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Abstract – Electronic components that are used in high-level radiation environment require a 
semiconductor device having a radiation-hardened characteristic. In this paper, we proposed a 
radiation-hardened I-gate n-MOSFET (n-type Metal Oxide Semiconductors Field Effect Transistors) 
using a layout modification technique only. The proposed I-gate n-MOSFET structure is modified as 
an I-shaped gate poly in order to mitigate a radiation-induced leakage current in the standard n-
MOSFET structure. For verification of its radiation-hardened characteristic, the M&S (Modeling and 
Simulation) of the 3D (3-Dimension) structure is performed by TCAD (Technology Computer Aided 
Design) tool. In addition, we carried out an evaluation test using a Co60 gamma-ray source of 
10kGy(Si)/h. As a result, we have confirmed the radiation-hardened level up to a total ionizing dose of 
20kGy(Si). 
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1. Introduction 
 
At present, an electronic component has been used in 

radiation environments such as outer space, nuclear power 
plants and the military field. Its radiation-induced damage 
can cause heavy losses in terms of cost and power, and event 
has a direct impact on damage to life. Thus, the importance 
of radiation-hardened technologies for the electronic 
components exposed to a radiation environment is being 
further increased.   

In particular, if a radiation damage has occurred in an 
electronic component used in the control measuring system 
of a nuclear power plant, it can cause serious damage to 
a malfunction of the measuring system and, the electronic 
components inside the nuclear power plant are difficult 
to repair or replace [1]. Therefore, the development of 
electronic components with the radiation-hardness is 
required necessarily.  

In a radiation environment, most semiconductor devices 
composing an electronic component are designed as a 
silicon-based CMOS. In accordance with the radiation 
type, total dose, radiation form and flux, the semiconductor 
devices are exposed to phenomena of various types such as 
neutron effects, TID (Total Ionizing Dose) effects, single 
event effects and transient dose rate effects [2]. The TID 
effects as the main consideration among these radiation 
phenomena is the damage by the gamma rays accumulated 

over the long-term, and in particular, can cause a data error 
or malfunction of the electronic component composed of 
CMOS semiconductor devices [3]. 

When radiation was induced to the n-MOSFET of the 
silicon-based CMOS [4], the EHPs (Electron/Hole pairs) 
are generated in the oxide so as to progress the ionization 
owing to the TID effects. The holes with low mobility were 
trapped in the silicon oxide interface by an electric field, 
but the electrons with high mobility disappear easily by a 
tunneling mechanism. As shown in Fig. 1, the trapped 
holes by the radiation-induced form a channel, and then 
generate a leakage current path along the isolation oxide 
from the drain to the source [5, 6]. 

Owing to the advanced process technology, the gate 
oxide of the n-MOSFET fabricated using a deep sub-
micron process has a thickness of less than 10㎚ [7]. 
According to recent report, the leakage current path is not 
generated under the gate oxide because the radiation-
induced holes are not trapped under on oxide with a 
thickness of less than 10㎚ [8]. Thus, we should prevent 
the formation of the leakage current path in a thick 
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Fig. 1. Radiation-induced leakage current path of STI 

(shallow trench isolation) oxide in a standard n-
MOSFET structure
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isolation oxide [9]. In order to solve the problem that 
generate the leakage current path in the isolation oxide of 
the n-MOSFET, studies on a radiation-hardened transistor 
using a layout modification technique have been actively 
on-going. Among these transistors applying a layout 
modification technique [10], the ELT (Enclosed layout 
transistor), DGA (Dummy gate assisted) n-MOSFET and 
H-gate n-MOSFET are known to be the latest technologies 
[11-14]. 

In this paper, a novel I-gate n-MOSFET applied layout 
modification technique is proposed and fabricated as a 
systematic study for the radiation-hardened electronic 
components in a high-level radiation environment. We 
confirmed its radiation-hardened characteristic up to a total 
dose of 20kGy(Si). The remainder of this paper is 
organized as follows. In Section 2, the advantages of the 
novel I-gate n-MOSFET structure are discussed, and the 
M&S results of the I-gate n-MOSFET are described. A 
radiation-hardened evaluation test of the I-gate n-MOSFET 
for the TID effects and its experimental results will be 
presented in Section 3. In Section 4, the paper ends with 
some concluding remarks. 

