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Abstract - In this paper, the impact of defects (donor and 
acceptor traps) which are generated at the Si/SiO2 interface and in 
semiconductor bulk, when the gate oxide is exposed to a high 
electric field stress (HEFS), on n-channel MOS and VDMOS 
transistors electrical characteristics is analysed and simulated. 
Taking the advantage of simulation, it was shown how and why 
the generated traps affect on n-channel MOS and n-channel 
VDMOS electrical characteristics.1 
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I. INTRODUCTION 

The stability and reliability of MOSFET`s electrical 
characteristics is one of the most important requirements 
that are requested in the process of device and circuit 
design. It is known that under the influence of different 
effects, such as irradiation, high temperature (NBTI) or 
high electric field stress (HEFS), the neutral or charged 
defects (traps) are generated at the Si/SiO2 interface, as well 
as in the semiconductor and gate oxide bulk [1-3]. The 
formed traps may cause the temporal degradation of the 
electrical characteristics of semiconductor device, which 
finally affects on the reliable operation of the electronic 
circuit and device, where the MOSFETs are integrated.  

Over the last few decades a number of the physical 
models for the instability explanations have been proposed 
[4,5]. The majority of these models have no ability to 
analyse influence of the all generated traps, considering 
that these very complex processes are still not well 
understood, since it is necessary to take into account the 
impact of a large number of parameters. Using the 
possibilities provided by Silvaco TCAD simulation tools, 
in which the advanced physical models are incorporated 
[6,7], the ability to separate analyse the influence of 
different parameters, models and mechanisms, on the 
device electrical characteristics is offered. The effects of 
interface and semiconductor bulk traps generated under the 
HEFS on the electrical characteristics of n-channel MOS 
and VDMOS transistors are investigated in this paper. 
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II. NUMERICAL MODEL

The presence of charged defects or traps at the Si/SiO2 
interface, or in oxide and semiconductor bulk has a 
significant impact on the device electrical characteristics. 
These traps are changing the density of space charge and 
the potential distribution in the device structure and also 
have the influence on the recombination statistics and 
carriers mobility. The fact is that the amount of bulk and 
interface charged traps increases significantly when the 
devices are exposed to high electric field or radiation 
(HEFS), and in these cases an accurate simulation of the 
electrical characteristics of semiconductor devices requires 
to take into consideration the influence of space charge that 
comes from stress induced charge traps. 

There are three different mechanisms which add space 
charge directly into the right hand side of Poisson’s 
equation in addition to the ionized donor and acceptor 
impurities, and these are interface fixed charge, interface 
trap and bulk trap states. Interface fixed charge is controlled 
by the interface boundary condition, while the interface and 
bulk charged traps, ITQ   and IBQ are added directly into the 
Poisson`s equation: 

)()()( BTITAD QQNNpnqdiv +−+−−=∇ −+ϕε    (1) 

Associated energy of interface and semiconductor traps lies 
in forbidden gap and exchange charge through the emission 
or captured electrons with conduction and valence band. 
The net charge ITQ

 
that comes from the presence on 

ionized donor-like ( +
DTN ) and acceptor-like ( −

ATN ) traps at 
Si/SiO2 interface is defined as: 

))( −+−+ −=−= ATDTATDTIT QQNNqQ     (2) 

In the case when the associated energy of donor-like trap 
(DT) lies in forbidden gap near the bottom of conduction 
band it releases an electron and becomes positive charged. 
The increase of positive charge (+QIT) at the Si/SiO2 
interface reduces the threshold voltage VTH of n-channel 
MOSFET (Fig. 1). Contrary, acceptor-like trap (AT) is 
ionized (negatively charged) when its energy level lies near 
the top of valence band. In that case, AT is filled with an 
electron, and the presence of –QIT at the interface would 
cause an increase in the threshold voltage of n-channel 
MOSFET (Fig. 1). The changes of charge at the Si/SiO2 
interface also affects on other electrical characteristics such 
as: leakage current IL, saturation current ISAT, etc. 
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Fig. 1. The schematic representation of DT and AT ionization  
processes and the generation of the charge at Si/SiO2 interface. 

