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Abstract: In this paper the impact of traps generated in semiconductor bulk due to High Electric Field Stress (HEFS) or irradiation of 
n-channel power VDMOSFET are presented. The influence of semiconductor bulk traps is expected, due to the fact that the current 
mainly flows vertically through the n-epitaxial layer and n+ substrate to drain contact. For the reverse engineering of the process 
flow and the simulation of electrical characteristics of power VDMOS transistor, Technology Computer-Aided Design (TCAD) software 
package tools from Silvaco are used. Taking the advantage of simulation, the influences of donor (DT) and acceptor (AT) traps 
generated in the semiconductor bulk on the electrical characteristics are separately analysed and discussed. 
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Simulacija vpliva pasti v substratu  
n kanalnega močnostnega VDMOS tranzistorja 
na njegove električne lastnosti
Povzetek: V članku so predstavljeni vplivi pasti v substratu n kanalnega močnostnega VDMOS tranzistorja zaradi sevanja ali vpliva 
visokega električnega polja (HEFS). Vpliv pasti se pričakuje zaradi vertikalnega toka preko epitaksijske plasti n in n+ substrata v kontakt. 
Za analizo električnih lastnosti tranzistorja je bila uporabljena TCAD programska oprema proizvajalca Silvaco. Simulacije omogočajo, da 
je vpliv akceptorskih in donorskih plasti obravnavan ločeno.

Ključne besede: TCAD, močnostni VDMOSFET, donorske in akceptorske pasti v substratu
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1 Introduction

The advanced generation of power VDMOS transistors 
are designed for a wide range of switching and am-
plifying applications where high breakdown voltage, 
high input impedance, low input capacitance, and fast 
switching speeds are desired. These components are 
widely used in various applications. Considering the 
facts that the design of highly reliable, high-speed and 
low power integrated circuits (IC) is the critical task in 
this procedure, it is very important to know how the 
power VDMOS transistor acts when it is exposed to 
various stresses, such as high electrical field stress or 
irradiation. In this cases the defects in the form of traps 
(which can be neutral or charged), are generated in ox-

ide and semiconductor bulk, as well as at the Si/SiO2 
interface. They significantly influence on the electrical 
characteristics of semiconductor devices. The traps, 
generated at the Si/SiO2 interface and in the gate ox-
ide, have the dominant influence on the electrical char-
acteristics of MOS transistors [1-7], while in the power 
VDMOS transistor the influence of generated traps in 
semiconductor bulk must be taken into account due to 
the fact that the current mainly flows vertically through 
the n-epitaxial layer and n+-substrate to drain contact. 
Further reducing in VDMOS transistor size continu-
ally complicates the device physics and makes device 
modeling more sophisticated [8-10]. Because of that, 
complete fabrication process flow and device electri-
cal characteristics simulation programs, as well as the 
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electronic circuit simulators, are the essential tools in 
the procedure of ICs design.

Over the last thirty years a number of papers and re-
ports dealing with the degradation of the electrical 
characteristics of semiconductor devices due to dif-
ferent stress conditions have been published, where 
the physical models for the instability explanations 
has proposed [11-15]. In the most of these models, the 
presence of defects in semiconductor substrates was 
neglected, because in standard MOS structures the 
defects generated in the gate oxide and the Si/SiO2 
interface have the dominant influence on the electri-
cal characteristics. In VDMOS structures their influence 
could not be ignored, because of vertical current flow. 
Using the possibilities provided by TCAD simulation 
tools for separation of different parameters influence, 
models and mechanisms on the device electrical char-
acteristics, in this paper only the effects of semicon-
ductor bulk traps on the electrical characteristics of 
n-channel power VDMOS transistor are investigated. 
The basic data necessary for the power VDMOSFET 
electrical characteristics simulation is the net doping 
profile distribution in its two-dimensional (2D) simu-
lation domain. It is determine by the procedure of re-
verse engineering within the values of basic process 
parameters are determined on the basis of available 
information obtained from literature, data sheets and 
measurements, and the simulation of the complete 
power VDMOSFET production process flow by using 
ATHENA process simulator [16]. Afterwards, the elec-
trical characteristics of VDMOS transistors and the in-
fluence of bulk trap generation mechanisms on them 
are simulated by using the device simulator ATLAS 
[17]. The semiconductor bulk trap mathematical model 
incorporated in the device simulator ATLAS is given 
in the second part of this paper. Finally, the obtained 
simulation results are analyzed, where the impacts of 
donor-like and acceptor-like semiconductor bulk traps 
are considered separately.

