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Abstract: In this work, the effects of total dose irradiation on the parasitic bipolar junction transistor
(BTJ) in 130 nm PDSOI MOSFETs were investigated. The experimental results demonstrate that
irradiation-induced oxide-trap charges can modify the E-B junction barrier, and thereby make the
common-emitter gain By of the parasitic BJT in NMOS device increase, while decreasing it in a
PMOS device. Additionally, irradiation-generated oxide-trap charges in shallow trench isolation
(STI) elevate the surface electrostatic potential of the gate above the STI sidewall, thus providing an
additional channel from the emitter to the collector. Moreover, these charges may generate parasitic
reverse conductive paths at the STI/Si interface under high dose irradiation, thereby enhancing the
leakage current in the front gate channel and diminishing the significance of the parasitic BJT. Under
irradiation, the electric field intensity difference between two biases leads to higher B of the parasitic
BJT in PG-biased devices than in ON-biased ones. Furthermore, the lifting effect of irradiation on By
increases in wide or short channel irradiated devices, which can be explained using simulations and
an emitter current crowding effect model.

Keywords: total dose irradiation; parasitic B]T; partially depleted SOI

1. Introduction

With the rapid advancement of space technology, electronic devices operating in the
space environment are exposed to cosmic rays and charged particles. This exposure may
result in the deterioration or even failure of device performance, consequently posing a
severe threat to the stability and lifespan of spacecraft and satellites. Silicon-On-Insulator
(SOI) technology, which isolates devices from substrate silicon using an insulating buried
oxide (BOX) and achieves complete dielectric isolation of individual devices along with
STI, provides comprehensive relief. In contrast to conventional bulk silicon devices, SOI
technology fundamentally eliminates latch-up effects that occur in bulk silicon CMOS
devices. The presence of BOX layer limits the collection volume of charges induced by
irradiation to only the top silicon region, reducing the single particle flip cross-section,
thus reducing the soft error sensitivity to a great extent. Although the SOI device has
excellent resistance to single event effects (SEE) and transient irradiation [1,2], whereas
in the meantime oxide-trap charges and interface-trap charges are generated in the oxide
layer by the total ionizing dose (TID) effect [3]. The presence of BOX layer makes the TID
effect in SOI structures more complicated, and the TID effect becomes the main cause of
degradation in SOI device performance.

Compared with fully depleted SOI (FDSOI), partially depleted SOI (PDSOI) MOSFETs
are commonly utilized in the anti-irradiation domain owing to the threshold voltage that
is independent of the thickness of top silicon or the amount of charges introduced in the
BOX layer [4]. However, floating body effects (FBE), such as the kink effect, anomalous
subthreshold slope, and reduced drain breakdown voltage, occur due to the presence of a
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neutral region in PDSOI devices [5]. Previous studies have shown that when SOI device is
subjected to single event upset (SEU) and transient irradiation, the the parasitic BJT might
turn on and amplify the current generated by the irradiation due to FBE, resulting in a
severe reduction in the resistance to irradiation [6]. Devices subjected to SEU and transient
irradiation are frequently accompanied by TID effects. The oxide-trap charges generated
in S5iO; and the interface-trap charges generated at the Si/SiO, interface by total dose
irradiation have impacts on the electrical parameters such as the electric field distribution
in the body region of the SOl MOSFETs, resulting in the modification of FBE. To mitigate
these FBE, the most common approach is to use a body contact via layout techniques with an
H-Gate or T-Gate configuration [7]. Nevertheless, although body contact suppresses these
effects effectively, the ideal body contact cannot be achieved to avoided FBE completely
due to the presence of resistance in the body region itself. Therefore it is essential to
investigate the effects of total dose irradiation on the FBE of PDSOI devices, especially on
the parasitic BJT effect. Thus we expect that it can provide a reference for future research
on irradiation-resistant device structures and processes.

In this paper, we focus on the impacts of total dose irradiation on the parasitic BJT in
PDSOI devices based on a 130 nm SOI commercial process with I/O NMOS and PMOS
fabricated in typical dimensions. Devices with different structures, including gate shapes,
dimensions, are investigated. Besides these, the influences of irradiation dose and bias
conditions, have been also studied. This article is arranged as follows: Section 2 describes
the experimental details, including the devices and methods utilized in the study. Section 3
presents the experimental results and combines them with TCAD simulations for further
discussion. Finally, Section 4 provides the concluding remarks of this research.