Traps generated under the HEFS in the semiconductor bulk 
influence on the electrical characteristics of MOSFET in a slightly 
different way. DT and AT ionization processes in the bulk of 
semiconductor are going on in a similar way and under the same 
conditions, but in this case the influence of electron concentration 
in the semiconductor bulk is more important than the formed 
positive or negative charge (Fig. 2). When the associated energy 
of DT in forbidden gap changes from EV to EC, the probability of 
its ionization increases, it releases an electron and becomes 
positive charged. The increase of the electron concentration 
in semiconductor bulk leads to the reduction of threshold 
voltage   VTH, while at the same time the saturation current 
ISAT of the n-channel MOSFET increases. In the case of 
AT, the ionization probability increases when their 
associated energy changes from EC to EV. AT in 
semiconductor bulk captures an electron and becomes 
neutral. This recombination process significantly reduces 
the saturation current ISAT, which is particularly important 
in n-channel VDMOSFET, due to the fact that its current 
after the channel, flows vertically through the epitaxial 
layer and Si substrate to drain contact. 

Fig. 2. The schematic representation of DT and AT ionization  
and generation-recombination processes in semiconductor bulk. 

III. SIMULATION RESULTS

In this section the impacts of DT and AT traps at 
Si/SiO2 interface and in semiconductor bulk on the 
electrical characteristics of n-channel MOS transistor and 
n-channel VDMOS power transistor are presented. The 
simulations have been carried out by using the process 
simulator ATHENA [8] and the device simulator ATLAS 
[9], which are the integral part of Silvaco TCAD software 
package.  

A. n-channel MOS transistor – interface traps 

The impact of DT and AT generated at the Si/SiO2 
interface generated under HEFS is analysed on typical n-
channel MOS transistor fabricated in standard 0.35μm 
CMOS technology. The gate oxide thickness is dOX=10nm. 
The influences of interface DT and AT on VTH, 
IL=ID(VGS=0.1V) and ISAT=ID(VGS=5.V), obtained by 
analysing the simulation results are summarized in Tab. I. 

TABLE I: The influence of interface DT and AT on the electrical 
characteristics of n-channel MOS transistor. 

VTH IL ISAT 
NDT >       1014cm-3  ↑ ↓ ↑ const
E.LDT > 0.6eV → EC ↓ ↑ const 
E.LDT > 0.6eV → EV const const const 
NAT >       1011cm-3  ↑ ↑ ↓ ↓ 
E.LAT > 0.8eV → EC ↓ const const 
E.LAT > 0.8eV → EV const ↓ const 

The distribution of potential in poly-Si, electric field in gate 
oxide, ionized DT density at Si/SiO2 interface, and electron 
concentration in silicon, are shown on Fig. 3. The change 
of the threshold voltage VTH of n-channel MOS, depending 
on interface DT parameters (donor trap density NDT and 
associated energy level E.LDT) is given on Fig. 4. 

NDT=5.e15, E.LDT=0.5eV    NDT=5.e15, E.LDT=0.78eV 
VTH=0.65V, NDT

+ =1.e09       VTH=0.36V, NDT
+ =3.e12 

a 

b     
Fig. 3. Interface DT influence on n-channel MOS transistor: 

a) ionized donor traps density, b) electron concentration.

Fig. 4. The change of the threshold voltage VTH of n-channel 
MOS, depending on interface DT parameters. 
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The distribution of potential in poly-Si, electric field in gate 
oxide, ionized AT density at Si/SiO2 interface and electron 
concentration in silicon, are shown on Fig. 5. The changes 
of the threshold voltage VTH and leakage current IL of n-
channel MOS, depending on interface AT parameters 
(acceptor trap density NAT and associated energy level 
E.LAT) are given on Fig. 6 and Fig. 7, respectively. Sets of 
AT parameters for the given ionized acceptor trap density 
and electron concentration on Fig. 5 are marked on Fig. 6. 

NAT=1.e12, E.LAT=0.5eV    NAT=1.e12, E.LAT=0.1eV 
VTH=1.16V, NAT

+ =9.e11     VTH=0.75V, NAT
+ =3.e011 

a 

b 
Fig. 5. Interface AT influence on n-channel MOS transistor: 
a) ionized acceptor traps density, b) electron concentration.

Fig. 6. The change of the threshold voltage VTH of n-channel 
MOS, depending on interface AT parameters. 

Fig. 7. The change of the leakage current IL of n-channel MOS, 
depending on interface AT parameters. 

