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Abstract 
 

In this study, four MOS capacitors were fabricated 
(Al2O3/Ti, Al2O3/W, HfO2/Ti, and HfO2/W) on Si sub-
strates. Temperature-dependent measurements were per-
formed to study the gate leakage current. To investigate the 
metal/high-k dielectric interface, charge transport mecha-
nisms of the gate leakage current were examined. I-V 
curves were fitted to three main conduction methods, i.e., 
Frenkel-Poole (F-P) emission, Schottky emission, and tun-
neling mechanism, at both low and high electric fields with 
barrier heights extracted. Furthermore, to improve device-to
-device uniformity, simplify the process of data acquisition, 
and increase yield, a neural network was employed to model 
the I-V relationships across different temperature ranges for 
all four samples. 
 

Introduction 
 

Gate leakage current is becoming the bottleneck in the 
design of high-speed and low-power consumption devices 
due to continuous scaling of the dielectric thickness of SiO2 
[1]. The continuous reduction in the thickness of the gate 
dielectric (SiO2) results in very high gate leakage current 
due to direct tunneling of electrons through the SiO2. This 
would finally lead to high power consumption even when 
the device is off, i.e., the gate voltage is less than the thresh-
old voltage [2]. To ensure that Moore’s Law remains valid 
in the next decade, leading integrated circuit (IC) manufac-
turers are now making a breakthrough by replacing the long
-standing poly-silicon gate and SiO2 [3] with a metal gate 
like Ti, W, Pt and high-k dielectrics such as HfO2, Al2O3 
and TiO2 , respectively [4], [5]. The reason for replacement 
of poly-silicon gates with metal gates is to avoid high 
threshold voltages which arise due to Fermi-level pinning 
along with degradation of channel carrier mobility [6-8]. 
Fermi-level pinning is nothing but an inability to entirely 
move the Fermi level (EF) across an Si band gap [9], [10]. 
Metal-induced gap states (MIGS) generated at poly-Si/SiO2 
interfaces tail off very quickly into the SiO2 and cause very 
little pinning, for which EF can be shifted completely 
through the Si gap by varying the work function of the elec-
trode. However, in poly-Si/HfO2 interface MIGS are more 
in number and die less swiftly when compared with SiO2. 
Hence, a larger alteration in work function would be needed 

to oscillate EF across the Si band gap [11]. A high-k-based 
dielectric helps in maintaining the same capacitance as that 
of a SiO2 dielectric but with a thinner material layer [12].  
 

However, in order to replace the longstanding combina-
tion of poly-Si/SiO2 material with a metal/high-k dielectric, 
it is imperative to fully comprehend the interface mecha-
nism. This can be done by studying the mechanism of 
charge transportation of gate leakage current. In spite of 
significant research progress in this area, the mechanism of 
charge transport responsible for the gate leakage current and 
its dependence on the gate dielectrics and metal electrodes 
is not well understood. To address this problem, the authors 
evaluated the charge conduction mechanism of gate leakage 
current in different high-k-dielectric-based MOS capacitors 
with metal electrodes on top. In addition, temperature-
dependent measurements were made to compare the charge 
transport mechanism of atomic layer deposited (ALD) HfO2

-based MOS capacitors with that of Al2O3-based MOS ca-
pacitors with Ti and W electrodes. I-V curves were fitted for 
different conduction mechanisms at different temperature 
and voltage ranges. A neural network method of modeling 
was employed to ease the duplication of the same sample by 
avoiding calculating parameters like effective mass of an 
electron and material-specific parameters, which reduce the 
cost of fabrication and increase the speed of data acquisi-
tion. 
 

Background 
 

The reduction of the gate dielectric thickness is one of the 
core reasons for increases in gate leakage current of MOS 
devices [13]. To minimize this gate leakage current, many 
high-k gate dielectrics have been recommended as substi-
tutes for SiO2 in MOS structures with effective oxide thick-
nesses (EOT) lower than 1.5nm [14]. To better study the 
interface, temperature-dependent measurements are among 
the most important methods for determining the charge 
transport mechanism of the gate leakage current. A tempera-
ture-dependent study was performed on Ta2O5 and TiO2 
films to determine their conduction mechanisms and to veri-
fy whether the gate leakage current is supportable at high 
temperatures for either of these high-k dielectrics. From 
studies it was found that in Ta2O5, I–V curves showed 
stronger temperature dependence than in TiO2 samples [15], 
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[16]. The chief reason was a lower electron barrier height in 
Ta2O5, which resulted in Schottky emission to dominate the 
charge conduction mechanism. On the contrary, the TiO2 
sample demonstrated tunneling as the dominant conduction 
mechanism in the high-field region, and F-P conduction in 
the low-field region. In the literature, it was reported that, 
for an HfO2 dielectric, a high work function metal (Pt) 
would be responsible for the F-P emission conduction 
mechanism [17]. This is because the Schottky barrier height 
would be larger than the energy level of the traps. However, 
for an Al electrode, the Schottky emission dominated the 
conduction mechanism of gate leakage current. On the other 
hand, it has been proved that Al2O3-dielectric-based MOS 
capacitors with Al electrodes showed the F-P emission to be 
the dominating charge transport mechanism at the Al/Al2O3 
interface [18].  
 