2. Materials and Methods
2.1. Devices

The present study utilized H-Gate or T-Gate input/output (I/O) devices selected from
a 130 nm PDSOI process platform that operates at a nominal voltage (VDD) of 3.3 V. All
experiment samples were fabricated on 8-inch commercial UNIBOND wafers obtained from
SOITEC Corporation in France, which employs a 0.13 pm commercial logic SOI process.
After oxidative consumption during the process, the final thickness of the top silicon film,
gate oxide layer, and BOX are about 85 nm, 6.4 nm, and 145 nm, respectively. The doping
concentration is about 4.5 x 10 cm—3 of substrate, and is more than 102 ¢cm—3 of source
and drain region. Figure 1 shows that the device isolation was achieved using shallow
trench isolation (STI) technology, with body contact established from both terminals of the
gate used for H-Gate PDSOI device, whereas only one terminal was connected to the body
for T-Gate PDSOI devices.
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Figure 1. The structures of T-Gate and H-Gate PDSOI MOSFETs with external body contacts.
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The irradiation experiments were conducted at the Xinjiang Institute of Physical
and Chemical Technology, Chinese Academy of Sciences (Xinjiang, China). Devices were
irradiated with ®°C, 7-rays as the radiation source, and the irradiation dose points are
30 krad(Si), 50 krad(Si) and 100 krad(Si), with a dose rate of 100 rad(Si)/s. Two bias
conditions were employed during irradiation: on-state (ON) and transmission-gate (TG or
PG), and the bias conditions are defined in Table 1. Electrical parameters were measured
with a KEITHEY 4200-5CS test system (Tektronix Company, Cincinnati, OH, USA), and the
device measurement was performed within 30 min after irradiation to avoid any annealing
effect. All irradiation experiments and measurement process were performed at room
temperature.

Table 1. The voltage of each terminal under different bias of the PDSOI transistor.

Type Gate (V) Source (V) Drain (V) Substrate (V)
ON VDD 0 0 0
PG 0 VDD VDD 0
2.2. Methods

Figure 2 shows the schematic diagram of parasitic BJT in SOl NMOSFETs. The regions
of emitter, base and collector in the N-P-N BJT are form of n™ type source, p-type silicon
body and n™ type drain of the SOI device. In a PDSOI transistor, the neutral body region,
which corresponds to the base region of the BJT, is suspended generally, resulting in the
formation of a parasitic BJT with a floating base region. Although the body contact is
implemented at the gate terminal on H-Gate or T-Gate device, it remains impossible to
eliminate this floating body effect completely.

Gate
Emitter Polysilicon Collector
e | i
Icll
Ine <———————_______= _______________ L - Inc
I, o /~
..... R VI S
1, I | ~ b 0
<——e-—- L -h~‘~\\ \2 Ico <___I_c_

Substrate

Figure 2. Schematic diagram of parasitic bipolar transistor effect in SOl NMOSFETs.

To characterize the properties of parasitic BJT, we conducted measurements of the
collector current (1), base current (I;) and emitter current (I,) at varying levels of base
voltage V},. Additionally, a Gummel plot was constructed, utilizing the aforementioned
currents as vertical coordinates and Vj, as horizontal coordinate. The common-emitter gain
Bo of parasitic BJT was also calculated by the following Formula (1):

/30 = (Ic - Iceo)/lb (1)

where I, is the I value when the base is open. To obtain an accurate characterization of
the collector current I, it is crucial to ensure that there is minimal non-amplified collector
current present. Accordingly, the I; is corrected by subtracting I, [8]. In order to keep the
front gate channel of the device from being in inversion state and eliminate the field effect
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factor of I, the bias during the parasitic BJT gain measurement was in the state with the
gate voltage of Vo = —1V, and collector (drain) voltage V. =2 V.

For a parasitic NPN transistor in the SOl NMOSFETs, the currents of collector, base,
and emitter are also shown in Figure 2.

The current at each terminal can be expressed as Equation (2):

Lo = Ine + Ire + Ipe
Ie = Inc + 1o + Ich (2)
Ib = Ipe + Ire + (Ine - Inc) - ICO

where I, Iy, and I are the collector electron current, collector hole current, and re-
combination current of E-B junction, respectively; I,c and I, are the electron current and
reverse current of B-C junction, respectively; I, is the subthreshold current of the front
gate channel; I, = (I — Iic) is the recombination current of base region.

3. Experimental Results and Discussion
3.1. Effect of Radiation on I-V Characteristics

Figure 3 shows the characteristics of 10 um/0.35 pm NMOS devices before and after
irradiation. The transfer characteristic curves of H-Gate devices drift negatively after
irradiation due to the positive charge generated in the gate oxide and BOX layer. It is worth
noting that the threshold voltage shift under PG bias is more significant than that under
ON bias for the same dose. Regarding T-Gate PDSOI NMOSFETs, the leakage current of the
front gate transistor and the hump of the back gate transistor after irradiation are obvious
due to the presence of STI sidewall parasitic transistors. The total dose effect resistance of
the H-Gate devices under PG bias can reach 100 krad(Si), while the total dose resistance of
T-Gate devices under ON bias is less than 30 krad(Si).

