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Summary 
A new stepped gate structure with a graded LDD is presented. 
This graded LDD helps to spread the electric field throughout the 
LDD region and thereby obtain a high breakdown voltage   of 68 
V. Efforts were made to obtain the optimum structure from the 
breakdown point of view by determining the number of LDD 
implantations needed, the optimum LDD dose and the optimum 
device length. A 2D analysis was carried out on the various 
parameters such as the horizontal and vertical electric field 
patterns, the impact generation profiles, generation 
recombination, impact generation before and after breakdown, 
the carrier concentration, electron and whole current densities 
and the conduction current densities of the structure.  A 
mathematical analysis was also carried out which established that 
the breakdown phenomenon is not only by the ionization integral 
but the shape of the field contours also contribute to the 
breakdown region and breakdown occurs in the middle of the 
wedge shaped neutral region. 
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1. Introduction 

LDMOS devices have an important role to play in smart 
power and RF power applications [1]. LDMOS is mainly 
used due to its qualities of ease of integration, thermal 
stability and high input impedance at high drive current.  
The LDMOS is also used in base station applications in RF 
power amplifiers since this provides high power. They can 
also be easily fabricated with the Silicon process and can 
therefore be involved in integration along with the CMOS 
technology. The LDMOS devices work on the principle of 
RESURF wherein the vertical junction is depleted by the 
horizontal junction which in turn causes the breakdown 
voltage to increase [2]. Different LDMOS structures such 
as, the LDMOS with the drift region under the FOX, 
stepped gate structure, the shallow trench isolation 
structure and the silicon on insulator structure have been 
reported in the various journals.  Many studies have been 
reported to optimize or to change the device structure, 
doping profiles and they are aimed at improving the 
breakdown voltage and on state resistance Ron [10], [11], 
[12], [13], [14], [15], [16], [17], [18]. One of the important 
structures is the stepped gate structure where there is a 

thicker and a thinner stepped gate. The thicker stepped 
gate helps get a higher breakdown voltage and the thinner 
step over the drift region, helps to get a lower on state 
resistance. The stepped gate structure which was proposed 
by Der-Gao Lin, S. Larry Tu et al. [3] is a modification to 
the LDMOS structure. After this there are many 
developments to this stepped gate structure. A few of these 
are based on SOI structures. Radhakrishnan Sithanandam 
and M. Jagadeesh Kumar simulated [4] an extended p+ 
stepped gate, on thin-film silicon-on-insulator.  The hole 
current generated due to impact ionization is now collected 
from an n+p+ junction instead of an n+p junction, thus 
delaying the parasitic bipolar junction transistor action. 
The breakdown voltage obtained in this work is around 50 
V.  G. Toulon, I. Cortés et al. [5] had put forth a structure 
where the breakdown voltage is high but they have thick 
oxide everywhere and it is a complex structure.  In another 
work by Han Yang, Zhang Bin et al. [6], a structure similar 
to the one proposed in this paper is used. Their paper 
mainly focusses on the study of degradation. The 
breakdown voltage reported in this structure is 30 V. 
Masoud Kazemy, Morteza Fathipour etal [7] had extended 
the work done by M. Jagadeesh Kumar and Radhakrishnan 
Sithanandam [4] where an extended-p+ region is formed 
beneath the source. The simulation results show a 
breakdown voltage of 89 V but at the cost of a complex 
circuit which needs the implementation of two different 
gates and different biases. They have also reported a 
breakdown voltage of 37.7 V for a normal conventional 
structure. A new hetero-material stepped gate (HSG) SOI 
LDMOS is shown in [8], where the gate is divided into 
three sections - an n+ gate sandwiched between two p+ 
gates and the gate oxide thickness increases from source to 
drain. The breakdown voltage is around 60V. In another 
work by M. Jagadeesh Kumar et al. [9] using a stepped 
gate (SG) for the InGaAs LDMOS, the authors were able 
to obtain a breakdown voltage of 60 V. These works were 
primarily concentrated on extended gate structures. The 
present work proposes a new improved structure which is a 
modification of the conventional stepped gate structure. 
The breakdown voltage .is optimized to 68 V which is 
higher than most of the breakdown voltages reported. This 
is achieved by spreading out the electric field throughout 



IJCSNS International Journal of Computer Science and Network Security, VOL.17 No.4, April 2017 

 

107 

 

the LDD region by having a graded LDD structure. The 
graded LDD is implemented by a two stepped LDD 
implant. By employing this modification, it was possible to 
obtain a higher breakdown voltage and it demonstrated an 
increase over the other structures reported so far. 