 
 

2. Novel I-gate n-MOSFET structure 
 
Radiation-hardened technology on the TID effects of 

semiconductor device are divided into the process-level and 
system level. The process-level has no technical limitations, 
but it requires additional process steps. Thus, it requires the 
huge cost and time to verify the compatibility between the 
conventional process and the additional process steps. The 
system-level uses the conventional process only but, it 
requires additional circuit or logic, and thus there are many 
restrictions on the area and operating speed. However, 
the layout modification technique used in this paper only 
modifies the layout without additional process steps, and 
thus it does not requires any additional circuit or logic. 
This technique is very important for the design of a 
radiation-hardened circuit with high-speed and low-power. 

Among previously radiation-hardened layout techniques, 
the ELT has a high radiation-hardened characteristic satisfied 
up to a total dose of 300kGy(Si) [11]. However, it has 
several limitations in the semiconductor circuit design. 
For the first, its W/L (Width/Length) ratio modeling is very 
complicated, and the ELT cannot have a lower W/L ratio 
than 2.26 owing to its inherent structural characteristics 
[12]. This is the main concern in the analog circuit design 
requiring a lower W/L ratio than 2.26. The next is relatively 
large area and the gate capacitance compared to the standard 
n-MOSFET. It is main concern in digital circuit design 
because larger gate capacitance causes the system time delays. 
Finally, the ELT has an unsymmetrical characteristic between 
the source and drain. Therefore, its disadvantages can have 
limitations in the circuit design.  

The DGA n-MOSFET is composed with a symmetric 

structure in order to overcome disadvantage of the ELT 
with an unsymmetrical characteristic between the source 
and the drain. In addition, it can use a lower W/L ratio than 
2.26, and improves the electrical characteristic by reducing 
the input capacitance [13]. In the case of the DGA n-
MOSFET, it has many advantages in comparison with the 
ELT, but its channel is formed larger than the original W/L 
ratio because the P-active layers and the p+ layers were 
added. If the channel was extended, the re-modeling of the 
W/L ratio in accordance with the channel should be 
performed again because the operating current of the n-
MOSFET was increased [13]. Also, because of process 
problems, an n+ layer and p+ layers of the DGA n-
MOSFET were connected by a silicide layer that was 
provided in the latest semiconductor processes. Therefore, 
the source, drain and body of the n-MOSFET were all 
connected, so the n-MOSFET cannot be operated normally. 

The H-gate n-MOSFET in [14] is applied to a SOI 
(Silicon on insulator) process. The SOI process is suitable 
for space electronics because its structure has hardness to 
the radiation-induced latch-up and upset by a transient 
radiation effects in outer space [16]. However, the H-gate 
n-MOSFET of the SOI process is difficult to prevent the 
leakage current by the TID effects because of the trapped 
holes in an additional BOX (Buried oxide).  

The H-gate n-MOSFET in [15] can prevent the leakage 
currents between the source and the drain because a space 
between the source & drain and the isolation oxide is 
generated by extending the N-active region of the standard 
n-MOSFET. However, the expansion of the N-active 
changes the channel size (W/L). Therefore, the H-gate n-
MOSFET of [15] requires re-modeling of the W/L ratio 
and this is difficult to use in analog circuit design that 
requires fine-tuning of the W/L ratio. 

 In order to overcome the drawbacks of previously 
layout modification techniques, we proposed a novel I-gate 
n-MOSFET with a radiation-hardened characteristic. 

The proposed I-gate n-MOSFET applied a layout 
modification technique to the standard n-MOSFET of a 
commercial 0.18㎛ CMOS process. Its gate poly layer 
with a thickness of less than 10㎚ is modified as I-shaped, 
P-active layers and a p+ layers are added, and its N-active 
layer and P-active layers is designated to meet. Thus, the 
formation of the leakage current path between the source 
and drain can be prevented. Also, since the proposed I-
gate n-MOSFET can be applied to the commercial bulk-
CMOS process, it can obtain high radiation-hardness at a 
lower cost than the H-gate n-MOSFET of the expensive 
SOI process [14]. And the I-gate n-MOSFET does not 
require re-modeling of the W/L ratio by maintaining the 
N-active region of the standard n-MOSFET. Therefore, in 
the design of radiation-hardened circuit, I-gate n-MOSFET 
is applicable to various processes, has high radiation-
hardened characteristic, and can minimize the cost and 
the time as compared with previously radiation-hardened 
n-MOSFETs [12-15]. The comparison of the radiation-
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hardened n-MOSFETs are shown in Table 1. 
 