Table 2 presents the front and back gate threshold voltage drifts of H-Gate devices
caused by TID under PG bias with different sizes. It can be clearly seen that, for the devices
with the same channel width, the threshold voltage shift is larger as the channel length
becomes smaller; while for a fixed device channel length, the degradation of threshold
voltage increases significantly as the channel width increases. In other words, there is an
enhanced radiation effect in short and wide channel transistor. The threshold voltage shift
after irradiation can be expressed by the following formula:

AQB . QB,post - QB,pre

®)
CoxA CoxWL

where Cyy is the capacitance of oxide layer; Qp is the charges of depletion region controlled
by gate; Qppre and Qp post are the value of Qp before and after irradiation, respectively.
For the device with shorter and wider channel, a larger threshold voltage drift means that
irradiation may produce more net positive charges in the oxide, and this will be discussed
in Section 3.2.3.

Table 2. The front and back gate threshold voltage drift caused by TID under PG bias of H-Gate
NMOS devices with different sizes.

Parameter AVife (mV) AVipe (V)
TID 30 krad(Si) 50 krad(Si) 100 krad(Si) 30 krad(Si) 50 krad(Si) 100 krad(Si)
10 pm /10 pm —2.23 —4.85 —12.23 —1.74 —2.59 -4.22
10 um/1.2 um —11 —35.04 —41.56 —2.42 —-3.17 —4.7
10 pm/0.35 pm —41.18 —61.18 —134.7 —3.37 —5.12 —7.74
1.2 um/10 um —40.35 —63.45 —95.87 —3.28 —4.05 —7.02
0.15 pm /10 pm —33.38 —53.69 —91.54 2.7 —3.72 —5.48
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Figure 3. Transfer characteristics of front and back gate of 10 um/0.35 um NMOS devices after
irradiation. (a,c,e) front gate; (b,d,f) back gate.

3.2. Effect of Total Irradiation on Parasitic B]T
3.2.1. Total Dose Irradiation

Figure 4 depicts the alterations of the common-emitter gain By on parasitic BJT
in H-Gate PDSOI NMOS and PMOS devices, with dimensions of 10 um/0.35 um and
10 um/0.3 um, before and after irradiation, respectively. All the devices are under ON bias
during irradiation. Notably, our observations reveal that B increases in NMOS devices and
decreases in PMOS devices subsequent to irradiation. These effects can be also seen from
the I.-V¢, curves illustrated in Figure 5. The modifications to B¢ are attributed to variations
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in both the base current I, and collector current I, and the results are given in Figure 6.
Specifically, the I, of parasitic BJT in both NMOS and PMOS devices exhibited a slight
increase after irradiation, while the I. in NMOS device was observed to increase and suffers
degradation in PMOS device following irradiation. For NMOSFETs at intermediate voltage,
the two currents behave ideally increasing with V;, at 61 mV/decade, which satisfy the
general law of BJT [9]: I « exp(qV},/nkT), and the ideality factor, n, is 1.02. Then the base
current exhibits n = 1.08 and the collector current displays n = 1.15 after irradiation. The
increase of ideality factor after irradiation indicates the increase in surface recombination.
Regarding irradiated PMOS device, the ideality factor of base current increases and it
decreases for collector current.

10!
o 101 ]
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g =
by 5 10
& 5
p= H-Gate NMOS -] H-Gate PMOS
£ 10 10pm/0.35um g 10pm/0.3um
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Figure 4. Effect of total dose irradiation on common-emitter gain ¢ of H-Gate I/O (a) NMOSFETs
and (b) PMOSFETs.
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Figure 5. Effect of total dose irradiation on the parasitic BJT I.-V,. curves of H-Gate I/O (a) NMOS-
FETs and (b) PMOSFETs. In the figures, solid lines represent un-irradiated devices and dashed lines
represent devices irradiated with 100 krad(Si) under ON bias.

From Equation (3), it is evident that the amount of variations in the base and collector
currents following irradiation can be expressed as:

AIb - AIyg + Alrb

4)
Al = Al — Al
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Figure 6. Effect of total dose irradiation on the parasitic BJT I, and I. of H-Gate I/O (a) NMOSFETs
and (b) PMOSFETs.