In spite of these studies, a rigorous comparison was need-
ed to identify which conduction mechanism dominates at 
which voltage level and temperature range for a specific 
metal/dielectric interface. In this study, a temperature-
dependent comparison was made at different voltage ranges 
to identify the dominant current conduction mechanism. In 
addition, a neural network model based on a Quasi-Newton 
algorithm was employed for ease of sample reproduction by 
avoiding extracting parameters like barrier height and effec-
tive mass from equations which are labor-intensive and time
-consuming processes. Neural network’s ability to learn 
quickly for building convincing solutions to unformulated 
problems, manage computationally expensive models, de-
liver fast interpolative analysis, and attain very precise func-
tional relationships between data sets are its major ad-
vantages [19]. It is a well-established method for modeling 
various processes in the semiconductor industry such as 
molecular beam epitaxy and plasma-enhanced chemical 
vapor deposition [20]. In a review of the literature, model-
ing of semiconductor process device characteristics was 
done in both the forward and inverse directions [21]. A mul-
tilayer perceptron neural network (MLPNN) was used for 
development of the model. In the forward direction, data 
obtained from the characteristics of earlier fabrication pro-
cessing points were used as input to a MLPNN, and the last 
characteristic values were modelled. On the other hand, for 
inverse modeling, final DC device characteristic measure-
ments of the total wafer were used as input to an MLPNN, 
and in-process characteristic data were modelled. This 
method eliminates the necessity to statistically describe par-
ametric deviation across a wafer. In this study, modeling of 
gate leakage current was implemented for reducing the non-
uniformity in the fabrication process and collecting addi-
tional data without fabricating the samples again. 
 
 

Methodology 
 

This section is divided into two parts: the experimental 
processes and the neural network modeling approach. The 
first section deals with the fabrication of the MOS capaci-
tors while the latter discusses the modeling method used to 
calculate the output current.  
 

Fabrication Process 
 

HfO2 and Al2O3 dielectric films were deposited on p-type 
Si wafers by an Atomic Layer Deposition ALD process at 
300°C. The thicknesses for both of the dielectrics were 
measured to be ~60Å using an ellipsometer. W and Ti met-
als (gate electrodes) of 1,000Å were deposited by RF sput-
tering and were patterned by the lift-off technique. The back 
contact was formed by depositing 1,000Å of Al on the back-
side of the samples by RF magnetron sputtering followed by 
rapid thermal annealing (RTA) in an N2 environment at 
600ºC for 5 minutes in order to achieve a low-resistance 
ohmic contact. The samples were probed in the Lakeshore 
cryogenic probe station and I-V characteristics were ob-
tained by a Keithley 4200 Semiconductor Characterization 
System.  
 

Neural Network Modeling  
 

The modeling of the collected data (gate leakage current) 
was done using a feed-forward neural network, which con-
sisted of an input layer, a hidden layer and an output layer, 
as shown in Figure 1. Each layer was comprised of several 
elements called neurons, where the input layer was a relay 
function, the hidden layer was a sigmoid function and the 
output layer was a linear function of hidden neurons. Each 
neuron in a layer had an input from a previous layer and a 
constant (or bias), while its output was forwarded to the 
next layer. The inputs and outputs of the neuron were multi-
plied by a factor called weights. This feed-forward neural 
network developed a model from the training data supplied. 
The network is said to be feed forward because each com-
ponent/element in a layer receives inputs only from the 
components/elements in the previous layer. In this study, 
the modeling was done by covering the entire range of tem-
perature points between 300K – 400K using a Quasi-
Newton algorithm. First, the data set available from the ex-
periment was randomized and then segregated into two sec-
tions, namely a training data set and a validation data set. 
Voltages (-4V to 4V) and temperatures (300K, 350K, 400K) 
were taken as the two inputs for the neural network and 
current (corresponding to the voltage range) as the output. 
Out of all the data points, 80% were taken to train the neural 
network and 20% for validating the results. The neural net-
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work approach was taken for modeling because the same or 
additional results can be obtained again without revisiting 
the entire process of fabrication and testing. This model will 
increase uniformity in fabrication, simplify the data acquisi-
tion process and, hence, increase future yield.  