2.1. Layout of novel I-gate n-MOSFET structure  
 
Fig. 2 shows the layout of the standard n-MOSFET and 

the proposed I-gate n-MOSFET structure. The proposed 
I-gate n-MOSFET structure has an I-shaped poly gate 
between the source and drain from the standard structure. 
In the case of the gate oxide in SK Hynix/Magna Chip 
0.18㎛ CMOS process with the STI method, the thickness 
of the oxide is 5nm. According to recent reports, trapping 
by radiation-induced holes does not occur in an oxide 

thickness of less than 10㎚ because of the tunneling 
mechanism, thus the I-type gate oxide can prevent the 
formation of leakage current path between the source and 
the drain [8]. Its threshold voltage (VTH) is increased by 
including P-active and p+ layers. Thus, an I-gate n-
MOSFET prevents a channel inversion by the trapped 
holes in the silicon oxide, and can block the formation of a 
leakage current path.  

The n+ regions of the source and drain have a voltage 
between the GND and VDD, and the added p+ regions are 
connected to the p-substrate with GND voltage. Therefore, 
huge leakage currents can be generated between the n+ and 
p+ regions by forming a pn-junction. However, its I-gate 
poly blocks the formation of the pn-junction by completely 
separating the n+ and p+ regions. In addition, the formation 
of the isolation oxide generating the fixed charges is 
prevented by connecting the edges of the N-active and P-
active regions. 

Also, the latest semiconductor processes have to contain 
a silicide process step in order to reduce the contact 
resistance. In the DGA n-MOSEFT structure, a silicide 
blocking layer was required because the n-MOSFET may 
not be operated by the silicide layer. However, additional 
silicide blocking layers are not required in the I-gate n-
MOSFET structure because the p+ region and the n+ 
region are separated physically by the I-type poly gate. 

When increasing the W/L ratio of the standard n-
MOSFET structure, it is arranged by using a multi-fingers 
layout method in order to avoid limitations such as the total 
chip size or the device placement of the sub-circuits etc. 
Fig. 3 shows the layout configuration of the I-gate n-
MOSFET structure with a W/L ratio of 120㎛/1㎛ using 
the multi-fingers method. As shown in Fig. 3, the total 
120㎛/1㎛ (W/L) ratio is divided into three 40㎛/1 ratio, 
which are configured by parallel connection as a form 
sharing the drain and source. However, in previous layout 
modification technology such as the ELT structure, the 
multi-fingers method cannot be used because the sharing of 
a source and a drain is impossible. 

Table 1. Comparison of radiation-hardened n-MOSFETs 
with layout modification technique 

n-MOSFET 
Spec. 

ELT 
[12] 

DGA 
[13] 

H-gate 
[14] 

H-gate
[15] 

This 
work

Radiation hardness 
[kGy(Si)] 300 5 5 1.2 20 

Process technology Bulk Bulk SOI Bulk Bulk
Symmetry × ○ ○ ○ ○ 

Setting of less than 2.26 
(W/L) × ○ ○ ○ ○ 

Re-modeling (W/L) ○ ○ ○ ○ × 
Multi-fingers × ○ ○ ○ ○ 

※ ○ : yes, × : no 
 

 
(a) 

 
(b) 

Fig. 2. (a) Standard n-MOSFET, and (b) I-gate n-MOSFET 
structures 

 
Fig. 3. I-gate n-MOSFET structure using the multi-fingers 

layout method (@Total W/L: 120 ㎛/1 ㎛, fingers: 3)
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Therefore, the proposed I-gate n-MOSEFT structure has 
an extensibility in the circuit design as well as a radiation-
hardened characteristic for TID effects. 

 
2.2. Modeling of I-gate n-MOSFET 3D structure 

 
To perform radiation damage modeling of a standard n-

MOSFET 3D structure in a commercial 0.18㎛ CMOS 
process, we performed the modeling using a SILVACO’s 
TCAD (Technology Computer Aided Design) tool that can 
physically calculate from the device level in 3D (three-
dimensions) as shown in Fig. 4. It was set to a W/L ratio of 
10㎛/1㎛, a gate oxide thickness of 10㎚ and the body 

thickness of 3㎛. The doping density for each body is 
8×1016/㎤, channel 1×1018/㎤, source and drain 1×1020/㎤. 

