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Abstract—Using comprehensive experimental data and 3D 

Technology Computer-Aided Design simulations, this paper 

discusses the effects and mechanisms of Total Ionizing Dose (TID) 

in the lateral Shallow Trench Isolation (STI) in planar CMOS 

technologies in the 65-28 nm nodes. During irradiation to ultra-

high doses, nMOS transistors often exhibit a continuous increase 

in the off-state (leakage) current, while the evolution of the on-

current, threshold voltage, and transconductance show a rebound 

that is considerably more evident in narrow channel transistors. 

This difference in the on- and off-state parameters evolution with 

TID is traceable to variable de-passivation of interface traps in 

depth along the STI sidewall. While at all depths TID determines 

a build-up of trapped holes in the STI oxide, only in the shallower 

portion a significant number of interface traps are gradually de-

passivated leading to an accumulation of negative trapped charge. 

The different dynamics of hole and electron trapping determines 

the rebound of the on-state parameters in typical high-dose-rate 

experiments, while the increase in off-current is driven by the 

constant accumulation of trapped holes at larger depths. In pMOS 

transistors, where interface traps also get positively charged, the 

degradation of all parameters is constant with TID, larger than for 

nMOS, and channel width dependent. This response is consistent 

across different technology nodes, which highlights the 

fundamental role of the STI oxide in determining the TID 

tolerance of MOS transistors in planar technologies with very thin 

gate oxide (< 5 nm). 

 

Index Terms—Total ionizing dose, charge trapping, shallow 

trench isolation, STI corner, MOS, bias condition, TID rebound. 

I. INTRODUCTION 

N micrometer-scale CMOS technology nodes, Total Ionizing 

Dose (TID) effects were primarily related to positive charge 

trapping in the gate oxide and at its interface with the silicon 

channel [1]-[4]. With the shrinking of technology and the 

accompanying reduction in gate oxide thickness, TID-induced 

failure became dominated by effects in other oxides used in the 

manufacturing process and situated close to the MOS [5]-[21]. 

Recent studies up to ultra-high doses have shown that planar Si 

CMOS technologies are mainly influenced by radiation-

induced charge buildup in the Shallow Trench Isolation (STI) 

oxide [6]-[17] and in the insulators building the spacers [6], 

[18]-[20].  

In general, TID-induced positive charge (holes) trapped in 

the STI oxide leads to an increase in the off-state current Ioff of 

n-channel transistors [7], [10], [16], [17]. The electric field 

generated by this trapped charge can induce inversion in the Si 
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near the STI sidewalls, opening a leakage current path between 

drain and source even when the gate voltage is below the 

inversion threshold (i.e. in the OFF condition) [7], [10], [16], 

[17]. Moreover, charge trapping in the STI and at its interface 

with Si at the side of the transistors influences on-characteristics 

like Ion, the maximum drain-source current when 

Vgs = Vds = Vdd, and transconductance (gm). The degradation of 

these parameters is considerably more relevant in narrow 

transistors [6], [8], [15], so the effect has been named 

Radiation-Induced Narrow-Channel Effect (RINCE) [6].  

pMOS and nMOS transistors are differently affected by 

charge trapping in the STI oxide. In p-channel devices charge 

trapped both in the oxide and in interface traps is positive. 

Therefore, the evolution of the transistor’s parameters with 

accumulated dose is monotonic. Positive charge in the STI 

brings the n-type silicon body close to the sidewall into stronger 

accumulation. For the same gate voltage, the surface potential 

in the center of the channel and close to the sidewall STI will 

thus differ, with less current (or no current at all) flowing at the 

edge of the transistor. The overall monotonic degradation in Ion 

and gm is more noticeable in narrow channel devices, where the 

unaffected width of the channel – far enough from the STI – is 

smaller or inexistent [6], [15]. Conversely, in nMOS transistors 
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Fig. 1.  TEM images illustrating two distinct “STI corner” configurations in 

planar CMOS technologies and their impact on the effective channel width [33]. 

The shape of the recess of the STI in the corner affects the effective channel 

width: (a) Small STI recess results in an effective channel width similar to the 

designed dimensions, while (b) large STI recess leads to enhancement of the 

effective channel width due to the presence of a lateral extension indicated as 

W. The corners are the same regardless the width (W) and length (L) of the 

transistors. 
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charge trapped in the oxide and in interface traps has different 

polarity and this leads to more complex trends with 

accumulated dose [6], [8] also visible in FinFETs [22]-[32]. 

While these transistors show a continuous, monotonic increase 

in Ioff, the on-characteristics Ion , Vth and gm exhibit a rebound at 

the dose rates typical of fast qualification tests [6]-[8]. The 

details of the mechanisms causing this rebound in planar 

technologies remain elusive, however similar TID-induced 

effects have been measured in FinFET technology [22]-[24], 

[32] and recently attributed to the non-uniform generation of 

traps along the STI and in particular in its upper regions [7], 

[27], [32]. 