Figure 1. Neural Network Model 

 

Results and Discussions  
 

The room temperature measurements of gate leakage 
current for all four samples are shown in Figure 2. Currents 
for both devices with Ti electrodes resulted in much lower 
currents than those with W electrodes. To further under-
stand their mechanism, temperature-dependent studies of 
gate leakage current were performed. Gate leakage currents 
were measured for temperatures varying from 120K to 
400K (Figure 3), with an applied voltage of -4V. It was ob-
served that at temperatures below 250K, current was almost 
constant. Hence, the tunneling mechanism dominates as the 
primary conduction mechanism for all devices in that tem-
perature range (Figure 3). Above room temperature, any of 
the three methods—F-P, Schottky emission or tunneling 
mechanism—may dominate for the samples, depending 
upon the voltage range [22], [23]. Also, these processes may 
not be completely independent of each other. It can be seen 
from Figure 3 that at higher temperatures W-based samples 
show much-elevated current compared with those of Ti-
based samples. For samples using W electrodes, it was ob-
served that more than one mechanism was dominating at the 
same time. However, for samples with Ti electrodes, the 
tunneling mechanism was dominant at low temperatures. 
 
I-V curves for all four samples were fitted at 300K, 350K, 
and 400K employing the following equations:  
 
F-P Emission: 
 

(1) 

Figure 2. I-V Measurements for Four Samples at Room 

Temperature 

Figure 3. Gate Leakage Current vs Temperature for all 

Samples 

 
where J is current density, E is the electric field of the insu-
lator, Φb is barrier height and ξ is dielectric permittivity. 
 
Schottky Emission: 
 

(2) 
 
where A is the effective Richardson constant. 
 
Tunneling: 
 

(3) 
 
where m is effective mass. 
 )/)/((exp( KTqEqEJ b πξφ −−∝

)/)/((exp(2
KTqEqATJ b πξφ −−=

))3/))(24(exp( 2/32 qhEqmEJ bφ−∝

——————————————————————————————————————————————————- 
CHARGE CONDUCTION MECHANISM AND MODELING IN HIGH-K DIELECTRIC-BASED MOS CAPACITORS                              75 



——————————————————————————————————————————————–———— 

——————————————————————————————————————————————–———— 
76                                     INTERNATIONAL JOURNAL OF MODERN ENGINEERING | VOLUME 12, NUMBER 1, FALL/WINTER 2011 

Observations were split into two cases for data above 
room temperature (300K, 350K, 400K), depending on the 
applied voltages. Case 1 dealt with samples in the high field 
region (-1.5V to -4V) while Case 2 dealt with the samples in 
the low field region (-0.005V to -1.5V).  
 

Case 1 
 

In the high field region, the I-V curve for sample 1 
(Al2O3/Ti) fit the Schottky emission model with a barrier 
height of 0.59eV (Figure 4), while for sample 2 (Al2O3/W), 
the F-P emission dominated. This is logical since for W, the 
barrier becomes too large for the Schottky emission to dom-
inate. A barrier height of 0.356eV was extracted from the 
curve fitting, as shown in Figure 5.  

Figure 4. Schottky Emission Curve Fit for the Al2O3/Ti Sam-

ples at High Field 

Figure 5. F-P Emission Curve Fitting for Al2O3/W and HfO2/Ti 

at Low and High Fields 

For sample 3 (HfO2/Ti), the F-P conduction mode fit ex-
tremely well, as shown in Figure 6. The calculated Schottky 
barrier turned out to be greater than the extracted F-P barrier 
height of 0.58eV. Therefore, at high electric fields, the F-P 
emission seems to dominate the conduction mode. From 
Figure 3, it can be interpreted that the current for sample 4 
(HfO2/W) is almost constant, but high relative to samples 1 
and 3. The reason could be that, in high electric fields, the I-
V curve fits well both in tunneling [24] and F-P conduction 
mechanisms. Again, it is interesting to note from Figure 7 
that the curves are not perfectly overlapping for the tunnel-
ing mechanism. This is due to the fact that the charge con-
duction mode is not independent. Barrier heights of 0.24eV 
and 0.27eV were extracted for tunneling and F-P emissions, 
respectively. A summary of case 1 is depicted in Table 1. 

