.3nm) compared to W-gated La2O3 (La2O3 thickness= 9.7nm) 

thus its Jg levels are higher as expected. The main disadvantage of Al-gated La2O3 is 

that a low-k Al2O3-based interfacial layer is developed at the Al–La2O3 interface that 
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ultimately increases EOT and this effect worsens after PMA (15). Therefore, a less 

reactive interface between gate metal and La2O3 is desired. Tungsten, having a higher 

resistance to form or break bonds with oxygen compared to aluminum (because of its 

larger bond enthalpy to oxygen) is therefore ideal. On the other hand, depending on the 

annealing conditions of the W-La2O3-nSi system, this EOT level can be further altered 

after PDA or PMA thermal processing. For the same La2O3 physical thickness, it is 

clear that a W–La2O3 stack after PDA will produce the lowest EOT while keeping a 

slightly higher Jg as compared to its PMA-annealed sample. In order to explain these 

EOT and Jg differences, measurements of the physical thickness of La2O3 after PDA 

were obtained but before presenting these results we would like to first focus on the 

C-V measurements done to all samples. Fig. 4 shows the C-V characteristics of the 

samples fabricated after the process flow A of fig.3 before and after a positive Constant 

Voltage Stress (CVS). From fig. 4a, EOT=1.45 and 1.62nm were estimated for PDA 

and PMA samples respectively, and two different values for the dielectric constant k of 

La2O3 were found from these C-V curves after taking into account the quantum 

mechanical correction (16). The C-V characteristics in Fig. 4a show that the 

W-La2O3-nSi stack without annealing (known as the as-deposited or as-depo condition) 

present large amounts of hysteresis compared to PDA and PMA samples. An important 

difference between thermally grown SiO2 and La2O3 is that the later is deposited 

directly on Si substrates, so that a high density of interface traps Dit would be expected 

because of a high roughness and density of defects present at the La2O3-nSi interface. 

In Fig. 4a, the clockwise hysteresis loops suggest that hysteresis is caused by negative 

charge trapping which would occur during the C-V transition from depletion to 

accumulation regimes. By annealing the stack with a PDA thermal treatment, an 
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increase in the accumulation capacitance Cacu and a slight shift of Vfb towards the 

negative side occur. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The increase in Cacu after PDA seems to be related to the densification of the lanthana 

film which would result in a reduction of the initial thickness of La2O3, see fig. 5. The 

reduction of the total amorphous dielectric physical thickness from its initial value for 

A FRESH condition 

PDA 

B POST-STRESS condition 

Fig 4a, b, c C–V characteristics of W–La2O3
gated MIS capacitors after PDA and PMA 
thermal treatments. After annealing, lower 
hysteresis and decrease in EOT are obtained as 
compared to non-annealed sample. 

Fig 4b, c C-V characteristics of fig. 4a before and after positive constant voltage stress CVS. PMA samples will 
produce the lower shift in flat-band voltage Vfb after CVS for even higher densities of injected charge Qinj. 

C POST-STRESS condition 
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the as-deposited stack to thinner values after PDA and PMA (from 9.7 nm for the 

as-depo sample to 9.1 nm after PDA) indicates that annealing results in film 

densification. Some reports also indicate that part of oxygen in lanthana is consumed to 

form a silicate-based IL (13). As a result, La2O3 film becomes oxygen-deficient 

especially near/at the IL and has a more negative Vfb, since oxygen deficiency in the 

oxide film results in negative Vfb shift (17-18). Now, given that the physical thickness 

of La2O3 for those particular samples was relatively high (about 10nm) and that the 

temperature used during the PDA and PMA treatments was relatively low (300°C for 

5min for both samples), it is thought that the observed increase in Cacc shown in figure 

4a, comes mainly by the densification process of bulk La2O3 whereas the silicate 

formation only affects the lower portion of the La2O3. This is to say, a very thin silicate 

IL layer would form between the La2O3 and silicon and not all of the La2O3 would turn 

into silicate. This is evidenced by the increase in Cacc after annealing in figure 4a, 

since complete reduction of La2O3 into silicate would increase EOT as compared to 

non-annealed La2O3 film. Of course, a more complete physical characterization of 

La2O3 after annealing is needed to verify IL formation. Nonetheless, there are reports 

in which the reduction of full La2O3 into silicate for even thicker films can be expected 

if the annealing temperature is increased to levels (900°–1050°C) well above the 

temperatures we used in this report. Additionally, La2O3 is known to be readily affected 

by moisture absorption so that the presence of (OH)-1 ions replacing O-2 sites could 

become another factor for the Vfb shift toward negative side (14). Finally, the PDA 

sample still presents a slight degree of hysteresis formed during the C-V measurement. 

This can be thought as a consequence of the rough interface present now at the 

metal-oxide interface. Since the W-gate was deposited directly on La2O3 at room 
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temperature by sputtering, it is expected that a high degree of charge traps are present 

now at the W-La2O3 interface and also within La2O3 itself after the damage introduced 

by this plasma-related processing technique. It is highly likely that after PMA, some of 

this plasma-related damage will be annealed-out and hence, La2O3 with better 

reliability characteristics will be expected as compared to PDA samples. This 

difference in the reliability properties after annealing will be demonstrated later on this 

paper. 

 

On the other hand, the C-V characteristic of the PMA sample in fig. 4a shows a Vfb 

recovery towards positive side and a slight decrease of Cacu when compared to its 

PDA counterpart. The decrease in Cacu comes after considering that the physical 

thickness of La2O3 is not efficiently reduced after PMA because the dielectric is 

already covered with the metal electrode. Nevertheless, it is recognizable that a 

significant La2O3 densification after PMA has occurred just as in the PDA case when 

both samples are compared to the as-depo curve. Fig. 4a also shows that a slight 

positive shift in Vfb for the PMA sample has occurred and this effect can be explained 

whether by the reduction in the oxygen-loss after PMA because the La2O3 film is 

already covered by the metal electrode during the annealing (in the PDA case, La2O3 is 

totally exposed to the environment and thus higher oxygen-losses could take place 

leading to huge negative Vfb shifts) or by the chemical reactions taking place in the W- 

La2O3 and/or La2O3-silicon interfaces during the annealing itself. A plausible 

explanation for the positive shift of Vfb after low-temperature PMA comes after 

considering that formation of a silicate layer generating negative charge in the 

dielectric film could result in this Vfb shift towards the positive side (14). Another 
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explanation for positive Vfb shift is the formation of chemical bonds at the interface 

between the metal electrode and the dielectric during PMA (19-20). In any case, the net 

effect is a positive shift on the Vfb characteristics of PMA samples. Therefore, the 

thermal processing following the deposition of La2O3 plays a key role to control the 

threshold voltage of W-gated La2O3 MOSFETs. Fig. 4b and 4c show the C-V 

characteristics of PDA and PMA samples before and after a positive Constant Voltage 

Stress CVS was applied. For both samples, a positive Vfb shift proportional to the 

charge injected Qinj during CVS stress was observed. In the case of PMA, less 

hysteresis and less Vfb shift was observed as compared to PDA sample which suggests 

that some of the damage introduced into La2O3 and its interface by sputtered-deposited 

W was annealed-out. Moreover, the PMA sample shifts Vfb only after a larger Qinj 

was introduced during the CVS stress as compared to PDA. For both samples, the 

reduction in Cacu after stress is a sign of the loss of La2O3 insulating properties thus 

allowing a large density of gate leakage current flow through it. Besides, a positive Vfb 

shift after CVS for both samples shows that a net negative charge is trapped whether 

inside the bulk of La2O3 trap sites or at the interface the dielectric forms with silicon 

substrate. Fig. 6 shows the gate leakage current Ig evolution with time during a short 

CVS stress. The purpose of the data in fig. 6 is to show that by applying higher CVS, 

the Ig evolution with time is smoother for PMA samples when compared to PDA. For 

instance, at a CVS > 2.0V, Ig for La2O3 after PDA evolves with a more noisy behavior 

(which can be thought as a high occurrence of trapping-detrapping events during the 

stress) instead of the smoother but monotonous decreasing behavior of Ig for La2O3 

after PMA. The general tendency of Ig to decrease during CVS is explained by the 

trapping of negative charge which would increase the electric field near to these traps 
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sites thus distorting the energy band of La2O3. 

 

 

 

 

 

 

 

 

Fig. 7a shows the J-V characteristics of W-La2O3 after PDA and PMA in which the 

gate voltage Vg increases until the oxide breaks down. Compared to the as-depo 

sample (which have the largest density of gate leakage current), La2O3 after annealing 

shows better electrical characteristics. For both PDA and PMA samples, at least two 

different carrier conduction mechanisms can be directly observed at low and 

high-electric field regimes. The conduction mechanism just before breakdown was also 

investigated and in the case of both films, Fowler-Nordheim (FN) conduction 

mechanism was detected. The breakdown strength Ebd of La2O3 is obtained from this 

“time to zero breakdown” measurement. An Ebd= 4.6MV/cm was found for W-gated 

La2O3, which is in agreement with the value reported for La2O3 in the literature (21). 

Figures 7 b-c show the evolution with time of gate leakage current Ig during a 

time-dependent dielectric breakdown (TDDB) measurement with a positive CVS stress. 

We can see at least two important characteristics coming out from these TDDB 

 
Fig 5 La2O3 physical thickness after 

PDA annealing. 
Fig 6 Ig evolution with time of W-La2O3 samples after 

several positive CVS tests. 
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measurements. First, both PDA and PMA annealed stacks show that their initial levels 

of gate leakage current are proportional to the CVS applied and so is the time required 

for these samples to reach breakdown. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7b, c Evolution of gate leakage current Ig with time during CVS for La2O3 (PDA and PMA 
samples). PMA samples reach breakdown at longer times even for higher stressing voltages. 

A J–V Characteristic 

Fig 7a J–V characteristics of W–La2O3 
gated MIS capacitors after PDA and 
PMA. The as-depo sample shows 
extrinsic breakdown characteristic as 
compared to annealed W-La2O3 stacks. 

B Ig evolution with time C Ig evolution with time 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

111 

For instance, La2O3 after PMA shows that for the lowest Vg stress applied, a lower 

initial gate leakage current level is obtained so that a longer time to breakdown 

develops. By applying a higher CVS in the same sample, the leakage current increases 

and the time to breakdown shortens as expected. On the other hand, the initial levels of 

leakage current for the PMA sample are kept almost without change during the CVS 

measurement until the samples reach breakdown. This is a significant difference with 

respect to a PDA-annealed La2O3, in which the initial levels of Ig decrease almost 

immediately after applying the CVS for a few seconds. This fast decrease in the gate 

current with time is attributed whether to a large density of oxygen vacancies (created 

after oxygen-losses during PDA) that in turn, generate a large density of trap sites for 

electrons or to plasma damage introduced during the sputtering of the metal so that a 

large amount of charge traps are generated within La2O3. Because La2O3 after PMA 

can anneal-out some of this plasma-related damage, the density of traps for electrons 

within La2O3 is reduced and thus the evolution or degradation of Ig with time during 

CVS is more constant like the curve of fig. 7c. In brief, PDA samples show a higher 

density of traps within the oxide that are electron–filled during the stress and this effect 

can dramatically shift the Vfb of the MOS capacitors as shown in fig. 4b. Fig. 8 shows 

the dependence of Vfb shift on injected charge density Qinj for La2O3 after CVS for 

both PDA and PMA samples. From this graph it is straightforward to see that La2O3 

after PMA produces lower amount of Vfb shift even for greater densities of Qinj. 

These data is taken from the C-V characteristics shown in figures 4b and 4c. Fig 8b 

shows the same data as in fig 8 but here we included the results of positive CVS with a 

lower stressing condition (+1 V compared to +3 V). 
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Fig 8 Vfb shift after CVS for La2O3 (PDA and PMA). The lowest Vfb shift is obtained for 
the PMA sample. It is thought that PMA La2O3 enhances the electrical characteristics 

(less charge trapping during stress) of both top and bottom interfaces. 

∆Vfb dependence on applied stress 
and on annealing for La2O3 samples

PMA sample produces 
the lowest ∆Vfb
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∆Vfb dependence on applied stress 
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PMA sample produces 
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PMA

PDA

PDA

PMA

 
Fig 8b Same data as in fig 8 including Vfb shift at lower stressing conditions. The lowest 
Vfb shift is obtained for the PMA sample in both low and high-stressing conditions. 
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We notice that ∆Vfb seems to be dependent on electric field. This is to say, at 

higher applied Vg stress, ∆Vfb changes from negative to positive shift after stress. We 

thought that the change in the direction of the Vfb shift at low/high stressing conditions 

is related to the trapping-detrapping processes during stress. This model will be 

explained later in chapter 5. No matter what the direction of Vfb takes after stress, the 

lower shift in Vfb is obtained for the sample annealed after PMA as compared to PDA 

La2O3. Here we would like to point out that La2O3-gated MOSFETs stressed under the 

same low and high-stressing conditions showed the same direction dependence of Vth 

shift so that the physical origin for this change of direction in Vfb must have a 

common origin. These results will be shown later on chapter 4. Fig. 8c shows the C-V 

results of W- La2O3 stack before and after PDA/PMA and biased under low stress 

conditions (CVS= +1 V). In contrast to the results shown in figs. 4b, c, the Vfb shifts 

to the negative direction after stress, and the lowest shift in Vfb is produced for the 

PMA sample even at higher densities of injected charge. 

 

 

 

 

 

 

 

 

  
Fig 8c C-V characteristics of fig. 8b before and after lower CVS conditions. PMA samples will produce 

the lower shift in flat-band voltage Vfb after CVS for even higher densities of injected charge Qinj. 
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Figures 9 and 10 show the lifetime projection and charge to breakdown density Qbd 

respectively for W-La2O3 stack after PDA or PMA thermal treatments. The lifetime 

projection and charge to breakdown Qbd data is taken after TDDB with CVS 

measurements by taking into account a 63% mean time to failure. In figure 9, we can 

clearly see that compared to PDA, a W-La2O3 stack after PMA shows longer times to 

failure even for the same applied gate voltage Vg. Once this time to failure data for 

La2O3 after PDA and PMA is linearly extrapolated, we found that the gate voltage 

necessary for both samples to last at least 10 years before breakdown lies around 2.1V 

and 2.3V for PDA and PMA-annealed La2O3 respectively. Thus, even by applying 

relatively higher Vg to the gate of W-La2O3 gated MOS devices, PMA will provide 

more reliable devices because its lower Vfb shift after stress and its longer lifetime 

before breakdown. As a reference, the lifetime projection for an Al-La2O3 gated 

capacitor is also shown. 

 

 

 

 

 

 

 

 

 

Fig 9 Lifetime projection for W-La2O3 gated 
MISCAP after PDA and PMA. By extrapolating 
time to breakdown to lower Vg with a linear model, 
both PDA and PMA samples are projected to 
survive 10 years of continuous operation if Vg<2V.

Fig 10 Density of charge to breakdown Qbd for W-La2O3
stack after PDA and PMA. Because of the higher charge to 
breakdown for PMA samples, longer lifetimes are 
obtained for PMA samples even at higher Vg. 

EEOOTT==  11..6622  nnmm  ((PPMMAA)) 

EEOOTT==  11..3388  nnmm  

EEOOTT==  11..4455  nnmm  ((PPDDAA)) 
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By using Al as the gate electrode, the breakdown event during a CVS measurement is 

not so easy to interpret because of the presence of an Al2O3 interfacial layer between 

Al and La2O3. The breakdown of a very thin Al2O3 interfacial layer instead of the bulk 

La2O3 film would explain the very low operative gate voltages that are found after 

extrapolating its time to failure data. Furthermore, we would like to point out that all 

these lifetime predictions are only a rough approximation to reality because once the 

exponential law of voltage dependence reaches very low voltages (compared to those 

used during operation conditions), the linear model will tend to approach a more 

power-law based model (22-23). In any case, a 10 years operation is guaranteed by 

using the very simple linear Vg or reciprocal 1/Vg models because of the high electric 

fields applied during the stressing of these samples. At high electric fields, the linear 

and reciprocal models converge and that is why both models can be used here to 

project at least roughly, the lifetime of La2O3. Fig. 10 shows that for W-La2O3 after 

PMA, higher densities of injected charge are required to reach breakdown as expected. 

At a same gate voltage of Vg= 3.5V, Qbd density for La2O3 after PMA is almost 3 

orders of magnitude bigger than La2O3 after PDA so that longer lifetimes are ensured 

for La2O3 after PMA. 

 

(b) Vfb shift for W-La2O3 gated MOSCAP with EOT < 1 nm 

In this section we will present some reliability results of a very-thin and high-quality 

La2O3 film (after reducing O2 deficiency in the dielectric by depositing it within an O2 

flow). We will focus on the results of charge trapping after stress on W-La2O3 with 

PMA in which the metallization step was done in-situ (see the process flow of fig. 3B) 

so that less exposure of La2O3 to the environment was desired in order to reduce any 
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possible contamination or degradation on its electrical properties (24). Because of the 

in-situ metallization, it was not possible to measure the physical thickness of La2O3 

after its deposition. From C-V and J-V data however, we could obtain the EOT and 

gate leakage current density levels respectively for these samples (see the highlighted 

data points in the upper left corner of fig. 2). EOT= 0.58nm and 0.74nm were obtained 

for W-La2O3 stack after PMA at 300°C and 500°C respectively. Figure 11 shows the 

C-V characteristics of these PMA samples together with the as-depo condition for 

La2O3. It can be observed that there is no significant difference between as-deposited 

La2O3 and PMA-annealed La2O3. More importantly is that the Vfb shift after PMA was 

suppressed. The decrease in Cacu for the W-La2O3 stack after PMA at 500°C is result 

of a SiOx-based interfacial layer developed at the La2O3-silicon interface and which 

presence was detected only for this sample after XPS measurements; see fig. 15 (25). It 

is thought that better interface trap properties (improvement in the quality of the 

interface immediately above the silicon substrate or reduced interface-state density Dit 

compared to as-depo sample) between La2O3 and silicon can be achieved because of 

this IL formation; however, Dit after PMA still needs to be evaluated because of the 

low quality (i.e. high defect density) of the SiO2-based IL formation. Besides, forming 

gas annealing the samples would be necessary to passivate the defects at this newly 

formed Si-SiO2 interface. Now, because of the very thin La2O3 thickness deposited, a 

high gate leakage current density was always present in these samples so that the time 

to failure data necessary to project the lifetime of this ultra-thin La2O3 film can not be 

so easily extracted. A conventional TDDB measurement under constant voltage stress 

for thicker oxide films provides good reproducibility when considering lower 

dispersion of the time to breakdown data. 
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For ultra-thin oxides however, it is very difficult to extract time to breakdown data 

since the detection of hard-breakdown is no longer straightforward because of the 

many current fluctuations that appear during the stress. Unlike hard breakdown, where 

an abrupt increase in gate current or as sudden collapse in the gate voltage can be 

observed, soft breakdown is observed only as a slight change in voltage or current, 

Fig 11 C-V curves for W-La2O3 stacks 
after La2O3 deposition within an O2 
flow and in-situ W metallization. PMA 
samples are also shown. A more stable 
Vfb for all samples is obtained. 

Fig 12 Jg-Vg plot for W-La2O3
(PMA@500°C) before and after CVS stress. 
The huge increase in SILC (which is related to 
Dit) after stress poses a serious limit for the 
use of very thin La2O3 films. 

Fig 13 Increase in C-V hysteresis H 
after stress for W-La2O3. Almost no 
increase in H is observed for La2O3
after PMA at 500°C. 
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usually accompanied by noise or signal fluctuations. Therefore, the soft breakdown 

mechanism becomes the dominant effect behind ultra-thin oxide degradation (26-28). 

One method to detect the oxide degradation on the electrical characteristics of these 

ultra-thin oxides is by measuring changes in the Stress-Induced Leakage Current SILC, 

which corresponds with anomalous increases on the gate leakage current that are 

proportional to the stressing time. Fig. 12 shows that for low electric fields, an 

anomalous increase of the SILC for W-La2O3 stack occurs while at high fields the 

Fowler-Nordheim current remains unchanged. For ultra thin oxides and low-bias 

stressing, SILC and Soft-Breakdown (SBD) mechanisms will play a fundamental role 

in the degradation of the devices. It is important to note that even after plasma-related 

damage removal by PMA for this very thin La2O3 film, this sample still shows a high 

density of traps that are electron-filled during a CVS and which final effect is a 

relatively higher increment in SILC. Even though the La2O3 film does not reach total 

breakdown, oxide degradation through a soft-breakdown mechanism is apparently 

more severe for these thinner films. Fig. 13 shows how the initial hysteresis from fresh 

C-V curves for W-La2O3 devices increases proportionally to stressing time (hysteresis 

was measured at flat band voltage Vfb from double-sweeping the capacitance firstly 

from the inversion to accumulation regimes and vice versa). The as-depo and 

PMA@300°C samples show the largest hysteresis increase for the W-La2O3 stack. On 

the other hand, La2O3 after PMA at 500°C shows the lower hysteresis change with 

stress and this trend is kept almost constant around 80mV even after a stressing time up 

to 1000 sec. Higher gate leakage current densities and consequently, larger increases in 

the density of oxide trapped charge Qox during stress are thought to be the main reason 

behind the huge hysteresis change of the as-depo and PMA@300°C samples. A PMA 
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at 500°C reduces the density of gate leakage current (see fig. 16) and at the same time, 

enhances the quality of the La2O3-silicon interface by developing a SiOx-based IL 

there (see fig. 15), so that less hysteresis and Vfb shift after stress could be obtained. 

Also, it is thought that after higher PMA temperature, a more densified (thinner 

La2O3-IL stack) oxide structure is obtained and in this respect, the reason for the lower 

hysteresis could be precisely attributed to this physically thinner stack, which has a 

lower number of defects (assuming a uniform density cm-3; as it has a lower volume, 

the number of defects in the film will reduce), and consequently there is less charge 

trapped. Of course, the main disadvantage will be a slight reduction in the final EOT of 

W-La2O3 after a higher PMA temperature. 