2. Construction of the Structures 

Fig 1 shows the proposed graded LDD structure. The 
structure has a pbody, an oxide layer, a graded LDD 
structure which is low doped initially followed by a region 
which is moderately doped and this ends with the n+ 
contact. The stepped gate device which has been 
considered in this work is formed on a p-type epitaxial 
layer whose concentration is 1e15 cm-3.  The LDDs were 
formed with doses of 0.05e14 cm-2 and 0.25e14 cm-2.  
The gate oxide is also stepped, the thickness initially being 
0.04 µm and the thicker oxide is of 0.232 µm thickness. 
This structure of two stepped LDDs helps in optimizing the 
potential and field distribution which in turn optimizes the 
breakdown voltage.  The pbody is formed by doing a 
selective p implant (boron) and a diffusion step. This 
decides the active channel of the stepped MOSFET (Fig 1).  
The thicker gate oxide is formed by diffusing dry Oxygen 
with trace HCl. This is followed by a photolithographic 
step and the thinner gate oxide is formed next, by doing a 
dry oxidation again. The gate is formed next, followed by 
the formation of the source and drain regions. The source 
and drain regions are formed by doing an Arsenic implant 
and the metallization process follows this. This complete 
process results in a device of length 11 µm. This device 
has the source ending at 2.2 µm from the edge of the 
device and the LDD starting at 4 µm, the second LDD and 
the thick oxide at 4.8 µm and the n+ contact at 9 µm.  
The effective length of the pbody is 3 µm. The surface 
concentrations in the first step of the LDD is 1e16 cm-3 
and at the second step it is 7e16 cm-3 as shown in Fig 1. 
The process simulation software ATHENA is used for 
simulating the structure.  The device simulation software 
ATLAS is used in the analysis. The simulation in the 
breakdown region takes place by the curve tracing 
algorithm. The Selberrherr’s model is used to model the 
impact ionization. 

3. Simulation Results and Discussion 

 

Fig 1.  Stepped gate structure 

The structure, doses and the concentration were adjusted in 
order to get an optimum breakdown voltage without 
compromising the on state resistance. The structure was 
optimized by forming an LDD first and adding the next 
step to it. A few experiments were conducted to compare 
the breakdown voltage of a conventional LDD with that of 
a graded LDD. The breakdown voltage measurement was 
done by sweeping the VDS from 0 V to 66 V and keeping 
the gate voltage constant at 0 V.  
The main aim is to optimize the LDD structure with 
regards to the length of the device and the structure of the 
device. The first task was to optimize the doping profiles. 
A few experiments were conducted by keeping the second 
LDD dose constant at 3.5e14 cm-2 first and changing the 
doping of the first LDD. The breakdown voltage was at its 
highest when the first LDD dose was at 5e12 cm-2. A 
second set of experiments were conducted using the 
previous structure as a reference, by changing the doping 
of the second LDD. For all these experiments the device 
length was kept constant at 11 µm. Another set of 
experiments were conducted, to study the dependence of 
the device on the device length by changing the length of 
the device and finding out the corresponding breakdown 
voltages. 

3.1 Changes in Breakdown voltage with the doping 
of the stepped LDD structures 

The results of the set of these experiments which are 
outlined in the previous section are given in Table 1 and 
Fig 2. 
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Fig 2.  Breakdown characteristics of the stepped gate structure 

Table 1. Variation of breakdown voltage by keeping the second LDD 

dose as 3.5  10 14 cm-2 and changing the first LDD dose. 
First LDD implant dose in  cm-2 Breakdown voltage in V 

5.00e+13 27.06 

1.00e+13 40.02 

5.00e+12 50.2 

 
From the Table 1. it is seen that the breakdown voltage is 
high when the first LDD implant dose is at 5e12 cm-2. The 
second set of experiments were conducted by keeping the 
first LDD implant dose at 5e12 cm-2 and changing the 
second LDD implant dose. The results are tabulated in 
Table 2. 

