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The incorporation of nitrogen in HfO2 gate dielectrics has been 
reported to be beneficial for electrical performance. The 
improvement in the electrical characteristics of HfO2 thin film with 
plasma nitridation process or plasma fluorination process has also 
been examined. In this study, dual plasma, CF4 pre-treatment and 
nitrogen post-treatment, treatments were performed on HfO2 MIS 
capacitor for further improvement on reliability characteristic. We 
examine the reliability properties and the current conduction 
mechanism of HfO2 thin films. The frequency dispersion and 
constant voltage stress (CVS) characteristics of the samples were 
analyzed to estimate the improvement. According to the present 
study, dual plasma treatment could be better than single plasma 
treatment and would be an effective approach for HfO2 dielectric 
improvement. 
 
 

Introduction 
 

The rapid progress of complementary metal oxide semiconductor (CMOS) 
integrated circuit technology has met several serious technological challenges over the 
past few years. According to the prediction of the International Technology Roadmap for 
Semiconductor (ITRS), the conventional gate dielectric layer will reach its physical limits 
[1]. Gate dielectric scaling of CMOS will increase the speed and the packing density of 
modern circuits. However, the aggressive shrinking of the gate length and gate dielectric 
thickness accompanies excessive leakage current and reliability problems. To solve these 
problems, a major solution is to replace the traditional SiO2 or SiON by other higher 
dielectric constant material. Using high dielectric constant material for gate dielectric 
could have larger physical thickness and maintain smaller equivalent oxide thickness 
(EOT). As a result, high-dielectric-constant (high-κ) thin films have been considered as 
suitable gate dielectric for modern CMOS technology. There are various high-κ thin film 
has been investigated [2-4]. Among these high-κ materials, HfO2 is considered as the 
most promising candidate because of high dielectric constant (~25), wide band gap (~5.7 
eV), and large band offset with Si conduction band (~1.5 eV) [2, 5]. Nevertheless, there 
are still some issues which need to be considered, such as the reliability and thermal 
stability of the dielectrics [6, 7].  
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It has been reported that nitrogen incorporated into HfO2 gate dielectrics has 
beneficial effect on performance [8]. Nitrogen could be incorporated into dielectric layer 
by ICP plasma nitridation process at lower temperature [9, 10]. As reported in previous  
study: 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 [11, 12]. Umezawa et al [13] noted that 
nitrogen could deactivate the oxygen vacancy related states within HfO2 band gap. The 
absence of gap states leads to the removal of electron leakage path.  
 

In addition, the incorporation of fluorine in HfO2 gate dielectrics also has been 
reported to be beneficial for electrical and reliability performance [14-16]. The quality of 
interfacial layer (IL) becomes more and more important due to gate dielectric scaling. 
Wong et al [17] noted that the applied electric field would be largely distributed in the 
low-κ region for high-κ/low-κ stack layer because of Gauss’s law. The first breakdown 
happened in the low-κ layer [17]. Recently, several studies have used fluorine 
incorporation to improve IL quality at HfO2/Si interface because Si-F bond (5.73 eV) is 
stronger than Si-H bond (3.18eV) [18, 19]. Moreover, pre-CF4 plasma treatment has been 
shown to effectively suppress the IL formation [20]. 
 

In this study, we propose to combine two kinds of plasma treatment (denoted as 
dual plasma treatment), CF4 pre-treatment and nitrogen post-treatment, in order to 
achieve further improvement. We have examined the reliability properties and the current 
conduction mechanism of HfO2 MIS capacitor structure. First of all, the capacitance-
voltage (C-V) characteristics and current-voltage (J-V) characteristics will be briefly 
described. Second, the frequency dispersion and constant voltage stress (CVS) 
characteristics of the samples will be analyzed to estimate the improvement. Finally, 
current conduction mechanisms, such as Schottky emission, Frenkel-Poole (F-P) 
emission, and Fowler-Nordheim (F-N) tunneling will be discussed. Schottky barrier 
height,  F-P barrier height, and F-N barrier height will be extracted.  
 