 

On the other hand, a higher PMA temperature will further reduce any possible 

plasma-related damage after the tungsten electrode deposition. All of these effects 

combined would suggest a decrease in the density of trapped charge at both the 

La2O3-silicon interface and the bulk of La2O3. Nonetheless, a higher reliability for this 

W-La2O3 stack will come along with an increase in EOT after PMA at higher 

temperatures. By suppressing the IL formation, reduced EOT’s can be obtained but 

their reliability can be degraded so that an important issue to be solved for La2O3 with 

high temperature annealing will be to engineer EOT versus IL formation for better 

reliability.  

 

Fig. 14 shows the change on the C-V characteristics of W-La2O3 before and after a 

CVS in the substrate injection condition. Same as with thicker La2O3, a positive Vfb 

shift proportional to the stressing time is also observed for all these samples. By 
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annealing La2O3 with a higher PMA temperature, less Vfb shift after stress is observed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One important difference between these C-V curves and those presented in fig. 4 is that 

less Vfb shift, less hysteresis and thus, a more reliable La2O3 is achieved by depositing 

the W gate electrode in-situ immediately after the oxide deposition. It is important to 

Fig 14a C-V characteristics of W-La2O3-nSi 
stacks (EOT<1nm) before and after CVS. The 
shifts in Vfb for the as-depo sample are shown. 

Fig 14b, c C-V characteristics of W-La2O3-nSi stacks (EOT<1nm) before and after CVS. The shifts in Vfb 
for the PMA@300°C and PMA@500°C samples are shown. Even though a relatively high Dit is still present 
(lowest bump in the CV curve), the lowest shift in Vfb after stress is obtained for the PMA@500°C sample.
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note that a high Dit (which is presumably present in all these samples by looking at the 

lowest bump in the CV curves) makes difficult to calculate the real Vfb of the devices. 

For that reason we also obtained (and compared to calculated values) Vfb by double 

differentiating [1/(C/Cacc)] 2 versus Vg curve from the experimental data in which a 

sharply peaked curve was obtained. The position of the peak was then considered as 

the experimental Vfb. Nonetheless, irrespective of the real value of Vfb before and 

after stress, the general trend for all the stressed samples was to shift their Vfb to more 

positive side as a consequence of electron trapping (being Vfb shift more severe for 

samples annealed at lower PMA temperature). This allows us to get a general 

perspective of the highly potential that PDA/PMA treatments have on the trapping 

characteristics of the devices under evaluation. On the other hand, the chemical 

analysis of the interfacial layer IL that develops after PMA treatment was done by 

X-ray photoelectron spectroscopy (XPS). The results are shown in fig. 15. 

 

 

 

 

 

 

 

 
Fig 15 Annealing temperature dependence of Si 1s XPS 
spectrum of La2O3 deposited within oxygen flow. A La-silicate 
IL formation is present for all samples whereas an additional 
SiO2-based IL formation appears for PMA at 500°C. 
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From XPS results, as-deposited La2O3 was reduced to a La-based silicate immediately 

during the oxide deposition (non-annealed sample). The PMA@300°C sample showed 

a relatively higher same silicate peak thus confirming that before and after 

PMA@300°C the chemical composition of La2O3 is identical for both samples. This is 

a consistent result since during the deposition of La2O3 (which was done within an O2 

flow), the same temperature was used. For the PMA@500°C sample, the development 

of a SiOx-based IL together with a La-silicate was detected and this extra IL can have 

some influence on the several improvements in charge trapping characteristics now so 

far obtained. The stacked structure obtained after PMA at 500°C is then of the 

LaSixOy-SiO2 type. 

 

Fig. 16 shows that after annealing La2O3 with a higher PMA temperature, the gate 

leakage current for this sample will decrease after formation of a SiOx-based 

interfacial layer at the La2O3-silicon interface. As stated earlier, in-situ deposition of 

tungsten aims to reduce the La2O3 exposure to the environment at minimum, thus 

avoiding undesired contamination. Also, it is thought that because of the interfacial 

layer formation, a better interface between La2O3 and silicon is achieved. Besides, a 

higher annealing temperature will further reduce any possible plasma-related damage 

after the tungsten electrode deposition. All of these effects will combine in order to 

decrease the density of trapped charge at both the La2O3-silicon interface and the bulk 

of La2O3. The final effect will be that a more reliable W-La2O3 stack will be obtained 

as shown in Fig. 17, where the Vfb shift after stress is plotted against the density of 

injected charge Qinj for these samples. 
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Fig. 17 shows the dependence of Vfb shift on injected charge density (Qinj) for La2O3 

films with EOT < 1 nm after positive CVS. The La2O3 films after PMA at 500°C 

presents the lowest Vfb shift after stress. These data are taken from the C-V 

characteristics shown in figures 14a, b and c. Compared to fig. 8, a higher reduction in 

Vfb shift after CVS for the thinner La2O3 film is obtained and this is related in part to 

the high-quality of both the film itself, its interface with silicon substrate and also to 

the very-thin physical thickness of the film as well. A reduction in the density of 

oxygen vacancies in the film should decrease the density of trap sites in La2O3 and 

because of a SiO2-based interfacial layer formation, trapping of charge at the interface 

with silicon substrate is thought to decrease as well. Moreover, a very thin La2O3 film 

will increase the contribution of direct tunneling (DT) leakage current so that the 

density of trapped charge within La2O3 is decreased because DT through very thin 

Fig 16 J-V characteristics (fresh condition) for 
W-La2O3 (EOT<1nm) after in-situ metallization. 
Higher PMA temperature will reduce Jg. 

Fig 17 Vfb shift after CVS for W-La2O3 with 
EOT < 1nm. The lowest Vfb shift is obtained for 
the sample with LaSixOy–SiO2 stacked structure 
which is formed after PMA at 500°C. 
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oxide layers can be a much less destructive transport mechanism than FN injection for 

thicker oxides (29-30). In order to compare the shift in Vfb after stress for samples 

with different thicknesses, Vfb shift data must be plotted against density of injected 

charge Qinj instead of stressing time. The results are shown in fig. 18. We can evaluate 

that from all the samples analyzed, the thinner LaxSiOy-SiO2 stacked layer (developed 

after PMA@500°C) the more reliable since a lower Vfb shift was obtained for even 

higher densities of Qinj. 

 

 

 

 

 

 

 

 

 

Summarizing this section, the electrical and reliability characterization of 

W-La2O3-nSi stacks with EOT= 1.5 nm and less than 1 nm after annealing was carried 

out. Compared to PDA samples, PMA samples show better reliability characteristics so 

that important parameters like higher endurance to Vfb shift, longer lifetimes and 

higher charge densities to breakdown can be obtained. Because of the high voltages 

Fig 8 Vfb shift after CVS for thick and thin La2O3 film (PDA and PMA). The lowest Vfb 
shift is obtained for the LaxSiOy-SiO2 stacked structure developed after PMA@500°C. 

EOT > 1nm

EOT < 1nm
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applied during stressing, a 10 years lifetime projection for the W-La2O3-nSi system is 

guaranteed by using the very simple Vg linear model. It is thought that La2O3 

deposition within an oxygen flow can reduce oxygen deficiency in the dielectric film 

and in-situ deposition of tungsten on La2O3 would reduce exposure of the La2O3 

surface to environment contamination, so that an improved interface between La2O3 

and silicon can be obtained. In an effort to minimize the formation of oxygen vacancies 

and to stabilize the reactivity of the metal–oxide, the deposition of La2O3 under process 

B (figure 3) can be thought as being done under PDA in O2 ambient, so that La2O3 is 

oxidized during the deposition itself, creating a silicate layer. Although detrimental to 

the permittivity, the resulting structure should be more stable and less apt to contain 

oxygen deficiencies [31]. A higher PMA temperature for La2O3 enhances the formation 

of a SiO2-based interfacial layer, and this higher annealing temperature will further 

reduce possible plasma-related damage during the tungsten electrode deposition at the 

same time. All these procedures combined with a very-thin physical thickness for 

La2O3 will result in a more reliable W-La2O3 stack. It is thought that the formation of a 

very thin SiO2-based interfacial layer could help to improve the reliability 

characteristics of metal-high-k stacked devices. However, the increase in EOT by 

lower-k interfacial layer formation is an issue that must be addressed since small EOT 

less than 1 nm requires very thin dielectrics and thus the controllability and quality of 

this interfacial layer becomes crucial. Finally, the lowest Vfb shift after stress 

corresponds for the LaSixOy-SiO2 stack structure formed after PMA at 500°C. 
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3.8 Degradation and breakdown of W-La2O3 stack after 

post metallization annealing in N2 

 

High dielectric constant materials for the gate of MOS transistors can reduce 

the gate leakage current (Ig) by using thicker oxide films while maintaining the same 

electrically equivalent oxide thickness (EOT). Lanthanum oxide (La2O3), which is a 

member of rare earth-based oxides, was classified into the next group of potential 

candidates to succeed conventional oxides [1]. On the other hand, the introduction of 

metal gates for high-k materials has been focused on choosing the right metal material 

for good electrical performance and best compatibility with standard CMOS 

processing. However, metal gate integration and its impact on high-k reliability are not 

well understood. It is vitally important to understand the impact of metal gates on 

reliability issues such as defect density, electrical stability, and failure rate since many 

factors in metal gate integration (deposition, annealing, etching, etc) can potentially 

affect the reliability of a high-k gated CMOS device. In this work, W-gated La2O3 

stacked structures were fabricated and the effects of high voltage stressing on their 

reliability characteristics were evaluated. 

 

MOS capacitors were fabricated on n-type (100) oriented silicon wafers with 

resistivity of 1–5 ohm·cm. Thin films of La2O3 were deposited on HF-last or 

hydrogen-terminated n-type silicon substrates by electron-beam evaporation using 

molecular beam epitaxy MBE system (ANELVA I) at 300°C. The pressure in the 

chamber during the deposition was around 1x10-7 Pa. Also, in-situ sputtering of 
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tungsten was done at 150W rf power in a contiguous chamber immediately after the 

dielectric deposition in order to avoid exposure of La2O3 surface to the environment. 

Because of this, the physical thickness of La2O3 cannot be measured by ellipsometry 

but by transmission electron microscopy. During the deposition of the metal an argon 

flow of 1.33 Pa was used. Patterning of the gate electrodes was done by reactive-ion 

etching using SF6 gas with a 30W power. Finally, post-metallization annealing (PMA) 

was done in dry N2 ambient at 500°C for 5 min.  

 

The results are presented as follows: first, fig. 1 shows C-V and I-V 

characteristics of the fabricated samples. From C-V data in fig.1 (A), the as-depo 

sample presents higher hysteresis compared to PMA sample. Also, the hysteresis loops 

show that hysteresis is caused by negative charge trapping which occurs during the 

transition from depletion to accumulation regimes. The increase in EOT after PMA is 

considered to be due to the reaction of La2O3 with silicon into silicate that caused to 

form a lower-k interfacial layer (IL) between La2O3 and silicon [2-4]. In fig.1 (B), the 

as-depo sample shows a continuous increase in gate leakage current until the oxide 

reaches breakdown for Vg > 2V, this is followed by a progressive-breakdown (PBD) 

characteristic, where the breakdown spots would gradually progress with time and 

stress and they are considered to be associated with the increase of the oxide 

conductivity which has associated an increase of the total size of the percolation path 

created during the breakdown event [5-7]. It is thought that for the non-annealed La2O3, 

a higher and random density of bulk/interfacial defects would make easier for these 

defects to be electrically “connected” during stress so that the size of the total leakage 

path during breakdown increases. On the other hand, a PMA–La2O3 sample suddenly 
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breaks down for Vg > 4 V, which suggests both reduction and densification of defects 

within La2O3, and thus, a breakdown event with a more discrete nature. 

 

 

 

 

 

 

 

 

 

In fig.2 (A), the evolution of Ig with stressing time clearly shows that for identical 

stress conditions, smaller area devices exhibit larger time to breakdown tbd where 

more severe breakdown events take place. Different tbd distributions are associated 

with the average density of generated defects during stress [8], so that samples with 

larger area would find more sites for defect generation during the stress. Also, the 

post-breakdown characteristic of Ig for all samples does not show a clear relationship 

with device area, this suggests a highly localized nature for Ig flow through the leakage 

spot after breakdown [9]. Despite the disagreement about the defect generation model, 

there is a general consensus in considering that a critical density of bulk defects 

generated at random places eventually leads to the formation of a localized leakage 

Fig. 1. (A) C-V curves for W-La2O3 capacitors before and after PMA at 500°C. EOT= 1.3 
and 1.8 nm are obtained for as-depo and PMA samples respectively. 
(B) From I-V data, the densification of the films after PMA increases Ig and the 
time-to-zero breakdown point. 

(A) (B)
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path across the oxide layer [10]. After this, the current runaway and the energy 

dissipation dynamics through the damaged zone would determine the severity of the 

event and consequently the magnitude of the leakage current. It is thought that a higher 

post-breakdown Ig is linked to a greater conductivity and size of the total damaged 

spot area after stress. 

 

 

 

 

 

 

 

 

 

In fig.2 (B), the lifetime projection for the W-La2O3 stack is plotted based on 

time-dependent dielectric breakdown (TDDB) measurements with constant voltage 

stress (CVS) by taking into account a 63% mean time to failure. It is shown that 

smaller area devices will require longer times to reach breakdown even if the same 

applied CVS are used. The inset in fig.2 (B) shows the breakdown distributions for two 

different devices’ areas stressed at 3.8, 4.0 and 4.2 V. The stress voltages were applied 

on the gate with substrate grounded at room temperature. From that figure, it is not 

Fig. 2. (A) I-t curves of W-La2O3 capacitors. At the same stressing conditions, longer 
times for breakdown are observed for devices with smaller areas. 
(B) Lifetime projection for W-La2O3. Smaller area devices present slightly 
longer lifetimes to breakdown. 

(A)

(B) 
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clear whether or not the distribution slopes depend on the area of the test structures. In 

addition, it cannot be concluded what is the statistical nature of these distributions [11]. 

By linearly extrapolating tbd data up to 10 years, we found that the maximum gate 

voltage necessary for W-La2O3 stack to reach breakdown is about 2.5 V for both 

samples. Again, it is important to notice that these lifetime predictions are only a rough 

approximation because once the exponential law of voltage dependence for breakdown 

reaches very low voltages (compared to those used during operation conditions), the 

linear model will tend to approach a more power-law based model [12-13]. In any case, 

a 10 years operation is guaranteed by using the very simple linear Vg or reciprocal 

1/Vg models because of the high electric fields used during the stressing of these 

samples. At high electric field, the linear and reciprocal models converge and that is 

why both models can be used here to project the lifetime of La2O3. Fig. 3 (A) shows 

the increase in SILC after positive CVS. Gate voltage Vg was 3.5 V during all the time 

of stressing measurements. At the same points during the degradation by stressing, 

which are shown as t1, t2, … , t5 in fig. 3 (B), SILC was measured for all samples by 

applying a ramped voltage measurement with Vg less than CVS in order to avoid extra 

induction of defect generation. The normalized SILC values are shown in fig. 3 (C). 

Interestingly, higher increases in SILC after stress are observed for samples with 

smaller area during all the range of the gate leakage current evolution with time, shown 

in fig. 3 (B). During stress, the injection of electrons into La2O3 is caused by the same 

conduction mechanism independently of the area of the device, so that we can assume 

that the same degradation rate is occurring through all the devices. It is thought that an 

increased density of new defects generated during stress adds-up to an initially uniform 

density of intrinsic defects so that smaller area devices under the same stress 
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conditions will end up with a higher final density of defects which in turn increases 

SILC, see fig. 3 (D). The newly generated defects can be located at the interfaces of 

La2O3 with silicon, interfacial layer and tungsten or at the bulk of the La2O3 itself. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. (A) I-V characteristic of W-La2O3 before and after positive CVS. The increase in 
SILC after stressing time is shown for the device with smaller area. 
(B) Evolution of gate leakage current with stressing time. SILC measurement was 
performed at the same points t1 … t5 for all areas A, B and C. 
(C) Normalized SILC Ig current as a function of gate voltage and stressing time. 
Higher SILC-induced degradation is obtained for smaller area devices. 
(D) Schematic model representing the generation of new defects during CVS 
measurements. Smaller devices get a crowded defect density after stress. 
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In fig. 3 (D), a very simplified model is drawn to represent this effect. It is seen that 

smaller area devices will produce a crowd of new and initial defects during CVS as 

compared to devices with bigger areas. These sites would allow more SILC to flow 

through the oxide layer by acting as “stepping stones” for tunneling carriers. This 

phenomenon is often referred to as trap-assisted tunneling. This is important because 

even though smaller area devices produce longer lifetimes to breakdown during 

higher-voltage stressing conditions (see figs. 2A-B), the stressing of W-La2O3 stacks 

during lower CVS (as compared to the CVS used for lifetime projection) does not 

break down the oxide but the damage induced in the dielectric results in an inversely 

proportional dependence of SILC increase with respect to gate area. This implies that 

even with long-lasting lifetimes for oxides with smaller areas, their electrical 

degradation before breakdown will ultimately impose a serious limit towards their use 

for smaller-area devices. 

 

Summarizing this section, the degradation and breakdown characteristics of 

W-La2O3-nSi gate stacks with EOT= 1.3 and 1.8 nm (after PMA) were investigated. 

The introduction of PMA at 500°C improved the electrical characteristics of the oxide 

by reducing hysteresis in the C-V data and increasing the time-to-zero breakdown 

voltage during a ramped-voltage measurement. By extrapolating time to breakdown 

results after positive CVS measurements, the lifetime projection for the oxide was 

obtained. A 10-year operation for W-La2O3 is predicted if Vg < 2.3 V by using the very 

simple linear Vg model. The dependence of device’s area on the electrical degradation 

and breakdown of W-La2O3 was also investigated. It is found that the post-breakdown 

characteristic of Ig for all samples does not show a direct relationship with area, which 
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suggests a highly localized nature the breakdown spot. Finally, even though smaller 

area devices produce longer lifetimes to breakdown during higher-voltage stressing 

conditions, the stressing with lower CVS does not break down the oxides but the 

damage induced in the dielectrics results in an inversely proportional dependence of 

SILC increase with respect to gate area. 
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3.8.1 Observations regarding breakdown of La2O3 

 

(A) About the increase in damaged area after stress 

Although the exact nature of the electron transport mechanism in the stressed La2O3 is 

still unknown and needs to be further investigated, the identification of its 

post-breakdown I-V characteristics is quite important to determine the origin of the 

breakdown events. During a progressive breakdown (PBD) event (shown in fig. 1B for 

the as-depo sample at Vg>2V), we can consider 1) the spreading of a single breakdown 

spot, which is interpreted as the local accumulation of many leakage sites, or 2) the 

creation of micro-breakdowns randomly scattered over the device area, corresponding 

to the onset of many leakage sites in various positions. Nevertheless, the lateral 

propagation of the breakdown event has been investigated many times by means of 

combined light emission microscopy and electrical experiments [1-2]. A clear 

correlation between the size of the damaged area and the leakage current level has been 

established which has also been confirmed by conductive atomic force microscope 

measurements [3]. 

 

We propose that the gradual increment of the post-breakdown gate current registered 

during standard electrical tests for this highly defective La2O3 film (non-annealed 

sample) is a consequence of the progressive increase of the oxide conductivity (at the 

location where breakdown is initially triggered), which has associated an increase of 

the size of the percolation path created during the breakdown event. However, there is 

not yet direct experimental evidence on the origin of the current increase after the 

breakdown event, basically because this phenomenon occurs in areas much smaller 
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(∼10-12 cm2) [4] than those that can be characterized with the standard characterization 

techniques (which normally analyze areas of 10-8–10-3 cm2). Therefore, these tests can 

only provide spatially averaged information of the electrical properties of the broken 

down region, and no detailed information can be gained since the averaging effect can 

mask this very specific degradation and breakdown related phenomena. In our present 

report, the lack of enough data to validate the progressive increase in Ig after 

breakdown (fig. 1B, as-depo sample) with respect to the increasing size of a single or 

numerous breakdown spots make us take both cases into consideration. For now, we 

will refer to the size of the damaged area as the total size of the percolation site 

generated during breakdown. 

 

(B) About the localized nature of leakage current Ig after breakdown 

We considered that the breakdown event (whether as the spreading of a single 

breakdown spot or the creation of micro-breakdowns randomly scattered over the 

device area) is localized since the post-breakdown I-t characteristics no longer showed 

a direct correspondence of gate leakage current level to device area. This is to say, after 

the triggering of breakdown, a localized and highly conductive percolation path would 

cause the majority of the leakage current to flow trough it without considering the 

undamaged area of the device which has itself a lower conductivity. In the present 

report, the localized nature of the gate leakage current after breakdown was meant to 

represent the highly conductive and localized breakdown spot trough which the 

leakage current will flow at higher densities. Besides, the post-breakdown I-t 

characteristics of some of the analyzed samples show more breakdown events, in 

which the current presents tiny jumps (the first and highest jump representing the 
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occurrence of the first hard-breakdown event) during the rest of the stressing time. 

These extra-jumps are thought to come after the development of different breakdown 

spots through the initially undamaged area of the device. 

 

(C) About the SILC/HBD dependence on gate area 

It was determined that for all La2O3 samples stressed by a CVS= 3.5V, the F-N 

conduction mechanism during this stress regime was obtained. During stress, the 

injection of electrons in La2O3 is caused by the same conduction mechanism 

independently of the area of the device, so that we can assume that the same 

degradation rate is occurring trough all the devices. 

 

On the other hand, some researchers have proposed that SILC is caused by 

interface-state Dit generation, bulk-oxide electron-trap generation and to non 

uniformities or weak spot formation in the oxide. Since we lack of multiple samples 

for a more systematic analysis on all these issues, we can only propose at this stage a 

more idealistic and simple model which is able to explain the dependence of SILC 

variation with gate area: we propose that an increased density of new defects generated 

during stress adds-up to an initially uniform density of intrinsic defects so that smaller 

area devices under the same stress conditions will end up with a higher final density of 

defects which in turn increases SILC. The newly generated defects can be located at 

the interfaces of La2O3 with the silicon, interfacial layer and tungsten or at the bulk of 

the La2O3 itself. The draw in fig. 3D graphically depicts this model. In fig. 3D, it is 

seen that smaller area devices will produce a crowd of new and initial defects during 

CVS as compared to devices with bigger areas. These sites would allow more SILC to 
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flow through the oxide layer by acting as “stepping stones” for tunneling carriers. This 

phenomenon is often referred to as trap-assisted tunneling. It is thought that the effect 

of stress-induced new defects can be partially measured as an increase in Dit (defects 

generated at the silicon–La2O3 interface) so that Dit measurements before and after 

CVS must be done and correlated to the gate area of the devices. These measurements 

are currently underway and will be soon published. 