In the case of NMOS transistors, irradiation induces the generation of a substantial
number of oxide-trap charges in the BOX layer of the device, concomitant with the for-
mation of many interface-trap charges at the upper interface of the BOX. The presence
of oxide-trap charges in the BOX region gives rise to negative mirror charges in the bulk
region, which manifest as a reduced doping concentration in the p-type bulk region. This
effect, as described by Equation (4), leads to an expansion of the depletion region of the
E-B junction in the p-type base region, resulting in an increase in the emitter junction
recombination current. In other words, Al,, > 0.

Furthermore, the interface-trap charges at the upper surface of the BOX layer act as an
additional recombination center, which enhance the recombination efficiency of electrons and
holes in the neutral base region. This enhancement results in an increase in recombination
current in the base region, namely Al > 0. Ultimately, it leads to an enhancement in base
current after irradiation due to the increase in recombination current. Theoretically, the
collector current should decrease due to the increased recombination current in the base
region. However, with positive oxide-trap charges in the BOX layer causing an increment
in the potential of the body region and reduction in the E-B junction barrier, the emitting
efficiency of the emitter will be increased, i.e., Al;, > 0. It can be concluded that the oxide-trap
charges have a stronger effect on the collector current as compared to the decrease caused by
interface-trap charges, thus Al > 0 [10]. As depicted in Figure 6a for a device with an aspect
ratio of 10 um/0.35 pm, the increase in collector current is more significant than that in base
current, thus leading to the increase of By after irradiation.

In PMOS transistors, the recombination current within the base region also experiences
an increase due to the presence of interface-trap charges at the upper surface of the BOX layer.
Furthermore, negative mirror charges increase the doping concentration in the n-type bulk
region, resulting in a narrower depletion region, leading to a rise in the E-B junction barrier and
a reduction in the efficiency of emitter emission. Ultimately, irradiation results in a decrease in
collector current, which, in turn, leads to a decline in the amplification coefficient S.

Regarding T-Gate PDSOI NMOSFETs, Figure 7 shows the variations of B¢ in the
device with an aspect ratio of 10 um/0.35 um before and after irradiation under ON bias
conditions. It can be observed that the By in NMOS devices increases after irradiation. The
impacts of irradiation on By arise from the variations of collector current I. and base current
I, demonstrated in Figure 8 for irradiated devices. Analysis of the changes in I, and I; as
function of Vj, reveals a slight increase in base current I, following irradiation, while the
collector currents I exhibits significant increase.
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Figure 7. Effects of total dose irradiation on the common-emitter gain B¢ of T-Gate I/O NMOSFETs.
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Figure 8. Effects of total dose irradiation on I, and I of T-Gate I/O NMOSFETs. (a) 30 krad(Si);
(b) 50 krad(Si); (c) 100 krad(Si).
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Following 30 krad(Si) irradiation, a minor shift in base current is observed. The
collector current I; exhibits an increase as V), increases with a swing of approximately
200 mV/decade at a low V;, region, gradually approaching to 135 mV/decade as V),
increases further. The higher swing observed in the low V}, region indicates the presence of
current components beyond the intrinsic current of the parasitic BJT for collector current.

Despite the voltage of the front gate being 0 V, there remains a depletion region in the
front gate channel caused by the heavy doping in the polysilicon gate in parasitic BJT MOS
transistors. The depletion region width x; and front gate voltage Vy, satisfy the following

equations:
V2€08sidNaYs

Cox

@)
Xy = 280551'1105
qNa

where Vrp is the flat-band voltage; s is the surface potential, and N4 is the doping concen-
tration of the p-type semiconductor. When s = 2kT/ (qIn(N 4 /n;)), the front gate voltage
measured is the threshold voltage at this time. For our experiment, the value of the threshold
voltage is 0.65 V, and thereby the flat-band voltage is calculated to be —1 V approximately.

When the voltage of —1 V is applied to the front gate of fresh NMOS device, the
depletion region in the front gate disappears and the collector current is solely attributed
to the parasitic BJT. However, when it comes to T-Gate NMOS devices, the accumulation
of oxide-trap charges on the STI sidewall after irradiation raises the electrostatic potential
of the gate above the STI sidewall, resulting in the presence of depletion layer in the front
gate. In quick succession, the depletion layer enlarges the regions of B-C junction and E-B
junction. Thus it provides an additional channel from the emitter to the collector, causing
an increase in collector current.

Additionally, the oxide-trap charges in the STI and BOX layers raise the body potential
near them and lower the E-B junction barrier. Hence it increases the efficiency of the emitter
and causes an increase in the collector current.