This work aims to clarify the microscopic origin of the 

observed transistors response in planar CMOS technologies and 

traceable to TID deposition in the STI oxide. Using 

experimental data and supporting the conclusions with TCAD 

simulations, it demonstrates how the different evolution of Ioff 

and the on-parameters (Ion, Vth and gm) with dose are related to 

charge trapping at different depths along the STI sidewall. The 

details of the fabrication process are known to determine the 

final shape and properties of the STI oxide, in particular in the 

upper region where it borders the gate oxide, a region that can 

be identified with the name “STI corners” (see Fig. 1) [33]. As 

presented later in the paper, similar responses are observed in 

different technology nodes in the 65-28 nm range, which 

illustrates the general applicability of the conclusions drawn in 

this work. 

II. DEVICES AND EXPERIMENTAL DETAILS 

A. Devices 

The studied transistors were manufactured using 

commercial planar CMOS technologies in 65, 40 and 28 nm 

nodes. The nominal supply voltage Vdd for these technologies 

is 1.2, 1 and 0.9 V respectively. 

In all cases, custom-designed test chips including arrays of 

transistors with different gate length (L) and width (W) were 

developed and manufactured. All transistors in the array shared 

the source and bulk (body) contact, while each had individual 

pads for the gate and drain terminals. The use of a customized 

probe card allowed to simultaneously bias and measure many 

different transistors during exposure.  

B. Exposure conditions and measurements 

All irradiation experiments were performed with a Seifert 

RP149 X-ray machine that uses a tungsten target (fluorescent 

peaks around 10 keV). All doses in the following are referred 

to SiO2. Identical machines are installed at the University of 

Padova, Italy, and at CERN, Switzerland. To reach ultra-high 

doses in a reasonable time (1 Grad in less than 10 days), dose 

rates were in the range of 3.5-10 Mrad(SiO2)/h. Exposure was 

always at room temperature under various bias configurations: 

GND (Vgs = Vds = 0 V), ON (Vgs = Vdd for nMOS, and Vgs = -

Vdd for pMOS, Vds = 0 V), and DIODE (Vgs = Vds = Vdd for 

nMOS, and Vgs = Vds = -Vdd for pMOS ), with all other terminals 

grounded. Post-exposure, the transistors underwent annealing 

at 100°C for 24 hours in the same bias conditions as during the 

irradiation. An exception to the above bias conditions has been 

done for the 28 nm technology studied in details in Section III 

and simulated in Section IV. The desire to qualify it for ASIC 

design for application in physics experiments at the CERN HL-

LHC collider drove the use of worst-case Vdd+10% bias, so 1 V 

was used rather than the nominal 0.9 V in both measurements 

and simulations. 

DC static characteristics were measured at room temperature 

before irradiation, after irradiation, and after high-temperature 

annealing. The threshold voltage (Vth) is calculated using the 

formula Vth = Vth-int -Vds/2, where Vth-int is extracted in the linear 

regime (Vds = 0.1 V) as the gate-voltage axis intercept for a 

linear extrapolation of the Ids-Vgs curve at the point of maximum 

first derivative [34]. 

At least three dies were tested under each bias condition. 

Nominally identical devices irradiated and annealed under 

similar conditions exhibited parameter shifts typically varying 

by less than ±5%.  

III. EXPERIMENTAL RESULTS ON 28 NM MOS 

This section focuses on the results obtained on a commercial 

28 nm planar CMOS process to clearly illustrate the TID-

induced effects on the transistors. The generalization to other 

technology nodes, including the experimental results 

confirming the larger applicability of our conclusions, will be 

discussed in Section IV. This section also intentionally deals 

mainly with relatively long transistors (above 600 nm). In the 

shortest channel devices, the HALO implants on the source and 

drain side overlap, increasing the effective doping in all regions 

of the channel [35], [36]. This leads to a considerable decrease 

in TID sensitivity in short channel transistors [8], [35], [36], 

 

 
Fig. 2. Ids-Vgs curves at Vds=0.1 V of 28-nm nMOS with long channel, 

L = 1 m. Devices were irradiated up to 1 Grad(SiO2) and annealed at 100°C 

for 24 h in the ON-bias condition. (a) Narrow W = 100 nm, and (b) wide W = 1 

m. 
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thus making the observation of the radiation effects more 

challenging. Additionally, in some technologies transistors are 

also affected by Radiation-Induced Short Channel Effects 

(RISCE) due to TID deposition in the spacer oxide [6], [18]-

[20], and these considerably complicate the observation of STI-

related effects in short channel devices.  

A. nMOS transistors 

Fig. 2 illustrates the transfer characteristic Ids-Vgs of long-

channel (L = 1 m) nMOS transistors irradiated in the ON-bias 

condition with two different channel widths: (a) narrow 

(W = 100 nm) and (b) wide (W = 1m). A large degradation in 

the subthreshold region (at Vgs<Vth) is visible in both devices 

due to the turn-on of the parasitic channels along the STI 

sidewall. On the contrary, only the narrow transistor shows a 

significant degradation when the channel is in strong inversion 

(Vgs>Vth). During the early irradiation steps, the maximum drain 

current Ion of the narrow nMOS rises, but it subsequently 

decreases at higher doses.  

1) Evolution of the main electrical parameters 

From the transfer characteristics, the extracted (a) maximum 

drain current Ion, (b) threshold voltage Vth, and (c) maximum 

transconductance gm-max are shown in Fig. 3. Key observations 

are:  

• Larger degradation in narrow transistors. This is a 

typical signature of Radiation-Induced Narrrow-Channel Effect 

(RINCE) and due to the trapping mechanisms in the STI oxide 

[6],[8]. The modest degradation of wide and long channel 

devices indicates negligible effects from charge trapping in the 

gate dielectric and at its interface even at ultra-high TID levels 

[1]-[4]. 