 

When the oxide stress continues, a very highly conducting path is created that triggers 

breakdown. The important questions that remain are whether these newly 

stress-induced defects or traps for electrons are generated 1) at specific locations at the 

bulk/interfaces of La2O3, for instance, sites where the accumulation of defects can 

growth and be “connected”, or 2) they are randomly distributed all thorough the oxide 

until a certain density is reached and breakdown is then triggered. Finally, it is 

important to determine whether the final breakdown event is triggered by the 

accumulation of newly induced traps/defects or by the initial density of intrinsic 

traps/defects readily available before the stress measurement, or by the combination of 

both. 

 
 [1] F. Monsieur et al., “A thorough investigation of progressive breakdown in ultra-thin oxides”, Proc. 
Int. Rel. Phys, Symp., pp. 45-54, 2002. 
[2] C. Leroux et al., “Light emission microscopy for thin oxide reliability analysis”, Microelectron. Eng., 
vol. 36, pp. 297-300, 1997. 
[3] M. Porti at al., “Propagation of the SiO2 breakdown event on MOS structures observed with 
conductive atomic force microscopy”, Microelectron. Rel., vol. 59, pp. 265-269, 2001. 
[4] J. Sune et al., “The physics and chemistry of SiO2 and the Si-SiO2 interface–4” vol. 2000-2. The 
Electrochemical Society., p. 333, 2000. 
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3.9 La2O3 post-breakdown I-V and I-t characteristics 
 

Up to this point, we have observed that the triggering of breakdown for 

La2O3-gated devices is strongly accelerated mainly by electric field, less by device gate 

area and though not shown here, it is also highly influenced by temperature. Now this 

section shows the switching and sometimes noisy behavior of the post breakdown gate 

leakage current Ig characteristics, and the lateral propagation of the damaged area in 

very thin La2O3 films when subjected to electrical stress. 

 

3.9.1 Switching and noisy behavior of Ig during stress 

Most of the electrical characteristics of stressed La2O3-IL stacked structures resemble 

those of very thin SiO2-based oxide films. Since the application of a positive CVS 

during the stressing of the samples produces trapping of electrons (coming from the 

n-type silicon substrate) directly into a SiO2-based IL before reaching a thicker La2O3 

film, most of the following theory purposed to explain the switching behavior and 

propagation breakdown mechanism is then closely linked to that of conventional 

oxides. For SiO2-based devices, both HBD and SBD currents have been shown to 

exhibit discrete switchings at high and low applied voltages, respectively. The 

switching behavior in thick oxides has often been explained invoking a band-to-band 

impact ionization mechanism and positive charge trapping near the injecting electrode. 

However, in present technologies (thinner oxides), it is commonly attributed to the 

highly localized nature of the current flow through the leakage spot. Although no 

definitive picture of the phenomenon exists yet, the partial reversibility of HBD in 

ultra-thin oxides has been addressed to switchings between different oxide conduction 
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states, to changes in the charge state of percolating sites and to defects’ migration 

caused by the electron wind force effect. On the other hand, the switching behavior 

after SBD has received much more attention. As before, the phenomenon can be 

observed both in ramped-voltage measurements and during constant-stress tests. The 

same results also appear for La2O3 (or La-silicate) based devices as shown in fig. 3.16a, 

b, which illustrate the switching phenomenon in either case. 

 

The most widely invoked mechanism to explain the SBD current fluctuations 

is the charge trapping–detrapping process, and the underlying idea is that the capture of 

a single electron within the insulator can cause a perturbation in the local injection 

field. The mean capture and emission times as well as the fluctuations’ relative 

amplitudes have been related to the energetic and geometric location of the trap inside 

the insulator band gap. Alternatively, the switchings have been ascribed to the 

fluctuation of the effective thickness representing the locally damaged region and to 

on–off modulations of the breakdown paths. So far, no consensus has been reached 

about this issue whether for SiO2 or for higher-k based oxides during stress. Fig. 3.16a, 

b shows the switching characteristic of Ig during stress before and after the HBD 

condition has been reached. For the I-t curve, a greater size of the gate area was 

evaluated and this also influences the final behavior of Ig after breakdown. 
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3.9.2 Propagation of the breakdown event 

The lateral propagation of the damaged area as the result of a constant 

electrical stress has also been matter of research. Within this evolutionary process, two 

clearly distinguishable timescales must be considered for the study of the breakdown 

dynamics. First, there is a timescale related to the formation of the initial leakage spot, 

which is in the order of nanoseconds [14] and secondly, a timescale related to the 

subsequent spread of the damage, which is in the order of seconds or more [15]. In this 

regard, breakdown event has been related to the instantaneous switching of an SBD 

spot into an HBD spot. Lombardo et al. [14] have suggested that HBD arises as a 

consequence of the repetition of multiple SBD events occurring in close weak spots 

induced by local perturbations in the electron distribution at the cathode interface. At 

(A) (B)

Fig 3.16 (A) I-V data for Ru-La2O3-stacked MOSCAP showing the Ig switching characteristic during TZDB 
stressing conditions. The trapping-detrapping processes occur before the HBD condition is reached. 
(B) I-t characteristic for W-La2O3 MOSCAP. Here, the trapping-detrapping processes occur after the 
HBD condition. The switching characteristic of Ig can be confirmed once the La2O3-IL stack breakdown.
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variance with this propagation model, it has been claimed many times that SBD and 

HBD occur on different locations over the device area, so whether HBD is the 

consequence of one or more previous SBD events is still a debatable question. 

However, the fact that for identical stress conditions, larger times-to-breakdown are 

associated with more severe breakdown events further supports the idea that large 

average densities of generated defects favored the lateral propagation of the damage. 

 

In a second stage, after their appearance, the breakdown spots can gradually progress 

with time, be it SBD or HBD. This process has been referred to as progressive 

breakdown (PBD) and is a major issue for the current CMOS technologies because it 

might change the way in which oxide reliability criteria must be assessed. Because of 

this gradual evolution, the time-to breakdown (or charge-to-breakdown) would no 

longer be the characteristic reliability variable but the time to a given current level 

(delay@if in [15]). PBD has only been observed in ultrathin oxides and, as revealed by 

optical studies, it is directly associated with the increase of the damaged area. The 

degradation and breakdown of ultra-thin SiO2 films at a local level has also been 

investigated by means of atomic force microscopy, and it has been found that, although 

the degradation takes place in areas of few hundreds of nm2, the breakdown event 

laterally propagates to neighbor spots, eventually affecting areas of thousands of nm2. 

Using this alternative technique, it has been confirmed that the size of the damaged 

area is related to the severity of the breakdown event [16]. Following figures 3.17a, b 

we show the occurrence and posterior propagation of the breakdown spot during 

electrical stress for a W-La2O3-IL stacked MOSCAP structure. 
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3.9.3 SILC-SBD-HBD of La2O3-gated MOSCAP 

Finally, the I-V electrical characteristics of La2O3 before stress (fresh 

condition), after soft-breakdown (SBD) and hard-breakdown (HBD) events have been 

obtained and compared to illustrate the effect of positive CVS. The results are shown 

in fig. 3.18a, b. From fig. 3.18a, we can see that under moderate stressing conditions, 

the SILC conduction mode does not severely degrade the La2O3 insulation properties 

during stress as compared to SBD and HBD so that operation of La2O3-gated MOS 

devices operated at lower biases (of 1 V or less for future generation devices with a 

physical gate length of 45nm ) is guaranteed. Even after HBD has occurred, the 

propagation of the breakdown event could continue, thus the final reliability parameter 

used to quantize the electrical endurance of La2O3 to degradation should be taken into 

a new perspective as was previously discussed. 

Fig 3.17 (A) I-V characteristic of La2O3-gated MOSCAP showing the propagation of the breakdown 
spot as a gradual “jump”-like increase in gate leakage current Ig. 
(B) I-t characteristic for a different sample with the same stacked structure in (A). The
propagation of the breakdown spot is clearly visible as the tiny jumps in Ig after breakdown.

(A) (B)
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Fig. 3.18b shows the occurrences of SILC-SBD-HBD degradation during the 

evolution of Ig with time and they are both compared to the I-V data in order to better 

illustrate the real effect that this specific stressing condition would have in the final and 

more conventional electrical characteristics of La2O3-gated MOSCAP. 

 

 

3.10 Summary 
 

The I-V, C-V and I-t characteristics before and after time-dependent dielectric 

breakdown (TDDB) stress of La2O3-gated MOSCAP were obtained and compared to 

the metal gate, the thermal treatment and the severity of the applied stress. 

 

(A) (B) 

Fig 3.18 (A) I-V characteristic of La2O3-gated MOSCAP. The effect of the severity of stress on gate 
leakage current Ig is clearly shown (in real devices lower stress fields are expected). 
(B) I-t characteristic showing the effect of stress on the evolution of leakage current with 
time. The occurrences of SILC-SBD-HBD are highlighted both in the I-V and I-t data. 
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From the obtained results, a higher-k gate oxide stack was achieved with 

tungsten-based electrodes. This was attributed to the less reactive interface formed 

between this metal and the La2O3 underneath. The aluminum-based system showed a 

lower k value in La2O3, which indicates the formation of a lower-k Al2O3 interfacial 

layer. From TDDB data, and because of the high electric fields applied during stress, a 

10 years lifetime is guaranteed for La2O3 by using the linear or reciprocal model. 

 

We also evaluated the electrical and reliability characteristics of W- La2O3-nSi 

stacks for relatively thick and thin La2O3 film (EOT>1.5nm and EOT<1nm) after 

annealing. Compared to PDA samples, PMA samples showed better reliability 

characteristics so that important parameters like higher endurance to Vfb shift, longer 

lifetimes and higher charge densities to breakdown can be obtained. Same as before, a 

10 years lifetime projection for the W-La2O3-nSi system is guaranteed by using the 

very simple Vg linear model. We also deposited La2O3 under UHV and O2 flow (in an 

effort to minimize oxygen deficiency during the oxide deposition) and also, an in-situ 

deposition of tungsten on La2O3 was realized in order to reduce exposure of the La2O3 

surface to environment contamination. All these were carried out in order to obtain an 

improved interface between La2O3 and silicon. After PMA treatment done on these 

samples, a higher PMA temperature for La2O3 enhanced the formation of a SiO2-based 

interfacial layer. All these procedures combined with a very-thin physical thickness for 

La2O3 resulted in a more reliable W-La2O3 stack. It is thought that the formation of a 

very thin SiO2-based interfacial layer could help to improve the reliability 

characteristics of metal-high-k stacked devices. However, the increase in EOT by 

lower-k interfacial layer formation is an issue that must be addressed since small EOT 
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less than 1 nm requires very thin dielectrics and thus the controllability and quality of 

this interfacial layer becomes crucial. The lowest Vfb shift after stress corresponded to 

that of the LaSixOy-SiO2 stack structure formed after PMA at 500°C. 

 

On the other hand, the dependence of device’s area on the electrical 

degradation and breakdown of W-La2O3 was also investigated. It was found that the 

post-breakdown characteristic of Ig for all samples does not show a direct relationship 

with area, which suggests a highly localized nature the breakdown spot. Besides, even 

though smaller area devices produce longer lifetimes to breakdown during 

higher-voltage stressing conditions, the stressing with lower CVS does not break down 

the oxides but the damage induced in the dielectrics results in an inversely proportional 

dependence of SILC increase with respect to gate area. Finally, the post-breakdown 

I-V and I-t characteristics of La2O3 were evaluated in order to get a picture of the 

switching and noisy characteristic of gate leakage current before and after fatalistic 

hard-breakdown. The occurrence of a progressive breakdown (PBD) phenomenon for 

La2O3 after HBD was related to the increase in the lateral propagation of the damaged 

area (increase in the total size of the breakdown spot) as a result of constant electrical 

stress. 

 

Even though thinner La2O3 with EOT < 1nm showed highly degraded SILC 

characteristics, the expected operation voltages for future generation devices are so low 

that the reliable operation of La2O3-gated MOS devices before HBD can be expected. 
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4.1 Introduction 
 

owler-Nordheim (F-N) tunneling has been widely used for 
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F programming and erasing memory cells in EEPROMs and may cause 

icant number of electrons to pass through the thin gate oxides over the lifetime of 

gressively scaled MOSFET. It has been found that these tunneling currents can 

to oxide charge trapping and interface traps generation, which cause long-term 

in threshold voltage and degradation of transconductance and has been identified 

e of the major limitation to MOSFET scaling. Since the use of non-conventional 

oxides is expected for future generation MOSFET devices with physical gate 

hs of 45 nm or less, we then concentrated part of this dissertation on the analysis 

 dependence of La2O3-gated-MOSFET electrical characteristics with stress. The 

3 film used for this purpose was covered with tungsten as a gate electrode and was 

cted to a PMA in N2 ambient for 5 minutes, since these conditions were proved to 

ce the reliability of MOSCAP and they are expected to increase the intrinsic 

ility properties of the W-La2O3-IL stacked MOSFETs as well. 

This study focused on the characterization of Vth instabilities for La2O3-gated 

FET devices due to low and high-stressing and we correlate these with the 

dation of MOSFET characteristics. The stressing of both n- and p-channel 

FET was mainly focused on three sets of stress and parameter degradation 

urements: on the first place, the dependence of Vth shift on the stressing 

tions was evaluated; another very important characteristic was the identification 

 polarity of the majority carrier flowing as leakage current and its corresponding 
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breakdown characteristics using the carrier separation technique. The latter 

measurements are done by using the MOSFET-type structure that is possible to 

separate both electron and hole carrier contributions to gate leakage current and they 

are important since can give us a lot of information on the precise breakdown 

mechanism during stress. Finally, measurements of the interface-state density (Dit) 

before and after stress were done in order to investigate a relationship between ∆Dit 

and ∆Vfb. Moreover, the effect of substrate and gate injection of electrons on the 

electrical characteristics of La2O3-IL stacked structure was investigated.  

 

 

4.2 Threshold voltage shift (∆Vth) 
 

In this section we will present results regarding the time-dependent threshold 

voltage increase caused by the application of a positive (negative) constant voltage 

stressing on the gate of an nMOSFET (pMOSFET) device at room temperature. 

 

As was discussed in chapter 3, the Vfb of La2O3-gated MOSCAP shifted in the 

positive or negative direction depending on the magnitude of the applied stressing 

voltage (low or high gate voltages). This electric field-dependent Vfb shift was also 

observed on the Vth shift of W-La2O3 gated nMOSFET and pMOSFET devices. Figure 

4.1 shows the drain current Id versus gate voltage Vg plot (Id-Vg) for W-La2O3 gated 

nnMMOOSSFFEETT  bbeeffoorree  aanndd  aafftteerr  aa  ppoossiittiivvee  CCVVSS (1V, 1.5V, 2V). Drain voltages of Vd = 0 V 

and 100 mV were used for all samples during the stressing and Vth measurements 

respectively. The very simple polarization scheme during CVS is shown as the inset in 
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fig. 4.1A. We can see that at the lowest CVS= 1 V, the Vth shifts towards negative 

direction proportional to the duration of stress (labeled in the plot as injection charge 

density Qinj, ranging from 200µC/cm2 to 800 mC/cm2). When a CVS= 1.5 V is applied 

(fig 4.1B) to the gate of the transistor, the shift in Vth continues to increase in the 

negative direction but is not as pronounced as in the former case. 

 

Interestingly, when a soft-breakdown (SBD or SBKD) event occurs during the 

stressing of the device, the Vth shifts to the opposite direction and the final Vth of the 

device increases drastically. The evidence for the occurrence of SBD events can be 

seen as tiny jumps in gate leakage currents (without fatalistic HBD) during CVS 

measurements. You can refer to figure 3.18B in chapter 3 to differentiate a SBD from a 

HBD event. 

 

When a higher voltage of 2 V is applied during a CVS, the Vth shifts to the 

expected direction, that is, to more positive values since during a positive CVS, the 

trapping of electrons into La2O3 (and its top and bottom interfaces) are expected to 

induce a positive increase in Vth. This is shown in fig. 4.1C. The general trend for all 

these Vth shifts is in good agreement with the results obtained for W-La2O3 gated 

MOSCAP, where a similar electric-field dependency on Vfb shift was detected as well. 

It should be noted that the subthreshold slope Ss of all Id-Vg curves did not change 

before or after stress for any voltage condition, thus suggesting a constant Ss. 

 

 

 

157 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

 

(C) 

(B) 

(A) 

pp--SiSi

LaLa22OO33

WW

SS DD

GG

BB

A

Vg
App--SiSi

LaLa22OO33

WW

SS DD

GG

BB

A

Vg
App--SiSi

LaLa22OO33

WW

SS DD

GG

BB

A

Vg
A

High–stress condition 

Low–stress condition 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 iF g 4.1 (A) ∆Vth after CVS= 1V. Vth totally shifts to the left side in proportion to injected charge Qinj. 
(B) ∆Vth after CVS= 1.5V. Vth continues to shift to left side until a SBD event takes place. 

 (C) ∆Vth after CVS= 2V. Vth increases to more positive values until SBD events changes this trend. 
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The former results shown in fig. 4.1 are now plotted again in a more standard 

form without showing the effect of SBD events on Vth for the sake of simplicity. The 

following plot represents the trend that Vth follows as the voltage intensity of CVS 

increases from low to higher stress conditions. 
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Fig. 4.2 Vth shift versus injected charge density (Qinj) for W-La2O3 gated 

nMOSFETs after various positive stressing CVS conditions. 

r W-La2O3 gated pMOSFETs, the ∆Vth after negative CVS became more 

an the initial state in both low and high-stressing conditions, see fig. 4.3. A 

gative CVS is applied to the gate of nMOSFETs/pMOSFETs in order to 

ng inversion and therefore, the channel in both types of transistors. Figure 

 the Id-Vg plot for W-La2O3 gated ppMMOOSSFFEETT  bbeeffoorree  aanndd  aafftteerr  aa  nneeggaattiivvee  

, -2.0V, -3.0V). Drain voltages of Vd = 0 V and -100 mV were used for all 

ring the stressing and Vth measurements, respectively. 
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 Fig 4.3 (A) ∆Vth after CVS= -1.5V. Vth totally shifts to the left side in proportion to injected charge Qinj. 
(B) ∆Vth after CVS= -2.0V. Vth continues to shift to left side as expected for pMOSFETs. 

 (C) ∆Vth after CVS= -3.0V. ∆Vth gradually increases during this higher CVS condition. 
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Again, a very simple polarization scheme during CVS is shown in the inset of 

fig. 4.3A. At the lowest CVS= -1.5 V, Vth shifts towards negative direction 

proportionally to the duration of stress or injected charge density. Since the application 

of a highly negative gate voltage to the gate of this PMOSFET induces a p-type 

channel and most of the trapped carriers at the La2O3 and its interfaces are holes 

(which are detected as the majority carriers within the total gate leakage current), this 

trend of Vth shift after stress is then expected. 

 

When a CVS= -2.0 V is applied (fig 4.3B) to the gate of the transistor, the 

shift in Vth still occurs in the negative direction thus increasing the magnitude of Vth 

with stress. This stressing condition produces almost the same electrical results as in 

the lowest-stressing conditions formerly discussed. Even though higher amountss of 

charge (Qinj) are injected into La2O3 compared to the former case, the shift in Vth 

seems to be at almost the same rate. For the case of CVS= -3.0 V, higher amouints of 

Qinj are injected into La2O3 because a higher density of leakage current is flowing 

through the oxide. Because of this higher stressing condition, the shift in Vth is more 

severe as seen by the more pronounced Id-Vg curve’s moving to the left direction in 

the graph. In conclusion, we observed that a monotonous increase in Vth is 

proportional to injected charge density (Qinj) and which is obtained as a result of 

negative CVS. Interestingly, no observation of any SBD event was detected during the 

CVS measurement for pMOSFETs, so that the change in the direction of ∆Vth after a 

SBD event could not be demonstrated as in the case of nMOSFETs stressed with a 

positive CVS. 
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Fig. 4.4 Vth shift versus injected charge density Qinj for W-La2O3 gated 
pMOSFETs after low to high negative stressing CVS conditions. 

gure 4.4 shows a log-log plot of the data presented in fig. 4.3 by introducing 

te value of the calculated Vth’s. We can see that independently of the 

 of CVS, all measured samples immediately produced a large shift in Vth 

the first injection of charge, and all subsequent shifts were always into the 

irection. The initially large ∆Vth ∼ 10 mV was kept almost constant for the 

ressed with low CVS (even after higher densities of Qinj) and gradually 

ith injected charge for the sample stressed with higher CVS. It is important 

at even with larger CVS, which are able to produce significant shifts in Vth, 

th measured after the largest injection of charge was kept always below 

 mV. This is a very important result since these La2O3 films are intended to 

 for devices with gate voltage polarizations of 1 V or less, so that even lower 
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shifts in Vth can be expected. 

 

4.2.1 Influence of Vth shift on drain current Id 

In the previous parts of the dissertation, we have only presented Id-Vg and 

∆Vth results for n- and p-channel MOSFETs with a stacked W-La2O3 gate structure. In 

this section, we will present the effect that ∆Vth has on the drain current of the 

MOSFET devices under evaluation. In order to get a clearer picture of degradation 

with stress for the W-La2O3 stack and its influence on MOSFET electrical 

characteristics, all 3 Id-Vg plots in figure 4.1A, B and C, where the same stressing 

conditions were applied, are reviewed. Figure 4.5A shows Id-Vd plot for W-La2O3 

gated nMOSFET before and after a positive CVS under low CVS= 1V. We can see that 

for all densities of injected charge (Qinj), the drain current in saturation (Idsat) 

increases well above the value in its fresh state and this effect is more visible when 

greater gate voltages (Vg) are applied. Remember that CVS is the constant gate voltage 

applied during the stressing of the device and it can be sustained for as long (as much 

damage) as you want to induce into the device. The increase in Idsat after stress comes 

by recognizing that once Vth has been shifted to positive direction or less Vth values 

for nMOSFETs, then the amount of Id for a same range of Vg increases proportionally. 