B. n-channel MOS transistor – bulk traps 

The influences of bulk DT and AT on VTH, IL and ISAT, 
obtained by the analysing of the simulation results are 
summarized in Tab. II. It is obvious that the presence of 
DT and AT in semiconductor bulk also impact on the value 
of ISAT due to recombination process. 

TABLE II: The influence of bulk DT and AT on the electrical 
characteristics of n-channel MOS transistor. 

VTH IL ISAT 
NDT >       1016cm-3  ↑ ↓ ↑ ↑ 
E.LDT > EV → EC ↓ ↑ ↑ 
NAT >       1016cm-3  ↑ ↑ ↓ ↓ 
E.LAT > EC → EV ↑ ↓ ↓ 

The distribution of potential in poly-Si, electric field in 
gate oxide, ionized DT density in semiconductor bulk, 
electron concentration and total current density, in silicon 
are given on Fig. 8, while the change of the threshold 
voltage VTH of n-channel MOS, depending on bulk DT 
parameters (donor trap density NDT and associated energy 
level E.LDT) is given on Fig. 9. Sets of DT parameters for 
the given ionized donor trap density, electron concentration 
and total current density on Fig. 8 are marked on Fig. 9. 

The distribution of potential in poly-Si, electric field in 
gate oxide, ionized AT density in semiconductor bulk, 
electron concentration and carrier recombination velocity 
in silicon, are shown on Fig. 10, while the change of the 
threshold voltage VTH of n-channel MOS, depending on 
bulk AT parameters (donor trap density NDT and associated 
energy level E.LDT) is given on Fig. 11. 

NDT=1.e17, E.LDT=0.1eV    NDT=1.e17, E.LDT=0.7eV 
VTH=0.62V          VTH=0.37V 

a 

b 

c 
Fig. 8. Bulk DT influence on n-channel MOS transistor: 

a) ionized donor traps density, b) electron concentration and
c) total current density.
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Fig. 9. The change of the threshold voltage VTH of n-channel 
MOS, depending on bulk DT parameters. 

NAT=8.e17, E.LAT=0.1eV   NAT=8.e17, E.LAT=0.7eV 
VTH=0.66V          VTH=1.72V 

a 

b 

c 
Fig. 10. Bulk AT influence on n-channel MOS transistor: 

a) ionized acceptor traps density, b) electron concentration and
c) recombination velocity.

Fig. 11. The change of the threshold voltage VTH of n-channel 
MOS, depending on bulk AT parameters. 

C. n-channel VDMOS transistor – interface traps 

The impact of DT and AT generated at the Si/SiO2 
interface generated under HEFS is analysed on typical n-
channel VDMOS transistor. The channel length and gate 
oxide thickness of the VDMOS transistor are lCH=1μm and 
dOX=60nm, while the threshold voltage is VTH=3.7V. The 
influences of interface DT and AT on VTH, 
IL=ID(VGS=0.4V) and ISAT=ID(VGS=10.V), obtained by 
analysis of the simulation results are given in Tab. III. 

TABLE III: The influence of interface DT and AT on the 
electrical characteristics of n-channel VDMOS transistor. 

VTH IL ISAT 
NDT >       1012cm-3  ↑ ↓ ↑ const
E.LDT > 0.6eV → EC ↓ ↑ const 
E.LDT > 0.6eV → EV const ↓ const 
NAT >       1011cm-3  ↑ ↑ const ↓ 
E.LAT > 0.8eV → EC ↓ const ↓ 
E.LAT > EV → 0.8eV const const ↓ 

As can be seen, the interface DT has the identical impact 
on the electrical characteristics of VDMOS transistor as in 
the case of MOS transistor, while the impact of interface 
AT is slightly different. Unlike MOS transistor, here, the 
interface AT reduces the saturation current and does not 
affect on the leakage current.  

The distribution of potential in poly-Si, electric field in 
gate oxide, ionized DT density at Si/SiO2 interface, and 
electron concentration, are shown on Fig. 12, while the 
change of the threshold voltage VTH of n-channel VDMOS, 
depending on interface DT parameters (donor trap density 
NDT and associated energy level E.LDT) is given on Fig. 13. 
The values of threshold voltage VTH and ionized interface 
DT concentration  NDT

+ are given on Fig.12, while the sets 
of DT parameters for the given ionized donor trap density 
and electron concentration on Fig.12 are marked on Fig.13. 