Figure 6. Curve Fitting for F-P Emission and Tunneling for 

HfO2/W at High Field 

 

Figure 7. Schottky Emission for HfO2/W at Low Field 
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Table 1. Charge Transport Mechanism and Extracted Barrier 

Heights of Case 1 Samples 

Case 2 
 

In low a electric field, for sample 1, the extracted barrier 
height of 0.53eV for the F-P emission was less than that of 
the Schottky emission barrier height, as shown in Figure 8. 
Therefore, the F-P emission dominates in a low field for 
sample 1. For samples 2 and 3, the calculated Schottky bar-
rier turned out to be greater than the extracted F-P barrier 
height of 0.58eV. Hence, the F-P emission dominates in a 
low field region, as can be seen in Figure 5. However, for 
sample 4, the Schottky emission acts as the dominant charge 
conducting mode. A barrier height of 0.49eV was extracted 
from the curve fitting, as shown in Figure 7. Case 2 is sum-
marized in Table 2. 

Figure 8. F-P Emission Curve Fit for the Al2O3/Ti Sample at 

Low Field 

 
Thereafter, the modeling of the data was done for all four 

samples using a neural network to cover all temperature 
points lying in the range of 300K – 400K for voltage rang-

ing from -4V to 4V, as previously explained in the method-
ology section. Figure 9 shows the actual output current and 
neural model output current for all the samples. It can be 
easily seen that the model followed the experimental set of 
data very closely. Table 3 shows the training error in the 
process of modeling the data and validation error after test-
ing the trained model. 
 
Table 2. Charge Transport Mechanism and Extracted Barrier 

Heights of Case 2 Samples 

Both Figure 9 and Table 3 demonstrate excellent model-
ing capabilities due to a very low percentage of error. Once 
modeling is done, the current can be accurately calculated 
using this model for any given temperature range, which 
will be beneficial in reproducing the results without actually 
fabricating the device again. Hence, the model is cost effec-
tive and helps in speeding up the entire process of fabrica-
tion and testing of devices. On the other hand, the already 
established equations for F-P emission, tunneling etc. re-
quire the definition of a number of parameters like effective 
mass and barrier height, before calculating the output cur-
rent. In this way, just by feeding the trained neural network 
with two inputs (voltage and temperature), the required out-
put (current) can be easily established. In the future, this 
model would also help in the comparison of different high-k 
or different metal-gate-based MOS capacitors as reproduc-
ing data will be very easy. 
 
Table 3. Training and Validating Errors Obtained from Data 

Modeling using Neural Network 

 

Sample 

No. 

MOS Ca-

pacitors 

High Field 

(-1.5V to-4V) 

(Case 1) 

Barrier Height 

1 Al2O3/Ti Schottky 0.59 eV 

2 Al2O3/W F-P 0.356 eV 

3 HfO2/Ti F-P 0.58 eV 

4 HfO2/W Tunneling/F-P 0.24 eV/ 0.27 eV 
Sample 

No. 

MOS Capaci-

tors 

Low Field 

(Case 2) 

(-0.005V to-

1.5V) 

Barrier 

Height 

1 Al2O3/Ti F-P 0.53 eV 

2 Al2O3/W F-P 0.356 eV 

3 HfO2/Ti F-P 0.58 eV 

4 HfO2/W Schottky 0.49 eV 

Error 
Sample 1 

(Al2O3/Ti) 
Sample 2 

(Al2O3/W) 

Sample3 

(HfO2/Ti) 

Sample 4 

(HfO2/W) 

Training 
Error 

0.2309% 0.3456% 0.2104% 0.5549% 

Validation 
Error 

0.1661% 0.3045% 0.2155% 0.4671% 
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Figure 9. Sample 1 (a), Sample 2 (b), Sample 3 (c) and Sample 

4 (d) Shows the Comparison of Actual and Modeled Output 

Current 

Conclusions 
 

The mode of conduction for the four samples consisted of 
a combination of F-P emission, Schottky emission and tun-
neling, with each mechanism dominating according to the 
applied bias and temperature. At low temperatures, tunnel-
ing remains as the dominant mode of conduction. However, 
at higher temperatures and in low field, the F-P emission is 
the dominant mode of conduction, except for the HfO2/W 
sample. In high field, the conduction mechanism is depend-
ent both on the electrodes and dielectrics being used. The 
neural-network-based modeling of the data proved to be 
beneficial for predicting the output (current) for different 
temperature points in the range being modeled without actu-
ally fabricating and testing the device. This greatly reduces 
the probability of manual errors due to fabrication, thereby 
simplifying data acquisition and improving the yield. 
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