This is schematically depicted in figure 4.6. Because of the logarithmic dependence of 

Id on Vg, even the slightest shift in the Id-Vg curve (caused by electrical stress) will 

cause ∆Id greatly to increase or decrease (in accordance with the direction of ∆Vth) in 

the same range of gate voltage ∆Vg evaluated. 
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Fig 4.5 (A) Id-Vd plot for W-La2O3 gated nMOSFET before and after a positive and relatively low CVS. 
 (B) Id-Vd plot showing the effect that a SBD event have on the drain current Id. 
 (C) Id-Vd plot with the expected trend in Id under high-stressing conditions and the effect of SBD. 
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Fig 4.6 (A) Simplified Id-Vg diagram showing the effect of negative ∆Vth after stress. 
(B) Simplified Id-Vg diagram showing the effect of positive ∆Vth after stress. 

 

 

Figure 4.5B shows the result of stressing La2O3 with a slightly higher CVS. 

Here it must be noted that Idsat increases at the initial stage of stressing with the 

smaller densities of injected charge. For a higher Qinj= 800 mC/cm2, however, a SBD 

event was detected during the stressing of the oxide (which is seen as a tiny jump in 

gate leakage current on an I-t curve) and the corresponding effect was initially detected 

as a change in the direction of ∆Vth (see fig. 4.1B), from negative to positive direction. 

From fig. 4.6B, a positive shift in Vth after stress will cause decrease in Id of the 

stressed device and this is exactly what is clearly observed for the Idsat once the SBD 
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event appears. All stages initial increase and latter reduction in Idsat (after SBD) 

during the injection of charge are indicated by a circle shown in fig. 4.5B and they 

were taken for the highest Vg condition during the Id-Vd plot. 

 

The above case is quite interesting that represents the highest stressing 

condition used for these samples CVS= + 2.0 V, and this means that a higher density of 

injected charge (higher damage since a higher density of leakage current is flowing 

through the oxide) will cause La2O3 to present faster changes in its electrical 

characteristics, which are difficult to visualize when stressing with lower CVS. All 

stages of Idsat variations with injected charge are indicated by a circle in fig. 4.5C and 

there we have three different Idsat behaviors which were labeled as a, b and c. In the 

first stage (a), the reduction in Idsat comes by the positive shift in Vth once the first 

and low densities of charge are injected. In the (b) stage, Idsat further decreases as a 

result of a larger injection of charge and this effect will cause a severe reduction in the 

transconductance. Interestingly, an even larger density of charge (a longer time for the 

flow of leakage current) injected into the gate oxide will cause a SBD event which, as 

was explained before, changes the direction of ∆Vth to the opposite side (from positive 

to negative direction) and consequently, a change in the previous trend for Idsat. The 

Idsat then reverses its original tendency to decrease with stress and increases 

significantly as it is shown in the (c) stage. This stress-induced recovery of Idsat to its 

original value would increase gm but other different electrical characteristics like 

mobility and interface-state density are thought to get worse once a higher density of 

charge has been injected into the gate oxide. This is a topic that needs further 

investigation since the reduction of subthreshold drain currents is very important for 
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the design and implementation of ultra-low power devices. If a MOSFET is biased at 

or even slightly below Vth, the drain current Id is not zero. The subthreshold current 

Idsub may add significantly to power dissipation in a large-scale integrated circuit in 

which millions of MOSFETs are used. The circuit design must include the appropriate 

Idsub or ensure that the MOSFET is biased sufficiently below the Vth in the “off” state. 

However, and since we now are able to detect the changes in drain current which are 

promoted by positive or negative ∆Vth (and both of them as a consequence of injected 

charge density), the decrease or increase in Idsub by electrical stress must be further 

investigated in order to predict its changes with time or charge and then include 

appropriate models for more accurate CAD representation of devices containing 

La2O3-based oxides. 

 

4.2.2 Influence of drain voltage on Vth shift 

This section presents the results of stressing W-La2O3 gated nMOSFETs with 

both a positive CVS at the gate of transistors and also a drain voltage Vd during the 

stressing measurement simultaneously. The electrical polarization for this condition is 

schematically pictured as follows. 
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Fig 4.7 Schematic of nMOSFET with both Vg and Vd polarization during CVS. 
The total gate leakage current Ig is now reduced in proportion to Vd. 
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The main difference of this stressing condition with respect to those presented 

in previous sections is the presence of an additional source for oxide degradation by 

applying drain voltage (Vd). Since the total gate-leakage current (Ig) flowing through 

the oxide is now reduced in proportion to the magnitude of Vd, we would think that the 

damage induced into La2O3-IL is also reduced. However, even though the bulk damage 

into La2O3 could be reduced by this reduction in Ig, the flow of electrons through the 

surface of the channel towards the drain now induces additional damage by increasing 

the density of interface-state and thus, the creation of more sites for the trapping of 

carriers with stress. This phenomenon could be quite similar to that produced by hot 

electrons in what is so called “hot-carrier injection” effect [1] if the magnitude of Vd is 

high enough. 

 

As the drain-to-source voltage (Vds) increases, the electric field in the space 

charge region at the drain increases. At high electric field, electron-hole pairs can be 

generated in the space charge region by impact ionization. The generated electrons 

tend to be swept to the drain and generated holes swept into the substrate for the 

nMOSFET device. Some of the electrons generated in the space charge region are 

attracted to the La2O3-IL stack due to the electric field induced by a positive Vg; this 

effect is shown in fig. 4.8. These generated electrons have energies far greater than the 

thermal-equilibrium value and are called hot electrons. If the electrons have energies 

on the order of 1.5 eV, they may be able to tunnel into the oxide stack. A fraction of the 

electrons traveling through the oxide may be trapped, producing negative charge in the 

oxide and thus a positive shift in Vth (as was previously observed for W- La2O3-IL 

gated nMOSFET stressed with the highest positive CVS). The probability of electron 
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trapping is usually less than that of hole trapping; but a hot-electron induced gate 

current may exist over a long period of time, therefore the negative charging effect 

may build up. The negative oxide charge trapping will cause a local positive shift in 

Vth. 
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Fig 4.8 Hot carrier generation, current components, and electron 
injection into the La2O3-IL stacked oxide structure. 

 

 

The energetic electrons, as they cross the Si-IL first interface (the next 

interface been that formed between La2O3-IL), can generate additional interface states. 

The probable cause of interface state generation is the breaking of silicon-hydrogen 

bonds (a dangling silicon bond is produced, which acts as an interface state). The 

charge trapping in interface states causes a shift in Vth, additional surface scattering, 

and reduced mobility. The hot electron charging effects are continuous processes, so 

the device degrades over a period of time. This degradation is obviously an undesirable 

effect and may tend to limit or reduce the useful lifetime of the device. On the other 

hand, the charge trapping in the second interface could lead to the breakdown of the IL, 

additional shift in Vth, additional surface scattering and reduction in mobility and thus, 

a still lower operational lifetime of the device. 
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Figure 4.9 presents the result of stressing W-La2O3 stacked nMOSFET with 

both Vg and Vd during positive CVS. Because of the low gate voltage used to stress 

the devices (CVS= + 1.0 V), Vth shifts in the negative direction for all samples. 

 

 

 

 

 

 

 

 

Fig. 4.9 Vth shift versus injected charge density Qinj for W-La2O3 gated 
nMOSFETs after both low positive CVS and Vd stressing conditions.  

 

From fig. 4.9 and for Vd= 0 V (only a positive gate CVS is applied), the usual 

shift in Vth is observed. A gradual and proportional shift in Vth with injected charge 

density and which resembles that in fig. 4.2. Once Vd is applied during the stressing of 

the devices, the total gate leakage current is then reduced. Even though the damage 

induced in the bulk of the La2O3-IL stacked oxide by the direct flow of Ig is reduced, 

the additional damage induced by Vd increases the shift in Vth. Applying Vd at +0.5 V 

creates the largest shift in Vth even for the smallest densities of injected charge (this 

charge results by the integration of total gate leakage current with time). Fig. 4.10 
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shows the log-log plot of fig. 4.9 by using the absolute value of ∆Vth. 

 

 

 

 

 

 

 

 

Fig. 4.10 Log-log plot of the data presented in fig. 4.9.  

 

Even though Ig is reduced with increasing Vd (see fig. 4.11A), the damage 

induced by Vd greatly influences the final Vth of the stressed devices. It is interesting 

to observe that in literature, where too many reports exist indicating the reliability 

characteristics of SiO2 and high-k based oxides during CVS measurements, the 

analysis and stressing of MOSFET devices under real operation conditions (Vgate, Vdrain, 

Vbulk, frequency and temperature) is almost non-existent. Since the beginning, very 

popular and simple stressing conditions were used to obtain the reliability 

characteristics of conventional oxides. Negative/Positive Bias-Temperature Instabilities 

(NBTI/PBTI) for instance, stresses the gate oxides with both gate voltage and 

temperature, and the evaluated parameter (change in Vth) is always correlated to the 
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amount of stressing time or injected charge. Since the additional damage created by the 

inclusion of only Vd can worse the final electrical characteristics of La2O3-gated 

MOSFETs, it is quite important to include as much degradation-factors as possible 

when stressing these devices in order to get a more realistic projection of their 

operational lifetimes. Once all factors that contribute to electrical degradation are 

determined, they can be used to obtain more reliable models for lifetime projections 

and even propose enhancement techniques in order to increase reliability. 

 

 

 

 

 

 

 

(A) (B) 

Fig. 4.11 (A) Gate leakage current Ig versus stressing time. Ig reduces in proportion to drain voltage Vd. 
 (B) In order to reach the same injected charge density, more time is necessary for the sample 

with a decreased Ig (higher Vd). The final effect is a stronger dependence of ∆Vth with Qinj. 
 

 

Fig. 4.11A shows the decrease in gate leakage current Ig with respect to Vd. 

Since the shift in Vth is determined with respect to the density of injected charge (Qinj) 

at the gate of MOSFETs, fig. 4.11B shows that in order to obtain the same Qinj, more 

stressing time is needed when the applied Vd increases. 
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the leakage current can be minimized since the injection of charge results by the 

integration of leakage current with stressing time. This helps us to obtain more reliable 

data for more accurate lifetime projections. 

 

 

4.3 Interface-state density (Dit) measurement after stress 
 

In the previous section, we have presented the effect of electrical stress on the 

MOSFET Vth characteristics. Thanks to the MOSFET structure, we can measure 

interface trap densities using the charge pumping technique discussed in chapter 2. 

Charge pumping (CP) is a convenient tool to study defects produced into the gate 

oxide of MOSFETs under electrical stress [2]. Because of the MOSFET structure, we 

can measure interface-state densities (Dit) on small geometry MOSFETs instead of 

large-diameter MOSCAPs where the density of extrinsic defects could overcome the 

density of intrinsic defects and thus, screening the initial density and growth of 

stress-related defects. A very simple schematic of the CP technique is shown in fig. 

4.13. 
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Fig. 4.13 Schematic of the charge pumping (CP) technique. CP is able to measure 

interface trapped charge by sweeping out through the substrate as Isub=Icp. 
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Fig. 4.13 shows the measurement circuit diagram of a CP test. The gate 

electrode of a MOSFET device is connected to a pulse generator, and then a reverse 

bias is applied to the source and the drain (Vds, not shown in the figure), while the 

substrate current Isub is measured. This current is caused by the repetitive 

recombination of minority carriers with majority carriers at the interface traps when the 

gate pulses the channel between inversion and accumulation. The method we used to 

measure Dit in our samples is called “Square Pulse Method”. The Square Pulse 

Method (SPM) extracts Dit by an iteration loop in which Isub=Icp is constantly 

measured for different pulse’s base and peak voltages. In SPM, a square pulse is 

applied to the gate, and the substrate leakage current is measured at the pulse’s peak 

voltages as shown in fig. 4.14. 
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Fig. 4.14 Timing chart of square pulse method for CP measurement. 

 

The amplitude of the square pulse is not changed, and the pulse base voltage 

(Vbase) is varied from well-below to well-above the threshold voltage (Vth) of the 
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measured MOSFET. The substrate leakage current is measured for each pulse base 

voltage. For every sampling measurement, the maximum substrate current is defined as 

the charge pumping current, Icp. The pulse base voltage is then increased with each 

iteration of the measurement loop. Then the charge pumping current Icp versus pulse 

base voltage Vbase curve is drawn. Dit is extracted from the Icp versus Vbase curve. 

The interface-states density Dit is extracted from the equation shown below. 

Agqf
IcpDit
××

=    (4.1) 

where: 

Dit : mean interface-state density, averaged over the energy levels swept through by 
the Fermi level [cm-2 eV-1] 

Icp : charge pumping current  [A] 
f : pulse frequency 
q : electron charge 
Ag : channel area of the transistor 

 

In this study, we used f = 100 kHz, Vds = -0.5 V and times of rise and fall of 

the pulse tr = tf = 10 MHz. Fig. 4.15A shows the trend on Vth shift with respect to Qinj 

during a positive CVS measurement for nnMMOOSSFFEETTss. The log-log plot shows a linear 

relationship between these two parameters, indicating that Vth shifts in proportion to 

injected charge. On the other hand, the measurement of Dit after each CVS 

measurement results in almost no change for this parameter if the same log-log plot is 

used to present this data, see fig. 4.15B. It is thought that the origin of ∆Vth for these 

nMOSFET devices is related to La2O3–bulk or to stacked La2O3-IL defect processes 

generated during stress since Dit showed almost no direct correlation to changes in Vth 

for the same densities of Qinj. 

176 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

 

(A) 

(B) 

L/W = 10/50 
CVS= + 1.0 V 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.15 (A) Log-log plot of ∆Vth versus injected charge density Qinj for nMOSFET under 
positive CVS. A linear relationship between ∆Vth–Qinj is observed in this plot. 

 (B) Interface-states density Dit measured at the maximum substrate current Isub after 
positive stressing measurements. A log-log plot shows no correlation of ∆Vth with 
injected charge density. The inset shows a linear-log plot of the same data for comparison. 
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Another reason for the change in Vth could be directly related to the 

generation of positive fixed charge within the oxide stack since Vth shifts in the 

negative direction during low-stressing CVS conditions (see fig. 4.1A). The origin of 

the negative shift in Vth for low CVS conditions in nMOSFETs must be clarified but at 

this point, it is thought that Dit plays a minor role in this degradation phenomenon. 

 

For the case of ppMMOOSSFFEETTss we have a different scenario as shown below. The 

∆Vth vs. Qinj data previously presented in fig. 4.4 is again shown in fig. 4.16 together 

with the Dit results taken after each density of injected charge. Going back to the 

previous data (fig. 4.3), we note that since the shift in Vth for pMOSFETs was always 

in the negative direction irrespective of the magnitude of the CVS applied, we 

concluded that the injection of charge into the oxide stack was always positive. The 

origin of this positive charge is holes coming from the channel that connected to S/D 

and then flowing directly through the oxide into the gate by means of the electric field 

developed by the negative CVS. Since holes are heavier than electrons, they have a 

greater probability to get trapped in available trapping sites within the oxide or at its 

interfaces. Since a W-La2O3 stack tends to develop into a W/La-silicate/IL stacked 

structure after PMA at 500°C (being the SiO2-based IL a new source of electrical 

defects for trapping of carriers), the trapping of heavy holes directly injected into the 

IL-Si interface could lead to higher Dit value. By looking into figs. 4.16–4.17, it is 

found that the same trend of ∆Vth is followed by that in ∆Dit after the same densities 

of injected charge. While both Vth and Dit are kept constant after low stressing 

conditions, higher CVS conditions slightly increases both Vth and Dit. 
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Fig. 4.16 Same data as presented in fig. 4.4. 
 

 

 

 

 

 

 

 

 

 Fig. 4.17 Dit versus Qinj for pMOSFET after negative CVS. Independently of the 
CVS applied, the change in Dit after stress is almost constant. The inset 
shows a linear-log plot of these data for comparison purposes. 
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These results seem to indicate that after the injection and trapping of holes 

into the La2O3-IL stacked oxide, the shift of Vth with stress is somewhat related to the 

damage produced by the injection of these holes directly into the IL-Si interface, which 

in turn, increases the density of interface-states Dit. Fig. 4.18 shows the Dit vs. Vbase 

characteristic curve for the data presented in fig. 4.17 before and after negative CVS. 

For a same CVS applied, the increase in Dit with injected charge indicates that 

interfacial defects are produced under electrical stress, being the defect creation largely 

increased by a higher CVS. 

 

In conclusion, for pMOSFETs, ∆Vth seems to be related to increases in Dit 

after negative CVS. Nonetheless, after the first injection of charge, consequent ∆Vth 

are lower at even higher Qinj as compared to nMOSFET stressed devices. It is thought 

that the physical origin for the increase in interface-state density (Dit) with electrical 

stress is related to the breaking of silicon-hydrogen bonds. On the other hand, it should 

be noted that PMA is important for the enhancement of reliability as well as the 

electrical characteristics of La2O3-gated MOS devices. Up to now, the PMA we have 

been using to do this has been done by using a dry-N2 atmosphere. In order to further 

enhance the reliability characteristics of La2O3-gated devices, a forming gas (FG= 97% 

N2, 3% H2) PMA was carried out after the La2O3 deposition and tungsten metallization 

so that the initial density of dangling bonds at the IL-Silicon interface can be 

minimized. FG annealed pMOSFET devices were stressed with negative CVS and the 

changes in Vth as well as Dit with stress were measured. The results are shown in fig. 

4.19. 
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 Fig. 4.18 (A) Dit versus Vbase plot for W-La2O3 gated pMOSFET after negative CVS= -1.5 V. 
 (B) Dit versus Vbase plot for W-La2O3 gated pMOSFET after negative CVS= -2.0 V. 
 (C) Dit versus Vbase plot for W-La2O3 gated pMOSFET after negative CVS= -3.0 V. 
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(A) 
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 Fig. 4.19 (A) Log-log plot of ∆Vth versus Qinj for pMOSFET under negative CVS and FG-based 
PMA. As before, identical behavior for these pMOSFETs is obtained but the initial levels 
of Vth are slightly lower than those found in N2-based PMA devices. 

 (B) A log-log plot of Dit vs. Qinj after stress shows lower levels of Dit as compared to 
those found in N2-based PMA devices. It is thought that FG-based PMA is able to reduce 
the initial density of dangling bonds so that lower changes in Dit with stress are obtained. 
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Fig. 4.19A shows ∆Vth versus Qinj for FG-based PMA pMOSFET devices. 

Lower ∆Vth and ∆Dit before and after negative CVS are obtained by FG-based PMA 

at the same temperature. As before, an identical trend in Vth shift after negative CVS 

has been found but the initial levels of Vth are slightly lower than those found in 

N2-based PMA devices. On the other hand, Dit is kept almost constant but here, lower 

levels of Dit are found as those compared to N2-based PMA devices. It is thought that 

FG-based PMA is able to reduce the initial density of dangling bonds so that lower 

changes in Dit with stress are obtained. Interestingly, improvements in the reliability of 

deuterium (D2) annealed MOS devices have been lately reported. Compared with oxide 

stacks annealed in a forming gas containing hydrogen (H2), the stack dielectrics 

annealed in D2 ambient exhibit various advantages such as less charge trapping, less 

generation of interface state density (Dit), a larger charge-to-breakdown (Qbd), and 

longer time-dependent dielectric-breakdown characteristics under conditions of 

electrical stress [3]. The improved reliability can be attributed to the strength of the 

deuterium bond. This deuterium based PMA of high-k/IL stacked gate dielectrics has 

considerable potential for future use in ultra large-scale-integration devices so that it 

must be considered to further improve the reliability characteristics of Metal/ 

La2O3-based MOS devices. 

 

 

4.4 Substrate injection versus gate injection degradation 
 

Up to now, we have been using both types of gate voltage polarity for the 

stressing of La2O3-gated MOS devices. In the case of nMOSFETs and pMOSFETs, we 
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have made use of positive and negative CVS respectively in order to induce the 

inversion channel and thus separate the contribution of electrons and holes to leakage 

current. The measurement of both components is known as carrier separation 

measurement [4]. On the other hand, the importance of positive or negative CVS is 

more apparent when the energy band diagrams of the stressed stacks are analyzed. 

 

Fig. 4.20 shows the electrical and energy-band diagrams for nnMMOOSSFFEETTss  

ssttrreesssseedd  bbyy  ppoossiittiivvee  CCVVSS. Since the use of tungsten as the gate electrode avoids the 

injection of holes directly into La2O3 from this metallic gate, only electrons are 

injected into the La2O3-IL stack and they are detected as gate leakage current Ig (with 

electrons being the major contributor to Ig). The origin of these electrons is the S/D 

regions that are connected by the channel when the inversion condition is reached, and 

this condition is called ssuubbssttrraattee  iinnjjeeccttiioonn since electrons are injected directly from the 

silicon substrate. 
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Fig. 4.20 (A) Schematic diagram showing nMOSFETs stressed with a positive CVS. The flow of 
both electrons and holes currents are measured at the gate and substrate respectively. 

 (B) The energy band diagram shows that positive CVS implies injection of electrons 
directly from the substrate (via the inverted channel) into the IL-La2O3 stacked structure. 
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Some of the injected electrons will tunnel through the stacked oxide and 

others will be trapped there thus degrading the nMOSFET characteristics in proportion 

to the intensity or timing of the stress. Because substrate injection conditions injects 

only electrons into the stacked oxide, this is then a very convenient stressing condition 

since the effect of only one carrier on the degradation and breakdown characteristics of 

La2O3 can be obtained. Therefore, substrate injection conditions or positive CVS on 

n-type silicon based MOSCAPs were extensively used in order to obtain the 

degradation and lifetime characteristics of La2O3, see chapter 3. From ∆Vth versus Dit 

measurements, substrate injection of electrons resulted in both higher ∆Vth and Dit 

(for the same densities on injected charge) compared to gate injection, compare figs. 

4.15–4.16–4.17. 