To compare the radiation-hardened characteristic of the 
proposed I-gate n-MOSFET structure and the standard n-
MOSFET, a 3D structure modeling of the I-gate n-MOSFET 
is performed as shown in Fig. 5. Its size and doping density 
are the same as the standard n-MOSFET 3D structure. The 
W/L ratio of the added I-gate poly is 0.5㎛/ 2㎛, and its p+ 
doping density is 1×1020/㎤. The geometry figures of the I-
gate n-MOSFET 3D structure are shown in Table 2. 

 
2.3. Simulation of radiation-induced TID effects  

 
As shown in Fig. 6, for the modeling of the leakage 

current path that occurred by the TID effects, the TID 
effects are modeled by injecting the fixed charges in the 
isolation oxide interface between the source and the drain 
of the standard n-MOSFET and I-gate n-MOSFET. Further, 
we simulated the leakage current against the change in a 
fixed charge density in order to confirm the radiation-
induced damage for the TID effects. 

Fig. 7 and 8 show the simulation results of the radiation 
damages modeling for the standard n-MOSFET structure 
and I-gate n-MOSEFT structure. The Vg-Id curve of the I-
gate n-MOSFET according to a change in the fixed charge 
density up to 1×1019/㎤ was simulated. In particular, the 
semiconductor device can cause errors or malfunctions owing 
to the leakage current in the cut-off state. Therefore, the 
gate voltage in the cut-off region is the main measurement 
range. 

The radiation-induced damage of the standard n-MOSFET 

Fig. 4. 3D structure modeling of standard n-MOSFET in a 
commercial 0.18um process (a) 3D structure, (b) 
AA’ cross section, (c) acceptor (/㎤), and (d) donor 
(/㎤) 

Fig. 5. 3D structure modeling of I-gate n-MOSFET in a 
commercial 0.18um process (a) 3D structure, (b) 
AA’ cross section, (c) acceptor (/㎤), and (d) donor 
(/㎤) 

Table 2. Geometry figures of I-gate n-MOSFET 3D 
structure  

Parameter Value 
Width/Length [㎛/㎛] 10/1 
Body thickness [㎛] 3 

Gate oxide thickness [㎚] 10 
Sidewall oxide thickness [㎛] 0.3 
I-gate Width/Length [㎛/㎛] 0.5/2 

 

Fig. 6. Modeling of leakage current path according to the 
fixed charge density (a) standard n-MOSFET
structure, and (b) I-gate n-MOSFET structure 
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is confirmed by the growth of the leakage current according 
to the change in fixed charge density. On the other hand, 

even if the fixed charge density in the I-type gate n-
MOSFET is increased, the leakage current can be kept 
below pico-amperes. Thus, we have confirmed the radiation-
hardened characteristic of the I-gate n-MOSFET. 

 
2.4. I-gate n-MOSEFT fabrication for TID effects test 

 
For a measured experimental evaluation of the TID effects 

based on the radiation-induced damage M&S results, we 
performed the layout design of a 2D (two-dimensional) 
structure of the standard n-MOSFET and the I-gate n-
MOSFET using a Cadence’s virtuoso tool in SK Hynix/ 
Magna Chip 0.18㎛ CMOS process. Fig. 9 shows two test 
chips with W/L ratio of 10㎛/1㎛, and fabricated the test 
chips. Details of the design specifications on the layout of 
the radiation-hardened I-gate n-MOSFET are shown in 
Table 3. 

 
 
3. Radiation-hardened Evaluation Test for TID 

Effects 
 

3.1. Setup of TID evaluation test 
 
A TID evaluation test of the fabricated radiation-

hardened I-gate n-MOSFET is carried out by using a 
radiation source of high-level Co60 gamma ray in the 
Advance Radiation Technology Institute in Korea, details 
of the test environment are summarized in Table 4. An 
irradiation test is performed according to the procedures of 
MIL-STD-883H 1019.8 [17] and MIL-STD-883H 1019.5 
[18] of the US Department of Defense. 

