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HfO2 is considered a promising gate dielectric material for sub-45 
nm CMOS technology. It has been reported that incorporate Al 
into HfO2 forming Hf aluminates in order to increase the 
crystallization temperature. However, the growth of the low-k 
interfacial layer at high-k/Si interface during high-k dielectric 
deposition would result in reliability degradation. Recently, 
incorporating nitrogen into HfAlOx gate dielectrics has beneficial 
effect on reliability performance. In addition, fluorine 
incorporation into high-k dielectrics also could have several 
improvements. In this study, dual plasma (CF4 pre-treatment and 
N2 post-treatment) was performed on HfAlOx MIS capacitor in 
order to improve interface quality and the reliability properties. 
According to our experimental results, dual plasma treatment could 
improve interface quality and enhance reliability properties of 
HfAlOx thin films. 
 
 

Introduction 
 

Based on the prediction of the International Technology Roadmap for 
Semiconductors (ITRS), the conventional SiO2 gate dielectric has met its physical limits 
(1). Aggressive scaling of the SiO2 gate dielectric thickness in complementary metal-
oxide-semiconductor (CMOS) integrated circuit technology led to excessive gate leakage 
current (2-4), standby power consumption (2-4), and reliability problems (5). To solve 
these issues, high dielectric constant (high-k) material became alternative gate dielectrics 
in order to reduce gate leakage current (6-8). Among all high-k gate materials, HfO2 is 
the most promising candidate due to large band gap, high dielectric constant, and large 
band offset with Si conduction band (9-10). Nevertheless, there are still some issues 
which need to be considered, including the reliability and thermal stability of the 
dielectrics (11-12). Al could be added to HfO2 forming HfAlOx to increase the 
crystallization temperature (13).  
 

Recently, it has been reported that nitrogen incorporated into high-k gate 
dielectrics could improve thermal stability and increase dielectric constant (14-16). 
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Nitrogen incorporation can suppress crystallization during high temperature treatment, 
reduce dopant penetration, increase dielectric constant, and reduce leakage current by 
about 3-4 orders of magnitude (17-18). Besides, several studies have used fluorine 
treatment on high-k gate stacks to improve electrical and reliability of dielectric thin 
films (19-21). Fluorine incorporation could improve interface quality by replacing Si-H 
bond (3.18eV) to Si-F bond (5.73 eV) (22-23). Pre-CF4 plasma treatment also could 
effectively suppress the interfacial layer (IL) formation (24).  
 

In this work, Al/Ti/ HfAlOx/Si MIS capacitor structure would be fabricated. We 
propose to combine CF4 pre-treatment and N2 post-treatment (denoted as dual plasma 
treatment) to examine interface quality and reliability properties of HfAlOx MIS 
capacitor.  
 

Experimental 
 

In this work, (100) p-type silicon wafers with the resistivity of 1-10 Ω-cm were be 
used. After standard RCA cleaning, the samples were treated in CF4 plasma (denoted as 
CF4 pre-treatment) for various times by using plasma enhanced chemical vapor 
deposition (PECVD) system. The RF power was set at 20 W and the substrate 
temperature was 300 oC. The process pressure was 500 mTorr and the gas flow rate of 
CF4 was 100 sccm. After CF4 pre-treatment, metal organic chemical vapor deposition 
(MOCVD) system was used to deposit HfAlOx thin film on the samples. Then, the 
samples were annealed at 600 oC for 30 sec by rapid temperature annealing (RTA) 
system. After post deposition annealing (PDA), samples were nitrided in N2 plasma 
(denoted as nitrogen post-treatment) by PECVD with RF power 50 W. The post 
nitridation annealing (PNA) was performed at 600 oC for 30 sec with RTA system so that 
could reduce plasma damage. Finally, Ti (40 nm) /Al (400 nm) films were deposited by 
e-beam evaporation system forming top gate electrode, whereas 400 nm Al film was 
thermal evaporated to form backside contact. The top electrodes were defined as 5000 
μm The current-voltage (I-V) characteristics of MIS structure were measured by 
Hewlett-Packard 4156C semiconductor parameter analyzer, whereas the capacitance-
voltage (C-V) characteristics of MIS structure were measured by using a C-V 
measurement (Hewlett-Packard 4284).  
 

Results and Discussion 
 

Figure 1 shows the C-V characteristics of the HfAlOx thin films treated in CF4 
plasma for different process durations and N2 plasma for 90 sec. The frequency of C-V 
measurement was set as 50 kHz. It could be observed that the sample treated by single N2 
plasma post-treatment has better capacitance density than fresh sample, which is 
attributed to the incorporation of nitrogen into HfAlOx thin films. Nitrogen atom within 
gate dielectric resulted in the increase of dielectric constant because of the enhancement 
of the electronic polarization as well as the ionic polarization (18, 25). Besides, the 
sample treated by CF4 pre-treatment for 10 sec and N2 post-treatment for 90 sec shows 
the highest capacitance density and the sharpest C-V curve than other samples. Fluorine 
atoms would pile up at the HfAlOx/Si interface by CF4 pre-treatment, which could 
strength the quality of interface (23) and suppress the IL formation (24). However, the 
capacitance density degraded as CF4 pre-treatment duration is longer than 10 sec because 
of plasma damage. 
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Figure 1. The C-V characteristics of the HfAlOx thin films treated in CF4 plasma for 
different process durations and N2 plasma for 90 sec..  
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Figure 2.  The J-V characteristics of the HfAlOx thin films treated in CF4 plasma for 
different process durations and N2 plasma for 90 sec. 