• Strong Ion and gm degradation at ultra-high doses with 

modest Vth shifts. The Vth shift is very small at 1 Grad 

(Vth = 15 mV)  for the device with W = 100 nm. The decrease 

of both Ion and gm-max is instead significant and can’t be due to 

the threshold voltage shift.  

• Rebound of all parameters at about 1-3 Mrad. Similar 

parametric rebounds observed in n-channel transistors are often 

linked to the slower process of de-passivation of interface traps, 

compared to the faster trapping of holes and the release of 

protons (H⁺) in the oxide [1]-[4]. The formation of interface 

traps is primarily driven by the release of H⁺ ions during 

irradiation, which migrate toward the Si/SiO2 interface at rates 

influenced by the direction and intensity of the electric field. As 

these H⁺ ions de-passivate defects localized at the interface, 

they contribute to the formation of interface traps. In 

nMOSFETs, the interface traps are negatively charged and form 

more slowly than the rapid trapping of holes in the oxide layer 

[1]-[4]. This disparity in the rates and in the sign of the charge 

results in observable rebounds in device parameters, such as Ion, 

Vth, and gm [1]-[4], [6], [7], [13]. 

2) Drain-to-source leakage current 

The continuous increase in drain leakage current Ioff, defined 

as Ids at Vgs= 0 V and Vds = Vdd, is illustrated in Fig. 4, where it 

is plotted for transistors with different width and length (note 

that Ioff is not extracted in Fig. 2, where Vds = 0.1 V). Before 

irradiation Ioff flows in a transistor already at the beginning of 

weak inversion, thus it depends on W/L. With the accumulation 

of TID, however, the Ioff evolution of all transistors with the 

same L overlaps, indicating the formation of identical parasitic 

paths in transistors with the same length. After 1 Grad, the 

leakage is 3-4 orders of magnitude larger than pre-rad. 

 

 

Fig. 4. Increase of drain leakage current Ioff at Vds = 1 V as a function of 
cumulative dose for nMOS irradiated up to 1 Grad(SiO2) and annealed at 

100°C for 24 h in the ON-bias conditions. Transistors have several channel 

widths (see the legend) with (a) L = 600 nm and (b) L = 1 m. 

 
 

Fig. 3. Evolution of (a) maximum drain on-current Ion expressed as percentage variation from the pre-rad value, (b) threshold voltage shift Vth, and (c) maximum 

transconductance gm-max expressed as percentage variation from the pre-rad value, as a function of dose in 28 nm nMOS. These parameters were extracted from 

the transfer characteristics of Fig. 2 with the addition of a 500 nm wide device. Irradiation and 24-hours annealing at 100 °C took place in the ON-bias condition. 

 

This article has been accepted for publication in IEEE Transactions on Nuclear Science. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TNS.2024.3517512

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 4 

The continuous increase of Ioff with TID contrasts with the 

rebound of the other parameters in Fig. 2. Moreover, annealing 

at 100°C for 24 hours induces an almost complete recovery of 

the leakage current (see the last point in Fig. 4), while only 

partial recovery in the other parameters (Figs. 2 and 3). These 

distinct evolutions during irradiation and annealing indicate 

that, although all parameters are degraded by dose 

accumulation in the STI, their origin is somewhat different [40].  

3) Influence of the bias applied during irradiation 

Identical transistors were irradiated in the same conditions 

but with different bias applied to their terminals: GND-, ON-, 

and DIODE-bias. The variation of the maximum 

transconductance and of the leakage current with TID is shown 

in Fig. 5. The evolution of gm shows, at high doses, a significant 

dependence on the gate voltage: the degradation is larger when 

Vgs = 1 V (DIODE and ON conditions). On the other hand, the 

drain-source field seems not to influence the result, as suggested 

by the overlap of the DIODE and ON biases.  

In contrast, the Ioff exhibits insensitivity to the bias condition 

applied during irradiation: the evolution with dose is very 

similar for the 3 different bias configurations (Fig. 5(b)). This 

suggests that the charge trapping mechanism responsible for the 

leakage takes place in a region beyond the reach of the electric 

fields generated by Vgs, likely in a deeper portion of the STI 

sidewall.  

B. pMOS transistors 

Hole trapping in the sidewall STI oxide of pMOS transistors 

builds an electric field bringing the nearby silicon body into 

stronger accumulation, which is visible as a degradation in the 

electrical parameters of narrow-channel transistors [6], [8]. Fig. 

6(a) illustrates the Ids-Vgs of a pMOS with narrow channel 

(W = 100 nm) irradiated to ultra-high doses. The Ion current 

significantly decreases with the accumulated dose. Since the 

polarity of the charge trapped in interface traps is also positive 

in pMOS, this positive charge does not induce the activation of 

the lateral STI-parasitic channels. The increase of an order of 

magnitude in the Ioff shown in Fig. 6(a) is not a drain-to-source 

current, but rather is a drain-to-bulk leakage current, as the same 

increase is measured at the bulk terminal with the opposite sign. 