2 Semiconductor bulk trap  
mathematical models

The presence of defects in semiconductors (impuri-
ties, vacancies, dangling bonds, etc.) has a significant 
impact on the device electrical characteristics, espe-
cially when these defects are charged. 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 inter-
face charged traps increases significantly when the de-
vices are exposed to high electric field or radiation [3, 

8], and in these cases, accurate simulation of the electri-
cal characteristics of semiconductor devices requires to 
take into consideration the influence of space charge 
that comes from stress induced charge traps.

In solid-state physics there are three different mecha-
nisms which add space charge directly into the right 
hand side of Poisson’s equation in addition to the ion-
ized donor and acceptor impurities, and these are in-
terface fixed charge, interface trap and bulk trap states. 
Interface fixed charge Qf is modeled as a sheet charge 
at the Si/SiO2 interface and therefore is controlled by 
the interface boundary condition, while interface traps 
QIT and semiconductor bulk traps QBT add space charge 
directly into the Poisson’s equation:

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

This section describes the definition of bulk trap states 
mathematical models that are implemented in pro-
gram ATLAS that provides general capabilities for phys-
ically-based 2D and 3D simulation of semiconductor 
devices [17].

2.1 Bulk trap implementation into Poisson  
equation

Associated energy of bulk traps lies in the forbidden 
gap and exchange charge with the conduction and 
valence band through the emission and capture of 
electrons and holes, as it is shown in Fig. 1. They can 
be donor-like trap (DT) or acceptor-like trap (AT). DT 
filled with electron is neutral and with the release of 
an electron becomes positive charged (ionized). Unlike 
donors, the energy level for DT lies in energy gap near 
the top of valence band. Contrary, empty AT is neutral 
and becomes negatively charged (ionized) when filled 
with an electron. His energy level lies near the bottom 
of conduction band [17].

The net charge due to the presence of traps in semi-
conductor bulk is added on the right hand side of Pois-
son’s equation. The total space charge is defined as: 

−+−+ −=−= ATDTATDTBT QQNNqQ )(   (2)

N+
DT and N-

AT are the densities of ionized DT and AT, re-
spectively, and their densities are equal to the product 
of the donor-like trap densities NDT and acceptor-like 
trap densities NAT in the semiconductor bulk and its 
probability of ionization FDT and FAT.

 
DTDTDT FNN ⋅=+

    (3)
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ATATAT FNN ⋅=−     (4)

The probability of ionization assumes that the capture 
cross sections are the constant for all trap energy levels 
in the forbidden band, and follows the analysis devel-
oped by Simmons and Taylor [18]:
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sn and sp are electron and hole capture cross sections, 
respectively, nn and np are the thermal velocities for 
electron and hole, while the electron and hole emis-
sion rates for DT, enD and are epD defined by:
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Ei is the intrinsic Fermi level position, ET is the energy 
of the discrete trap level, and TL is the lattice tempera-
ture. Parameter D.FAC takes into account the fact that 
defects in “empty” or “filled” conditions have different 
spin and degeneracy. 

The emission rates for AT, enA and epA are defined by:
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In the case when several different donor and/or accep-
tor trap energy levels are defined, the net space charge 
is the sum of charges originated from all defined traps.

In order to activate semiconductor bulk trap model in 
ATLAS device simulation tool and to analyze DT and AT 
impact on electrical characteristics of semiconductor 
device TRAP statements is used. The accurate simula-
tion of device physics requires the use of transient 
trap simulation model, since DT and AT do not reach 
the equilibrium distribution instantly, but require time 
for electrons to be emitted or captured. However, this 
simulation is time consuming and therefore the static 
model is often used.

2.2 Bulk trap implementation into recombination 
model

The presence of defects in the semiconductor bulk can 
significantly affects on the concentration of carriers be-
cause that electrons are being emitted or captured by 
DT and AT. This is accounted in the carrier continuity 
equations by modifying the standard Shockley-Read-
Hall recombination term as follows [19]:
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where A is the number of DT energy levels in the forbid-
den gap, B is the number of AT energy levels in the forbid-
den gap, while their recombination terms RD and RA are:
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ETD and ETA are the donor and acceptor trap energies, 
EI is the intrinsic Fermi level and TL is the lattice tem-
perature. The electron and hole lifetimes tn and tp are 
related to the carriežr cross sections sn and sp through 
equations:

DTnn
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nn and np are the thermal velocities for electron and 
holes, respectively. 