Table 2. Variation of breakdown voltage by keeping the first LDD dose 
as 5e12 cm-2 and changing the second LDD dose 

Second LDD implant 
dose in cm-2 

Breakdown 
voltage in V 

On state 
resistance in Ω 

3.50e+14 50.2 
0.012743 

2.00e+14 54.68 0.01326436 

1.00e+14 58.656 0.014312 

5.00e+13 62.458 0.0153789 

3.50e+13 65.407 0.01584736 

2.50e+13 67.523 0.01646036 

1.70e+13 62.67 0.0172 

1.00e+13 55.579 0.01833416 
 
From Table 2 it is seen that the breakdown voltage changes 
from 50.2 V to 65 V for a change in second LDD implant 
dose from 3.50e14 cm-2 to 3.50e13 cm-2 and then 
decreases to 55 V when the dose is decreased to 1.1e13 
cm-2. The on state resistance values were also calculated 

and they range from 0.012 Ω to 0.018 Ω. The width of the 
structures is taken as 1µm which is a standard for Silvaco 
2D simulation. 

3.2 Dependence of the breakdown voltage on the 
device length 

The next step in optimizing the device structure is to find 
out the device length which gives the best breakdown 
voltage. The structure with the highest breakdown voltage 
in the previous section was considered and its length was 
changed to analyse the effect. From Table 2 it is obvious 
that the highest breakdown voltage is achieved when the 
graded LDD dose is at 2.5e13 cm-2. The changes in the 
breakdown voltage and the on resistance with device 
length are given in Table 3. 

Table 3.  Variation in breakdown voltage with device length 
Device length 

(µm) 
Distance at which n+ contact 

starts in µm 
Breakdown 
voltage (V) 

9 7 52 
10 8 61.444 

11 9 67.523 

12 10 69.503 

14 12 69.312 

15 13 68.9 

3.3 Comparison of the breakdown voltages of 
structures with single and double LDDs 

The breakdown voltages of the step gate structure with a 
single LDD is compared with that of a double LDD step to 
confirm the enhanced   performance of the graded LDD 
structure. Both the simulations were carried out for the 
same device length of 11 µm. Fig 3 shows the breakdown 
voltage curves plotted for both the structures. 
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Fig 3.  Breakdown voltage curves of a normal stepgate structure and a 
stepgate structure with two stepped LDDs both with the same device 

length. 

4 Analysis 

4.1 Discussion on Change in Breakdown voltage 
with change in LDD doping 

As can be seen in the earlier sections the breakdown 
voltage depends on the LDD doses and the channel length. 
To understand this behavior, 2D analysis of the various 
parameters such as the horizontal and vertical electric field 
patterns, the impact generation profiles, Generation 
/recombination / impact generation before and after 
breakdown, the carrier concentration, electron and hole 
current densities and the conduction current densities of 
the structure were analyzed. These analyses were done at a 
voltage just above the breakdown voltage. 
First the analysis was done on the dependence of the 
breakdown voltage on the LDD doping. As can be seen in 
Table 2 the breakdown voltage increases and then 
decreases for an increase in LDD doping. The analysis is 
carried out for three cases. The first case considered here 
occurs when the breakdown voltage is low at 50.2 V, this 
occurs when the graded LDD dose is at 3.5e14 cm-2 and 
the first LDD dose at 5e12 cm-2 (Refer Table 2). The 
impact generation profile in Fig 4 shows that the field free 
region is moving more towards the source under the gate. 
The maximum vertical and horizontal electric fields of  
-3 e5 V/cm occur around 6 µm as can be seen in Fig 4 .We 
can see that it is closer to the point where the LDD starts 
grading. It is clear from these facts, that the depletion 
region is confined to a small length or only to the first 
LDD region. As a result, the field at the tip of the field free 
region becomes high and leads to the low breakdown 
voltage. 