When the dose point reaches 50 krad(Si), the irradiation-induced increase in base
current surpasses that seen at 30 krad(5i). For our device, the collector current I, abruptly
increases to about 10~°A when V}, is 0 V. The main reason for the current shift is attributed
to the gradual activation of the STI sidewall parasitic transistor as the device is exposed to
50 krad(Si) radiation. The generation of subthreshold current leads to leakage current of
front gate channel. Under the condition of low V},, i.e., low collector current density j., the
parasitic BJT in the device is not turned on yet and the collector current is dominated by the
front gate channel leakage current. As Vj, (j) increases to a certain value, the amplification
of parasitic BJT allows it come to dominate the collector current, and it is manifested as
the intrinsic amplification of parasitic BJT. However, as the base voltage V), (jc) increases
further, the amplification drops below 1 due to the high injection effect.

As the dose point increases up to 100 krad(Si), the STI sidewall parasitic transistor
turns on almost entirely, resulting in further increases in the leakage current of the front
gate channel. In this circumstance, the characteristics of the parasitic BJT become masked,
and the intrinsic amplification of parasitic B]T is no longer shown for the irradiated device
in the medium collector current density region. Hence, the device enters the high injection
effect stage directly.

Given that the leakage current of front gate channel caused by the STI sidewall parasitic
transistor in the T-Gate PDSOI NMOS transistor after irradiation, the intrinsic amplification
of the parasitic BJT is no longer significant for irradiated device. Thereby, the following
discussion will be about the H-Gate PDSOI device only.

Vig = Vip+ s +

3.2.2. Irradiation Bias

Figure 9 presents the irradiation response of the parasitic BJT at various bias states.
The common-emitter gain By of parasitic BJT is about 5 before irradiation, and then it
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increases to 6, 7, and 10 after an irradiation dose point of 30, 50, and 100 krad(Si), re-
spectively. These findings indicate that total dose irradiation has a minor impact on the
increase of the parasitic BJT amplification under ON bias during irradiation. As for the
PG bias, the common-emitter gain ¢ is about 9 following irradiation with 30 krad(Si).
It subsequently increases to 23 at 50 krad(Si) irradiation, and finally increases to 10° at
100 krad(Si) irradiation.
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Figure 9. Effects of total dose irradiation on common-emitter gain By of H-Gate I/O NMOSFETs at
different bias states. (a) ON bias; (b) PG bias.

Previous studies [11-13] have indicated that PG bias is the worst bias of the BOX layer,
while ON bias is the worst bias of the STI under irradiation. Due to the body contact at
both terminals of body region [14] for the H-Gate NMOS transistor, the device becomes
insensitive to oxide-trap charges induced by STI after exposure to radiation. Moreover, the
figures suggest that irradiation has a more profound impact on enhancing the parasitic BJT
common-emitter gain g for PG bias, resulting from the stronger electric field inside the
BOX layer of PG bias. Figure 10 presents the simulation results of the electric field intensity
inside the device under PG bias and ON bias.

4x10°
——ON
—PG
3x10°
Source Drain

2x10° -

ElectricField(V/cm)

1x10°

-0.4 -0.2 010 0.2 0.4
X(pm)

Figure 10. Distribution of electric field intensity along channel length at 2 nm under the interface
between body region and BOX layers.
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On the one hand, the more potent electric field inside the BOX causess a greater
number of positive charges to be generated and captured in the BOX during irradiation.
There will be a lot of electron-hole pairs produced in the oxide layer during total dose
irradiation, and some of the holes are recombined with electrons swiftly. The proportion of
uncombined holes is the hole yield f,(Eyx), which is reliant on the strength of the electric
field E,y in the oxide layer. For 60¢, 7-rays, the hole yield fy(E,x) increases with the electric
field strength E,x [15]. The number of uncombined holes (Nj) in the oxide layer after
irradiation can be expressed as [16]:

Ny = f(on)gODtox 6)

where gy is the density of electron-hole pairs produced per unit dose; D is the total irradia-
tion dose; and t,, is the thickness of the oxide layer.

The electric field propels the uncombined holes away from the gate, causing them
to move gradually through polaron jumping. As the holes traverse, their movement is
hindered as they are intermittently captured by hole traps located in the oxide layer, leading
to the generation of positive oxide-trap charges.

On the other hand, the electric field in the BOX near the source/drain-body junction
is stronger under PG bias, and causes a higher accumulation of oxide-trap charges at the
source/drain-body junction. This phenomenon reduces the potential barrier of the E-B
junction, resulting in a more noteworthy improvement in the emission efficiency.