 

On the other hand, fig. 4.21 shows the electrical and energy-band diagrams for 

ppMMOOSSFFEETTss  ssttrreesssseedd  bbyy  nneeggaattiivvee  CCVVSS. This stressing condition is quite different from 

the former in that electrons and holes are both injected simultaneously into the gate 

oxide. Because of the negative CVS, electrons are injected directly from the metallic 

gate into the oxide and this condition is called ggaattee  iinnjjeeccttiioonn. From carrier separation 

measurements, it will later be shown that the major contributor to leakage current 

under gate injection condition is the injection of holes via the inverted channel. From 

fig. 4.21, the simultaneous injection of both carriers into the La2O3-IL stack is 

observed. The origin of electrons is the gate voltage source while that of injected holes 

is the inverted channel after a sufficiently negative CVS is applied to the gate of these 

pMOSFET devices. Since substrate injection of electrons can severely degrade the 

MOSFET characteristics as compared to gate injections, the enhancement of devices 
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stressed under positive CVS has therefore a priority importance over those with 

negative CVS. 
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 Fig. 4.21 (A) Schematic diagram showing nMOSFETs stressed with a positive CVS. The flow of 
both electrons and holes currents are measured at the gate and substrate respectively. 

 (B) The energy band diagram shows that positive CVS implies injection of electrons 
directly from the substrate (via the inverted channel) into the IL-La2O3 stacked structure.  

 

 

4.5  Carrier separation measurements 
 

This section will show the effect of gate and substrate injection of electrons on 

the degradation characteristics of W-La2O3 gated MOSFET devices after PMA in N2. 

Because of the MOSFET structure, the total gate leakage current flowing through the 

gate oxide can be separated into its two components: electron current and hole current. 

The identification of the major carrier contributor to leakage current can also help us to 

identity the major carrier contributor to the damage and consequent electrical 

degradation of the MOSFET characteristics with applied stress. A simplified carrier 

separation measurement methodology along with the contributions of electrons and 
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holes to Ig is again illustrated in fig. 4.22 for both nMOSFET and pMOSFET. 
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Fig. 4.22 (A) CS measurement for nMOSFETs in inversion (positive CVS). Both electron 
and hole current components are detected at the gate and substrate respectively. 

 (B) CS measurement for pMOSFETs in inversion (negative CVS). Even though 
both electrons and holes tunnel simultaneously through the gate oxide, only the hole 
current component is illustrated flowing through the oxide for clarity purposes. 

(A) (B) 

Fig. 4.23 (A) Ig versus Vg plot for nMOSFET before positive CVS (gate injection). After CS 
measurement, electrons were identified as the major contributors to gate leakage current. 

 (B) After positive CVS, the Ig-Vg shape remains almost unchanged. Because of the trapping 
of electrons at the bulk of La2O3, Ig gets slightly lower as compared to fresh condition. 
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Fig. 4.23A shows the result of CCSS  mmeeaassuurreemmeennttss  oonn  nnMMOOSSFFEETT before positive 

CVS. It is clearly seen that electrons are the major carrier contributors to leakage 

current where Vg > Vth. Once the same sample has been stressed with 

Qinj=180mC/cm2, the contribution of electrons to Ig does not change and the resulting 

shape of the Ig-Vg is kept unchanged as in the fresh condition case. Note that the level 

of Ig for all currents was slightly lower than that compared before CVS. Since the use 

of higher ramping gate voltages (Vg= 0 to 1.5 V compared to CVS= 1.0 V) can create 

defects into the oxide for trapping of electrons, the trap of a single electron would 

increase the energy barrier at the trap site (within the energy band of La2O3 far from 

the interface IL or silicon) and thus, a reduction in Ig would be obtained. 

 

When higher positive CVS is used, the probability of breakdown event (SBD 

or even fatalistic HBD) increases. By looking back at the data presented in fig. 4.1C, 

the initially positive trend in ∆Vth changes to the opposite direction after a SBD event 

that is observed during the stressing measurement. From CS measurements shown in 

fig. 4.24-B-C-D, electrons are identified as the main component to Ig and thus, they are 

also the main contributor to degradation and trapping within the La2O3 and its 

interfaces. Since the trapping of electrons would shift Vth to positive direction, the 

trend of ∆Vth for low Qinj (see fig. 4.24A) is now well correlated along with the CS 

data. Once a SBD event occurs during the stressing measurement, an increase in Ig is 

detected at the Ig-Vg plot seen in fig. 4.24E. More importantly, the occurrence of a 

SBD event inverts the polarity of the main contributor to Ig. 
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Fig. 4.24 (A) Drain current Id versus gate voltage Vg. Same as the data presented in fig. 4.1C. 
 (B)(C)(D) CS measurement for gate leakage current under positive CVS= +2.0 V. The electron 

current is the main contributor to total leakage current with Ihole increasing with Qinj. 
 (E) After a SBD event occurs, the main contributor to Ig changes from electrons to holes for low 

electric fields and the final effect can be seen as a net increase in Ig as well. 
(F) After SBD event, Ielectron is still dominant though Ihole increases well above its fresh value. 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

Fig. 4.24E shows that after SBD, holes are now the main source for charge 

trapping within the La2O3-IL stacked oxide. From the Id-Vg plot, SBD event will 

ultimately change the direction of ∆Vth because of the trapping of holes at low electric 

fields during the Ig-Vg plot. Finally, fig. 4.24F shows that after SBD, the electron 

component of Ig is switched back to the dominant position while the hole contribution 

has now significantly increased with respect to its fresh initial value. 

 

On the other hand, since substrate injection of electrons can severely degrade 

the MOSFET characteristics as compared to gate injection, higher positive ramping 

gate voltages, until the oxide reach hard-breakdown (HBD) condition in an Ig-Vg plot, 

results in the development of several degradation steps within the La2O3-IL stack 

before and after this HBD event, see fig. 4.25. Initially, the higher contribution to Ig 

after inversion (from a point onwards) comes by the electron current component. Once 

the ramping voltage increases, degradation in the hole-current component occurs after 

b point. Just before HBD in c, the electron-current component also experiences a 

similar degradation characteristic observed for the hole current. This initial degradation 

then leads to HBD and all the currents (Itotal, Ielectron, Ihole) suddenly jump about 

three orders of magnitude above its pre-BKD values. Once HBD appears at the point 

indicated by the circle (d) shows the switching behavior or trapping-detrapping 

characteristics of the leakage current with ramping stress. Here, Itotal, Ielectron and 

Ihole components try to switch back to pre-BKD condition by dramatically showing a 

reduction in their current values compared to those obtained immediately after HBD. 

This trapping-detrapping process after breakdown could be related to the capture of a 

single electron within the insulator that causes a perturbation in the local injection field. 
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The leakage current continues to increase with Vg until a progressive breakdown 

(PBD) event is now detected at point e. The additional increase in post-breakdown 

gate-leakage current could be related to the increase in the total spot area of the 

leakage site that develops after breakdown. This concept was also analyzed in 

MOSCAP devices in chapter 3. 

 

 

 

 

 

 

 

 

 Fig. 4.25 Ig-Vg plot for nMOSFET with higher Vg ramping stress. Several 
degradation steps occur before and after fatalistic HBD event appear. 

 

 

For pMOSFETs, the application of negative CVS (high enough to invert the 

silicon surface and create the channel) induces a leakage current that consists of both 

electrons and holes injected simultaneously into the oxide. Since the degradation and 

consequent breakdown of La2O3-IL structure is thought to be highly dependent on the 

polarity of the applied stress, CCSS  mmeeaassuurreemmeennttss  oonn  ppMMOOSSFFEETT before and after negative 
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CVS were also performed. 

 

 

 

 

 

 

1 .0E-14

1 .0E-13

1 .0E-12

1 .0E-11

1 .0E-10

1 .0E-09

1 .0E-08

1 .0E-07

1 .0E-06

-1 .5 -1 -0 .5 0

Gate Voltage  Vg    [V]

G
at

e
 L

ea
ka

ge
 C

ur
re

nt
  

Ig
  

  
[A

]

Ig_total

I_h+

I_e-

CVS= -1 .5  V
fresh cond it ion

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

-1.5 -1 -0.5 0

Vg    [V]
Ig

  
  
[A

]

Ig_total

I_h+

I_e-

CVS= -1.5 V
(A)

Qinj= 5 C/cm2

1.0E-14

1 .0E-13

1 .0E-12

1 .0E-11

1 .0E-10

1 .0E-09

1 .0E-08

1 .0E-07

1 .0E-06

-1 .5 -1 -0 .5 0

Vg    [V]

Ig
  
  
[A

]

Ig_total

I_h+

I_e-

CVS= -2 .0  V 

 

 

 1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0

Gate Voltage  Vg    [V]

G
at

e
 L

e
ak

ag
e
 C

u
rr

e
n
t 

 I
g 

  
 [

A
]

Ig_total

I_h+

I_e-

CVS= -2.0 V
fresh condition

(B)
Qin j=  20 C/cm2

 

 

 

 

 

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 0

Gate Voltage  Vg    [V]

G
at

e
 L

e
ak

ag
e
 C

u
rr

e
n
t 

 I
g 

  
 [

A
]

Ig_total

I_h+

I_e-

CVS= -3.0 V
fresh condition

1.0E-14

1.0E-13

1.0E-12

1.0E-11

1.0E-10

1.0E-09

1.0E-08

1.0E-07

1.0E-06

-1.5 -1 -0.5 0

Vg    [V]

Ig
  

  
[A

]

Ig_total

I_h+

I_e-

CVS= -3.0 V
(C)

Qinj= 200 C/cm2

 

 

Fig. 4.26 (A) Plot of CS measurement of Ig vs. Vg before and after negative CVS for pMOSFET. The 
injection of a smaller density of injected charge did not change the major contributor to Ig. 
(B) Holes still are the major contributors to Ig before and after negative CVS. The injection of a 
relatively higher charge density increases Ig compared to its fresh value. 
(C) Similarly, at the higher CVS condition, holes are the major components of Ig after inversion 
of pMOSFET and the fresh levels of Ig increases after stress indicating hole trapping in the oxide. 
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Fig. 4.26A shows Ig-Vg plot before and after a negative CVS with low density 

of Qinj. The major contributor to leakage current is the hole-current component in a 

inversion state for all stressing conditions. Fresh and stressed Ig-Vg characteristics 

under low CVS conditions showed no significant change. When higher CVS is applied 

to the gate, see figs. 4.26 B-C, a higher density of leakage current flows and thus, a 

higher density of charge is injected into the oxide. Nevertheless, hole current is still the 

dominant component for oxide degradation under high stressing conditions. 

 

Up to this point, the CS measurement technique has been used to determine 

the major carrier contributor to Ig in an Ig-Vg plot, where a ramping gate voltage is 

applied until the sample reaches certain degradation specifications or breakdown. Next, 

the results of CS measurements on the evolution of leakage current with time (I-t) after 

a constant voltage stress (quite common when TDDB measurements were performed to 

determine the lifetime of La2O3) are presented; see fig. 4.27 A-B. Fig. 4.27 A-B shows 

the evolution of both electron and hole current components with respect to stressing 

time under substrate and gate injection conditions for nMOSFET and pMOSFET 

structures, respectively. From this figure, we can see that the dominant carrier for gate 

leakage current changes from electrons for substrate injection to holes for gate 

injection condition. Also, it is clearly seen that depending on the polarization of the 

stress gate voltage, two different oxide-breakdown mechanisms will emerge. A 

W/La2O3-IL stack stressed under the substrate-injection condition will likely produce a 

two-step breakdown behavior as compared to the single step breakdown found under 

gate injection. 
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Fig. 4.27 (A) Evolution of gate leakage current (substrate injection) with stressing time. Ielectron is the 
dominant component of the total Ig. A two–step breakdown behavior is also observed. 

 (B) Evolution of gate leakage current (gate injection) with stressing time. Ihole is the dominant 
component of the total Ig. A one–step breakdown behavior is observed. 

 

This difference in the breakdown characteristic for substrate and gate injection 

conditions is thought to be related to the different dominant carrier for gate leakage 

current found during the stress. The electrical nature of the dominant carrier would also 

have some influence with respect to the required time for breakdown tbd. A slightly 

longer tbd is found for substrate-injection condition as compared to tbd for gate 

injection. This result suggests that the injection of electrons into the oxide will likely 

produce relatively longer lifetime before the breakdown of this La2O3-IL stack as 

compared to gate injection where most of the trapped carriers are holes. Nevertheless, 

dozens of MOSFETs stressed under the same conditions must be analyzed in order to 

obtain reproducibility and also quantify the occurrence of two-step and single 

breakdown behavior under both polarities. 
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In order to get a clearer picture of the breakdown mechanisms involved, 

simplified energyband diagrams for both substrate and gate injection conditions can be 

looked at in figs. 4.20B and 4.21B, respectively. 

 

During ssuubbssttrraattee  iinnjjeeccttiioonn  ((nnMMOOSSFFEETT)), a positive voltage is applied to the 

gate and both Ie and Ih are detected as shown in fig. 4.27A. The origin of Ie comes 

from the tunneling of electrons through the La2O3-IL stack. The source for these 

electrons is the S/D regions that are connected once the channel is formed at 

sufficiently positive gate voltages. Determining the origin of the hole current Ih 

however, is not so straightforward. Because of the metallic W gate, the possibility of 

cold or hot-hole injection from the gate is eliminated. The possible mechanisms that 

could explain the origin of Ih are: 1) Anode-hole injection (AHI), 2) electron-hole (e-h) 

pair generation in the oxides’ bulk/interface via trap levels (TL), 3) tunneling of 

valence-band electrons from the substrate (leaving holes behind) into the La2O3 

conduction band directly or via TL and, 4) generation–recombination currents after 

impact ionization of electrons. It is thought that hole creation via 1) AHI [5] (injected 

electrons from the substrate generate holes at the anode that can tunnel back into 

La2O3) and, consequently, 2) e-h pair generation via TL within the bulk/interfaces of 

La2O3 are the more plausible mechanisms for the origin of Ih since this oxide tends to 

develop a high density of TL because of its highly defective nature after deposition [6]. 

With the application of a continuous electrical stress, more traps or defects within the 

insulator are created [7]. The two-step nature of the breakdown event during stress is 

interpreted as initial breakdown of the IL, followed by the breakdown of the La2O3 

layer itself. 
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In the case of ggaattee  iinnjjeeccttiioonn  ((ppMMOOSSFFEETT)), the single breakdown event takes 

place at a slightly shorter tbd. A shorter tbd would come by considering a heavier mass 

for holes that consequently would make more easy for these carriers to be trapped into 

the oxide during the stress. The sudden current jumps for both electrons and holes 

occur simultaneously at tbd, see fig. 4.27B, and the breakdown process is considered to 

start with the simultaneous breakdown of both La2O3 and the IL layers. It is thought 

that the “direction” for the propagation of breakdown is strongly dependent on the 

polarity of the applied stress. The breakdown propagation would be from cathode 

towards the anode direction, in other words, dielectric breakdown would occur along 

the electron current direction for both injection conditions. Interestingly, the 

post-breakdown current levels for substrate injection are smaller as compared to gate 

injection; compare both figs. 4.27 A-B. This is explained by considering different sizes 

for the leakage spots after breakdown. It is thought that the area size of the breakdown 

spot in gate injection is larger than that after substrate injection. 

 

The next section will present and discuss the reliability characteristics of W/ 

La2O3-IL stacked MOSFET devices after PMA in N2. 
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4.6 Carrier separation and Vth shift measurements of 

W-La2O3 gated MOSFET structures after electrical 

stress 

 

With gate oxides (SiO ) thinner than 2 nm, the stand-by power consumption 

due to the gate leakage current (Ig) becomes a critical issue in advanced CMOS 

devices. In order to reduce Ig, the dielectric film with a higher dielectric constant “k” 

and a relevant value of the barrier height is needed. Compared to other high-k 

materials, La O  has been considered a potential candidate for the long-term 

replacement of SiO  because of its relatively high dielectric constant and band offsets 

to silicon [1-2]. Moreover, since La O -gated transistors have presented good initial 

electrical characteristics [3-4], the research on this material should advance to the next 

stage where reliability data can be collected and the understanding of the mechanisms 

for dielectric degradation and breakdown can be identified in order to minimize the 

sources that lead to failure. In this report, we studied the impact of stress polarity on 

the breakdown and electrical degradation mechanisms of W-La O  gated MOSFET 

structures. 

2

2 3

2

2 3

2 3

 

MOS transistors were fabricated on p-type and n-type (100) oriented silicon 

wafers following the gate last fabrication process [5] in order to avoid the high 

temperatures used during the thermal activation of source/drain (S/D) regions. After 

S/D definition, thin films of La2O3 were deposited on HF-last or hydrogen-terminated 

n-type silicon substrates by electron-beam evaporation using molecular beam epitaxy 

197 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

MBE system (ANELVA I) at 300°C. The pressure in the chamber during the deposition 

was around 1x10-7 Pa. This is followed by in-situ sputtering of tungsten (60 nm) at 

150 W rf power in a contiguous chamber immediately after the dielectric deposition in 

order to avoid exposure of La2O3 surface to the environment. Because of this, the 

physical thickness of La2O3 cannot be measured by ellipsometry but by transmission 

electron microscopy. During the deposition of the metal an argon flow of 1.33 Pa was 

used. Patterning of the gate electrodes was done by reactive-ion etching using SF6 gas 

with a 30 W power. Finally, PMA was done in N2 ambient at 500°C for 5 min for both 

n and p-channel MOSFETs. 

 

When La2O3 is deposited on silicon, IL formation is almost present at the 

La2O3/Si interface [6]. Thus, it is essential to consider a two-layer oxide stacked 

structure for the analysis and characterization of its reliability. By using a MOSFET 

structure, the total Ig can be separated into its electron and hole components (Ie and Ih 

respectively) using the carrier separation method [7]. A schematic illustration of the 

carrier separation measurement is shown in fig. 1 (A-B) for nMOSFET and pMOSFET 

structures respectively. Fig. 1 (C-D) shows the evolution of both Ie and Ih components 

with respect to stressing time under substrate and gate injection conditions for 

nMOSFET and pMOSFET structures. From this figure, we can see that the dominant 

carrier for gate-leakage current changes from electrons for substrate injection to holes 

for gate injection condition. Also, it is clearly seen that depending on the polarization 

of the stress gate voltage (Vg), two different oxide breakdown mechanisms will 

emerge. W/ La2O3-IL stack stressed under substrate injection will produce a two-step 

breakdown behavior as compared to the single-step breakdown found under gate 
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injection. This difference in the breakdown characteristic for substrate and gate 

injection conditions is thought to be related to the different dominant carrier for 

gate-leakage current during the stressing. The electrical nature of the dominant carrier 

would also have some influence with respect to the required time for breakdown, tbd. 

A slightly longer tbd is found for substrate injection condition as compared to tbd for 

gate injection. This result suggests that injection of electrons into the oxide will 

produce relatively longer lifetime before the breakdown of this La2O3-IL stack as 

compared to gate injection where most of the trapped carriers are holes. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fi . 1. (A) A schematic illustration of the carrier separation experiment for a W/Lag 2O3-IL nMOSFET. 

Ielectron and Ihole indicate the currents coming from S/D and substrate regions respectively. 
(B) A schematic illustration of the carrier separation experiment for a W/La2O3-IL pMOSFET. 
Ielectron and Ihole indicate the currents coming from substrate and S/D regions respectively. 
(C) Evolution of gate leakage current (substrate injection) with stressing time. Ielectron is the 
dominant component of the total Ig. A two–step breakdown behavior is also observed.  
(D) Evolution of gate leakage current (gate injection) with stressing time. Ihole is the dominant 
component of the total Ig. A one–step breakdown behavior is observed. 
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In order to get a clearer picture of the breakdown mechanisms, simplified 

energy band diagrams for both substrate and gate injection conditions are shown in fig. 

2 (A-B). 
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Fig. 2. (A) Energy band diagram for W-La2O3 gated nMOSFET under substrate injection stress. 
(B) Energy band diagram for W-La2O3 gated pMOSFET under gate injection stress.  

 

During the substrate injection (nMOSFET), a positive voltage is applied to the 

gate and both Ie and Ih are detected as shown in fig. 1 (C). The origin of Ie comes from 

the tunneling of electrons through the La O -IL stack. The source for these electrons is 

the S/D regions that are connected once the channel is formed at sufficiently positive 

gate voltages. Determining the origin of the hole current Ih, however, is not so 

straightforward. Because of the metallic W gate, the possibility of cold or hot-hole 

injection from the gate is eliminated. The possible mechanisms that could explain the 

origin of Ih are now: 1) Anode-hole injection (AHI), 2) electron-hole (e-h) pair 

generation in the oxides’ bulk/interface via trap levels (TL), 3) tunneling of 

valence-band electrons from the substrate (leaving holes behind) into the La O  

conduction band directly or via TL and, 4) generation– recombination currents after 

impact ionization of electrons. It is thought that hole creation via 1) AHI [8] (injected 

2 3

2 3
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electrons from the substrate generate holes at the anode that can tunnel back into 

La O ) and consequent 2) e-h par generation via TL within the bulk/interfaces of La O  

are the more plausible mechanisms for the origin of Ih since this oxide tends to 

develop a high density of TL because of its highly defective nature after deposition [9]. 

With the application of a continuous electrical stress, more traps or defects within the 

insulator are created [10]. The two-step nature of the breakdown event during stress is 

interpreted as breakdown of the IL first, followed by the breakdown of the La O  layer 

itself. 

2 3 2 3

2 3

 

In the case of gate injection (pMOSFET), the first and only breakdown event 

takes place at a slightly shorter tbd. A shorter tbd would come by considering a heavier 

mass for holes that consequently would make more easy for these carriers to be trapped 

into the oxide during the stress. The sudden current jumps for both electrons and holes 

occur simultaneously at tbd, see fig. 1 (D), and the breakdown process is considered to 

start with the simultaneous breakdown of both La2O3 and the IL layers. It is thought 

that the “direction” for the propagation of breakdown is strongly dependent on the 

polarity of the stress applied. The breakdown propagation would be from cathode 

towards the anode direction, in other words, dielectric breakdown would occur along 

the electron current direction for both injection conditions. Interestingly, the 

post-breakdown current levels for substrate injection are smaller as compared to gate 

injection; see fig. 1 (C-D). This is explained by considering different sizes for the 

leakage spots after breakdown. It is thought that the area size of the breakdown spot in 

gate injection is larger than that after substrate injection. 
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 Fig. 3. (A) Vth shift for a W/La2O3-IL stacked nMOSFET structure after substrate injection stress. 
(B) Vth shift for a W/La2O3-IL stacked pMOSFET structure after gate injection stress. 