The drain-to-bulk leakage current of pMOS is most likely 

induced by trap-assisted generation current inside the pn 

drain/bulk junctions [37]-[39]. The additive effect of the oxide 

and interface trapped charge also explains the monotonic and 

larger degradation in Ion, Vth and gm for the pMOS than for the 

nMOS. This is illustrated in Fig. 6(b), which evidences the 

degradation of the Ion in pMOS with different widths and same 

length (L = 1 m). Worse degradation is observed in narrow 

devices (red curve, W = 100 nm), thus confirming that the TID 

effect is mainly related to charge trapping in the STI [6], [8]. 

Similar to n-channel devices, the STI-related effect is dependent 

on the applied gate bias Vgs, while it remains insensitive to Vds, 

as illustrated in Fig. 6(c). In the absence of leakage current it is 

also impossible to distinguish the effects triggered by charge 

trapping at different depths in the STI sidewall, which explains 

the main focus on nMOS transistors in this paper. 

 
 

 

Fig. 5. Influence of the irradiation bias condition on the (a) gm-MAX and (b) Ioff 

of identical transistors with W = 100 nm and L = 1 m. 

 
Fig. 6. (a) Ids-|Vgs| curves at |Vds| = 0.1 V of 28-nm pMOS with narrow and long channel, W=100 nm and L = 1 m. Device was irradiated up to 1 Grad(SiO2) and 

then annealed at 100°C for 24 h in the ON-bias condition. (b) Degradation of the on in pMOS with same L = 1 m and different widths, when irradiated and annealed 

in ON-bias conditions. (c) Influence of the irradiation bias condition on the gm-MAX of identical transistors with W = 100 nm and L = 1 m. 
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C. TID-induced variation in the effective channel width 

The electric field resulting from the build-up of a charge 

layer in the STI oxide and at its interface determines a change 

in the charge balance in the silicon body close to the STI. This 

interferes with the field generated by the gate voltage, rendering 

the surface potential in the region around the STI corner more 

(or less, depending on the polarity of the charge in the traps and 

in the channel) easily controllable by Vgs. In terms of drain 

current, this can be represented by a simplified model where the 

effective channel width is modulated by the charge trapped in 

the STI. At any TID level, the effective channel width Weff is 

equal to the as-drawn dimension Wdesign plus a quantity WTID 

that represents the radiation-induced modulation and that can 

be either positive, if the current in the channel is increased, or 

negative in case of a decrease in the current. It is important to 

highlight how, even before irradiation, the Weff is not equal to 

Wdesign: as shown in Fig. 1, depending on the fabrication 

process, the STI recess can add a significant contribution to the 

effective width, a term that is denoted W in Fig. 1. 

Starting from the formula for planar MOS in the linear 

regime, the drain-source current Ids can be expressed as: 

    𝐼𝑑𝑠 = 𝐶𝑜𝑥𝜇
𝑊𝑒𝑓𝑓

𝐿
(𝑉𝑔𝑠 − 𝑉𝑡ℎ −

1

2
 𝑉𝑑𝑠) 𝑉𝑑𝑠                (1) 

where Cox is the gate oxide capacitance per unit area and  is 

the mobility of the carriers in the channel. Using this equation 

for transistors with different Wdesign it is possible to extract the 

additional contributions to the channel width originating from 

the STI recess (W) and the TID-induced charge trapping in the 

STI (WTID). This is simpler if the derivative of the current for 

Vgs is used, that is the transconductance gm. Substituting 

Weff = Wdesign +W + WTID in the derivative of eq. (1) yields: 

              𝑔𝑚 = 𝐶𝑜𝑥𝜇
𝑊𝑑𝑒𝑠𝑖𝑔𝑛+∆𝑊+∆𝑊𝑇𝐼𝐷

𝐿
𝑉𝑑𝑠                              (2) 

For the extraction of the additional components of Weff it is 

better to use the maximum of the gm = f(Vgs) curve, since this 

corresponds to the gate voltage where the linear representation 

of the current of eq. 1 better reproduces the real Ids. The plot of 

the measured gm-max for identical transistors with different 

 

Fig. 7. Extrapolation of the effective channel width from the plot of gm-max vs 

designed channel width (Wdesign) for MOS with the same channel length (L = 1 

m): (a) nMOS, and (b) pMOS. Dotted lines represent linear fits to the data. 

(c) Extrapolated ΔW + ΔWTID vs accumulated doses. The initial point in pre-
rad condition is the ΔW (as ΔWTID is 0 nm before irradiation). 

 

 
Fig. 8. Modification of the effective channel width caused by charge trapped in 

the STI for nMOS (a) and pMOS (b) transistors irradiated in the “ON” bias 

condition. The gate length only modulates the effect in the pMOS, and in 

particular for the shortest transistors. 

