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ABSTRACT

This paper presents an experimental comparative study of the Total Ionizing Dose (TID) effects between the 
Metal-Oxide-Semiconductor (MOS) Field Effect Transistors (MOSFET) manufactured with the Wave (S gate 
geometry) and the standard layout (CnM). Because of the special geometric characteristic of the gate, drain and 
source regions of the Wave MOSFET (WnM), this innovative layout proposal for transistors is able to mitigate 
the TID effects in order to implement in analog integrated circuits (IC) for space and medical applications without 
causing any additional cost to the Complementary MOS (CMOS) manufacturing process.

Index Terms: Wave layout; Radiation; X-ray; Total Ionizing Dose; TID; Analog Circuits.

I. INTRODUCTION

New materials, multiple-gates and three-dimen-
sional (3D) devices are the subject of intense research and 
development [1], following the International Technology 
Roadmap for Semiconductor (ITRS) [2] specifications 
for future technologies and devices in order to overcome 
the scaling limits [3-5] and the predictions from Moore’s 
Law [6-7]. However, many of these techniques do not 
take into account and minimize the radiation effects that 
produce long-term damage within the oxide layers of the 
electronic devices, worsening the electrical performance 
of MOSFET [1]. Many efforts have been made to im-
prove the devices radiation hardness, which mainly can 
be divided in two categories: one category is related to 
the optimization of manufacturing process with different 
materials and technologies [2]; the other one focuses on 
using non-standard layout for MOSFET [4]. 

Many techniques have been studied to reduce the 
TID effect, one way is to extend and overlap the gate ox-
ide to the lateral isolation region of the MOSFET [8], like 
observed in the Shallow Trench Isolation (STI) technolo-
gies where similar method can be applied by pulling back 
the source and drain regions from the trench edges [9]. 

 An additional proposal is the use of Silicon-On-
Insulator (SOI) wafer which isolates the substrate of the 
operation active region of MOSFET with a buried oxide 
(BOX) to reduce the power dissipation, the latch-up, the 
short channel effects (SCE), and the single event effects 
(SEE) [10]. However, the thick BOX in SOI MOSFET 
substrates increases the undesired TID effects in these 

devices, because the ionizing radiation induces positive 
charges that are trapped in BOX [11- 12]. 

The Multiple-Gates Field Effects Transistors 
(MugFET) have been studied and showed to be one of the 
most promising devices to meet the downscale, however, 
they have been presented a few years ago, with the issue 
of the FinFET concept replacing the planar CMOS tech-
nology [13], which is a challenge.

In order to meet the downscaling, especially in 
the sub 20-nm node, the planar ultrathin buried oxide 
(UTBOX) and thin body SOI (UTB) technologies have 
been considered as an alternative to replace the Bulk sub-
strate technology [14], for further reducing the SCE and 
the random dopant fluctuations (RDF) [15]. Besides that, 
the use of the UTBOX enables a low-power multi-thresh-
old-voltage operation by the use of the back-gate bias [16]. 
Even though the UTBOX exhibits a significant shifting 
range of the threshold voltage (VTH), these devices are able 
to mitigate the TID effects, due to its stronger capacitive 
coupling effects [17]. Although, the gate oxide becomes 
thinner and less sensitive to the TID effect, MOSFET 
manufactured with the Shallow Trench Isolation (STI) is 
not scaled down in the same proportion to the device size 
and because of that limits the ionizing radiation tolerance 
in the Bulk CMOS technology (radiation induced positive 
charge to be trapped in the STI) [18]. All of these tech-
niques previously considered generate a high cost impact 
of the CMOS manufacturing process. 

In addition to that, the use of Hardness-By-Design 
(HBD) allows the improvement of the device radiation 
hardness [18], a very efficient way is to use Enclosed 
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Layout Transistors (ELT), which completely eliminated 
the parasitic leakage path of the drain current (IDS) [19]. 
The ELT is “edgeless”, for instance, an annular gate re-
gion completely surrounding the drain region, which in 
turn it is surrounding by the source region [20]. This ap-
proach shows to be very effective, enabling the MOSFET 
to present TID tolerances in multi-Mrad scale [21-22]. 
The disadvantages for using this approach are the die area 
and capacitance increase, and the aspect ratio (W/L) lim-
itations [23-25], despite the fact that the ELT is inherently 
asymmetric [26]. A number of variations of the ELT have 
also been developed to alleviate those shortcomings to 
some level [27], although, they do not reduce the die area 
and change the manufacturing process. 

