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1 Introduction 
Hf-based silicates and aluminates showing good thermal 
stability [1] and favorable energy-band alignment [2] 
have been intensively studied as most promising 
alternative gate dielectrics.  Despite a number of efforts 
to improve the dielectric properties of such high-k thin 
films, reliability issues such as charge trapping and 
dielectric wear-out are still matters of research [3, 4], 
especially for metal-gate/high-k dielectric gate stack.  
In this work, we have focused on a HfAlOx 
(Hf/(Hf+Al)=~0.3)/SiON stack structure and studied its 
temperature dependence of leakage current from Al-gate, 
charge trapping properties and time-dependent dielectric 
breakdown (TDDB). 
 
2 Experimental 
After standard wet-cleaning of 300mm p-type Si(100) 
wafers, a 1.2nm-thick oxynitride interfacial layer (IL) 
was formed by a process sequence of NH3 anneal at 
700ºC and subsequent oxidation at 850ºC in NO 
ambience.  HfAlOx (Hf/(Hf+Al)=~0.3) films in the 
thickness range of 3-7nm were deposited on IL by an 
atomic layer CVD (ALCVD) method, in which 
trimethy-aluminum, tetrakis ethyl- methylamino hafnium 
and water were used as precursors and NH3-plasma 
treatment was performed at each cycle of ALCVD.  The 
post-deposition anneal was performed at 1000ºC for 1sec 
in 0.2% O2 diluted by N2.  Finally, Al gates with a 
diameter of 0.5mm were formed on top by evaporation. 
 
3 Results and Discussion 
3.1 Current Conduction Mechanism 
The leakage current through 3nm-thick HfAlOx/SiON at 
negative gate voltages beyond –1.5V agrees well with 
direct tunneling (DT) current simulated in an energy 
band alignment determined by XPS measurements [5] 
(Fig. 1).  For the cases with 5nm-thick and 7nm-thick 
HfAlOx, Frenkel-Poole (FP) emission of trapped 
electrons dominates the current leakage at voltages 
beyond –2.0V, and the dielectric constant (~10ε0) 
evaluated from the slop of the FP plot on the leakage 
current is slightly smaller than the value (~12ε0) 
determined from the accumulation capacitances.  The 
observed I-V hysteresis and anomalous leakage current 
in the gate voltage region below -1.0V for each case are 
interpreted in terms of electron trapping and de-trapping 
at defect states in the dielectric stacks.  The strong 
temperature dependence of leakage currents as shown in 
Fig. 2 is attributed to an FP emission process from traps 
localized at 0.7-0.8eV from the conduction band (Fig. 3).    
Notice that the anomalous leakage current at lower 
voltages is eliminated when temperatures rises to ~100 ºC 

presumably by thermal re-emission of trapped electrons.  
The fairly weak temperature dependence of the leakage 
for the 3nm-thick HfAlOx case is also attributed to the 
transport due to DT. 
 
3.2 Charge Trapping Characteristics 
A decrease in the leakage current during constant voltage 
stress (CVS) is observable for each case until soft 
breakdown (SBD) occurs (Fig. 4).  The result is 
attributable to the defect generation and electron trapping 
at generated defects. [6]. The net positive charges during 
CVS are differently changed in different HfAlOx 
thicknesses (Fig. 5), which can be interpreted by a model 
as schematically illustrated in Fig. 6.  In the model, the 
defect generation during CVS results electron trapping in 
HfAlOx near the gate side and hole trapping near 
HfAlOx/SiON interface and/or in the SiON interfacial 
layer.  The negative flat-band voltage shift caused by 
hole trapping at sites far from the gate is more efficient 
than the positive flat-band voltage shift by electron 
trapping near the gate.  With decreasing the dielectric 
thickness, namely, the distance between the trapped 
electrons and holes, the net sheet charge in the dielectric 
stack is reduced in this model.  For HfAlOx as thin as 
3nm (Fig.6(a)), the neutralization of trapped holes with 
injected electrons and hole detrapping may happen.  
The enhanced electric field near the HfAlOx/SiON 
interface by charge trapping and resultant recombination 
electron and hole near the interface during CVS appears 
to trigger soft breakdown. 
 