Figure 1: Donor and acceptor trap energy levels and 
charge states in Si forbidden gap.
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3 Simulation results

In this section the impacts of DT and AT traps in semi-
conductor bulk on the electrical characteristics of pow-
er n-channel VDMOS transistor from IRF510 serial are 
presented. This device is intentionally used, since its 
drain current after the channel, flows vertically through 
the n-epitaxial layer and substrate (Fig. 2.), and there-
fore the impact of the semiconductor bulk traps on the 
device electrical characteristics is more pronounced. 
The simulations have been carried out by using the 
process simulator ATHENA [16] and the device simu-
lator ATLAS [17], which are the integral part of Silvaco 
TCAD software package. The reverse engineering of 
the complete production process flow of the power 
VDMOS transistor is made by the using of the available 
technical documentation and its measured electrical 
characteristics.

3.1 Reverse engineering of power VDMOSFET’s 
process flow

TCAD study of semiconductor bulk traps influence on 
the electrical characteristics is done on the n-channel 
power VDMOS transistor IRF510. This transistor is the 
third advanced generation HEXFETs from International 
Rectifier, designed for a wide range of switching and 
amplifying applications where high breakdown volt-
age, high input impedance, low input capacitance, and 
fast switching speeds are desired. For the simulation of 
its electrical characteristics the doping profile distribu-
tion in the 2D simulation domain is required. Determi-
nation of the doping profile is a serious problem due 
to the complex structure of the device (Fig. 2) and the 
fact that the complete technology production flow of 
power VDMOS transistor has more than hundred pro-
cess steps, where each process has several parameters 
that are unknown.

At the beginning of the process simulation the initial 
data that we know are: the basic information about 
used technology (substrate concentration epitaxial 
layer concentration and thickness, source/drain and 
well regions junction depths and sheet resistances, and 
the order of process steps in the production flow), de-
sign rules for the given technology, information from 
IRF510 data sheet [20] (threshold voltage VTH, gate ox-
ide thickness channel length, drain to source on-resist-
ance transfer and output electrical characteristics) and 
measured electrical characteristics of power VDMOS 
transistor (VTH = 2.7 V, ID = f(VGS), ID = F(VDS)). 

The production process flow is reconstructed by using 
all this data and information about device geometry, 
and the values of process parameters such as: implan-

tation doses and energies, time and temperature of dif-
fusion and oxidation processes, etc., are determined. 

The major problem in the described procedure is to 
fit the gate oxide thickness, channel length and lat-
eral channel doping profile, since they significantly 
influence on the device electrical characteristics. In 
addition, because the channel current flows vertically 
through the n-epitaxial layer and n+ substrate to 
the drain contact (Fig. 2), considerable attention must 
be given to adjusting the vertical doping profile. Con-
sidering all of above data and facts the complete pro-
cess flow is reconstructed and simulated by using the 
process simulator ATHENA. The obtained net doping 

Figure 2: The cross-section and 2D simulation domain 
of the power VDMOS transistor.

Figure 3: The measured and simulated transfer charac-
teristics of power VDMOS transistor IRF510.

S. Aleksić et al; Informacije Midem, Vol. 43, No. 2(2013), 124 – 130



128

profile in two-dimensional (2D) simulation domain of 
power VDMOS transistor is also shown in Fig. 2.

The net doping profile is then used as input parameter 
for simulation of VDMOS electrical characteristics by 
using the device simulator ATLAS. Before the electri-
cal simulation, it was necessary to calibrate the param-
eters of device simulators which largely depend on the 
specific technology characteristics, such as: fixed oxide 
charge density at the Si/SiO2 interface, low-field elec-
tron and hole mobility, electron and hole velocity satu-
ration, and electron and hole surface recombination 
velocities. Finally, a very good agreement of the meas-
ured transfer characteristics ID = f(VGS) for VDS = 0.1V and 
threshold voltage VTH with simulation is obtained, as 
shown in Fig. 3. 

3.2 The influence of semiconductor bulk traps 
on the electrical characteristics of power VDMOS 
transistor IRF510

As already mentioned, traps which are generated, for 
example, due to radiation or the application of high 
electric field on gate electrode of MOS transistor, can 
significantly affect on its electrical characteristics. As it 
is well known, in these cases the defects or traps are 
formed at the Si/SiO2 interface, as well as in the oxide 
and semiconductor bulk.

Figure 4: The influence of AT and DT density chang-
es for fixed trap discrete energy levels (DE.L=0.5eV, 
AE.L=0.5eV) on power VDMOS IRF510 transfer charac-
teristics.