3.2.3. The Effect of Device Geometry

In this part, the effects of the the channel length and width on parasitic BJT in post-
irradiation devices will be discussed. Figure 11 presents the radiation responses of the
parasitic BJT in devices with dimensions of 10 pm/10 pm and 1.2 um/0.35 pm. Compared
to the aspect ratio 10 pm/0.35 pm device in the previous discussion, the results indicate
that for devices with 10 um channel width, the irradiation-induced boosting effect on
Bo drops dramatically as the channel length increases. It is notable that, in the case of
the 10 pm/10 um device, By decreases as irradiation dose increases in the low current
region. Conversely, for devices with fixed channel length, the boosting effect on By due to
irradiation reduces substantially as the channel width decreases.

Based on the above conclusion, the common-emitter gain By exhibits an increasing
trend following total dose irradiation, with larger By values observed when irradiation
dose rises. Thus, it can be inferred that, for devices with short and wide channel, there is
an enhancement in the total dose effect of the parasitic BJT.
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Figure 11. Effects of total dose irradiation on common-emitter gain By of H-Gate I/O NMOSFETs
with different dimensions. (a) 10 um/10 pm; (b) 1.2 um/0.35 um.
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Figure 12 gives the common-emitter gain variations 6 of H-Gate PDSOI NMOSFETs
with different dimensions. The devices are under PG bias during irradiation.
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Figure 12. (a,b) Common-emitter gain variation 5By of H-Gate I/O NMOSFETs with different

dimensions after irradiation.

In short channel devices, the strong electric field in the BOX near the source-body
and drain-body junction extends to the middle region of the body. Consequently, the
electric field in the BOX near the middle region of the channel is stronger than that of
the long channel device. Under PG bias, the sentaurus TCAD software was employed to
simulate the electric field intensity at each location on the upper surface of the BOX along
the channel length with different channel lengths. As depicted in Figure 13a, the horizontal
coordinates are normalized by the device channel length. The simulation results indicate
that the electric field intensity in the middle region of the device with a channel length of
0.35 um is indeed greater than that of 1.2 um. Thus, more charges accumulate in the BOX
for short channel devices during the irradiation process because of the larger electric field
strength. This observation is confirmed by the curves shown in Figure13b, where the initial
voltage degradation of oxide-trap charges (AV;;) and interface state charges (AV};) were
extracted by the mid-gap charge separation method [17]. And the expression of threshold
voltage shift is:

AViy = AVor + BV = Z—(BNot — ANy) )

ox

where AN, is the oxide-trap charges density, and ANj; is the interface-trap charge density.
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Figure 13. (a) Electric field intensity at each location along the channel length and (b) the AV}, AV
and AV}, of H-Gate I/O NMOSFETs after irradiation with different channel lengths.



Micromachines 2023, 14, 1679

13 of 15

Furthermore, the width of the neutral base region increases as the device channel
length increases, resulting in an increase in the ratio of the base region recombination
current I,;,. After irradiation, as an additional recombination center at the BOX upper
interface, the interface-trap charges also have a significant effect on enhancing the base
region current. Consequently, the corresponding increase in the collector current decreases.
In the low current region, the base region recombination current I, is the main component
of the base region current, making the effect so prominent that the Sy shows a decrease
rather than an increase after irradiation, as shown in Figure 11a.

Figure 14a presents the simulation results of the electric field in the BOX along the
channel width under PG bias irradiation. For devices with the same gate length of 0.35 pum,
the gate width is 10 pm and 1.2 pum, respectively. The horizontal coordinate is normalized
to the device channel width. The simulation results indicate that the electric field strength
in the BOX of the wide channel device is significantly greater than that of a narrow channel
device. This implies that more oxide-trap charges are generated and accumulated in the
BOX of the wide channel device under irradiation, thereby leading to a more significant
impact of irradiation on the amplification of the wide channel device. The result of charges
separation is depicted in Figure 14.

4
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Figure 14. (a) Electric field intensity at each location along the channel width and (b) the AV}, AV
and AVj; of H-Gate I/O NMOSFETs after irradiation with different channel widths.

The base current, which initially flows along the channel direction, must be shifted
to the vertical channel direction due to the body contact connected from both terminals
of the active region. Additionally, the resistance of base region contributes to part of the
voltage drop, leading to a lower potential in the center of the base region than at the two
terminals. As a result, the current density is lower in the base region than in the terminals.
This manifests as the emitter current concentrating in the area near the body contact, which
is similar to the emitter current crowding effect observed in traditional B]Ts with vertical
structures [18].