 

 
Fig. 9. Modification of the effective channel width caused by charge trapped in 

the STI for nMOS and pMOS transistors irradiated in the three different bias 
conditions used in this study. 
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Wdesign is shown as a representative example of the procedure in 

Fig. 7(a) and (b). For each TID level a straight line y = mx + q 

is an accurate fit for the experimental points, indicating uniform 

impact of the STI corner irrespective of the designed W. In this 

equation, the slope is m = CoxVdsL-1 and the intercept 

q = m(W+ WTID). The pre-rad fit leads to the extraction of 

W (WTID = 0 before irradiation) which is assumed to be 

constant with TID. As a consequence, the line for each dose 

allows the extraction of the corresponding WTID. These 

extractions assume that in the additional (or missing) regions of 

the channel width, W and WTID, the electrical properties are 

identical to those of the main transistor, thus Cox, , L and Vds 

are unchanged. This is a crude approximation because the field 

lines in the STI corner cross a longer oxide path, which 

indicates that Cox is not constant. Consequently, we expect the 

extracted WTID to not precisely match the physical channel 

width modification; however, it should still provide a usable 

representation for reasoning about the ongoing mechanisms.  

The resulting pre-rad W is 41 nm for the pMOS and 9 nm 

for the nMOS transistors, indicating a different impact of the 

STI recess in devices of different polarity in this technology. 

The extracted W+WTID as a function of the accumulated dose 

is shown in Fig. 7(c) for both nMOS and pMOS. In n-channel 

transistors there is a small increase in the effective width in the 

first part of the irradiation, with a peak around 1-3 Mrad, 

followed by a moderate decrease at higher doses. In pMOS, 

instead, there is a much more significant and constant decrease 

with TID and at 500 Mrad the effective width has more than 

halved (WTID = 60 nm for an initial W = 100 nm). As shown in 

Fig. 8(a), the TID-induced variation in effective width is in 

general independent from the gate length. However, short 

channel (L = 30 nm) pMOS in Fig. 8(b) show a smaller 

influence of the charge trapped in the STI on the effective 

channel width. This indicates that the halo implants surrounding 

the source and drain diffusions practically overlap in these 

shortest devices, making the body doping higher in the whole 

channel: a larger amount of charge needs to be trapped in the 

STI corners to modify the channel condition in these transistors. 

This impact of the halo implants on the TID response of short-

channel 28 nm transistors was reported already in [35], [36]. 

Fig. 9 illustrates the influence of the bias applied during 

irradiation with results similar to those already seen and 

discussed in Figs. 5(a) and 6(c).  

IV. INTERPRETATION OF THE RESULTS 

On the basis of the experimental results presented in Section 

III, it is possible to elaborate a qualitative model to explain the 

different evolution of all transistor’s parameters with TID in 

nMOS transistors, as well as the larger sensitivity of pMOS 

transistors. This model differentiates the effects ruling the 

radiation response at different depth along the STI sidewall in 

planar CMOS technologies: 

1) At low depth, in the STI corners: This region determines 

the evolution of the on-state parameters of the transistor: Ion, Vth, 

gm. Fast accumulation of positive charge trapped in the STI 

oxide dominates the initial response in high dose rate tests. This 

leads to an increase of Weff and associated measurable 

parameters (Ion, gm) in nMOS and a decrease in pMOS. In 

narrow-channel devices the electric field from the trapped 

charge extends to influence the whole channel, generating a 

shift in the measured threshold voltage: Vth decreases in both 

nMOS and pMOS FETs. The STI corner is crossed by the 

electric field lines from the gate-applied voltage, therefore Vgs 

impacts the TID response, as observed in Figs. 5(a) and 9. The 

same electric field drives the drift of H+ ions to the interface of 

the STI sidewalls, where they de-passivate interface traps 

making it possible for them to trap electrons (in nMOS) or holes 

(in pMOS) [41]-[49]. This happens at a later stage of the high-

rate irradiation tests, and generates a rebound of Weff and Vth in 

nMOS and an accelerated decrease of the same parameters in 

pMOS transistors.   

2) At larger depth of the STI sidewall: The Vgs generated 

field does not reach this deep and, in its absence, H+ ions don’t 

drift to the interface and there is thus no significant de-

passivation of interface traps. Only positive charge (holes) 

trapping is active in depth, and this is where drain-source 

leakage current (Ioff) flows in nMOS transistors. Without 

electron trapping at the interface, Ioff increases steadily during 

the whole irradiation period with the accumulation of trapped 

holes in the oxide, as shown in Fig. 4. Applied bias does not 

influence the mechanisms in depth, in agreement with Fig. 5(b).  

In pMOS transistors, TID mechanisms in the deep region of the 

STI do not impact the radiation response. 

The next section presents supportive evidence to this model 

from device-level simulations focusing on the case of nMOS 

devices, which evolution with TID is more interesting and 

challenging to explain. 

A. Setup of TCAD Sentaurus simulation  

We simulated nMOS transistors with the Technology 

Computer-Aided Design (TCAD) software suite Sentaurus 

using a 3D structure based on 28-nm high-k CMOS technology 

with simplified geometries for the STI and its upper corners, as 

shown in Fig. 10 for a 100/200 nm device. Since the 

 
 

Fig. 10. (a) The 3D TCAD structure of nMOS transistors used in Sentaurus 
simulations. The lateral STI oxide is colored in brown. (b) Vertical cut-plane 

along the channel length with colors indicating the doping profiles (blue = B 

doping). The darker blue regions indicate the higher doping in the anti-punch-
through and HALO implants. (c) Vertical cut-plane along the channel width. 
The STI corners and the anti-punch-through implant are well visible. 
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manufacturer does not provide any information on the 

fabrication process, such as doping concentrations and 

materials, the 3D structure was designed based on publicly 

available information and was aligned with the experimental 

characterization of the pre-rad devices. The gate stack consists 

of 2 nm of HfO2 (brown layer in Fig. 10) over a 0.7 nm thick 

layer of SiO2. The doping profiles include different regions with 

the following concentrations of B dopants: a bulk region with 

3×1017 cm-3, an in-depth anti-punch-through implant with 

5×1018 cm-3 and halo implantations with 2.2×1018 cm-3 [35]. The 

profiles are illustrated in the cut-planes of Figs. 10(b) and (c) 

[6], [28], [32], [48]. 