Experimental 
 

After standard RCA cleaning, the samples were treated in CF4 plasma (denoted as 
CF4 pre-treatment) for various times. The substrate temperature in a plasma enhanced 
chemical vapor deposition (PECVD) system was set at 300 oC. The process pressure and 
the CF4 flow rate were 500 mTorr and 100 sccm, respectively. The RF power was set at 
20 W and the exposure times were varied in the range of 10-40 sec. After CF4 pre-
treatment, HfO2 thin film was deposited on the samples by the metal organic chemical 
vapor deposition (MOCVD) system. Then post deposition annealing (PDA) was 
performed at 600 oC for 30 sec in a rapid temperature annealing (RTA) system. After 
PDA, samples were nitrided in nitrogen plasma (denoted as nitrogen post-treatment) by 
PECVD. The flow rate of nitrogen gas, which is N2 or NH3, was set at 100 sccm. Post 
nitridation annealing (PNA) was performed with RTA equipment at 600 oC for 30 sec in 
order to reduce plasma damage. Thereafter, 40 nm-Ti films and 400 nm Al films were 
deposited by e-beam evaporation system. The top electrodes were defined 
lithographically and etched to define a gate area of 5000 μm2. Finally, backside Al 
electrodes were deposited by the thermal evaporation to form the Ohmic contact. The 
capacitance-voltage (C-V) and current-voltage (I-V) characteristics of MIS structure were 
measured by using a C-V measurement (Hewlett-Packard 4284) and Hewlett-Packard 
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4156C semiconductor parameter analyzer, respectively. The condition of frequency 
dispersion measurement was set as from 1 kHz to 100 kHz. The stress condition of CVS 
measurement was set as a constant voltage -3V for 0 to 500 sec. Furthermore, the I-V 
characteristics were measured at elevated temperatures from 25 to 125 oC, 25 oC per step, 
in order to analyze current conduction mechanisms. 
 

Results and Discussion 
 
C-V and J-V Characteristics 
 

Figure 1 shows the C-V characteristics of the HfO2 thin films treated in CF4 
plasma for different process durations and N2 plasma for 120 sec. The frequency used in 
the high frequency C-V measurement was set at 50 kHz. The sample was treated only in 
N2 plasma for 120 sec (RF power = 50 W) shows much higher capacitance density than 
the sample with no treatment. The higher capacitance could be attributed to the PDA 
process [21-23] and the nitrogen incorporation in the HfO2 thin film. The nitrogen 
incorporation could enhance the electronic polarization as well as the ionic polarization, 
which result in the increase of dielectric constant [12, 24]. On the other hand, the 
capacitance density and interface characteristics show further improvement with the 
combination of CF4 pre-treatment for 10 sec and N2 post-treatment for 120 sec. With CF4 
pre-treatment, fluorine atoms would pile up at the HfO2/Si interface, improve the quality 
of interface [19], and suppress the IL formation [20]. Besides, for CF4 pre-treatment 
times longer than 10 sec, the plasma damage caused the degradation of HfO2/Si interface 
and the degradation of capacitance density. 
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Figure 1.  The C-V characteristics of the HfO2 thin films treated in CF4 plasma for 
different process durations and N2 plasma for 120 sec.  
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Figure 2 shows the J-V characteristics of the HfO2 thin films treated in CF4 
plasma for different process durations and N2 plasma for 120 sec. Compared with the 
sample with no treatment, the gate leakage current decreased by about 4 orders of 
magnitude for the sample with CF4 pre-treatment for 10 sec and N2 post-treatment for 
120 sec. The reduction of the gate leakage could be attributed to defect passivation. 
Oxygen vacancy related states and interface states could be passivated by nitrogen and 
fluorine atoms [13, 16]. On the other hand, for CF4 pre-treatment times longer than 10 sec, 
the plasma damage caused the degradation of interface and the increase of gate leakage 
current. The best condition of dual plasma treatment is as follows: CF4 pre-treatment 
(time=10s, RF Power=20W) and N2 post-treatment (time=120s, RF Power=50W). The 
gate leakage of the sample with best condition is 1.05 × 10-5 A/cm2 at Vg ＝ -1.5 V. 
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Figure 2. The J-V characteristics of the HfO2 thin films treated in CF4 plasma for 
different process durations and N2 plasma for 120 sec.  
 