 

Finally, the influence of substrate and gate injection stress conditions on the 

electrical characteristics of n and p-channel MOSFET structures is shown in fig. 3 

(A-B). Here, the shift in threshold voltage Vth is plotted against the density of injected 

charge Qinj. Substrate injection conditions will produce a monotonous increase in Vth 

shift after stress whereas gate injection will produce a more stable Vth shift at the same 

density of injected charge. Nonetheless, gate injection produces a huge shift in Vth 

(tenths of millivolt) after the first stressing measurement which is in contrast to the 

smaller but progressive Vth shifts (few millivolts) produced by substrate injection. 

Because holes are the major carrier contributors to leakage current during gate 

injection and since they have a heavier mass than electrons during conduction, it is 

thought that the density of available sites for the trapping of holes during stress is 

rapidly filled and saturated after the first injected charges are trapped. 

 

Resuming this section, the effect of electron and hole currents on the 

breakdown and electrical degradation of the La O -IL stacked oxide layers was 2 3

202 



 
 
A Study on the Reliability of Metal Gate–La2O3 Thin Film Stacked Structures                        

determined after carrier separation and Vth shift measurements on n and p-channel 

MOSFET structures. The dominant carrier for the leakage current is strongly 

dependent on the polarity of the applied stress and this has profound effects on the 

breakdown characteristics of the oxide layers. Under substrate injection, electrons from 

the channel are the main contributors to Ig and a two-step breakdown behavior is 

observed. For gate injection, holes become the main contributors to Ig and a one-step 

breakdown behavior is now observed. After comparing the Ig post-breakdown 

characteristics for both substrate and gate injection conditions, it is thought that the 

area size of the breakdown spot after gate injection is larger than that after substrate 

injection, thus suggesting that the stress-induced damage is also strongly polarity 

dependent. Finally, the Vth shift dependence on Qinj is also polarity dependent, with 

gate injection producing the larger shifts in Vth even after a small density of initially 

injected charge. 

 

 

4.7 Summary 
 

By using the MOSFET structure, important measurements have been carried 

out in order to determine the effect that a positive or negative CVS has on the 

reliability properties of La2O3-gated transistors. By injecting different densities of 

charge into the oxide structure, the shift in Vth and the respective increases in 

interface-states density (Dit) were evaluated and compared between nMOSFET and 

pMOSFET devices. For nMOSFET devices we obtained an electric field-dependent 

shift in Vth similar to the electric field-dependent shift in Vfb for MOSCAP on n-type 
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silicon substrates. For low-stressing conditions a negative shift in Vth is produced but 

the direction of ∆Vth changes when the applied CVS increases. Therefore, ∆Vth is 

dependent on the magnitude of the applied stress and injected charge density. In some 

cases, the occurrence of soft-breakdown SBD events for higher CVS conditions lead to 

a change in the direction of Vth and Idsat as well. On the other hand, stress-induced 

changes in Ioff (promoted by positive or negative ∆Vth with stress) must be 

investigated since higher Ioff may add significantly to power dissipation in ULSI 

circuits and most importantly, the prediction of these changes with time or charge must 

be worked out in order to develop appropriate models for CAD of La2O3-gated devices 

and circuits. By including a constant drain voltage together with the positive CVS at 

the gate of nMOSFETs, a higher degradation on Vth is found. Since the additional 

damage created by Vd worsens the final characteristics of La2O3-gated MOSFETs, it is 

quite important to include as much degradation-factors as possible when stressing 

these devices in order to get a more realistic projection of their operational lifetimes. In 

the case of pMOSFETs stressed with negative CVS, only negative ∆Vth are observed 

for all stressing conditions, being Vth dependent on the density of injected charge only. 

This negative change in ∆Vth is related to the trapping of positive charge within the 

La2O3 and its interfaces. Additionally, Dit measurements were obtained after stress. Dit 

correlated to ∆Vth for the case of pMOSFET stressed devices while for nMOSFETs 

there appears to be no correlation between Dit and ∆Vth after stress. 

 

The effect of substrate and gate injection on the degradation and breakdown of 

La2O3-IL stacked MOSFETs were obtained after CS measurements. It was shown that 

the major contributor to leakage current under gate (substrate) injection comes by the 
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injection of holes (electrons) via the inverted channel. Also, substrate injection of 

electrons degraded more severely the MOSFET characteristics as compared to gate 

injection since the likely occurrence of SBD events during CVS can lead to alternate 

switches in the direction of the final Vth. 

 

Finally, the effect of electron and hole currents on the breakdown and 

electrical degradation of the La2O3-IL stacked oxide layers was determined after CS 

measurements on n- and p-channel MOSFET structures. The dominant carrier for the 

leakage current is strongly dependent on the polarity of the applied stress and this has 

profound effects on the breakdown characteristics of the oxide layers. Under substrate 

injection, electrons from the channel are the main contributors to Ig and a two-step 

breakdown behavior is observed. For gate injection, holes become the main 

contributors to Ig and a one-step breakdown behavior is now observed. After 

comparing the post-breakdown Ig characteristics for both substrate and gate injection 

conditions, it is thought that the area size of the breakdown spot after gate injection is 

larger than that after substrate injection, it thus suggests that the stress-induced damage 

is also polarity dependent. Finally, the Vth-shift dependence on Qinj is also polarity 

dependent, with gate injection producing the larger shifts in Vth even after a small 

density of initially injected charge. 
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Chapter 5 
 

Models for degradation and 
breakdown mechanisms of 

Metal/La2O3-gated MOS devices 
 

 

5.1 Introduction 

5.2 Carrier injection in the La2O3-SiO2 system 

5.3 Trap creation and interface-state generation 

5.4 Failure modes for degradation of La2O3-SiO2 stack 

  5.5 Towards a unified vision of BKD in La2O3-SiO2 dual layers 
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5.1 Introduction 
 

his chapter presents the physical models that are proposed in order to explain 
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T the degradation and breakdown characteristics of La2O3-gated MOS devices 

r stressing conditions. It should be pointed out that, since the degradation phenomena 

gh-k based oxides is not so easy to analyze as in conventional oxides, and because 

lishing more accurate model for reliability prediction requires thousands of samples, 

roposed models and mechanisms for breakdown are mere attempts to explain the 

rical results we have obtained so far. 

Because of the unavoidable reaction of La2O3 into silicates or even formation of 

ional SiO2-based interfacial layers between La2O3 and silicon at higher PMA 

eratures, the presence of a lower-k IL must be taken into account when modeling the 

ical degradation of La2O3-gated oxides is done. From the observations in this study, 

nding on the intensity of the applied stress or density of the injected charge, the 

dation of La2O3 can result in the following failure modes: 

ress-induced leakage current (SILC) degradation 

arge trapping-detrapping (∆Vfb/∆Vth) degradation 

ft-breakdown (SBD) degradation 

rd-breakdown (HBD) degradation 

ogressive-breakdown (PBD) degradation 
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The occurrence of one or several of these degradation events are closely related to 

the density of Qinj and magnitude of applied stress. In the case of lifetime prediction of 

La2O3, the inclusion of the IL and the very simple linear Vg model is introduced. Besides, 

since higher densities of injected charge are possible by whether higher densities of injected 

current or longer times of stressing, the identification of the major carrier contributor to 

leakage current is necessary. This separation of the total gate-leakage current into both 

electron- and hole-current components was already introduced in the previous chapter and 

will be extended here in order to develop a model able to explain the obtained results. 

 

The polarization used during the stressing measurement also plays a significant 

role in the degradation of Metal/La2O3-gated devices. From the previous results, we have 

been able to identify a higher degradation rate for substrate injection compared to gate 

injection conditions on La2O3-gated MOSFET devices. From the carrier separation 

measurements, it is concluded that, compared to gate injection (where both electrons and 

holes are simultaneously injected), substrate injection only tunnel and trap electrons into 

the La2O3-IL stacked structure and this current is detected at the gate of the transistors. The 

injection of a single or both types of carriers must be taken into account for a more precise 

modeling of the degradation phenomena. In general, it is thought that depending on the 

duration of the same applied stress, all types of electrical degradation (failure modes) can 

take place for the flow of current to produce the required damage by the creation of new 

defects, charge trapping (within the bulk of La2O3 and/or at its interfaces), consequent 

formation of localized conduction paths and ultimately, growth of the leakage spots 
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(progressive breakdown) once hard breakdown condition has been reached. This scenario is 

graphically depicted in fig. 5.1, where all failure modes are represented. 
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Fig. 5.1 Schematic representation of the generation of failure modes with stressing time.  

 

5.2 Carrier injection in the La2O3-SiO2 system 
 

It has been claimed that the SBD current flowing through conventional oxides 

could be explained by means of a direct tunneling (DT) process [1]. This conduction 

mechanism corresponds to tunneling through a trapezoidal-type potential barrier, i.e. when 

the energy of the passing electrons is below the top of the barrier all the way across its 

thickness. They proposed that SBD arises as a consequence of the progressive degradation 
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of a localized region close to the anode interface. According to this picture, the ballistic 

impact of the injected electrons on the silicon surface would cause a physical damage that 

could be thought of as a rreedduuccttiioonn  ooff  tthhee  eeffffeeccttiivvee  ooxxiiddee  tthhiicckknneessss. For a La2O3-based device, 

however, the presence of a very thin IL between La2O3 and silicon substrate would make 

the reduction of the effective oxide thickness appears as breakdown of the IL followed by 

an undamaged La2O3 region (this is schematically depicted in fig. 5.2). 
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Fig. 5.2 Schematic representation of the thinned (IL BKD) oxide approach. 

 

Within this framework, the physical damaged region (PDR) is associated with a 

purely resistive region of resistivity ρ and the remaining barrier thickness is the undamaged 

thick La2O3. The total gate current Ig is therefore modeled as the superposition of the FN 

current through the undamaged device area IFN (tunneling through both La2O3-IL stack) and 

the DT current through the PDR IPDR: 

( ) PDRratioFNratioT IAIAI +−= 1    (5.1) 

Where Aratio= APDR / Acap, APDR and Acap being the area of the spot and the total capacitor 

area, respectively. From fig. 5.1, the oxide voltage drop Vox (from cathode to anode) can be 
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written as: ( BOXPDRBOX ttIVV )−+= ρ . Where tB is the thickness of the DT barrier and VB 

the potential drop across this barrier. IPDR can be calculated by means of a numerical 

iteration process. The importance of this model comes by representing the increase in 

leakage current (during FN conditions) as a thinning of the total oxide barrier which in case 

of La2O3-based oxides would be the breakdown of the IL developed underneath. The 

modeling of Ig increase during FN condition is important because this can lead to 

understanding of the mechanisms behind the physical processes occurring into the oxide 

stack before total breakdown occurs.  

 

For the degradation of oxides, it has also been proposed a SBD model based on the 

ppeerrccoollaattiioonn  tthheeoorryy  ooff  nnoonn--lliinneeaarr  ccoonndduuccttoorr  nneettwwoorrkkss with a distribution of percolation 

thresholds [2-3]. According to this model, during degradation, traps randomly occupy the 

sites of the SiO2 lattice eventually forming a backbone that spans between the electrodes. It 

is assumed that the current i between two neighboring traps is proportional to the square of 

the voltage-drop value between sitesν, that is i= σν , where σ is the bond conductivity. The 

origin of this quadratic-law was ascribed to the product of the trapped charge density in the 

capacitor and the electron drift mobility. For a La

2

2O3-IL stacked structure, this percolation 

model should take into account the generation of traps at different oxide lattices (see fig. 

5.3). Therefore, the polarization of the applied stress would play an important role in 

determining the initial creation of traps within the first lattice and thus, the probability for 

this lattice to reach breakdown. In a dual-oxide structure, it is thought that the polarization 

of the applied stress is important to trigger the initial breakdown of the lattice whose trap 
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sites become to be filled by the percolation paths. For nMOSFETs stressed in inversion, the 

injection of electrons (via the inverted channel from the substrate) severely degrades the 

characteristics of the devices (shifting Vth in accordance to the magnitude of the applied 

voltage and proportionally to Qinj). Even the appearance of SBD events could change the 

direction in ∆Vth, so that the application of the percolation model for degradation analysis 

[4] should be applied to the IL which is quite likely to breakdown during substrate injection 

conditions. 
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Fig. 5.3 Schematic representation of the percolation path between electrodes and formed within both 
La2O3 and IL lattices. For a dual-oxide, the polarization of applied stress is important to determine 
the “filling” of the first lattice trap sites by percolation traps and thus reach breakdown. 

 

Once the breakdown of IL occurs during the substrate injection stressing, the 

breakdown paths formed in the IL by the connection of percolation sites should be followed 

by the breakdown of the La2O3 and therefore, the entire layer breaks down. This is 

schematically depicted in fig. 5.4. 
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 Fig. 5.4 Schematic representation of the breakdown “path” followed by the injection of electrons 
coming from the substrate. Once the stressing continues the whole layer breaks down. 

 

From the model proposed for the substrate injection in fig. 5.4, we can see that 

since a denser lattice in SiO2-based IL creates a thinner percolation path for conduction of 

electrons, the following percolation path created in the broader La2O3 lattice would tend to 

limit its size to that of the thinner and broken lattice region found underneath. Therefore, 

the total size of the leakage spot after total breakdown would be smaller to that found in 

gate injection and this simple model explains the results shown in fig. 4.27A, where the 

post-breakdown current levels of W/La2O3-IL stacked MOSFET after substrate injection 

are smaller compared to those found after gate injection conditions. For comparison 

purposes, the breakdown path proposed during gate injection is also depicted in fig. 5.5. 
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Fig. 5.5 Schematic representation of the breakdown “path” followed by the injection of electrons 

coming from the gate. Once the stressing continues the whole layer breaks down.  
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In the proposed model, the injection of electrons coming from the gate creates a 

broad percolation path since the lattice for La O  is bigger. A bigger lattice implies that the 

connection of electrical defects (percolation sites) covers a bigger area

2 3

 so that once all the 

defects are connected, the total size of the leakage spot is increased. Once the La2O3 

reaches breakdown, the IL follows immediately by developing multiple percolation sites 

towards the substrate so that the final density of post-breakdown leakage current increases 

compared to substrate injection. 

 

 

5.3 Trap creation and interface-state generation 
 

There are several kinds of traps in which electrons or holes can be trapped during 

stress. They can be classified into two general groups: bulk and interfacial traps. Since 

La2O3 easily changes its chemical composition after PMA (La2O3 tends to transform to 

La-silicate with silicon), the generation of additional traps (mainly by the creation of 

oxygen vacancies during annealing) could limit the final reliability of La2O3-gated devices. 

However, the recovering of initial traps after PMA is also a process that counterbalances the 

final density of available sites for trapping of charge. It has been shown that the reliability 

characteristics of PMA-La2O3 devices are far superior to those without annealing, thus 

supporting the idea that whatever density of new traps generated during PMA, they are 

overwhelmed by the recovering or passivation of the traps’ initial density. On the other 

hand, once electrical stress is applied, new kinds of defects or traps are created and they are 
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generated by the tunneling of electron/hole currents within the oxide stack. 

 

Prior to catastrophic breakdown, the tunneling electrons, directly or indirectly, also 

cause several other physical processes to take place, with the net effect of “softening” the 

oxide stack before final breakdown. These include trap generation, which enhances the 

trapping of electrons and holes, and interface-state generation, which is a sign that some of 

the electron bonds in the oxide, at least those near the IL-silicon interface, are “weakened”. 

The physics of trap generation and interface-state generation is very complex but their 

effects can be quantitatively measured as shown by the Dit measurements of La2O3-gated 

MOSFETs already shown in chapter 4. 

 

 

5.4 Failure modes for degradation of La2O3-SiO2 stack 
 

As stated earlier, depending on the intensity of the applied stress, the degradation 

of La2O3 is thought to proceed as follows: 

 

1) Stress-induced leakage current (SILC) degradation 

2) Charge trapping-detrapping (∆Vfb/∆Vth) degradation 

3) Soft-breakdown (SBD) degradation 

4) Hard-breakdown (HBD) degradation 

5) Progressive-breakdown (PBD) degradation 
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The occurrence of one or several of these degradation events are closely related to 

the density of Qinj and magnitude of applied stress and they will be presented next. 

 

5.4.1 Stress-induced leakage current SILC 

 The first reports of SILC on low-field gate leakage current following high-field 

stressing of thin SiO2-based MOS capacitors appeared almost two decades ago [5-6]. These 

leakage currents increased with decreasing oxide thickness and were identified as a scaling 

limitation for nonvolatile memory tunnel oxide [6]. Additional studies of the stress-induced 

leakage current have since been performed and it is now generally agreed upon that this 

current is caused by the trap-assisted tunneling [7-10]. However, there are certain aspects of 

SILC that had yet to be satisfactorily explained, including its dependence on the oxide 

thickness and the effect of the IL when a high-k oxide is used. In this section, a simple 

model is proposed to explain the SILC results in the current study. 

 

 

 

 

 

 

EOT = 0.74 nm

(B) 

EOT = 1.5 nm

(A) 

 Fig. 5.6 SILC measurement after positive CVS (gate injection) for thick and thin La2O3-IL stacks. 
 (A) EOT= 1.5 nm (normal La2O3 deposition). (B) EOT= 0.74 nm (in-situ tungsten metallization). 
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Fig. 5.6 A-B shows the increment in SILC after positive stress for thick and thin 

La2O3-IL stacked oxide films. Because it is not clear whether higher SILC results from 

thick or thin La2O3, the same results were plotted in fig. 5.7 by normalizing the relative 

change in SILC to the respective fresh condition of both samples. 
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Fig. 5.7 Relative change in leakage current induced by SILC (same data as in fig. 5.6 A-B). 

 

 

 

 

 

 

 

 

 

From fig. 5.7, the relative increment in SILC for both thick and thin La2O3-IL 

stacked films shows a higher increase in gate leakage current for the thinner film at low 

gate voltages. SILC increases as the oxide thickness is reduced. The generally accepted 

model for SILC in MOS capacitors is an electron tunneling between the gate and substrate 

conduction bands via a stress-induced trap in the oxide. To date, this process has been 
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represented as a resonant or elastic tunneling process; however, more recent studies have 

demonstrated that the difference between the SILC characteristics for thick or thin oxides is 

related to a single-trap assisted inelastic tunneling process [11]. Because replacing 

SiO2-based oxides with the highly defective La2O3 film could lead to multiple-trap assisted 

inelastic tunneling, this process is proposed in order to explain the different SILC 

characteristics for thick and thin La2O3-IL films. Besides, the appearance of two visible 

“kinks” for the SILC variation in the Vg dependences could be related to the energy 

distribution of defects within La2O3 that are generated during the stressing measurement. 
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Fig. 5.8 Left side plot shows an energy band diagram during CVS measurement (high voltage). 
During CVS, new energy levels of generated defects are created. Right side plot shows 
electrons tunneling inelastically through generated levels during SILC measurement. 

 

 

Once new defects are generated during CVS (high-voltage), they serve as 

“stepping-stones” for electrons tunneling inelastically through them and towards the gate. 

In short, SILC is the flow of carriers through pre-existent traps within La2O3 and the 

density of these sites for carrier conduction increases with stress, so that SILC for longer 

stress voltages/time will accordingly increase. 
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5.4.2 Charge trapping-detrapping (∆Vfb/∆Vth) degradation 

When analyzing the effect of electrical stress on the reliability properties of 

La2O3-gated MOS devices, we have found that there is an electric-field dependency of the 

resulting flat-band and threshold-voltages Vfb/Vth shifts with stress under the substrate 

injection. Under low-stressing conditions, negative shifts in Vfb/Vth (presuming trapping 

of positive charge) take place whereas under higher stressing conditions the expected 

positive shifts in Vfb/Vth occur. This change in the direction of the Vfb/Vth shift is 

explained in terms of electron trapping-detrapping processes within the La2O3-IL stack, see 

fig. 5.9. Under the substrate injection (positive CVS), the trapping of electrons is expected 

since electrons are identified as the major contributors to leakage current from carrier 

separation measurements. However, at low positive CVS, negative ∆Vfb/∆Vth take place 

indicating that whether trapping of positive charge or detrapping of negative charge occurs 

within the oxide stack. Once the positive CVS is increased, the change in the direction of 

Vfb/Vth to positive values takes place and this indicates the occurrence of electron trapping 

or detrapping of holes within the oxide stack. Since electrons are the only carriers injected 

in the oxide during substrate injection stressing conditions (see fig. 4.20) the detrapping of 

electrons during low-field stressing, generation of new trap levels and consequent trapping 

of electrons during high-field stressing is the more plausible physical mechanism for the 

data presented in fig. 5.9. The energy-band diagram showed the models explaining the 

effect of electron trapping-detrapping along with the generation of new trap levels with 

stress. In summary, this simple degradation model implies the trapping-detrapping of 
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electrons at different spatial locations of the La2O3-IL stack and which are dependent on 

stress polarity. 

 

CVS +1V

 

 

 

 

 

 

 

 

5.4.3 Soft-breakdown (SBD) degradation 

During the stressing of La2O3-gated nMOSFET devices with positive CVS, the 

occurrence of soft breakdown (SBD) event is detected as a sudden jump in an I-t plot. The 

effect of this SBD event on the nMOSFET, however, changes the direction of the trend 

originally followed by ∆Vth, see fig. 4.1. The SBD degradation is modeled as the 

breakdown of the interfacial layer (IL) so that the resulting Vth depends on the charge 

trapped at the bulk of La2O3. The model is shown in fig. 5.10. 
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Fig. 5.9 Left side plot shows the shift in Vth for La2O3-gated nMOSFETs stressed under low and 
high positive CVS. The change in direction of ∆Vth with stress is clear. Right side energy 
band diagram models the degradation phenomena occurring within the oxide stack. 
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 Fig. 5.10 Left side plot shows the evolution of leakage current with time under substrate injection 
conditions (positive CVS). At certain stressing time, the occurrence of a SBD event is detected. 
Right side energy band diagram models this degradation phenomenon as breakdown of the IL. 