B. Simulation results and discussion with channel ON 

Significant simulation results are shown in Fig. 11. The color 

scale in Fig. 11(a), that shows the STI corner of a 100/200 nm 

nMOS, illustrates the electrostatic potential in the oxides for 

Vgs=1 V (channel ON). The overlap of the gate over the STI 

generates high potential gradients and, consequently, high 

values of electric field in the corner in the ON and DIODE bias 

conditions. This can explain the significant influence of bias on 

gm in Fig. 5(a) and of WTID in Fig. 9, in particular at ultra-

high doses. It is likely that the rebound of these parameters is 

associated to H⁺ transport and the consequent de-hydrogenation 

processes occurring at the Si/SiO₂ interface [18], [41]-[49], 

leading to the buildup of active (de-passivated) interface traps 

in the STI corners. The amphoteric interface traps capture 

electrons when the Fermi level in the silicon in the STI corner 

exceeds the intrinsic energy – which is the case in the situation 

of Vgs = 1 V simulated in Fig. 11. It is worth noting that the 

buildup of positive charge and H+ may contribute to increase 

the magnitude of the electric field, which in turn can enhance 

the charge yield which could be evident in particular in the 

GND condition [50]. 

To simulate radiation damage, a volumetric concentration 

QSTI of fixed positive charges is introduced in the STI oxide 

alongside a surface concentration Qint of interface traps in the 

STI corner (Figs. 11(c) and (d)). The positive charge QSTI is 

uniformly distributed throughout the STI, this may be 

consistent with the relatively weak electric field in-depth in the 

STI oxide, while it may be a simplification of the real charge 

distribution on the top regions influenced by the electric field. 

The charge at the interface Qint is due to interface traps added as 

acceptor-like and donor-like traps and uniformly distributed 

across the interface from the upper STI corner down to a depth 

of 20 nm. This depth was guided by the case illustrated in 

Fig. 11(a), where the red/yellow/green colors identify the 

regions with the higher potential variations, thus high electric 

field, when the applied gate voltage is the highest (1 V).  

The sequence of Figs. 11(b) to (d) illustrates the simulated 

evolution of the conduction channel of the transistor, at the 

surface, and of one of the leakage current paths, at a depth larger 

than 50 nm, that is under the anti-punch-through implant. The 

color code indicates the volumetric electron density in the p-

doped silicon body. In the pristine condition of Fig. 11(b), only 

the surface under the gate oxide is inverted and has a high 

density of electrons: this is the regular conduction channel. 

Fig. 11(c) represents the condition at relatively high doses 

during a high-rate irradiation (1-3 Mrad in Fig. 3), when 

positive charge trapped in the STI dominates the TID response. 

Simulations are performed with QSTI = 5×1017 cm-3, a value that 

aligns with a realistic charge trapping density in the STI [32], 

[35]. Positive charge contributes to extend the superficial 

channel to include a portion of the STI sidewall, thus adding a 

 
Fig. 11. (a) TCAD simulation of a 100/200 nm nMOS transistor for Vgs = 1 V, that corresponds to the ON-bias condition during irradiation. The color scale 

indicates the intensity of the electrostatic potential in the STI, while the white arrows show the direction of the electric field. (b), (c) and (d) show TID-induced 

mechanisms influencing Weff while increasing Ioff. In this case the color scale indicates the electron density in the Si channel when Vgs = 1 V (channel ON): (b) pre-

irradiation without TID-induced trapped charge in the oxides, (c) at high doses with positive trapped charge in the STI (QSTI = 5×1017 cm-3), and (d) at ultra-high 

doses with positive and negative trapped charge (QSTI = 5×1017 cm-3 and Qint = 7.5×1012 cm-2). The charge QSTI is uniformly distributed in the STI, while Qint is 

localized at the Si/SiO2 interface close to the upper corner of the STI, as shown in (d). 
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positive WTID that increases the effective width Weff. At the 

same time, but under the anti-punch-through implant, positive 

charge also determines the inversion of a parasitic channel 

where, as discussed later, drain-source leakage current can flow 

[7], [10], [16], [17]. These results reproduce the increase in the 

effective W in the initial phases of the irradiation.  

Fig. 11(d) reports simulation results for a transistor irradiated 

to ultra-high doses. For this case the trapped charge density in 

the STI has been left unmodified (QSTI = 5x1017 cm-3), to better 

highlight the effect of the interface, traps have been added in 

the STI corner for a charge density Qint = 7.5x1012 cm-2. With 

Vgs = 1 V these defects trap electrons that more than 

compensate the effect of the positive charge QSTI, leading to the 

depletion of the Si channel region near the STI corners and thus 

reducing the effective channel width. This is equivalent to 

negative values of WTID, consistent with the extraction from 

the experimental data in Fig. 7(c). At a larger depth, the absence 

of electric field considerably limits the de-passivation of 

interface traps and the increase in QSTI (not simulated) with 

further TID maintains the deep inversion layer under the anti-

punch-through. 