 

Fig 5.  Profile of impact generation rate with second LDD doping of 1e13 
cm-2 

The same reasoning holds good for the structure with only 
one LDD implant. As shown in Fig 3 the stepped gate 
LDMOS structure without the graded LDD has a 
breakdown voltage of 51.83 V which is closer to the 
breakdown voltage of the structure with the lowest graded 
LDD doping. An interesting picture evolves when the 
graded LDD implant dose is at 2.5e13 cm-2. The 
breakdown voltage for this dose is high at 67.523 V. 
Analysis was done on the electric fields and impact 
generation rates and the following observations were made. 
 

 

Fig 6.  Profile of impact generation rate with second LDD doping of 2.5 
× 1013 cm-3. 

Fig 6 displays the impact generation contour map for the 
11 µm LDMOS device with 66 V on the drain and 0 V on 
the gate and the substrate, the back contact.  The map 
shows that close to n+ drain the 66 V potential contour 
extends below the gate away from the n+ drain region. It 
can be seen from the shape of the contour, that there is a 
potential gradation between this constant potential region 
and the gate.   This constant potential region narrows down 
towards source and disappears at a distance of about 8 µm 
from the beginning of the device, approximately 1.2 µm 
from the gate edge on the drain side.  This kind of potential 
distribution leads to formation of wedge shaped neutral 
region in silicon below the gate. The width of the neutral 
region decreases as we move away from the drain side 
edge.   
Based on the analysis carried out (Fig 8) it is evident that it 
is the vertical electric field which is dominating in this case. 
There is a high electric field region between the neutral 
wedge region and the gate. The breakdown voltage occurs 
around the middle of the graded LDD as shown in Fig 7 
which makes the breakdown large. 
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Fig 7.  Vertical and Horizontal Components of Electric Fields along a 
Horizontal Line drawn just below the surface with the first LDD implant 

dose at 5e12 cm-2   and the second LDD implant dose at 2.5e13 cm-2 

The width of the neutral region close to the drain can be 
calculated by approximating the region as a MOS structure. 
The MOS structure considered here is formed on a n type 
semiconductor. A negative bias is applied to the gate 
electrode which depletes the surface. The gate bias gets 
divided into two portions for such a MOS structure - one 
across the oxide layer and the other to support the 
depletion region in the semiconductor.  The division of the 
bias across the oxide layer and the depletion layer can be 
determined from basic MOS physics. 
Total bias across the MOS structure is given by  

,        (1)                             
     where V is the total bias across the structure, Vox drop 
across the oxide and Vs drop across the depletion layer in 
the semiconductor. The drop across the oxide is given by  

ox

s
ox C

QV =
           (2) 

where Cox is the oxide capacitance per unit area and Qs is 
the depletion charge in the semiconductor   per unit area.  
 The depletion charge can be expressed in terms of the 
voltage drop across the depletion region and the doping 
concentration in the depletion region as  

( ) oxoxoxDssDss CVVVqNVqNQ .22 =−== εε
,

   (3) 
and the width of the depletion layer can be obtained from  

D

s
s Nq

Qw
.

=
.          (4) 

The width of the depletion layer in the region below the 
gate at different places can be obtained by solving the  
equations (1), (2), (3) and (4).The doping concentrations 

as obtained from simulation data at distances of 8.3 µm 
and 8.6 µm from the start of the devices in the LDD region 
are 7e16 cm-3 and 1.1e17 cm-3 respectively.  Using these 
values, the Vox, Vs and the depletion width in the silicon 
are calculated using the above given equation.  The 
calculated values of Vox and Vs are 45 V and 21 V 
respectively for the 7e16cm-3 (8.3 µm) and 53V and 13V 
respectively for 1.1e17cm-3 (8.6µm) structures.The 
corresponding depletion widths calculated are 0.6 µm and 
0.45 µm respectively.  These match very well with those 
obtained from simulation 
              The voltage at the tip of the region is the same as 
the applied voltage on the drain. The applied voltage is 
distributed, along the length of the device. The electric 
field in this direction is not very high and is not primarily 
responsible for the breakdown of the device.  This can be 
confirmed by determining ∫∝ dx over this path where α is 
ionization coefficient and is field dependent. ∫∝  dx is 
determined in one of the unpublished works by the same 
authors using the equations given below [11]. The break 
down condition is set as that for which the ionization 
integral  
∫αdx = 1   (5) 
The ionization coefficient α is generally found to have the 

following dependence on the electric field, where  is 
the critical Electric field.From the experimental data 
available in literature [11], [12], [13] the following 
expression relating the ionization coefficient to the electric 
field has been extracted.  