For an SOI transistor under PG bias, the source (drain) terminal is connected to high
voltage, and the body region is led to ground through both terminals of the H-Gate device.
As illustrated in Figure 15, there are two primary paths for the electric field lines between
the source (drain) and the body contact [19], one through the lightly doped p-type body
region, and the other through the BOX layer. For wider device, more electric field lines are
directed from the source(drain) to the body contact region through the BOX layer, and the
electric field lines in the BOX are denser. Hence, it results in a stronger electric field.
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Figure 15. Schematic diagram of the internal electric field of the H-Gate device under PG bias.

4. Conclusions

In this work, the effects of total dose irradiation on the parasitic BJT in 130 nm partially
depleted SOI I/O device were investigated and analyzed. Our findings reveal that, for
H-Gate PDSOI NMOS devices, the emitter emission efficiency and base region width of
the parasitic BJT are altered by oxide-trap charges induced in the BOX layer following
irradiation, whereas the interface-trap charges generated by irradiation improve the carrier
recombination efficiency, and lead to variations in emitter and base current. Ultimately,
charges captured in the BOX increase the common-emitter gain By of parasitic BJT in NMOS
devices and decrease it in PMOS devices. For T-Gate NMOS devices, the accumulation
of oxide-trap charges in the STI region raises the potential in the gate and body regions,
leading to an increase in amplification. However, as the irradiation dose increases, the
sidewall parasitic transistor turns on and masks the characteristics of parasitic BJT.

Furthermore, we also discover that the influence of irradiation on Sy is related to
bias state and geometric effect. For H-Gate NMOS devices, the common-emitter gain S
under PG bias is higher than that under ON bias due to differences in the electric field
intensity inside the device during irradiation under different biases. The 3D simulation
is employed to analyze the impacts of device geometry. It is proved that for the devices
with the same channel width, the electric field weakens as the channel length increases,
resulting in a decreased impact of irradiation on By enhancement. Additionally, the effect
of interface-trap charges on parasitic BJT gain in long channel device is more significant
than that of short channel device. Given the emitter current crowding effect of the parasitic
BJT, the emitter current concentrates in the region near the body contact. Therefore, for a
fixed device channel length, it follows that a narrower channel leads to a diminished lifting
effect of irradiation on the common-emitter gain fy.

Author Contributions: Methodology, Y.J.; Software, Y.J.; Writing—original draft preparation, Y.J.;
Writing—review and editing, Y.J. and Z.H.; Supervision, Z.Z.; Project administration, D.B.; Resource,
S.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Micromachines 2023, 14, 1679 15 of 15

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Simoen, E.; Gaillardin, M.; Paillet, P.; Reed, R.A.; Schrimpf, R.D.; Alles, M.L.; El-Mamouni, F; Fleetwood, D.M.; Griffoni,
A.; Claeys, C. Radiation effects in advanced multiple gate and silicon-on-insulator transistors. IEEE Trans. Nucl. Sci. 2013,
60, 1970-1991. [CrossRef]

Dodd, P; Shaneyfelt, M.; Schwank, J.; Felix, ]. Current and future challenges in radiation effects on CMOS electronics. IEEE Trans.
Nucl. Sci. 2010, 57, 1747-1763. [CrossRef]

Schwank, J.R.; Shaneyfelt, M.R.; Fleetwood, D.M.; Felix, ].A.; Dodd, PE.; Paillet, P.; Ferlet-Cavrois, V. Radiation effects in MOS
oxides. IEEE Trans. Nucl. Sci. 2008, 55, 1833-1853. [CrossRef]

Hite, L.; Lu, H.; Houston, T.; Hurta, D.; Bailey, W. An seu resistant 256 k soi sram. IEEE Trans. Nucl. Sci. 1992, 39, 2121-2125.
[CrossRef]

Fan, S.; Ning, B.; Hu, Z.; Zhang, Z; Bi, D.; Peng, C.; Song, L.; Dai, L. Bias dependence of TID induced single transistor latch for
0.13 pm partially depleted SOI input/output NMOSFETs. Microelectron. Reliab. 2016, 56, 1-9. [CrossRef]

Wei, A.; Antoniadis, D.; Bair, L. Minimizing floating-body-induced threshold voltage variation in partially depleted SOI CMOS.
IEEE Electron Devices Lett. 1996, 17, 391-394. [CrossRef]

Chen, S.S.; Huang-Lu, S.; Tang, T.H. Using layout technique and direct-tunneling mechanism to promote DC performance of
partially depleted SOI devices. IEEE Trans. Electron Devices 2004, 51, 708-713. [CrossRef]

Bédécarrats, T.; Galy, P; Fenouillet-Béranger, C.; Cristoloveanu, S. Investigation of built-in bipolar junction transistor in FD-SOI
BIMOS. Solid-State Electron. 2019, 159, 177-183. [CrossRef]

Schroder, D K. Semiconductor Material and Device Characterization, 3rd ed.; John Wiley & Sons: Hoboken, NJ, USA, 2006; pp. 185-250.
ISBN 978-17-8802-148-7.