In Figure 3 and Figure 4, the C-V and the J-V characteristics of the HfO2 gate 
dielectrics, treated in CF4 plasma for different process durations and NH3 plasma for 120 
sec, are presented. The RF power of NH3 post-treatment was set at 40 W. As mentioned 
before, the reason of the improvement in the NH3 plasma nitridation process could be the 
same as the one in the N2 plasma nitridation process. From the similar analysis, the best 
condition of dual plasma treatment is as follows: CF4 pre-treatment (time=10s, RF 
Power=20W) and NH3 post-treatment (time=120s, RF Power=40W). The gate leakage of 
the sample with best condition is 1.62 × 10-5 A/cm2 at Vg ＝ -1.5 V. In summary, C-V and 
I-V Characteristics could be further improved by dual plasma treatment. 
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Figure 3.  The C-V characteristics of the HfO2 thin films treated in CF4 plasma for 
different process durations and NH3 plasma for 120 sec.  
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Figure 4. The J-V characteristics of the HfO2 thin films treated in CF4 plasma for 
different process durations and NH3 plasma for 120 sec.  
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Frequency Dispersion Characteristics 
 

The C-V characteristics of the HfO2 thin films, treated with CF4 plasma for 
different process durations and N2 plasma for 120 sec, have been measured as a function 
of frequency as shown in Figure 5. The measurements were made in the frequency range 
of 1-100 kHz (1, 10, and 100 kHz). Frequency dispersion could be observed because of 
the response of trap charges to signal frequency. At low frequencies, interface traps 
generated the additional capacitance because some of traps could follow the change of 
gate voltage [25]. The frequency dispersion in the accumulation region and the hump in 
the depletion region are significant for the sample with no treatment. The sample treated 
by N2 plasma showed relatively smaller frequency dispersion and smaller hump than the 
sample with no treatment. On the other hand, it was obvious that the sample treated by 
CF4 pre-treatment for 10 sec and N2 post-treatment for 120 sec exhibited nearly no 
dispersion in the accumulation region and nearly no hump in the depletion because 
interface states could be improved effectively [25-28] by dual plasma treatment. However, 
the frequency dispersion and the hump became severe again when the CF4 pre-treatment 
time is longer than 10 sec owing to plasma damage at interface.  
 

Figure 6 displays the C-V frequency dependence of the HfO2 thin films treated in 
CF4 plasma for different process durations and NH3 plasma for 120 sec. The sample 
treated by CF4 pre-treatment for 10 sec and NH3 post-treatment for 120 sec exhibited 
nearly no dispersion and nearly no hump during C-V measurement. This indicated that 
dual plasma treatment could effectively eliminate interface states and greatly enhance IL 
quality than single plasma treatment.  
 

 
 

Figure 5. C-V frequency dependence of the HfO2 thin films treated in CF4 plasma for 
different process durations and N2 plasma for 120 sec.  
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Figure 6. C-V frequency dependence of the HfO2 thin films treated in CF4 plasma for 
different process durations and NH3 plasma for 120 sec.  
 

 
 
Figure 7. The C-V curves before and after CVS characteristics of the HfO2 thin films 
treated by (a) single plasma treatment and (b) dual plasma treatment. 
 
Constant Voltage Stress Characteristics 
 

Figure 7 displays the C-V curves before and after CVS testing of the HfO2 thin 
films treated by N2 plasma post-treatment (as shown in Figure 7(a)) and the combination 
of CF4 plasma pre-treatment and N2 plasma post-treatment (as shown in Figure 7(b)), 
respectively. The stress voltage was set at -3 V. The stress times were made in a range 
from 0 to 500 sec. All the C-V curves shift to left as stress time increase indicated that 
there were positive charges trapped in the high-κ dielectric layer. Trapping of positive 
charges could be explained by Anode hole injection model [29]. During constant negative 
bias stress at a fixed gate voltage, the injected electrons traveled through dielectric and 
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arrived at the interface. These electrons gained energy to liberate the hydrogen at the 
interface, leading to the generation of Si dangling bond. The liberated hydrogen diffused 
into the dielectric through the oxide field, trapped in the dielectric, leading to the creation 
of positively charged centers [30, 31]. The C-V curves had smaller Vfb shift and less 
distortion for samples with dual plasma treatment, indicating that samples with dual 
plasma treatment had less interface trap charges generated at the dielectric/Si interface 
and had better reliability properties than samples with single plasma treatment. 
 