 

Once the stress continues under substrate injection, the generation of new traps as 

well as electron detrapping-trapping processes both takes place until the interfacial layer 

breaks down. This is seen as a sudden jump in the leakage current in an I-t plot and as a 

change in the direction of ∆Vth during the Id-Vd MOSFET measurements. It is important 

to emphasize that even with the breakdown of a single-oxide layer (La2O3 or IL), a 

dual-oxide MOSFET device is still operative if the location of the breakdown spot along 

the channel does not compromise the operational characteristics of the device. 

 

5.4.4 Hard-breakdown (HBD) degradation 

 Hard breakdown is a kind of fatalistic failure mode in which both oxide layers 

broke down. This mode lead to the continuous conduction of huge amounts of leakage 

current through a conductive leakage spot connecting both a gate electrode and a silicon 
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substrate and eliminating the electric field to control the charge in the inverted channel. 

HBD can be seen as an immediate consequence of applying high-stressing conditions on 

the stressed device and its effect can be seen as a sudden jump in the leakage current on 

Ig-Vg or Ig-time plots. It is thought that the breakdown occurs by the accumulative 

gathering of previous degradation events (SILC, trapping-detrapping processes, SBD), so 

that the hard or total breakdown of the oxide stack would come after gathering a certain 

density of intrinsic and stress-generated defects and satisfying conditions for the connection 

of these defects. 
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Fig. 5.11 Left side plot shows the evolution of leakage current with time under substrate injection conditions 

(positive CVS). At certain stressing time, the occurrence of a HBD event is detected. Right side 
energy band diagram models this degradation phenomenon as total breakdown of the stacked oxide. 

 

5.4.5 Progressive-breakdown (PBD) degradation 

The lateral propagation of the damaged area as the result of a constant electrical 

stress is now introduced. It has been concluded that two clearly distinguishable timescales 
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must be considered for the study of the breakdown dynamics [12-13]. First, there is a 

timescale related to the formation of the initial leakage spot, which is in the order of 

nanoseconds, and secondly, a timescale related to the subsequent spread of the damage, 

which is in the order of seconds or more. After their appearance, the breakdown spots can 

gradually progress with time, be it SBD or HBD and this process has been referred to as 

progressive breakdown (PBD). The degradation and breakdown of ultra-thin SiO2 films at a 

local level has also been investigated by means of atomic force microscopy [14-15], and it 

has been found that, although the degradation takes place in areas of few hundreds of nm2, 

the breakdown event laterally propagates to neighboring spots, eventually affecting areas of 

thousands of nm2. Using this alternative technique, it has been confirmed that the size of 

the damaged area is related to the severity of the breakdown event [16]. For metal/high-k 

gated nMOSFET devices, the area size of the breakdown spots in accumulation (gate 

injection) is larger than that in inversion (substrate injection) [17-18]. Interestingly, for our 

La2O3-IL stacked nMOSFET and pMOSFET devices, we also have found a similar 

behavior. The post-breakdown current levels for nMOSFETs after positive CVS (substrate 

injection) are smaller as compared to pMOSFETs after negative CVS (gate injection). This 

is explained by considering different sizes for the leakage spots after breakdown. It is 

thought that tthhee  aarreeaa  ssiizzee  ooff  tthhee  bbrreeaakkddoowwnn  ssppoott  iinn  ggaattee  iinnjjeeccttiioonn  iiss  llaarrggeerr  tthhaann  tthhaatt  aafftteerr  

ssuubbssttrraattee  iinnjjeeccttiioonn. These results are all shown in fig. 5.12 and 5.13. Fig. 5.12 A-B shows 

that after HBD is reached in La2O3-IL gated MOSCAP, the occurrence and propagation of 

the breakdown spot during electrical stress presents similar behavior in both Ig-Vg and 

Ig-time plots. The propagation of the breakdown spot is seen as a sudden “jump” in gate 
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leakage current. 

 

(B) (A) 

 

 

 

 

 

 

 

Fig. 5.12 (A) Ig-Vg plot for La2O3-IL stack showing HBD characteristics and consequent propagation of the 
breakdown event with Vg. The post-breakdown current levels also increase in accordance to PBD. 

 (B) Ig-time plot for La2O3-IL stack showing HBD characteristics and consequent propagation of the 
breakdown event with time. During PBD, higher Ig is related to a larger size of the total breakdown spot. 

 

 

 

 

 

 

 

 

(B) (A) 

Fig. 5.13 (A) The post-breakdown leakage current for nMOSFET in inversion shows a two-step breakdown. 
 (B) For pMOSFET, a single-step breakdown, along with higher levels for the post-breakdown Ig is obtained. 
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On the other hand, for La2O3-IL gated MOSFET devices, the evolution of Ig until 

the oxide stack breaks down results in higher densities of post-breakdown Ig for 

pMOSFETs as compared to nMOSFET (highlighted zones), both in inversion state (fig. 

5.13). It is thought that the total area size of the breakdown spots in gate injection 

(pMOSFET in inversion) is larger than that after substrate injection (nMOSFET in 

inversion). The proposed model that explains the former results is schematically depicted in 

fig. 5.14 presented next. Here, the PBD characteristics for substrate and gate injection 

conditions are shown. 
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Fig. 5.14 (A) For substrate injection, the lateral breakdown propagation of the La2O3 layer (after IL breakdown) 

increases the post-breakdown Ig. Opening of new breakdown spots in La2O3 is also possible. 
 (B) In gate injection, higher post-breakdown Ig is related to the larger size in the breakdown spot 

within La2O3. PBD characteristics would be related to the widening/opening of same/new BKD spots. 

 

 

It is noteworthy that a more severe breakdown characteristic is found for La2O3-IL 

stack after gate injection (fig. 5.12B) and this could be directly related to the formation of a 

wide percolation path created by the breakdown of the La2O3 layer. The formation of this 

wide percolation path is probably assisted by grain boundaries within the La2O3 layer. A 

higher post-breakdown Ig could therefore be linked to high conductivity and the total 
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damaged spot area after stress. The inclusion of only one damaged spot that increases in 

size (fig. 5.14A), does not restrict the creation of other breakdown spots at different 

locations within La2O3 or even within the IL (fig. 5.14B). Nevertheless, the lateral 

propagation of the breakdown event, whether by a single spot increasing in size or the 

generation of multiple spots at different spatial locations, has been correlated to the 

magnitude of Ig after breakdown [19-20]. 

 

Even though it is beyond the scope of this work, how the different breakdown 

modes affect the fundamental reliability of MOSFET devices and circuits is a very 

important topic that must be addressed. Even though there is nowadays a growing 

consensus that SBD would be the prevailing breakdown mode for low-voltage operation, its 

final consequences upon the device behavior are rather complex and seem to depend on 

various factors such as the location of the breakdown spot along the device channel and the 

dimensions of the damaged area compared to those of the device under test. Briefly, it has 

been found that a breakdown event near the source/drain regions produce more severe 

consequences than a breakdown in the channel region. In other words, gate-to-substrate 

leakage paths exhibit higher resistances than those occurring in the source/drain regions. 

Cester et al. [21] have shown that the MOSFET characteristics after SBD are strongly 

dependent on the aspect ratio W/L. According to this report, the drain saturation current and 

transconductance collapses after SBD, and these are linked to the formation of an oxide 

defective region around the breakdown spot, whose effective area is much larger than the 

conductive path itself. This is somewhat similar to the present results for La2O3-gated 
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MOSFETs where Vth and Idsat presented serious instabilities after the occurrence of SBD 

events during the stressing of the devices. The effects of the gate-oxide breakdown in 

MOSFETs operating in the RF range, the implications for the drain current low-frequency 

noise as well as the effects on SRAM cells must also be investigated. On the other hand, a 

fundamental problem that arises with this context is whether a transistor remains functional 

or not after the occurrence of a gate oxide breakdown. Even if the device is able to survive 

after SBD, there may still be some impact of subsequent stress on the already broken-down 

sample. Particularly noteworthy is the fact that even though it has been long considered that 

HBD straightforwardly leads to a total loss of the transistor effect, it is now understood that 

the device functionality criterion must be assessed in close connection with the role it plays 

within a particular circuit structure and its intended purpose. In this regard, as demonstrated 

by Kaczer et al. [22], many HBD events can occur in a digital CMOS circuit without 

affecting its logical functionality. This means that depending on the particular application, 

current reliability criteria may be, in some extent, relaxed. Finally, the physical models for 

the post-breakdown conduction characteristics (which are rather ambiguous even for 

explaining post-breakdown currents in conventional SiO2-based oxides) are strongly 

dependent of the stressing conditions that led to breakdown. An excellent review in this 

issue can be found in [23]. 
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5.5 Towards a unified vision of breakdown in La2O3-SiO2 

dual layers 
 

In the previous part, it is presented that SSIILLCC  ccoonndduuccttiioonn  mmooddee does not severely 

degrade the La2O3 insulation properties during stress as compared to SBD and HBD so that 

operation of La2O3-gated MOS devices operated at low biases can be guaranteed even with 

the SILC related increases in leakage current. Moreover, one of main issues for high-k gate 

stack is the charge trapping characteristics during reliability test. Initial observation of 

instability was studied through capacitance-voltage (C-V) characteristics in flat-band 

voltage change and current-voltage (I-V) characteristics in threshold voltage (Vth) change. 

Since electrons can be trapped and detrapped (ttrraappppiinngg--ddeettrraappppiinngg  pprroocceesssseess) in the 

high-k/IL dielectrics with a minimal residual damage to its atomic structure [24], a Vth 

instability associated with electron trapping/detrapping in high-k layer can significantly 

affect the transistor parameters and complicate the evaluation of the effects of 

stress-induced defect generation phenomenon on the high-k gate stacks, which typically is 

not an issue in the case of SiO2 dielectrics. Additionally, when ssoofftt--bbrreeaakkddoowwnn  ((SSBBDD)) 

events take place, the I-V or Vth instability characteristics of high-k gated MOS devices 

becomes difficult to analyze since the original tendency of Vth shifting towards a specified 

direction switches back to the opposite direction irrespective of the applied stress. Once the 

device reaches hhaarrdd--bbrreeaakkddoowwnn  ((HHBBDD)) degradation, the operational lifetime of that device 

in particular expires leaving now space to the consecutive pprrooggrreessssiivvee  bbrreeaakkddoowwnn  ((PPBBDD)) 

with stress that increases the levels of post-breakdown leakage currents. By putting all these 
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degradation modes together, the following data would result, fig. 5.15 A-B. 

 

 

 

 

 

 

(B) (A) 

Fig. 5.15 (A) Ig-Vg plot for W/La2O3-IL stacked MOSCAP before and after continuous stress under 
substrate injection. The effect of several degradation modes on leakage current is shown. 

 (B) Ig-time plot for W/La2O3-IL stacked MOSCAP before and after continuous stress under 
substrate injection. Again, the effect of the same degradation modes on leakage current is shown. 

 

 

Under substrate injection (positive CVS), several degradation modes for 

La2O3-gated MOSCAP were found. From Ig-Vg measurements before and after stress (fig. 

5.15A), it is found that even though SILC-mode degradation slightly increases the fresh 

levels of gate-leakage current, the continuous operation of La2O3-gated MOS devices can 

be guaranteed if only SILC conduction develops. When a SBD event takes place (seen as 

tiny jump in leakage current from the Ig-time plot), the occurrence of IL breakdown will 

change the direction of Vth shift and therefore the levels of Idsat as well. But the most 

noticeable event will be a higher increase in leakage current compared to SILC. Once the 

La2O3-IL stacked oxide reaches catastrophic or total breakdown (HBD), the insulating 

characteristics of the stacked oxide are lost and the consequent lateral propagation of the 

damaged area begin to take place if the stressing continues. 
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During the stressing of La2O3-IL gated MOS devices, it is highly possible that the 

occurrence of a single failure mode, a combination of them or the sequential development 

of all of them in the same oxide, will develop in accordance with the polarity, magnitude 

and duration of the stress itself. Since additional degradation-factors like temperature, cycle 

or frequency of the applied stress, drain voltage, etc., would further change the estimated 

projections for the lifetime of La2O3, the reliability analyses of La2O3 including as much of 

those factors as possible are necessary in order to develop more accurate physical models 

that is able to explain the obtained degradation phenomena.
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Chapter 6 
 

Comparison of the reliability for 
La2O3 and HfO2-based gate oxides 
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6.1 Main reliability results for Hf-based oxides 
 

n the last years, the research of high-k materials has been mainly focused on 
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I the very specific Hf-based oxides because of their high thermal stability 

eposited on silicon substrates, their high values of relative dielectric constant and 

ion/valence band offsets to silicon, etc., which resulted in very good performance 

akage current for low EOT, high carrier channel mobility, low Vth, etc) of the 

rs fabricated with these dielectric materials. Nonetheless, the reliability evaluation 

ased oxides (mainly HfO2, HfSiN, HfSiON) has produced a wide span of reliability 

that although consistent, have demonstrated that these dielectrics present serious 

ty issues related to their degradation when subjected to electrical stress. In the best 

ases, a broad look into some of the main important reliability results for Hf-based 

has served to identify what are the main weak and strong points related to the 

tion and breakdown of these dielectric materials and most importantly, we have 

le to compare those results with the obtained by La2O3-gated devices. 

The main reliability problems presented by these oxides include defects in the 

l which can lead to undesired transport through the dielectrics and trapping-inducing 

ities. Furthermore, the asymmetric gate band structure induces polarity effects on 

age and thus, reliability. 
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A brief summary of the main reliability problems found for Hf-based gate oxides 

when subjected to a continuous electrical stress [1-10] are shown next. 
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SILC
Even though very small increases of gate leakage current with 
applied stress have been found for thick oxides, huge SILC is 
found in ultra-thin oxides where EOT<1nm

Dit generation
Exponential Dit generation during stressing conditions has been 
observed. This effect worsens with stress, temperature and 
quality of the interface between the Hf-based oxide and the silicon below 

Vth shift
This is one of the most critical reliability parameters that Hf-based oxides 
need to enhance since severe charge trapping for both positive and 
negative biases have resulted in large Vth shifts, compromising the 
stability of HfO2-gated MOSFETs.

time/charge to breakdown tbd/Qbd
The time to breakdown (operational time during CVS before breakdown 
of the oxide) for Hf-based oxides is strongly dependent on voltage, gate 
area, temperature, metal electrode (work function), and chemical nature 
of the deposited oxide.

Hot carrier injection (HCI)
It is suggested that the drain stress can permanently damage the area of the high-k gate dielectric near the drain, 
resulting in asymmetric subthreshold swing degradations. This effect worsens for short channel MOSFETs.
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Dit generation
Exponential Dit generation during stressing conditions has been 
observed. This effect worsens with stress, temperature and 
quality of the interface between the Hf-based oxide and the silicon below 

Vth shift
This is one of the most critical reliability parameters that Hf-based oxides 
need to enhance since severe charge trapping for both positive and 
negative biases have resulted in large Vth shifts, compromising the 
stability of HfO2-gated MOSFETs.

time/charge to breakdown tbd/Qbd
The time to breakdown (operational time during CVS before breakdown 
of the oxide) for Hf-based oxides is strongly dependent on voltage, gate 
area, temperature, metal electrode (work function), and chemical nature 
of the deposited oxide.

Hot carrier injection (HCI)
It is suggested that the drain stress can permanently damage the area of the high-k gate dielectric near the drain, 
resulting in asymmetric subthreshold swing degradations. This effect worsens for short channel MOSFETs.

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.1 Summary of the main reliability problems found for Hf-based oxides deposited on silicon [1-10]. 

Depending on the conditions of the stressing measurements and the advance of the electrical 
degradation, some reliability properties will be more compromised than others. 

 

 

As shown in fig. 6.1, the duration and severity of stress will induce several 

mechanisms for the creation of defects within the bulk of HfO2 and its interfaces with the 

interfacial layer, the silicon substrate and the metal gate. Even though the determination of 

the first degradation event and its relation to the affected reliability parameter (SILC, Dit 

generation, Vth shift, etc) is rather ambiguous and rather complex, there is strong evidence 

supporting the “staircase”-like degradation proposed in fig. 6.1. Initially, the creation of 
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traps induced by stress results in severe degraded SILC and Dit generation characteristics, 

once these traps are being filled by the injection of carriers, the Vth is shifted in accordance 

to the electrical nature of the trapped carrier (holes or electrons). Nevertheless, by making 

improvements in the deposition and post-deposition processing of Hf-based oxides, good 

results have been obtained especially for the later HfSiON oxides, where a compositional 

profiling of the material along with a combination of the suitable metal gates, has led to 

further minimization on Vth shifts. Once the duration (or intensity) of the stressing 

increases, the formation and consequent interconnection of internal conductive paths lead to 

the final hard breakdown of the oxides. In this respect, very promising results have been 

obtained demonstrating that Hf-based oxides can withstand long-term operational 

conditions before the final breakdown occurs. On the other hand, by stressing the oxides 

with both gate and drain electric fields simultaneously, the injection of hot carriers near the 

drain side of the HfO2-gated short-channel MOSFET devices will present the more serious 

case of charge trapping and thus, Vth instability. Since the hot-carrier instability is 

permanent (it has been demonstrated that Vth shift by gate field-only stressing can be 

partially recovered), the degradation presented under these conditions is still a major issue 

for the processing and device development in order to increase the reliability of Hf-based 

gate oxide materials. 

 

The following section presents one-by-one, the reliability results of Hf-based 

oxides. First, the SILC degradation is shown in fig. 6.2. As we can see, even though very 

small increases of gate leakage current with applied stress have been found for thick oxides, 
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huge SILC is found in ultra-thin oxides where EOT < 1 nm. 

 

(D) 

(C) 

 

(B) 

(A) 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6.2 SILC characteristics for several HfO2-gated MOS devices [11-14]. 

(A) SILC characteristic for the Pt/HfO2/Si system. EOT= 2.9 nm. 
 (B) SILC characteristic for the poly-Si/HfO2/Si system. EOT= 1.8 nm. 
 (C) SILC characteristic for the poly-Si/HfO2/Si system. EOT= 1.5 nm. 
 (D) SILC characteristic for the TaN/HfO2/Si system. EOT= 0.9 nm. 

 

 

 

From figures 6.2 B and D, it is clearly seen that exponential dependence of SILC 

with injected charge or stressing time develops. This effect is worse for the HfO2 film with 

EOT < 1 nm, which presents more pronounced slope. Fig. 6.3 A–B shows the results of 
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interface-states (Dit) generation for HfO2 whereas fig. 6.4 A–B shows the corresponding 

Vth instability characteristics during several electrical stressing conditions. 

 

 

 

 

 

 

 

 
 

(A) (B) 

 Fig. 6.3 Dit-generation characteristic for HfO2-gated MOS devices with similar EOT [15-16]. 
(A) Interface-state Dit increase with stress time for the poly-Si/HfO2/Si system. EOT= 1.7 nm. 

 (B) Interface-state Dit increase with stress time for the TiN/HfO2/Si system. EOT= 1.6 nm.  

 

 

 

 

 

 

 

 

 F

  
(A) (B) 

ig. 6.4 Vth shift characteristic for HfSiON-gated MOS devices [17-18]. 
(A) Vth shift versus stressing time for the poly-Si/HfSiON/Si system. EOT= 1.24 nm. 
(B) Vth shift versus injected charge density for the poly-Si/HfSiON/Si system. EOT= 1.6 nm. 
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We can see that there is both exponential Dit generation and exponential Vth shift 

during the stressing of Hf-based oxides on silicon. Both of these degradation effects are 

worsened (higher Dit generation and Vth shift is observed) with stress, temperature and 

quality of the interface between the Hf-based oxide and the silicon below. Especially, the 

highly severe charge trapping during both positive and negative biases results in large Vth 

shifts, thus compromising the stability of these MOSFETs devices. 

 

 

 

 

 

 

 

 

 

 

 

F

 

-

t

b

(B) (A) 

ig. 6.5 Lifetime projection based on the time to breakdown data for HfO2-gated MOS devices [19-20]. 
(A) A 10-years continuous operation is guaranteed for the poly-Si/HfO2/Si system. EOT= 1.5 nm. 
(B) A 10-years continuous operation is also guaranteed for the TiN/HfO2/Si system. EOT= 1.87 nm. 

Fig. 6.5 A–B shows that by extrapolating the time to breakdown data of HfO2 

gated MOS capacitors and small area pMOSFET devices (the MOSFET with higher 

emperature stressing conditions), the continuous operation of both samples is guaranteed 

efore the complete breakdown of the high-k stack. It is interesting to note that by stressing 
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very small area devices (like those presented by the pMOSFET) with higher temperature 

conditions, the lifetime is not severely shortened since fewer number of defects is expected 

when smaller area sizes are used. 

 

 

 

 

 

 

 

 
 

(B) 

(A) 

 Fig. 6.6 (A) Proposed models for the degradation of HfO2-gated MOS devices [3, 15, 21-24]. 
(B) When the degradation continues, the breakdown is modeled differently depending 
mainly on the polarity of the stress applied (gate and substrate injection of electrons)  

 

Fig. 6.6 A shows the proposed models found in the literatures [3, 15, 21-24] 

regarding the degradation of HfO2-based oxides. The degradation of these oxides is 

influenced by numerous parameters namely bias, temperature, time and stack structure 

(presence and/or chemical composition of the IL) among others. The magnitude of Vth 

instability in SiO2/HfO2 dual-layer gate dielectrics is shown to depend strongly on 

experimental conditions too. Taking into account this polarity and time dependence, a 

simple model has been proposed utilizing a defect-band in the HfO2 layer located at the 

energy level the silicon and hafnia conduction band (fig. 6.6 A-a). This model has some 
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advantages since it explains qualitatively, both for negative and positive gate bias, the 

charging and discharging of defects by tunneling through the interfacial SiO2 layer. At the 

same time, studying the mobility degradation in high-k MOS devices, Morioka et al. [24] 

proposed that hysteresis traps are located at the HfSiO/SiO2 interface as shown in Fig. 6.6 

A-b. Thus, two types of models are proposed in the literature. The physical and chemical 

nature of the electron traps in the HfO2/SiO2 structure remains unclear because the 

performance of high-k gate dielectrics is likely to be affected by various defects. Among 

these defects, interstitial oxygen atoms and positively charged oxygen vacancies are 

suspected to play a significant role in the observed instability since they can trap electrons 

from the bottom of the hafnia conduction band and from silicon. 