       (6) 
                          This expression has been used to 
determine the ionization integral from the electric field 
data which was obtained from the simulation of the 
LDMOS structures. The breakdown in simple reverse 
biased diodes can be modelled based on ionization integral. 
The ionization coefficient (α) is a function of electric field 
present and the ionization integral ∫αdx calculated over the 
length of the carrier path should become equal to unity for 
breakdown to occur. But the value of α extracted from the 
simulated stepped gate structures in this work is much 
smaller than unity. This proves that this simple model 
holds good for one dimensional structures but in the case 
of 2D structures like the LDMOS a different approach has 
to be followed. So there should be some other factor apart 
from the ionization integral which has caused the 
breakdown and to find it various 2D analyses were carried 
out the results of which are given below. 
     This expression has been used to determine the 
ionization integral from the electric field data which was 
obtained from the simulation of the LDMOS structures. 
The breakdown in simple reverse biased diodes can be 
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modelled based on ionization integral. The ionization 
coefficient (α) is a function of electric field present and the 
ionization integral ∫αdx calculated over the length of the 
carrier path should become equal to unity for breakdown to 
occur. But the value of α extracted from the simulated 
stepped gate structures in this work is much smaller than 
unity. This proves that this simple model holds good for 
one dimensional structures but in the case of 2D structures 
like the LDMOS a different approach has to be followed. 
So there should be some other factor apart from the 
ionization integral which has caused the breakdown and to 
find it various 2D analyses were carried out the results of 
which are given below. 
             First it has been observed during the simulations 
that for drain voltages close to the breakdown voltage the 
drain current and the substrate currents are almost the same 
and the source current is very less. The picture becomes 
different just around breakdown.   As the drain voltage 
approaches the breakdown voltage, the source current 
starts increasing. 
At voltages very close to breakdown and in breakdown 
condition the drain current and source current are almost 
equal. The substrate current is very small compared to 
drain and source currents.  This is seen more in long 
channel devices.  This indicates that before the breakdown 
occurs, the drain current is essentially due to the leakage 
between drain and substrate.  However, after the 
breakdown a large current flows through the channel 
region and the substrate plays a smaller role.   
        The following inferences were made from the analysis. 
The first one was that the horizontal electric field is always 
negative or in other words the field direction is towards 
source.  The vertical electric field is negative up to a depth 
of about 0.8 µm from the edge of gate and becomes 
positive afterwards. To ascertain the field directions plots 
of electric vectors were also done and is given in Fig 8.  

 

Figure 8.  Plots of electric field vectors near the drain region for the 11 
µm device 

 

Fig 9. Conduction current density after breakdown in step gate LDMOS 
for the 11 µm device.  Near the drain it is electron conduction and near 

source it is hole conduction  

As a result of these fields the holes generated during the 
impact generation flow towards the gate and the generated 
electrons flow downward.  This results in an accumulation 
of holes near the gate edge as is evident from Fig. 9. 
As is evident from Fig 8 the potential along the horizontal 
line is downwards, towards the drain for electrons.  
Therefore, there is a channel for the electrons in the drain 
region in the potential well and they flow towards the drain 
and are collected by the drain. Due to the high electron 
concentration the drain current also increases to a large 
value in the breakdown condition.   

 

Fig 10. Potential along the vertical line 6.36µm from the edge of the 
source for the 11 µm device 

As is evident from Fig 8 the potential along the horizontal 
line is downwards, towards the drain for electrons.  
Therefore, there is a channel for the electrons in the drain 
region in the potential well and they flow towards the drain 
and are collected by the drain. Due to the high electron 
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concentration the drain current also increases to a large 
value in the breakdown condition.  Referring to Fig 8 again, 
it can be observed that the field direction along the channel 
in the region, points away from the drain point more 
towards the source. This facilitates the holes that are 
created, to move towards the source and get collected by 
the n+p+ source terminal. 