To overcome those disadvantages in the ELT, the 
new dummy gate-assisted (DGA) n-MOSFET layout was 
proposed [28]. The experimental results confirmed that 
this innovative structure for MOSFET is a radiation-tol-
erant device, even when a voltage of 0 V is applied to 
the dummies gates and the dummies Metal-layers [23]. 
Unfortunately, the ELT and the DGA layout increase the 
total die area of the IC in relation to the IC implement-
ed with the standard layout. The MOSFET manufactured 
with hexagonal gate shape (Diamond) is an alternative 
layout to those mentioned above to increase the electrical 
performance and to maximize the device radiation hard-
ness [29].

In order to improve the device matching, inte-
gration factor, reduce die area, increase the breakdown 
voltage (BVDS) and Electrostatic Discharge (ESD) it was 
designed the Wave nMOSFET (WnM) [30] and some 
previous works of the Wave layout style for MOSFETs 
demonstrated that this innovative layout is able to en-
hance the analog and digital electrical performance of the 
planar power MOSFETs [31-32].

 The WnM owns three important effects: The high 
Longitudinal Electrical Field (LEF) that is responsible for 
increasing the drain current in the device channel [30-32]; 
the lower Series Resistance (SR) - These two electrical 
characteristics mentioned occur due to its gate geometric 
shape and because of the drain and source areas (internal 
or external drain bias configurations) [30-32]; the third 
one is related to the special behavior of the Bird’s Beak 
Regions (BBR) of the WnM.

In that context, this work focuses on an experi-
mental comparative analysis of the X-ray radiation effects 
(TID effects) between the Wave and the standard layouts 
focusing on the analog CMOS ICs applications.

II. LAYOUT DETAILS

Figure 1 presents the layout of the WnM. It is pos-
sible to observe the gate, the drain and source for the su-
perior and inferior semicircles, the longitudinal electrical 
field (

//ε ) in the channel, and the bird’s beak region. 

The WnM comes from the Circular Annular Gate 
MOSFET (CAGM) [30] that is an asymmetric device (the 
internal region area, AINT, is different of the external re-
gion area, AEXT), by cutting it in the middle, shifting the 
semicircles and connecting them to compose a “S” shape 
in order to change the CAGM in a symmetrical device. 
The Wave layout style can be implemented by using any 
planar IC CMOS manufacturing processes used to imple-
ment the CAGM. 

The CAGM can be biased in two different ways, 
because its internal region can be biased either as drain 
(internal drain bias configuration, IDBC) or as source 
(external drain bias configuration, EDBC) [30], which 
results in two different electrical behaviors, mainly due 
to the drain (RD) and source (RS) series resistances are 
different, where RD is higher than RS, because AINT is 
smaller than AEXT [30]. However, the MOSFET im-
plemented with Wave layout style, as observed in the 
Figure 1, operates in the same time with the superior 
semicircle in the IDBC and the inferior semicircle in the 
EDBC [30]. Observe that, the Longitudinal Electrical 
Field (LEF) varies in the channel length (L) [30-32] and 
it is higher in the drain region of the superior semicircle, 
because the drain region area of the superior semicir-
cle (AD_IDBC) is smaller than the inferior semicircle area 
(AD_EDBC) [30-32]. The higher LEF in the drain region 
of the superior semicircle is responsible to generate a 
higher IDS than the one found in the inferior semicir-
cle. Besides that, it was demonstrated that the WnM IDS 
is higher than that found in the standard one (CnM), 
considering the same gate area (AG) and bias conditions 
[30-32].

Considering that the superior semicircle of the 
Wave MOSFET is in the Internal Drain Bias Configuration 
(IDBC), the inferior semicircle is in the External Drain 
Bias Configuration (EDBC). Then, the WnM has a differ-
ent electrical behavior and the bird’s beak region of the 
WnM behaves in a different way as well. In other words, 

Figure 1. The WnM layout details. The superior and inferior 
semicircles where the gate, the drain and source can be observed 
as well as the longitudinal electrical field (

//ε ) and the bird’s beak 
region.
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the superior semicircle in IDBC and in the inferior semi-
circle in EDBC have different longitudinal electric field 
and distinctive drain/source areas, and then the LEF in-
fluence in the drain/source area and in the BBR present 
different behavior for the TID effects. The resultant of the 
WnM IDS and the parasitic transistors influence are differ-
ent when compared with the CnM, it should be analyzed 
and compared in order to understand the TID effects in 
the devices.