 

Moreover, the breakdown of HfO2-based oxides is mainly discussed in terms of the polarity 

of the applied stress [25-30], see fig. 6.6 B (a-b). For gate injection conditions, it has been 

proposed that the IL is mainly broken down whereas the high-k layer itself is broken down 

for substrate injection conditions, though further research is required. In all likelihood, the 

layer responsible of the breakdown event seems to be the high-k layer. Accurate statistical 

analyses, with both IL and high-k thickness layer dependences, remain crucial in order to 

understand the breakdown during this stressing regimes. Lastly, it should be noted that the 

above information is only provided by the published literatures. In January 2007, Intel just 

announced the production of Hf-based high-k gate insulator microprocessors with 45 nm 

technology. In the announcement there, it was projected that Hf-based high-k gate oxide 

with reliability requirements as shown in fig. 6.7 (for more details see Intel’s web page at 
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www.intel.com/technology/silicon/high-k.htm). From the transistor performance written in 

the announcements as shown in fig. 6.7, the EOT value is estimated to be at least less than 

one nanometer. Thus, reliability problem for HfO2-based gate oxide are estimated to have 

been already solved for the commercial products, although academic papers published by 

research groups demonstrate many reliability problems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Advantage of Intel’s 45 nm technology  

(compared to its 65 nm technology) 
• 2X improvement in transistor density 
• 30% reduction in transistor switching power 
• 20% improvement in transistor switching speed 
• 10X reduction in gate oxide leakage power 

 

 

 
Fig. 6.7 Structural features of the metal gate/high-k (Hf-based) stacks used by Intel and which is 

scheduled for commercial production of MOSFETs in the 45nm node during this year.  
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6.2 Reliability comparison between La2O3 and HfO2

6.2.1 SILC degradation 

This section compares the main reliability results obtained for La2O3-gated devices 

with those of Hf-based oxides. First, the SILC degradation is compared [31-33]. 

 

 

 

 

 

 

 

 

(A) 

 

 

 

 

 

 

 

 

(B) 

 

 

Fig. 6.7 (A) Less SILC degradation is found for La2O3 compared to HfO2-gated MOS devices [31]. 
(B) SILC degradation for Hf-based oxides only. Exponential increase in Jg is clearly observed [32-33]. 
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By comparing SILC of MOS devices with similar EOT, less degradation in gate 

leakage current after stress is found for La2O3-gated MOSCAP compared to HfO2 (see fig. 

6.7 A) and this effect gets worse for thinner films (especially for EOT < 1nm). By 

considering other results in the literature with closely similar EOT for HfO2-gated devices, 

the exponential increase in SILC degradation is then clearly observed (see fig. 6.7 B). 

 

6.2.2 Interface-states Dit generation 

Very similar are the results for the Dit generation during stressing measurements 

of HfO2-gated devices, see fig. 6.8. Here, the exponential increase in Dit during stress is 

clearly observed even for samples annealed after relatively high forming gas PMA 

temperatures [32]. Even though La2O3 presents an initially higher density of interface 

–states, Dit, generation of additional Dit during stress is lower compared to HfO2. 

 

 

 

 

 

 

 

 

 

La2O3

EOT= 1.7 nm 

EOT= 1.6 nm 

HfO2

 Fig. 6.8 Comparison of the observed Dit generation between HfO2 and La2O3-gated devices during stress [32]. 
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6.2.3 Threshold voltage Vth shift 

 For La2O3, additional ∆Vth after electron injection is minimized, which is in 

contrast to the exponentially dependence of Vth shift with stress for HfO2 [34], see fig. 6.9. 

 

 

 

 

 

 

 

 

 

La2O3

EOT= 1.6 nm 

HfSiON 
100 mV 

CVS= +2.2 V 
PBTI @ 105°C EOT= 1.8 nm 

Hf system 

 
Fig. 6.9 Comparison of the observed Vth shift between HfO2 and La2O3-gated devices during stress [34]. 

 

6.2.4 Time to breakdown tbd 

On the other hand, a 10-year extrapolation of the time to breakdown data for both 

dielectrics ensures the operation of MOSFETs gated with both dielectrics even in the 

voltages applied to their gates exceed more than 1 V. In the case of La2O3, slightly higher 

gate voltages (compared to those found for HfO2 with same EOT [35]) can be applied 

before the final breakdown of the dielectric film. 
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HfO2 La2O3

EOT= 1.5 nm 

 

 

 

 

 

 

 

 
Fig. 6.10 Comparison of the observed time to breakdown data between HfO2 and La2O3-gated devices [35]. 

 

 

6.2.5 Breakdown models for substrate and gate injection 

The proposed models for the breakdown of La2O3 and HfO2 are both strongly 

dependent on the polarity of the applied stress [36-37]. During substrate injection, a 

Hf-based system experiences high-k bulk breakdown whereas La2O3 initially shows IL 

breakdown followed by La2O3 bulk breakdown. During gate injection, an Hf-based system 

mostly experiences IL breakdown whereas La2O3 shows complete IL plus bulk La2O3 

breakdown simultaneously, see fig. 6.11 A-B. 
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(A) 

La2O3HfO2

substrate injection 
(IL bkd followed by high-k bkd) 

substrate injection 
(high-k breakdown) 

 

 

 

 

 

 

 

 

(B) 

La2O3HfO2

gate injection 
(IL + high-k bkd simultaneously) 

gate injection 
(IL breakdown) 

 

 Fig. 6.11 (A) Comparison of the breakdown models for HfO2 and La2O3during substrate injection conditions. 
(B) Comparison of the breakdown models for HfO2 and La2O3 during gate injection conditions. 

 

In summary, the comparison of the typical reliability results for both dielectric 

films are summarized as follows. Table 6.1 shows the comparison of the reliability for 

HfO2-based and La2O3 with the EOT value of 1.5 nm. In general, La2O3 shows better 

reliability than Hf-based oxide. Thus, La2O3 dielectrics do not seem to have a fundamental 

reliability problem to be used as a gate insulator. 
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Even though La2O3 presents better reliability properties compared to those for 

HfO2-based devices, the reliability characterization for La2O3 has been done only at room 

temperature. Therefore, as already described, the reliability test with small gate length 

MOSFETs were not carried out in this study. Thus, there are no results of the hot-carrier 

injection reliability for MOSFETs thus there are no data for La2O3 hot-carrier reliability. 

 

Table 6.1 Summary of the reliability results for HfO2 and La2O3-gated MOS devices.  

 

 

 

 

 

 

 
 * Higher temperatures during reliability evaluation are needed. 

 

Regarding the comparison of the reliability of the HfO2-based and La2O3 gate 

oxides with the EOT value of less than 1 nm, the reliability of HfO2-based oxide seems to 

be much worse than that of La2O3 as shown in table 6.2. However, as described in section 

6.1, Intel’s Hf-based gate oxides are estimated to establish the sufficiently high reliability 

with the EOT of less than 1 nm. Thus, the HfO2-based oxides reliability problems can be 

basically solved even though the published papers described those problems. Probably, the 

reliability of La2O3 gate insulator will be solved by the time when the La2O3 is introduced 
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into the commercial devices, as the case of Hf-based oxides. 

 
Table 6.2 Summary of the reliability results for HfO2 and La2O3-gated MOS devices when EOT < 1 nm. 

 

 

 

 

 

 

 

Reliability characteristics 
at  EOT < 1nm  regime 

HfO2 La2O3

SILC degradation Very poor To be a problem 

Dit generation Very poor ？ 

Vfb, Vth shift Very poor ～      
To be a problem 

To be a problem ～   
Estimated to be acceptable

tbd, Qbd Estimated to be acceptable Estimated to be acceptable

 

Reliability tests at different temperature conditions are necessary. In another words, 

negative-bias temperature instability (NBTI) and positive-bias temperature instability 

(PBTI) were not measured in this study and those measurements are necessary to confirm 

the reliability of La2O3. 

 

 

6.3 Remaining problems for the reliability of La2O3 gate 

insulator MOSFETs 
 

Finally, this chapter closes with a brief summary of the remaining problems found 

for La2O3 with respect to its reliability characteristics. Even though the following list may 

not be complete, it is quite valuable in which provides a good look at the fundamental 
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reliability problems of La2O3 and also, provides an insight into the expected solutions in 

order to increase the reliability properties of La2O3-gated MOS devices. 

 

 

1. Reliability tests in different temperatures. Only room temperature test were done. 
NBTI, PBTI tests were not done. 

 

2. More evaluations of reliability for samples with EOT < 1nm, and clarification of 
problems at EOT < 1nm. At this moment, only SILC was found to be the problem. 

 

3. Reliability tests for smaller size capacitors. The smallest capacitors used for the 
reliability tests were that with a 100 µm diameter. 

 

4. Reliability tests for small gate length (Lg < 50nm) MOSFETs. Especially, hot carrier 
instability testing is needed. 

 

5. More studies for degradation mechanism. 

 

6. More studies for the optimization of processing conditions for enhanced reliability. At 
this moment, it was found that higher annealing temperatures, in-situ gate metallization 
and La2O3 deposition in oxygen ambient improve the reliability. Also it was found that 
W gate electrode is better than that of Al for reliability. 
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6.4 Summary 
 

In order to predict the reliability of the La2O3 dielectrics for use of the gate 

insulator, the published data for that of HfO2-based oxides were examined and compared 

with that of the La2O3. 

 

 In general, the La2O3 dielectrics show higher reliability than that of HfO2-based 

dielectrics, although some of the reliability evaluations have not been carried out for the 

La2O3. The published data in the journal and the conference predict not sufficient reliability 

for the Hf-based oxide to be used in commercial products. However, Intel announced 

Hf-based high-k gate oxide introduction into the 45 nm CMOS with sufficiently high 

reliability which meets the commercial production thus the reliability of the Hf-based 

oxides with EOT down to sub 1 nm seems to have been already established. 

 

 At this moment, any fundamental problems for the reliability of La2O3 dielectrics 

have not been found by this study. Thus, it is expected that the La2O3 reliability will meet 

the requirements for the production by the time when it is introduced into commercial 

devices. 
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Chapter 7 
 

Conclusions 
 

 

7.1. Conclusions 

7.2. Recommendations for future works 
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7.1 Conclusions 
 

 In this work, the reliability characteristics of Metal/ La2O3-IL stacked structures 

on silicon were investigated. It was demonstrated that La2O3 suffer from high charge 

trapping characteristics: 1) if the La2O3 deposition process is not optimized, 2) if the 

as-deposited oxide is not properly annealed, 3) if the suitable metal material is not used 

as the gate electrode and 4) if reproducibility during stressing measurements is not 

ensured. Besides, since the deposition of La2O3 directly on silicon surfaces lead to 

unavoidable lower-k interfacial layer IL formation, the consideration of a dual-oxide 

stacked structure for charge trapping analysis is necessary in order to model the 

degradation and breakdown phenomena occurring during the stressing of the samples.

 

The primary aim of introducing high-k materials into CMOS technologies is to 

reduce the gate leakage current. The magnitude of the leakage reduction depends on the 

material properties, gate-stack structure, and process conditions (IL thickness, dielectric 

constant of resulting stack after annealing, band-gap, band-alignment, post-deposition 

treatment, gate electrode, etc.). 

 

From LLaa22OO33--ggaatteedd--MMOOSSCCAAPP  rreessuullttss, a higher-k gate oxide stack could be 

fabricated by using tungsten-based electrodes. This was attributed to the less reactive 

interface formed between this metal and the La2O3 underneath. The aluminum-based 

system showed a lower-k value in La2O3, which indicates the formation of a lower-k 

Al2O3 interfacial layer, especially by PMA. From the TDDB data, a 10-year lifetime for 

La2O3 is guaranteed both by using the linear and reciprocal model. Additionally, the 
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evaluation was done for the electrical and reliability characteristics of W- La2O3-nSi 

stacks with relatively thick and thin La2O3 film (EOT>1.5nm and EOT<1nm) after 

annealing. Compared to PDA samples, PMA samples showed better reliability 

characteristics so that important parameters like higher endurance to Vfb shift, longer 

lifetimes and higher charge to breakdown were obtained. A very interesting result was 

that the shift in Vfb after positive stress (substrate injection) for La2O3-gated MOS 

devices: changes from negative to positive direction when the magnitude of the constant 

voltage stress CVS is increased or when a soft-breakdown event occurs during the 

stressing measurement. This phenomenon is also present for the shifts in Vth of 

nMOSFETs devices after positive stressing. 

 

The deposition of La2O3 under UHV and O2 flow (in an effort to minimize 

oxygen deficiency during the deposition) along with in-situ deposition of tungsten on 

La2O3 was performed in order to reduce exposure of the La2O3 surface to environment 

contamination. All these were carried out in order to obtain an improved interface 

between La2O3 and silicon. After the PMA treatment done on these samples, a higher 

PMA temperature for La2O3 enhanced the formation of a SiO2-based interfacial layer. 

All these procedures combined while remaining a very-thin physical thickness of La2O3 

resulted in a more reliable W- La2O3 stack. It is thought that the formation of a very thin 

SiO2-based interfacial layer could help to improve the reliability characteristics of 

metal/high-k stacked devices. However, the increase in EOT by lower-k interfacial layer 

formation is an issue that must be addressed since small EOT less than 1 nm requires 

very thin dielectrics and thus the controllability and quality of this interfacial layer 

becomes crucial. The lowest Vfb shift after stress was achieved for the 
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W/LaSixOy-SiO2 stacked structure which formed after PMA at 500°C in N2. 

 

The dependence of device’s area on the electrical degradation and breakdown 

of W-La2O3 was investigated. It was found that the post-breakdown characteristic of Ig 

for all samples does not show a direct relationship with area, which suggests a highly 

localized nature of the breakdown-spot distribution. Besides, even though smaller area 

devices produce longer lifetimes to breakdown during higher-voltage stressing 

conditions, the stressing with lower CVS does not break down the oxides but the 

damage induced in the dielectrics results in an inversely proportional dependence of 

SILC increase with respect to gate area. Also, the occurrence of a progressive 

breakdown (PBD) phenomenon for La2O3 after HBD was related to the increase in the 

lateral propagation of the damaged area (increase in the total size of the breakdown 

spot) as a result of the constant electrical stress. Even though thinner La2O3 with EOT < 

1nm showed highly degraded SILC characteristics under high CVS conditions, the 

expected operation voltages for future generation devices are so low that the reliable 

operation of La2O3-gated MOS devices before HBD can be expected. 

 

By using LLaa22OO33--ggaatteedd  MMOOSSFFEETT structures, useful information has been 

provided in order to determine the effect that a positive or negative CVS has on the 

reliability properties of La2O3-gated transistors. By injecting different densities of 

charge into the oxide structure, the shift in Vth and the respective increases in 

interface-state density Dit were evaluated and compared between nMOSFET and 

pMOSFET devices. For nMOSFET devices, we obtained an electric field-dependent 

shift in Vth similar to the electric field-dependent shift in Vfb for MOSCAP on n-type 
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silicon substrates. In some cases, the occurrence of soft-breakdown (SBD) events for 

higher CVS conditions lead to a change in the direction of Vth and Idsat as well. By 

including a constant drain voltage together with the positive CVS, a higher degradation 

on Vth is found. In the case of pMOSFETs stressed with negative CVS, only negative 

∆Vth are observed for all stressing conditions, being Vth dependent on the density of 

injected charge only. This negative change in ∆Vth is related to the trapping of positive 

charge within the La2O3 and its interfaces. Additionally, Dit measurements were 

performed after stress. Strong correlation between Dit and ∆Vth was found for the case 

of pMOSFETs, while for nMOSFETs there appears to be no correlation after stress. 

 

The effect of substrate and gate injection on the degradation and breakdown of 

La2O3-IL stacked MOSFETs was investigated by using carrier separation (CS) 

measurements. It was shown that the major contributor to leakage current under gate 

(substrate) injection comes by the injection of holes (electrons) via the inverted channel. 

Under the substrate injection, electrons from the channel were the main contributors to 

Ig and a two-step breakdown behavior was observed. For the gate injection, holes were 

the main contributors to Ig and a one-step breakdown behavior was observed. By 

comparing the Ig post-breakdown characteristics for both substrate and gate injection 

conditions, it is thought that the area size of the breakdown spot after gate injection is 

larger than that after substrate injection, thus suggesting that the stress-induced damage 

is also strongly polarity dependent. 

 

Under the substrate injection, several ddeeggrraaddaattiioonn  mmooddeess  ffoorr  LLaa22OO33--ggaatteedd  

MMOOSSCCAAPP were found. It is found that even though SILC-mode degradation slightly 

263 



increases the fresh levels of gate leakage current, the continuous operation of 

La2O3-gated MOS devices can be guaranteed if only SILC conduction develops during 

stressing. When a SBD event takes place, the occurrence of IL breakdown changes the 

direction of Vth shift and therefore the levels of Idsat as well. But the most influencial 

event will be a significant increase in gate leakage current not by SILC. Once the 

La2O3-IL stacked oxide reaches catastrophic or total breakdown HBD, the insulating 

characteristics of the stacked oxide are lost and the consequent lateral propagation of the 

damaged area begin to take place if the stressing condition is not stopped. During the 

stressing of La2O3-IL gated MOS devices, it is likely that the occurrence of a single 

failure mode, a combination of them or the sequential development of all of them in the 

same oxide, will develop in accordance with the polarity, magnitude and duration of the 

stress itself. Since additional degradation-factors like temperature, cycle or frequency of 

the applied stress, drain voltage, etc., would further change the estimated projections for 

the lifetime of La2O3, the reliability analyses of La2O3 including as much of those 

factors as possible are necessary in order to establish more accurate physical models 

that is able to explain the obtained degradation phenomena.  

 

By comparing the reliability properties of La2O3-gated MOS devices with those 

of HfO2-based gate oxides both with similar EOT, very important differences were 

found. It was observed that during SILC degradation, less degradation in gate leakage 

current after stress is found for La2O3-gated MOSCAP at the same EOT. Other Hf-based 

oxides with similar EOT to our La2O3-gated MOS samples, still observe the same 

exponential increase in SILC degradation during the stressing measurements. Similarly, 

even though La2O3 presents an initially higher density of interface-states Dit, the 
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generation of additional Dit is lower compared to HfO2, in which an exponential 

generation of Dit is observed. The shift in Vth after stress for HfO2 resulted in the same 

exponential behavior thus suggesting that during the stressing of HfO2-based gate 

oxides, the generation and accumulation of defects at the bulk and interfaces of 

Hf-based oxides follows is of an exponential nature. With La2O3, additional Vth shift 

after electron injection is minimized. By comparing TDDB lifetime extrapolation data, a 

10 years operation before breakdown for both high-k materials is guaranteed even at 

relatively high Vg > 1 V. Regarding to the breakdown models for these oxides, it was 

found that during substrate injection, a Hf-based system experiences high-k bulk 

breakdown whereas La2O3 shows interfacial-layer (IL) breakdown followed by the 

breakdown of La2O3 itself. During the gate injection condition, a Hf-based system 

mostly experiences IL breakdown whereas La2O3 shows complete IL + high-k 

breakdown simultaneously. 

 

All the former results suggest that La2O3-gated MOS devices have an 

advantage over HfO2 since better reliability results have been demonstrated for La2O3 

-gated devices at very similar EOT levels. By using very thin high-k films with EOT < 

1nm we have identified a large SILC increase for La2O3-gated devices so that it is 

thought that the degradation-related reliability of very thin La2O3 gate oxides becomes 

compromised but their final lifetime before breakdown would remain within the 

specifications. 
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In general, the La2O3 dielectrics show higher reliability than that of HfO2-based 

dielectrics, although some of the reliability evaluations have not been carried out for the 

La2O3. The published data in the journal and the conference predict not sufficient 

reliability for the Hf-based oxide to be used in commercial products. However, Intel 

announced Hf-based high-k gate oxide introduction into the 45 nm CMOS with 

sufficiently high reliability which meets the commercial production thus the reliability 

of the Hf-based oxides with EOT down to sub 1 nm seems to have been already 

established. 

 

 At this moment, any fundamental problems for the reliability of La2O3 

dielectrics have not been found by this study. Thus, it is expected that the La2O3 

reliability will meet the requirements for the production by the time when it is 

introduced into commercial devices. 
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7.2 Recommendations for future works 

 

In order to successfully integrate La2O3 into forthcoming generations of CMOS 

technologies, the improvement in the reliability characteristics of La2O3-gated MOS 

devices must be obtained as well as a deeper characterization and modeling of the 

charge trapping phenomena when several other degradation factors are taken into 

account. In this respect, there are some research topics regarding the reliability 

characterization of Metal/high-k stacked structures that need to be addressed as follows. 

 

To establish a method to predict lifetime and degradation of La2O3 under as 

low operating stress conditions as possible. Besides, for ultra thin oxides and low 

stressing biases, SILC and SBD mechanisms will play a fundamental role in the 

degradation of the devices, so that the adequate extraction of degradation parameters 

with these ultra thin gate oxides under low stress conditions should therefore be 

investigated. Also, the failure modes might change with scaling. Therefore, how the 

different breakdown modes affect scaled down Metal-La2O3 MOSFET devices is also a 

research topic that must be investigated. 

 

Some degradation modes such as NBTI or PBTI are strongly temperature 

dependent. Therefore, more detailed studies regarding the degradation of La2O3 under 

elevated temperatures must be done. In this study, only room temperature reliability 

measurements were done. Also, it is necessary to investigate the effects of dynamical 

electrical stress (and several other additional degradation factors) for the analysis of the 

degradation and breakdown of thin Metal-La2O3 stacked structures. 
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More reliability evaluation for La2O3-gated samples with EOT < 1 nm devices, 

and clarification of problems at this regime. At this moment, only SILC was found to be 

the problem. Also, reliability tests for smaller capacitors since the smallest capacitors’ 

size we used was limited to a 100 µm diameter. Moreover, since the hot-carrier injection 

(HCI) instability can only be measured by using very short-channel MOSFET structures, 

HCI measurements for very small gate length (Lg < 50 nm) MOSFETs must be 

performed. 

 

Finally, more studies for the optimization of processing conditions for 

enhanced reliability must be done. At this moment, it was found that higher annealing 

temperatures, in-situ gate metallization and La2O3 deposition in oxygen ambient 

improved the reliability. Also it was found that the reliability characteristics of devices 

using tungsten as a gate electrode are better than that of Al. 
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