The radiation-induced variation in Weff clearly appears in the 

simulation results of Fig. 12(a). Note that the horizontal scale 

against which the electron density is plotted is the distance from 

the center of the channel along the cut line shown in Fig. 11(b), 

not the depth from the surface along the STI sidewall. In this 

scale the channel center is at Z = 0 nm, the corner of the STI at 

Z = 50 nm (the channel is 100 nm wide) and distances above 

                         
 (a)  (b) 
Fig. 12. TCAD simulations of nMOS transistors when Vgs = 1 V (channel ON). Both plots show electron density concentration as functions of distance along the 
cut-line in Fig. 11(b) with the origin 0 nm being the center of the channel. (a) The modulation of the effective channel width Weff is apparent from the distance from 

the origin where the density drops below 5×1018 cm-3, value that indicates inversion of the silicon body. The addition of trapped holes only (QSTI =5×1017 cm-3) 

increases Weff, while the addition of interface trapped electrons reduces it. (b) Starting from the same trapped hole density in the STI, the addition of an increasing 
density of interface traps reduces the effective width but does not impact the deep leakage current path.  

Reduced Weff

Enhaced Weff

Nch/10

Nch

Deep-STI

Weff reduction

leakage

 
Fig. 13. The TCAD simulations show TID-induced mechanisms influencing the Ioff leakage current of irradiated 100/200 nm nMOS. In this case the color scale 

indicates the electron current density in the Si when Vgs = 0 V and Vds = 0.1 V (channel OFF): (a) pre-irradiation without TID-induced trapped charge in the oxides, 

(b) with positive trapped charge in the STI (QSTI = 5×1017 cm-3), (c) with positive and negative trapped charge (QSTI = 5×1017 cm-3 and Qint = 7.5×1012 cm-2). The 

charge QSTI is uniformly distributed in the STI, while Qint is localized at the Si/SiO2 interface close to the upper corner of the STI. (d) 3D illustration evidencing 

the top and bottom leakage paths. The STI oxide is transparent in this image to allow the observation of the current density at the interface between Si and the STI.  
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50 nm represent increasing depths along the STI sidewall.  The 

plot evidences how the inverted channel effective width is 

modulated by QSTI and Qint. Distances with high electron 

densities (> 5×1018 cm-3, see dotted line) identify the inverted 

Si regions. For instance, before irradiation (black curve) the 

Weff/2 is  50 nm. This value increases to  55 nm when 

positive charge QSTI = 5×1017 cm-3 is added in the STI and then 

decreases to  43 nm when additional negative charge 

Qint  = 7.5×1012 cm-2 is included.  

Fig. 12(b) illustrates the simulated effect of increasing 

active interface traps in the STI corner for a constant density of 

holes trapped in the oxide (QSTI =5×1017 cm-3). The line for 

Qint = 0 cm-2 represents the condition where, at a TID of about 

1-3 Mrad, the effective width peaks. As the density of interface 

traps increases, additional negative charge is trapped in the STI 

corners, resulting in a decrease of Weff. However, the electron 

density below the anti-punch-through is unaffected and 

represents a leakage current path. 

C. Simulation results and discussion with channel OFF 

The formation of the leakage path affecting the Ioff is 

illustrated in Fig. 13, where the color code represents the 

electron current density for Vgs = 0 V (channel OFF). Obviously 

in the pre-rad condition of (a) there is no leakage current, but 

the addition of trapped holes in the STI opens two current paths: 

a top one above the anti-punch-through implant and a bottom 

one under it (b). With the addition of interface traps at higher 

TID levels (c), the top leakage path is decreased in this 

simulation where QSTI remains constant. Note that interface 

traps in the STI corner already capture electrons at Vgs = 0 V 

because the electric field generated by QSTI is sufficient to pull 

the surface potential in the body above the intrinsic energy. 

Fig. 13(d) clearly shows the two leakage current paths and 

evidences the fundamental role of the anti-punch-through 

implant in determining the Ioff of irradiated transistors. In our 

simulation, the implant at a depth of 50 nm is just under the 

source and drain diffusions (see Fig. 10(b)). Since these are 

exposed to a much higher implant dose, and dopants diffuse 

during the post-implant processing, the resulting net acceptor 

doping under the source and drain is not sufficiently high to 

prevent surface inversion driven by QSTI, as instead happens 

under the channel – see the green region separating the two 

leakage paths under the gate in Fig. 13(d). It appears that a 

modification of the depth, thickness and doping of the anti-

punch-through implant has the potential to control the TID-

induced increase in Ioff. In technologies with substantial leakage 

currents, careful optimization of these parameters of the anti-

  

 
 

Fig. 14. Comparison between experimental results and TCAD simulations of 
the Ids-Vgs of nMOS transistors with W = 100 nm and L = 200 nm. The left set 

of curves is in logarithmic scale (left y axis), while the right is in linear scale 

(right y axis). (a) Experimental results obtained irradiating the device in the ON-

bias condition up to 1 Grad. (b) TCAD simulations resulting from the addition 

of trapped holes in the STI QSTI  = 5×1017 cm-3 and different densities of interface 
traps in the STI corner Qint as indicated in the legend. 