III. EXPERIMENTAL DETAILS 

The devices were exposed to 10 keV X-ray irra-
diation using a Shimadzu XRD-7000 and they were not 
biased during the irradiation procedure. This initial study 
is crucial for us to obtain the parameters of the radiation 
procedure for future works with biased devices, such as 
the beam energy, beam electric current, dose rate, the ex-
position time of the device to calculate the cumulated total 
dose, distance between the beam and the devices under 
test, etc. [33].

As the first experiment, the irradiations were 
conducted to a cumulative dose up to 1.5 Mrad (from 
500 krad to 1.5 Mrad with 500 krad steps) at a dose rate 
of 400 rad/s in unbiased devices. Although, the biasing 
was not used on the irradiations, and it is not the worst-
case condition for these devices [34-35], it is understood 
that this experiment with unbiased devices reveals long 
term damage generated in the oxide and on bulk silicon 
[35] This situation, as for instance, describes the real 
situation of electronics that are not used during a space 
mission (spare parts) that can present malfunction or the 
loss of its functionality after TID effects.

Initially, all devices were electrically character-
ized (Pre-Radiation conditions) with the Keithley 4200 
(drain current, IDS, as a function of the gate voltage, VGS, 
and of the drain voltage, VDS). After that, the devices 
under test (DUT) were irradiated with X-ray, all at the 
same time, because they are in the same chip and po-
sitioned one beside the other. After that, the electrical 
characteristics curves of the devices were measured 
again and compared to the electrical characteristics 
curves of the devices in Pre-Radiation conditions, un-
til we observe that they became different of the Pre-
Radiation conditions. This procedure was repeated sev-
eral times to identify the first X-ray radiation dose to 
produce damage in the devices (in this case 500 krad). 
Additionally, in order to observe the permanent damage 
in the devices, we performed the electrical characteriza-
tion of them and compared with the last measurements 
performed in the irradiated devices in a daily basis. This 
procedure was done during one week, and then we ob-
served that the electrical characteristics curves do not 
vary anymore to confirm the transistor transient effects 
do not exist, i.e., only the permanent damages were con-

sidered in the devices. This same procedure was done 
to the others X-ray irradiations procedure up to the last 
one (1.5 Mrad).

The radiation affects electronic components in dif-
ferent ways. Mainly, the effects can be divided into two 
categories: Single Event Effects (SEE) caused by indi-
vidual energetic particles and cumulative effects where 
the device is degraded over time with the total absorbed 
dose of radiation (Total Ionizing Dose) [33-34], which is 
the focus of this work. Ionization effect is nothing more 
than a process of adding or removing electrons (or other 
charged particles) of atoms. This effect is linked to inten-
sity and exposure time. With radiation, the electrons in 
the valence band of the material can gain enough energy 
to move to the conduction band, and then generate cur-
rent whether an electric field in the irradiated material is 
applied. Because the mobility of the holes is smaller than 
the electrons, positive charges may be trapped in SiO2 
or Si/SiO2 interface causing degradation of the MOSFETs 
[33-34].

 For this work, the devices were manufactured by 
using the 0.35 μm AMI (On-Semiconductor) Bulk CMOS 
ICs manufacturing process, via MOSIS Educational 
Program (MEP) [34]. The 0.35 μm of the AMI (On-
Semiconductor) is performed by using its 0.5 μm C5/F 
Bulk CMOS ICs manufacturing process, the gate oxide 
thickness is 14,2 nm and the oxide isolation is LOCOS 
[36].

Table I presents the dimensions of the Conventional 
nMOSFET (CnM) and the Wave nMOSFET (WnM) used 
to perform this work. These devices are in the same die 
and are next (side by side) to each other.

Table I. The CnM and WnM dimensional characteristics.