4.2 Discussion on change of Breakdown length with 
device length 

The results of change in breakdown voltage with change in 
device length are shown in Table 3 and Fig. 3 shows that 
the breakdown voltage is directly dependant on the device 
length.         The vertical electric field, in the 11 µm device 
is much higher than the horizontal field, especially near the 
drain side.  Because of the shorter channel length of the 9 
µm device, the drain region starts much ahead.  Figure 11 
gives net doping profiles of the 11 µm and 9 µm devices 
along the channel, at a depth of around 3 µm below the 
gate.  The doping concentration in the LDD region at the 
point where the n+ drain starts for the 9 µm is slightly 
smaller compared to that of the 11 µm device.  Because of 
the shorter LDD region and the lower doping concentration 
near n+ region, the electric field profile in this region 
changes and the horizontal field dominates for the 9 µm 
device unlike the 11 µm device. 
 

 

Figure 11.  Net doping profile of the step gate structures.  In both 9 µm 
and 11 µm devices the source edge is at 2.2 µm, the p body ends at about 

4 µm and the LDD regions starts at this point.   The drain region for 9 
µm device starts at around 7 µm, while that for 11 µm device at around 

8.6 µm 

 

 

Figure 12.  Electron and hole current densities before and after 
breakdown along a vertical line at a distance of 4.65µm from the edge of 

the source for the 9 µm device. 

 
As in the case of 11 µm device there is an 8 to 9 orders of 
increase in the impact generation rate after breakdown 
compared to before breakdown.  Similar is the situation 
with carrier concentrations. The current components also 
increase in a similar manner and as Figure 12 shows, near 
the surface region the electron current dominates.   
Thus it can be seen that the breakdown occurs in a 
different way as the device length increases in the stepped 
gate LDMOS devices.   Analysis of the conduction current 
densities were also done for the shorter channel device and 
it was seen that the current flow is confined to the surface 
in this device. This is in contrast to Fig 9 which shows the 
conduction current densities of a 11 µm device where the 
current flow exists upto a depth of 0.8µm. 
 
To get a deeper insight, two more device structures were 
studied, one without a gate and the other without a step in 
the gate oxide. All the other specifications were the same 
as in Fig 1. The cross section of the device without the gate 
is shown in Fig 13.  This device breaks down at 90V.  The 
absence of the gate structures changes the potential pattern 
and the field pattern.  There are no high fields in the 
vertical direction and the field pattern is symmetrical about 
the p body and n LDD regions. 
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Fig 13  Potential after breakdown in a device with no gate. The device 
length is 11 µm 

In the second structure where there was no stepped oxide, 
the gate oxide was uniformly formed with a thickness of 40 
µm throughout the length of the device.  This device 
breaks down at a much smaller voltage (~ 28V). Thus it 
can be seen that the presence of stepped gate oxide, LDD 
region and the doping profiles in the LDD region 
determine the breakdown voltage.  Optimization of these 
parameters will optimize the device operation. 

5. Conclusions 

A new stepped gate structure was simulated and analyzed 
using the process and device simulator tools ATHENA and 
ATLAS respectively. A high breakdown voltage of 68 V 
was obtained without compromising on the on resistance 
which was around 0.015 Ω. The breakdown voltage of a 
graded LDD stepped gate structure when compared with 
that of a normal stepped gate structure exhibited an 
improvement of almost 18 V. 
The experiments conducted by changing the first and the 
second LDD doses to get the highest breakdown voltages 
showed that, the optimal first LDD dose is 5e12 cm-2 and 
the second LDD dose is 2.5e13 cm-2. The device structure 
was further optimized by conducting experiments to see 
the dependence of the breakdown voltage on the device 
length and it can be seen that, the highest breakdown 
voltage is achieved when the device length is at 12 µm. By 
analyzing the electric field vectors, impact generation and 
the recombination, it is inferred that the recombination 
current also contributes to the high drain current after 
breakdown, unlike simple structures where only the 
ionization integral is enough to determine the breakdown. 
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