Schottky Emission 
 

Figure 8(a) depicts the J-E plots for the sample with no treatment at different 
temperatures from 298 K to 398 K (25 K per step). The inset of Figure 8(a) is the band 
diagram demonstrating Schottky emission. The electric field E is an “effective” electric 
field (E = V/CET), while capacitance effective thickness (CET) is extracted from the 
capacitance density in the accumulation region [32]. The standard Schottky emission 
could be expressed as  
 

     ( )
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡ −−
=

kT
qEq

TAJ rB
SE

02* 4
exp

επεφ ,     
0

*
* 120

m
mA =  ( 22Kcm

A ),                    (1) 

 
where JSE is the current density, A* is the effective Richardson constant, E is the effective 
electric field, T is the absolute temperature, q is the electron charge, Bqφ  is the Schottky 
barrier height, k is Boltzmann’s constant, ε0 is the permittivity of free space, εr is the 
dynamic dielectric constant, m* is the electron effective mass in HfO2, m0 is the free 
electron mass. The electron effective mass is 0.1 m0 [33, 34]. 
 

 
 
Figure 8. (a) The J-E curves at various temperatures and (b) Schottky emission plots, 
ln(J/T2) versus E1/2, for the HfO2 thin film with no treatment. 
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straight line, as shown in Figure 8(b). It was found that Schottky emission is the dominate 
conduction mechanism in the region of low to medium electric fields (1.7 - 3.0 MV/cm) 
[35]. Eq. (2) expresses the intercept of the Schottky emission plot with the vertical axis. 
The barrier height can be extracted from Eq. (2).  
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A ).                            (2) 

 
Because of effective electric field (E = V/CET), the extracted barrier heights in 

this study are effective barrier heights. The extracted Schottky barrier heights for the 
samples with no treatment, single plasma treatment, and dual plasma treatment are listed 
in Table I. It is clear that the samples had larger barrier height than other samples after 
CF4 pre-treatment for 10 sec and nitrogen post-treatment for 120 sec. 
 
TABLE I.  Schottky Barrier Height Extracted for The Samples with No Treatment, 
Single Plasma Treatment, and Dual Plasma Treatment. 
Barrier 
height 

No treatment N2, 120s CF4, 10s  
+ N2, 120s 

CF4, 20s  
+ N2, 120s 

)(eVq Bφ  1.01±0.04 1.23±0.09 1.32±0.1 1.19±0.09 

Barrier 
height 

No treatment NH3, 120s CF4, 10s  
+ NH3, 120s 

CF4, 10s  
+ NH3, 120s 

)(eVq Bφ  1.01±0.04 1.21±0.04 1.32±0.07 1.21±0.07 

 
 
Frenkel-Poole (F-P) Emission 
 

When gate under negative bias, electrons will inject from gate into HfO2 dielectric 
layer and will be trapped into shallow trap levels. Thereafter, the electrons transported 
through the dielectric layer by hopping between these trap levels, leading to leakage 
current, called Frenkel-Poole (F-P) emission. The standard F-P emission could be 
expressed as [35] 
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qEq
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0exp
επεφ
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where JFP is the current density, E is effective electric field, Ct is a constant proportional 
to the density of bulk oxide traps, tqφ  is the trap energy in HfO2, and other parameters 
are as defined earlier. For the standard Frenkel-Poole emission, a plot of ln(JFP/E) versus 
E1/2 should be linear. It was found that F-P emission is the dominate conduction 
mechanism in the region of medium to high electric fields (4.0 - 6.0 MV/cm). The trap 
energy in dielectric layer could be extracted form good F-P fitting, as shown in Figure 9.  
 

Table II lists the trap energy levels of the samples with no treatment, single 
plasma treatment, and dual plasma treatment. The extracted trap levels for the sample 
with and without N2 post-treatment were 1.12 eV and 0.72 eV, respectively. In contrast, 
the trap level for the sample treated by CF4 pre-treatment for 10 sec and N2 post-
treatment for 120 sec was 1.14 eV. The deeper trap level means that most of shallow trap 
levels in HfO2 thin film can be eliminated [32] by using dual plasma treatment. The 
elimination of shallow trap levels resulted in the reduction of F-P conduction current. 
Similarly, the sample treated in CF4 pre-treatment for 10 sec and NH3 post-treatment for 
120 sec also exhibited larger trap levels than other samples. In short, dual plasma 
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treatment could eliminate the shallow trap levels and greatly reduce the gate leakage 
current. 
 