Device Conventional 
nMOSFET Wave nMOSFET

L (µm) W 
(µm) W/L R1 

(µm)
R2 

(µm)
W 

(µm) W/L

2.3 24.5 10.65 2.7 5.01 23.45 10.19

The relation between the geometric factors (fg) of 
the Conventional, Circular Gate and Wave MOSFETs is 
given by the equation 1 [30].
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In equation 1, R1 and R2 are the radiuses that de-
fine the beginning and the ending of the channel region of 
the transistor structure [30].
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IV. EXPERIMENTAL RESULTS AND 
DISCUSSIONS 

Table II presents the threshold voltage (VTH) be-
haviors of the DUTs, after each X-ray exposure, con-
sidering Pre-Radiation (indicated by Pre-Rad), transient 
(immediately after the radiation procedure, indicated 
by Trans) and Post Rad (after seven days, indicated by 
Perm) values. The VTH were determined by using the 
second derivative of the drain current (IDS) as a func-
tion of gate to source voltage (VGS), considering drain to 
source bias (VDS) of 10 mV [37].

From Table II, observe that before the X-ray ra-
diation procedure, the CnM and WnM VTH present the 
same values (0.68 V). 

Considering the transient experimental results, 
we notice that the CnM is more sensitive to the TID 
effect and present a VTH variation of 49.2 % from the 
first to the second radiation dose (from Trans 1 to Trans 
2) and 10.2 % from the second to the third dose (from 
Trans 2 to Trans 3), while the WnM VTH variations for 
these doses are 4.6% and 5.9%, respectively. In addition 
to that, the CnM VTH varied about 22.7% for a TID of 
1.5 Mrad, while the WnM VTH almost does not change 
(less than 2%). Therefore, the WnM can be considered 
as an alternative device to be used in CMOS ICs appli-
cations to operate in radiation, due to the Wave layout 
style characteristics for implementing MOSFETs. The 
increase of the VTH from Pre-Radiation to the Permanent 
condition is related to the radiation-induced positive 
charges through the Si/SiO2 interface, and VTH reduction 
is associated with the increase of the radiation-induced 
positive charges inside the SiO2. [1]. 

The Longitudinal Electrical Field (LEF) of the 
superior semicircle of the WnM, which is operating as 
Internal Drain Bias Configuration (IDBC), is higher 
than the one observed in the conventional counterpart. 
Knowing that the LEF in the WnM drain region is high-
er, when this device region is submitted to the ionizing 
radiation, the TID effect tends to be intensified and pro-
motes a higher induction of the positive charges in its 
BBR during the irradiation procedure, however its drain 
area is smaller than the one found in the homologous 
CnM, which tends to reduce the TID effect in this WnM 
region. There is a compromise between the LEF and the 

drain region dimension that can promote or reduce the 
TID influence in the device, due to the ionizing radiation 
exposure. 

Besides that, the LEF of the inferior semicircle 
of the WnM, which operates as external drain bias con-
figuration (EDBC), is smaller than the one found in the 
equivalent CnM, because the WnM drain area is bigger 
than the one found in the CnM counterpart, and there-
fore it shows to be less affected by the ionizing radia-
tion, even though it presents a bigger drain area. 

Thus, as a result of this experimental work, we 
notice that the WnM is less affected by the X-ray ioniz-
ing radiation in comparison to the one measured in the 
homologous CnM.

Figure 2 presents the experimental curves of the 
WnM and CnM (L=2.3 mm) IDS/(W/L) as a function of 
the source-gate voltage (VGS) for VDS equal to 2 V.

In the Fig. 2, it can be observed that before TID 
(Pre Rad) the WnM IDS/(W/L) is 20% higher than the 
one observed in the CnM counterpart for both operation 
regions (Triode and saturation regions) Additionally, the 
CnM IDS variation is of 5%, on average, while the WnM 
IDS variation is not affected. This is due to the WnM in-
novative layout and its effects associated, which makes 
WnM more efficient in this electrical parameter, and 
with no variation after TID effects. 

Figure 3 presents the experimental curves of the 
WnM and CnM (L=2.3 mm) Log [IDS/(W/L)] as a func-
tion of the source-gate voltage (VGS) for VDS equal to 2 V.

From Fig. 3, before the TID of 1.5 Mrad, the de-
vices´ Subthreshold Slopes (S) present the same values 
(90 mV/decade). But, after the ionizing radiation, we ob-
serve that the WnM S (94 mV/decade) present a smaller 
S variation (4%) in relation to the one measured in the 
CnM counterpart (29%), which is changing its S value to 
116 mV/decade. This can be explained due to the differ-

Figure 2. The IDS/(W/L) as function of VGS with VDS= 2 V of the 
WnM and CnM for L=2.3µm.