The subjects of intensive research are the mechanisms of 
traps generation and the determination of their densities 
and charges (positive, negative or neutral) [8]. A particular 
problem is the separation of the effects of different types 
(DT or AT) and kinds (interface, oxide bulk or semiconduc-
tor bulk traps) of defects on the electrical characteristics, 

when a well-known experimental methods is used [9, 10]. 
This problem can be solved efficiently by using the exist-
ing TCAD software package tools, where it is possible to 
separate the influences of different types of defects on the 
device electrical characteristics. It is also possible to ana-
lyze the influence of generated defects on the potential, 
current density, recombination rate and carriers mobility 
distribution in the simulation domain.

At the beginning of TCAD analysis of semiconductor bulk 
traps influence on the electrical characteristics of power 
VDMOS transistor, it is important to recognize the role 
of DT and AT on threshold voltage, transconductance, 
leakage current, transfer and output I/V characteristics. 
In common MOS transistor, drain current flows only 
through the channel region and therefore only DT or AT 
influence on the electrical characteristics, depending on 
whether it is the n-channel or p-channel MOS transistor. 
In n-channel VDMOS transistors, as is noted above, the 
drain current after the channel, flows vertically through 
the n-epitaxial layer and n+ substrate. In this case, DT has 
the dominant influence on the electrical characteristics 
in channel region, while AT reduces drain current when it 
flows vertically through the n epitaxial layer. To verify this 
assumption, we simulated the electrical characteristics 
of VDMOS transistor, firstly with DT, for different values 
of its densities NDT, than with AT, for different values of its 
densities NAT, and finally when both trap types are pre-
sented in semiconductor bulk. The obtained simulation 
results for given values of NDT and NAT, for fixed energy 
trap level values DE.L=0.5eV and AE.L=0.5eV are shown 
in Fig. 4. Based on the obtained electrical characteristics, 
it is obvious that when NDT increases, the threshold volt-
age of VDMOS transistor decreases, while increasing of 
NAT dramatically reduces the drain current. The leakage 
current increases in both cases.

Figure 5: The influence of DT discrete energy level 
changes for NDT = 5.1016 cm-3 on power VDMOS transfer 
characteristics.
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Figure 6: The changes of the threshold voltage of pow-
er VDMOS transistor.

Figure 7: The influence of NAT and AE.L on the drain cur-
rent of power VDMOS transistor.

The influences of AT, when its densities NAT change 
from 1015 to 4.1015 cm-3, while the energy level posi-
tion AE.L change from 0.1 to 0.5eV on the drain current 
are shown in Fig. 7. A dramatic decrease in the drain 
current with increasing density of AT is obvious. This is 
the effect of AT influence on the drain current in the 
n-epitaxial layer as it is discussed earlier. In Fig.  5 the 
influence of DT discrete energy level changes, for fixed 
trap densities 4. NDT = 5.1016 cm-3 is presented. It is obvi-
ous that when the value of parameter DE.L increases, 
which means that the donor-like trap energy level is 
closer to the bottom of the conduction band (Fig. 1.), 
threshold voltage decreases and at the same time the 
drain current increases. Vice versa, the threshold volt-
age increases, when the donor-like trap energy level is 

closer to the top of valence band. The changes of the 
threshold voltage, when the densities of NDT are change 
in the range from 1015 to 1017 cm-3, while the energy lev-
els change from 0.5 to 0.8eV, are shown in Fig. 6.

4 Conclusion

In the design of integrated circuits, it is very important 
to know how the electrical characteristics of individ-
ual components are changed under the influences of 
various stresses. Defects which are generated at the Si/
SiO2 interface and in the semiconductor bulk and gate 
oxide have the dominant influence on the threshold 
voltage, drain current, transconductance and leakage 
current of MOS transistor. In this paper we simulate the 
impact of semiconductor bulk traps, which influences 
are commonly ignored in standard MOS structures, but 
in this case, due to the specific structure of the power 
n-channel VDMOS transistors, where the drain current 
flows vertically through n-epitaxial layer and substrate, 
it must be taken into account. Taking the advantage of 
TCAD software package, the impact of DT and AT influ-
ence on the electrical characteristics is simulated and 
analyzed separately, which is impossible to do with 
experimental results, where the influences of different 
mechanisms are mixed. Of course, a complete analysis 
of HEFS or radiation effect requires the simulation of 
the impact of the traps generated in gate oxide and at 
the Si/SiO2 interface on the electrical characteristics of 
the power VDMOS transistor, which will be a matter of 
future work.
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