Schmidt, D.M.; Fleetwood, D.M.; Schrimpf, R.D.; Pease, R.L.; Graves, R J.; Johnson, G.H.; Galloway, K.F.; Combs, W.E. Comparison
of ionizing-radiation-induced gain degradation in lateral, substrate, and vertical PNP BJTs. IEEE Trans. Nucl. Sci. 2002, 42,
1541-1549. [CrossRef]

Ning, B.; Bi, D.; Huang, H.; Zhang, Z.; Chen, M.; Zou, S. Comprehensive study on the TID effects of 0.13 um partially depleted
SOI NMOSFETs. Microelectron. |. 2013, 44, 86-93. [CrossRef]

Liu, X.N.; Dai, L.H.; Ning, B.X.; Zou, S.C. Total-ionizing-dose-induced body current lowering in the 130 nm PDSOI I/O
nMOSEFETs. Chin. Phys. Lett. 2017, 34, 016103. [CrossRef]

Ferlet-Cavrois, V.; Colladant, T.; Paillet, P.; Leray, J.; Musseau, O.; Schwank, J.R.; Shaneyfelt, M.R.; Pelloie, J.; de Poncharra, J.d.P.
Worst-case bias during total dose irradiation of SOI transistors. IEEE Trans. Nucl. Sci. 2000, 47, 2183-2188. [CrossRef]
Shaneyfelt, M.; Dodd, P.; Draper, B.; Flores, R. Challenges in hardening technologies using shallow-trench isolation. IEEE Trans.
Nucl. Sci. 1998, 45, 2584-2592. [CrossRef]

Shaneyfelt, M.; Fleetwood, D.; Schwank, J.; Hughes, K. Charge yield for cobalt-60 and 10-keV X-ray irradiations of MOS devices.
IEEE Trans. Nucl. Sci. 1991, 38, 1187-1194. [CrossRef]

Oldham, T.R.; McLean, EB.; Boesch, H.E., Jr.; McGarrity, ].M. An overview of radiation-induced interface traps in MOS structures.
Semicond. Sci. Technol. 1989, 4, 986. [CrossRef]

McWhorter, PJ.; Winokur, P.S. Simple technique for separating the effects of interface traps and trapped-oxide charge in
metal-oxide-semiconductor transistors. Appl. Phys. Lett. 1986, 48, 133-135. [CrossRef]

Chang, Y,; Du, G,; Song, ].; Wang, S.; Luo, H.; Ge, W.; Wang, ].; Wang, Y. The effect of vertical emitter ballasting resistors on the
emitter current crowding effect in heterojunction bipolar transistors. Chin. J. Semicond. 2002, 46, 1997-2000. [CrossRef]

Zhu, H.; Bi, D.; Xie, X.; Hu, Z; Liu, C.; Zhang, Z.; Zou, S. The characterization of the built-in bipolar junction transistor in H-gate
PD-SOI NMOS. Solid-State Electron. 2021, 175, 107919. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1109/TNS.2013.2255313
http://dx.doi.org/10.1109/TNS.2010.2042613
http://dx.doi.org/10.1109/TNS.2008.2001040
http://dx.doi.org/10.1109/23.211411
http://dx.doi.org/10.1016/j.microrel.2015.10.024
http://dx.doi.org/10.1109/55.511585
http://dx.doi.org/10.1109/TED.2004.825810
http://dx.doi.org/10.1016/j.sse.2019.03.057
http://dx.doi.org/10.1109/23.488748
http://dx.doi.org/10.1016/j.mejo.2012.09.004
http://dx.doi.org/10.1088/0256-307X/34/1/016103
http://dx.doi.org/10.1109/23.903751
http://dx.doi.org/10.1109/23.736501
http://dx.doi.org/10.1109/23.124092
http://dx.doi.org/10.1088/0268-1242/4/12/004
http://dx.doi.org/10.1063/1.96974
http://dx.doi.org/10.1016/S0038-1101(02)00184-3
http://dx.doi.org/10.1016/j.sse.2020.107919

	Introduction
	Materials and Methods
	Devices
	Methods

	Experimental Results and Discussion
	Effect of Radiation on I-V Characteristics
	Effect of Total Irradiation on Parasitic BJT
	Total Dose Irradiation
	Irradiation Bias
	The Effect of Device Geometry


	Conclusions
	References