 

ECS Transactions, 45 (3) 167-174 (2012)

169 ) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 140.113.38.11Downloaded on 2014-04-28 to IP 

http://ecsdl.org/site/terms_use


0 1 2 3 4 5 6 7 8

-3

-2

-1

0

1

2

3

ln
(-

ln
(1

-f
))

Breakdown voltage (V)

 Fresh
 N2 90s
 CF4 10s+N2 90s
 CF4 20s+N2 90s

 

 

 
 

Figure 3.  The Weibull plot of the breakdown voltage for HfAlOx thin films treated in 
CF4 plasma for different process durations and N2 plasma for 90 sec. 
 
 

Figure 2 presents the J-V characteristics of the HfAlOx thin films treated in CF4 
plasma for different process durations and N2 plasma for 90 sec. Although the sample 
treated by single N2 plasma shows lower gate leakage current than fresh sample, the 
leakage is suppressed mostly for the sample with dual plasma treatment (CF4 pre-
treatment for 10 sec and N2 post-treatment for 90 sec). The reduction of gate leakage 
current is the result of defect passivation. Nitrogen and fluorine atoms could reduce the 
oxygen vacancy related states and interface states within HfAlOx band gap. Nevertheless, 
while CF4 pre-treatment is longer than 10 sec, the non-ideal effect that gate leakage 
increased. The reason for this phenomenon might be attributed to plasma damage at the 
interface. These results consisted with the breakdown voltage behaviors and distribution, 
as shown in Figure 3. It has been reported that the first breakdown happened in the low-k 
layer because the applied electric field would be largely distributed in the low-k region 
for high-k/low-k gate stack (26). In other words, interfacial layer (IL) represented the 
low-k layer and would cause the reliability problems. As shown in Figure 3, the sample 
treated by dual plasma treatment (CF4 pre-treatment for 10 sec and N2 post-treatment for 
90 sec) shows the largest breakdown voltage because of the great improvement on 
interface quality. In short, the best condition of dual plasma treatment is CF4 pre-
treatment in 10 sec with RF power 20W and N2 post-treatment in 90 sec with RF power 
50W. 
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Figure 4 C-V frequency dispersion characteristics of the HfAlOx thin films treated in CF4 
plasma for different process durations and N2 plasma for 90 sec. 
 
 
Frequency Dispersion Characteristics 
 

The C-V characteristics of the HfAlOx thin films with CF4 plasma for different 
process durations and N2 plasma for 90 sec measured under different frequencies were 
compared in Figure 4. The range of measurement frequency was set form 1 kHz to 100 
kHz. It could be noticed that the strong frequency dispersion in the accumulation region 
and the hump in the depletion region in the C-V curve for the fresh sample. The effect of 
frequency dispersion is attributed to the response of charges to signal frequency (27). 
Because some of the traps could follow the change of the applied gate voltage, the 
additional capacitance would be generated (27). Compared to the fresh sample, the 
sample treated by N2 plasma showed relatively smaller frequency dispersion and smaller 
hump. Besides, it could be observed that the sample with dual plasma treatment (CF4 pre-
treatment for 10 sec and N2 post-treatment for 90 sec) shows nearly no dispersion in the 
accumulation region and nearly no hump in the depletion region, which is independent of 
frequency. The reason of the improvement could be ascribed to that dual plasma 
treatment could effectively improve the interface quality (27-30). However, while CF4 
pre-treatment time is longer than 10 sec, the frequency dispersion and the hump became 
worst again because of plasma damage at the interface. 
 
 
Constant Voltage Stress Characteristics 
 

The C-V curves before and after CVS testing of the HfAlOx thin films treated in 
CF4 plasma for different process durations and N2 plasma for 90 sec are shown in Figure 
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5. The stress voltage was set as -3 V and the tress time was set in a range from 0 to 700 
sec. It could be observed that all the C-V curves shift to left when stress time increase 
indicating that the generation of positive charges are trapped in the dielectric layer, which 
could be explained by Anode hole injection model (31). The injected electrons traveled 
from the gate through the dielectric layer and arrived at the interface when constant 
negative bias stress, resulting in the de-passivation of Si3 SiH centers and creating the 
Si3 Si-dangling bonds at the interface (so called Pb0 centers) (32). The released 
hydrogen transported through the dielectric field by electric field and trapped in the 
dielectric; as a consequence, it may create the positively charged centers (33). On the 
other hand, the C-V curve of fresh sample exhibited hump after constant voltage stress, 
owing to the creation of interface defects. Compared to other samples, it is worth 
mentioning that the C-V curves had smaller Vfb shift and less distortion for samples with 
CF4 pre-treatment for 10sec and N2 post-treatment for 90sec because less interface trap 
charges generated at the HfAlOx/Si interface.  
 

 
 

Figure 5 The C-V curves before and after CVS characteristics of the HfAlOx thin films 
treated in CF4 plasma for different process durations and N2 plasma for 90 sec. 
 
 

Conclusion 
 

The interface quality and reliability properties of HfAlOx gate dielectric with dual 
plasma have been verified. According to our study, the best condition is CF4 pre-
treatment for 10 sec and N2 post-treatment for 90 sec time. In conclusion, dual plasma 
treatment could improve interface quality and enhance reliability properties of HfAlOx 
thin films.  
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