Table II. CnM and WnM VTH (V) behavior as a function of the TID 
(Mrad). 

Device
Condition Pre-

Rad
Trans 

1
Perm 

1
Trans 

2
Perm

2
Trans 

3
Perm 

3
Dose 

(Mrad) 0 0.5 0.5 1 1 1.5 1.5

CnM VTH (V) 0.68 0.59 0.94 0.88 0.88 0.79 0.82

WnM VTH (V) 0.68 0.65 0.68 0.68 0.68 0.64 0.64
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entiate constructive features of the WnM BBRs, which 
are less affected by the ionizing radiation regarding the 
BBRs areas and the intensity of the longitudinal electric 
field present in these regions.

These results show the same trends observed in 
the VTH variation. Since after TID of 1.5 Mrad the VTH 
of the CnM increased, a degradation is expected for the 
S and the curve moves towards to the right, this is due 
to the positive radiation-induced charges through the Si/
SiO2 interface [1]. On the other hand, the S of the WnM 
is similar, even though there is a slightly decrease of the 
VTH and the curve moves slightly to the left, this due 
to the increase of the positive radiation-induced charges 
inside the SiO2 [1].

Figure 4 presents the experimental curves of the 
WnM and CnM (L=2.3 mm) gm (W/L) as a function of 
the VGS for VDS= 2 V.

In the Fig. 4 observe that WnM gm for VGS equal 
to 3 V is 18% higher than the one verified in the CnM 

counterpart before TID. Additionally, WnM has less 
variation (~2%) after the TID, while the CnM has 6% of 
variation. WnM has a very high Longitudinal Electrical 
Field and it needs less gate voltage VG to obtain more 
drain current (20% more efficiency), it gives to the WnM 
better control to the drain current by increasing or de-
creasing the VG. Besides that, due to WnM LEF effect 
and BBR, the WnM behaves with higher performance 
than the CnM for the radiation application (less variation 
after TID), even that is observed a little more degrada-
tion of the WnM gm for high VG values due to its high 
electrical field.

Figure 5 presents the experimental curves of the 
WnM and CnM (L=2.3 mm) IDS/(W/L) as a function of 
the drain-gate voltage (VDS) for VGS equal to 2 V.

In the Fig. 5 note that the IDS WnM is 25% high-
er than the one found in the equivalent CnM for Pre-
Radiation. After the TID, the CnM presented 16% of 
variation, while the WnM showed only 2%. This result 
is very important to understand the electrical behavior 
of WnM compared to CnM, in addition to the higher 
performance of the WnM IDS/(W/L) in Triode region 
(IDS_tri), this better performance is observed throughout 
the Saturation region, it means a higher IDS_sat for the 
WnM when compared to the CnM. Before radiation, the 
known effects of the Wave layout style prevail over the 
CnM, its high electric field in the internal drain region 
and the least equivalent series resistance put the WnM 
ahead as there is a greater drain current in Triode and 
Saturation regions compared with the conventional. In 
addition to that, for the Permanent condition (TID 1.5 
Mrad) the WnM practically does not change its behav-
ior, an extraordinary result, because when compared 
to its equivalent, it turns out 16% of change, this is 
explained by the WnM’s lower sensitivity of the traps 
created in the gate, drain, source and BBR, where par-

Figure 3. The Log [IDS/(W/L)] as function of VGS with VDS= 2 V of 
the WnM and CnM for L=2.3µm.

Figure 4. The gm as function of the VGS with VDS= 2 V of the WnM 
and CnM for L=2.3µm. 

Figure 5. The IDS/(W/L) as function of VDS with VGS= 2 V of the 
WnM and CnM for L=2.3µm.
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between AV0 and fT , the WnM is a very attractive option. 
In addition to that, in the strong inversion the WnM 
could maintain a high frequency response in the circuit, 
since no change was observed after the radiation pro-
cess. There is degradation in the weak inversion, how-
ever the degradation is similar between CnM and WnM. 
Those conclusions indicate that for a differential pair of 
an Operational Transconductance Amplifier (OTA), for 
example, the Wave MOSFET should have better results 
in terms of AV0 when compared to the CnM. The CnM 
increase of the AV0 after radiation occurs due to the par-
asitic MOSFETs in the BBRs of the CnM are activated 
and consequently its transconductance (gm) tends to be 
increased. This does not occur in the WnM due to its 
special constructive feature of its BBRs, which maintain 
the parasitic MOSFETs in these regions practically de-
activated.