The setup of the TID measurement evaluation is divided 
into a control room and irradiation room as shown in Fig. 
10, and the n-MOSFET test chip of the irradiation room 

 
Fig. 7. Simulation results of the Vg-Id curve of the standard 

n-MOSFET according to a change in fixed charge 
density up to 1×1019/㎤ 

 

 
Fig. 8. Simulation results of the Vg-Id curve of the I-gate n-

MOSFET according to a change in fixed charge 
density up to 1×1019/㎤ 

Fig. 9. 2D layout with W/L ratio of 10 ㎛/1 ㎛ (a) standard 
n-MOSFET structure, and (b) I-gate n-MOSEFT 
structure 

 

Table 3. I-gate n-MOSEFT design specification 
Specification Value 
Process [㎛] 0.18 

Supply voltage [V] 3.3 
Operation frequency [㎐] 500 
Field Isolation Method STI 

W/L ratio [㎛/㎛] 10/1 
I-gate W/L ratio [㎛/㎛] 0.75/3 

 

Table 4. Experimental conditions for TID evaluation test 
Radiation source dose rate 

Radiation Source Cobalt 60 
Total Dose [kGy(Si)] 20 

Dose Rate [kGy(Si)/h] 10 
Test facility 

Manufacture MDS Nordion, Canada 
Capacity 490KCi 

Radiation Shield Water 
Type Pencil 

Temperature [TA℃] 25 
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and the control room was connected by 25m data cables for 
supplying bias. The measurement system and equipment 
for biasing are installed in the control room in order to 
monitor the electrical characteristic change of the n-
MOSFET according to the total radiation dose in real time. 
The high-level gamma ray used the radiation-hardened 
evaluation test has a dose rate of 10kGy(Si/h), and the I-
gate n-MOSFET is irradiated up to a total dose of 20kGy 
(Si). 

 
 

3.2. Radiation-hardened characteristic analysis for I-
gate n-MOSEFT 

 
The radiation-hardened evaluation test of the standard n-

MOSFET and I-gate n-MOSEFT is performed to measure 
the variation of the drain current corresponding to the 
change in gate voltage. As shown in Fig. 11, we composed 
a common source amplifier circuit using the I-gate n-
MOSFET and standard n-MOSFET respectively. The 
supply voltage (VDD) is 3.3 V, RD is set to 24㏀, and the 
gate voltage (VIN) is changed from 0 to 3V in order to 
measure the output voltage (VOUT) in real time. As the 
measured results, we can obtain the relationship between 
the drain current (ID) and gate voltage (VIN) through an 
equation ID = (VDD-VOUT) / RD. 

An evaluation test for the TID effects of the standard n-
MOSFET and the I-gate n-MOSFET is performed by 
applying a total dose of 20kGy(Si). As the result, in the 

case of standard n-MOSFET, the leakage current in the 
cut-off region is increased considerably up to a total dose 
of 2.5kGy(Si) and increasing up to 20kGy(Si) gradually as 
shown in Fig. 12. The amount of increase in the leakage 
current is saturated gradually because the isolation oxide 
thickness of an n-MOSFET is fixed and the drain current 
is restricted by the W/L ratio. Because the leakage current 
of approximately 16㎂ at a total dose of 20kGy(Si) 
corresponds to 12% of the drain current 135㎂ in the 
saturation region, this can cause a malfunction or failure of 
the semiconductor device. On the other hand, in the case of 
the I-gate n-MOSFET, we confirmed that there is no 
change in the leakage current (approximately 500㎁) up to 
a total dose of 20kGy(Si) as shown in Fig. 13. Thus, we 
proved the radiation-hardened characteristic of the I-gate n-
MOSFET up to 20kGy(Si) through the evaluation test of 
the TID effects. 

 
 

4. Conclusion 
 
In this paper, a novel I-gate n-MOSFET is proposed as a 

Fig. 10. System setup of TID measurement evaluation 
 

 
Fig. 11. Amplifier circuit for an experimental measurement

 
Fig. 12. Characteristics of the Vg-Id curve of the standard n-

MOSFET up to a total dose of 20kGy(Si) 
 

 
Fig. 13. Characteristics of the Vg-Id curve of the I-gate n-

MOSFET up to a total dose of 20kGy(Si) 
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part of systematic research for the radiation-hardened 
electronic components in a high-level radiation environ-
ment such as the inside of a nuclear power plant. 

At a total ionizing dose of 20kGy(Si), the electrical 
characteristic of the standard n-MOSFET is changed by 
generating the leakage current path in the cut-off region, 
thus we confirmed the radiation damage of the standard 
n-MOSFET by the TID effects. On the other hand, the 
proposed I-gate n-MOSFET has a radiation-hardened 
characteristic up to a total dose of 20kGy(Si) by preventing 
the formation of a radiation-induced leakage current path. 
Therefore, the layout modification technology of the 
radiation-hardened I-gate n-MOSFET to prevent the TID 
effects will be useful for the development of electronic 
components for safety/control instrumentation inside a 
nuclear power plant. 
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