3.3 TDDB Characteristics 
The TDDB characteristics for the first current jump (soft 
breakdown) during CVS as seen in Fig. 4 were measured 
at different stress voltages and temperatures, and 
characterized by Weibull distribution.  With decreasing 
the HfAlOx thickness, the Weibull slop is markedly 
decreased (Fig. 7), being similar to the case of SiO2.  
Although the time-to-SBD (tSBD) is shorten with 
increasing stress voltage and temperature irrespective of 
conduction mechanism being dominated by DT or FP 
emission, the Weibull slope remains unchanged with 
stress voltage and temperature.  We derived the field 
acceleration factor from the slop of natural logarithmic 
tSBD at 63% failures vs electric field in HfAlOx and 
plotted as a function of temperature (Fig. 8.)  For the 
case with 3nm-thick HfAlOx, the field acceleration factor 
shows no clear temperature dependence, while for a 
thicker HfAlOx case the acceleration factor is remarkably 
decreased with increasing temperature higher than ~60 ºC.  
Obviously, the field acceleration factor reflects the 
temperature dependence of electron transport through the 



dielectric stack.  For the FP case, increased current flow 
with temperature is major cause of SBD and the field 
assistance for emission of trapped carriers at higher 
temperatures becomes less important.  In contrast, for 
the DT case, increased charge trapping and/or defect 
generation rate with thermal vibration is responsible for 
shortened tSBD.  
 
4 Summary 
For Al/HfAlOx/SiON/Si(100) stack structures, the 
leakage current at high negative gate voltages is 
dominated by direct tunneling for the case with 
3nm-thick HfAlOx and by the Poole-Frenkel emission for 
the cases with thicker HfAlOx.  During CVS for the 
gate injection, electron and hole trapping in the dielectric 
stack proceeds near the Al gate and Si(100), respectively.  
For the direct tunneling case, the field acceleration factor 
of TDDB shows no significant temperature dependence, 
but for the FP emission cases it decreases at temperatures 
above ~60 ºC.  The charge trapping in the dielectric 

stack is a major factor to characterize the dielectric 
breakdown. 
 
Acknowledgement 
The authors wish to thank the members of the research 
project “High-k Network” for their fruitful comments 
and discussion. 
 
References 
[1] M. Kundu et al., Appl. Phys. Lett. 86 (2004) 5326. 
[2] S. Miyazaki, J. Vac. Sci. Technol. B19 (2001) 2212. 
[3] K.Torii, et al., IEEE Int. Electron Devices Meeting, 

(San Francisco, 2004) p.129. 
[4] W. Mizubayashi et al., Appl. Phys. Let. 85 (2004) to 

be published. 
[5] S. Nagamachi et al., Trans. of Mat. Res. Soc. Jpn. 

(2005) to be published. 
[6] W. Y. Loh et al., IEEE Int. Electron Devices Meeting, 

(San Francisco, 2003) p.927.

 

 

Fig.1 Current-voltage (I-V) characteristics 
for the capacitors with different HfAlOx
thicknesses.  The simulated I-V curves 
are also shown as references. 

 
Fig. 2 I-V characteristics measured at 
different temperatures.  

 
Fig. 5 Changes in net positive charges 
density as a function of stress time under 
3.8MV/cm in HfAlOx. 

Fig. 7 Weibull plots of time to SBD. 
The time to SBD was normalized by its 
maximum. 

Fig. 4 Temporal changes in current 
density during constant-voltage stress.
The electric field was fixed at 
3.8MV/cm in HfAlOx 

Fig .6 Energy band diagram with charge 
trapping during CVS to the capacitors (a) 
with 3nm-thick HfAlOx (b) 7nm-thick 
HfAlOx.   

 
 (a) 

(b) 

 

Fig. 3 Arrhenius plots of leakage 
currents at different gate voltages.  

Fig .8 Field acceleration factor as a 
function of temperature. 
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