Figure 7 presents experimental results of the 
WnM and CnM (L=2.3 mm) fT as a function of IDS/(W/L) 
for VDS= 2 V. The Load Capacitance (CL) used for fT val-
ues is 10 pF.

Fig. 7 shows that WnM fT is 23% higher than 
the CnM, considering an IDS/(W/L) equal to 250 mA. 
Moreover, the WnM has a similar behavior (less than 
2% of variation) after TID, while the CnM varied 
8%. TID effects can be mitigated by design strategies 
(HBD, Hardening-By-Design), where the traps that 
causes impact in the device operation and the para-
sitic transistors effects in the bird’s beak regions are 
reduced in this case. The WnM enhances the design of 
the analog ICs when higher fT is required and this bet-
ter behavior is not degraded after TID. For instance, in 
an OTA, this characteristic is important and the Wave 
MOSFET can be an alternative for the output stage of 
an OTA as well. 

asitic transistors created in the BBR have less influence 
on its electrical performance. These experimental results 
shown collaborate with the explanation discussed before 
about the different electrical behavior of the longitudinal 
electric field and the BBR. Therefore, it is noted that the 
resulting influence of the traps and the parasitic transis-
tors created after radiation in the WnM are smaller than 
the CnM. It is possible to say with these experimental 
results that the WnM varied 14% less compared to its 
equivalent, this makes the Wave MOSFET an alternative 
for analog integrated circuits for radiation application.

Figure 6 presents the experimental curves of the 
WnM and CnM (L=2.3 mm) AV0 as a function of the IDS/
(W/L) for VDS equal to 2 V.

In Fig. 6 we can observe that the WnM AV0 in 
function of IDS/(W/L) shows better performance in ev-
ery inversion mode before TID of 1.5Mrad. 

For the weak inversion the WnM is 8 % (6dB) 
greater than the CnM, for the moderate and strong inver-
sions, 6% (4dB) and 10% (3dB), respectively, for a Pre-
Radiation condition. This means that WnM has a higher 
voltage gain in analog integrated circuits.

By comparing the Pre-Radiation with Permanent 
condition the CnM presented 4% (3 dB) of variation in 
weak inversion for IDS/(W/L) of 1x10-9 (A), 7% (5 dB) of 
variation in moderate inversion for IDS/(W/L) of 3x10-8 
(A), and 10% (4 dB) in strong inversion for an IDS/(W/L) 
of 1x10-4 (A). On the other hand, the WnM maintains 
similar performance with minimum variation after radia-
tion exposure in every inversion mode, except for the re-
sults in the beginning of the weak inversion where there 
was a 5% drop or 4 dB. Therefore, for analog circuits 
implemented for radiation application such as a CMOS 
with low power - low voltage, when the moderate inver-
sion region is generally used due to a good compromise 

Figure 6. The AV0 as function of the IDS/(W/L) with VDS= 2 V of the 
WnM and CnM for L=2.3µm. 

Figure 7. The fT as function of IDS/(W/L) with VDS=4V of the WnM 
and CnM for L=2.3µm. 
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V. CONCLUSION

Besides the Wave layout style is able to improve 
the integration and devices matching (without generating 
any extra cost to the IC CMOS manufacturing process) it 
enhances the radiation tolerance, considering the experi-
mental results in terms of the threshold voltage, the IDS/
(W/L) as a function of VGS, gm, IDS/(W/L) as a function of 
VDS, AV0 and fT after TID effects (1.5 Mrad), with same as-
pect ratio and bias conditions. This can be mainly justified 
due to the electrical behavior of the longitudinal electrical 
field in the drain/source area and the Bird’s Beak regions 
of the Wave layout style for MOSFET that reduces the 
radiation impacts. Therefore, this innovative layout struc-
ture can be considered as an alternative device to be used 
in analog IC operating for radiation application (medical 
and space applications), with a favorable compromise be-
tween AV0 and fT.
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