NDT=1.e14, E.LDT=0.5eV    NDT=1.e14, E.LDT=0.8eV 
VTH=3.8V, NDT

+ =4.e05       VTH=1.30V, NDT
+ =5.e10 

a 

b     
Fig. 12. Interface DT influence on n-channel VDMOS transistor: 

a) ionized donor traps density, b) electron concentration.
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Fig. 13. The influence of interface DT parameters: donor trap 
density NDT and energy level E.LDT on threshold voltage VTH. 

 
The distribution of potential in poly-Si, electric field in gate 
oxide, ionized AT density at Si/SiO2 interface, and total 
current density, are shown on Fig. 14, while the change of 
the threshold voltage VTH of n-channel VDMOS, depending 
on interface DT parameters (donor trap density NDT and 
associated energy level E.LDT) is given on Fig. 15. 
 
NAT=1.e12, E.LAT=0.1eV          NAT=1.e12, E.LAT=0.5eV 
VTH=3.8V, NAT

+ =2.e11            VTH=6.5V, NAT
+ =1.e012 

 
a 

 
b 
Fig. 14. Interface AT influence on n-channel VDMOS transistor: 

 a) ionized acceptor traps density, b) total current density. 

 
Fig. 15. The influence of interface AT parameters: acceptor trap 

density NAT and energy level E.LAT on threshold voltage VTH. 

D. n-channel VDMOS transistor – bulk traps 
 
The influences of bulk DT and AT on VTH, IL and ISAT, 
obtained by the analysing of the simulation results are 
summarized in Tab. IV.  
 

TABLE IV: The influence of bulk DT and AT on the electrical 
characteristics of n-channel VDMOS transistor. 

 
 VTH IL ISAT 
NDT >       1015cm-3  ↑ ↓ ↑ ↑ 
E.LDT > EV → EC ↓ ↓ ↑ 
NAT >       10??cm-3  ↑ no inf. ↑ ↓ 
E.LAT > EC → 0.5eV no inf. const ↓ 
E.LAT > 0.5eV → EV no inf. const ↓↓↓ 

 
The bulk DT has the identical impact on the electrical 
characteristics of VDMOS transistor as in the case of MOS 
transistor. The bulk AT reduces the saturation current due 
to ionization of traps and recombination of electrons. This 
is particularly evident when the associated energy of AT is 
approaching to the top of the valence zone (Fig. 16).   

 
Fig. 16. The influence of bulk AT associate energy level on the 

saturation current of n-channel VDMOS transistor. 
 
NDT=5.e17, E.LDT=0.1eV          NDT=5.e17, E.LDT=0.7eV 
VTH=3.7V                                 VTH=2.70V 

 
a 

 
b 

Fig. 17. Bulk DT influence on n-channel VDMOS transistor:  
a) ionized donor traps density, b) recombination velocity. 
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The distribution of potential in poly-Si, electric field in 
gate oxide, ionized DT and AT density in semiconductor 
bulk, electron concentration, recombination velocity and 
total current density, in silicon are given on Figs. 17 and 
18, while the change of the threshold voltage VTH of n-
channel VDMOS, depending on bulk DT parameters is 
given on Fig. 19, where the sets of DT parameters for the 
given distributions are marked. 

 
NAT=1.e15, E.LAT=0.1eV          NAT=1.e15, E.LAT=0.7eV 
VTH=3.8V           

 
a 

 
b 

 
c 
Fig. 18. Interface AT influence on n-channel VDMOS transistor: 

 a) ionized acceptor traps density, b) recombination velocity,  
c) total current density. 

 
 

IV. CONCLUSION 
 
The impacts of defects, which are generated at the 

Si/SiO2 interface and in the semiconductor bulk under 
HEFS, on the electrical characteristics of n-channel MOS 
and n-channel VDMOS power transistors are analysed and 
simulated separately by using the program ATHENA for 
the complete  technology process simulation and the device 
simulator ATLAS which are an integral part of Silvaco 
TCAD software package.   
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Fig. 19. The influence of interface DT parameters: donor trap 
density NDT and energy level E.LDT on threshold voltage VTH. 
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