 
 
Figure 9. Trapping energy levels extracted from F-P fitting for the samples with dual 
plasma treatment (a) CF4 plasma and N2 plasma (b) CF4 plasma and NH3 plasma. 
 
TABLE II.  F-P Trapping Level Extracted for The Samples with No Treatment, Single 
Plasma Treatment, and Dual Plasma Treatment. 
Barrier 
height 

No treatment N2, 120s CF4, 10s  
+ N2, 120s 

CF4, 20s  
+ N2, 120s 

( )eVq tφ  0.72 1.12 1.14 0.91 

Barrier 
height 

No treatment NH3, 120s CF4, 10s  
+ NH3, 120s 

CF4, 10s  
+ NH3, 120s 

( )eVq tφ  0.72 0.82 1.10 0.80 
 
 
Fowler-Nordheim (F-N) Tunneling 
 

In higher electric field, the Fowler-Nordheim (F-N) tunneling dominated the 
conduction mechanism [36]. The standard F-P emission could be expressed as 
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where JFN is the current density, h is the Plunk’s constant, fqφ  is the potential barrier 
height, m* is the electron effective mass in HfO2, and the other notations were as same as 
mentioned before. The electron effective mass here is 0.1 m0 [33, 34]. If the leakage 
current is dominated by the F-N mechanism, a plot of ln(J/E2) versus 1/E should be linear. 
Linear characteristic could be observed at high electric field (> 7 MV/cm), as shown in 
Figure 10. The slope of each curve in Figure 10 and Eq. (5) could obtain the F-N barrier 
height, which were listed in Table III. 
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Table III listed the F-N barrier height of the samples with no treatment, single 

plasma treatment, and dual plasma treatment. It could be observed that samples treated in 
CF4 pre-treatment for 10 sec and nitrogen post-treatment for 120sec had larger value than 
other samples. The injection of electrons from the gate entered the conduction band of 
HfO2 by tunneling through a triangular potential barrier. The injected electrons interacted 
with lattice or transferred its energy at anode [37], which resulted in the degradation of 
the dielectric layer. As a result, the sample with proper dual plasma treatment had bigger 
F-N barrier height and better reliability properties. 

 
 

Figure 10. F-N tunneling characteristic, ln(J/E2) vs. 1/E, for the samples with dual plasma 
treatment (a) CF4 plasma and N2 plasma (b) CF4 plasma and NH3 plasma 
 
TABLE III.  F-N Barrier Height Extracted for The Samples with No Treatment, Single 
Plasma Treatment, and Dual Plasma Treatment. 
Barrier 
height 

No treatment N2, 120s CF4, 10s  
+ N2, 120s 

CF4, 20s  
+ N2, 120s 

)(eVq fφ  1.78 1.86 2.01 1.85 

Barrier 
height 

No treatment NH3, 120s CF4, 10s  
+ NH3, 120s 

CF4, 10s  
+ NH3, 120s 

)(eVq fφ  1.78 1.86 1.92 1.83 

 
 

Conclusion 
 

In conclusion, the reliability properties and current conduction mechanisms of 
HfO2 gate dielectric films as a function of dual plasma treatment (the combination of CF4 
pre-treatment and nitrogen post-treatment) have been investigated. First, the best 
conditions which decided form C-V and J-V characteristics were the samples treated by 
CF4 plasma for 10 sec and N2 (NH3) plasma for 120 sec. According to the current 
conduction analysis, the dominant current conduction mechanism was Schottky emission 
type in the region of low to medium electric fields (1.7 – 3.0 MV/cm); Frenkel-Poole (F-
P) emission operated in the region of medium to high fields (4.0 – 6.0 MV/cm); Fowler-
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Nordheim (F-N) tunneling was dominant at high fields (> 7 MV/cm). Dual plasma 
treatment was effective in improving interface quality, eliminating shallow trap levels, 
and enhancing reliability properties. In summary, the effect of dual plasma treatment 
could be better than single plasma treatment and dual plasma treatment would be an 
effective technology to improve the reliability of HfO2 thin films. 
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