  

 
 

Fig. 16. Comparison of the degradations induced by 10-keV X-rays in nMOS 

fabricated in different planar technologies: 65, 40 and 28 nm. In all cases the 

longest available channel was used (L = 1 or 10 m) and two W are reported: a 

wide and a narrow transistor. 

 
 

Fig. 15. Evolution of the threshold voltage with TID of nMOS transistors with 

L = 1 µm extracted from Ids-Vgs TCAD simulations. First only positive charge in 
the STI is added to simulate TID-induced hole trapping (QSTI) then, for two 

unchanged values of QSTI, an increasing density of interface traps is added. Only 
the narrow-channel device shows a very evident rebound. 
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punch-through implant may significantly mitigate the impact of 

bottom leakage on overall device performance. 

D. Experimental vs. simulated transfer characteristics 

These results are reflected in the simulated transfer 

characteristics of a 100 nm/200 nm nMOS transistor that are 

compared with experimental data in Fig. 14. Simulations are 

carried out with QSTI =5×1017 cm-3 and several values of Qint. It 

is evident that the simulated Ids-Vgs reproduces well the 

experimental data both in the evolution of Ioff, that is essentially 

unmodified by interface traps in the STI corner, and in the TID 

effect on Ion, that is instead decreased by additional Qint. From 

similar sets of curves, it is possible to extract the threshold 

voltage using the same method as for the experimental results 

(linear fit as detailed in Section II.B) and qualitatively plot its 

evolution with TID. Fig. 15 summarizes the results of the 

TCAD simulations from which the Vth is extracted for long-

channel nMOS transistors of two gate width: a narrow 

(W = 100 nm) and a wide one (W = 600 nm). In the narrow 

channel transistor, both trapped holes (QSTI) and interface traps 

(Qint) influence the extracted value of the threshold voltage, 

while this only very marginally happens in the wider device. 

The resulting evolution is similar to the measurement in 

Fig. 3(b), with a very evident rebound in the narrow transistor. 

This result provides a firm support to the hypothesis advanced 

in the first paper reporting RINCE in a 130 nm technology [12], 

and demonstrates how the effect of charge trapped in the 

peripheral STI can alter the characteristics of the transistor well 

beyond a few nm from the sidewall.  

V. STI-CORNER EFFECT IN OTHER PLANAR TECHNOLOGIES 

This section presents measurements supporting the idea that 

the phenomena described above are not specific to the 28 nm 

process whose results have been described so far. To this 

purpose, very comparable results gathered on three other 

commercial-grade technologies in the 28, 40 and 65 nm nodes 

are now reported. Fig. 16 illustrates the evolution with TID of 

the transconductance, threshold voltage and leakage current in 

nMOS transistors in samples from these technologies. Each plot 

shows long-channel transistors with the smallest width and with 

W = 600 nm (the largest width available for all processes in our 

custom test structures). The trend is remarkably similar to the 

one shown in Figs. 3 and 4 above: a width-dependent – although 

sometimes very small – rebound of the gm and Vth, and a steady 

increase of Ioff. Not shown, the evolution of the pMOS 

transistors was comparable to the one in Fig. 6(b), with a 

constant and width-dependent decrease in Ion, gm, and Vth. 

The same procedure already used in Section III.C to extract 

the W and WTID was applied again. As shown in Fig. 17 also 

in all these cases the points for the gm-max vs. the as-drawn W 

could be very nicely fitted by a straight line, and the resulting 

modifications to the Wdesign are reported in Table I and in 

Fig. 18. It appears that the impact of TID on the effective 

channel width, expressed by WTID, is very comparable to the 

one shown in Fig. 8. This leads to the conclusion that the TID 

response documented and analyzed in the previous section for 

a specific 28 nm technology is very representative of transistors 

in a wide range of nodes. 

VI. SUMMARY AND CONCLUSIONS 

This paper reports that a very similar evolution for both 

nMOS and pMOS transistors with TID is observed in the 

electrical parameters of four different CMOS technologies in 

the 65, 40 and 28 nm nodes. Moreover, similar response has 

been also observed in FinFETs irradiated with TID [22]-[32]. 

There is thus some fundamental mechanism that is common to 

advanced planar and FinFET commercial-grade processes. The 

high-k gate stack of these technologies uses ultra-thin gate 

oxide layers that appear practically insensitive to TID, as 

 
 

Fig. 17. Extrapolation of the effective channel width from the plot of gm-max vs 
designed channel width (Wdesign) for MOS with the same channel length (L = 1 

m for the 28 nm and L = 10 m for the 40 and 65 nm nodes). To enable 

plotting of the gm-max on the same scale for the three technologies, the measured 
value has been multiplied by the channel length – a quantity that has been 
called gm-L in the title of the y-axis. 

 
 

Fig. 18. Extrapolated TID-induced modification of the channel width in nMOS 

and pMOS transistors in three technologies from charts similar to those shown 

in Fig. 17. 

TABLE I 

EXTRACTED VALUES OF W 

node 28 nm 40 nm 65 nm 

L 1 m 10 m 10 m 

Wdesign range 120-1000 nm 120-600 nm 120-600 nm 

ΔW 
nMOS 33 nm 36 nm 7 nm 
pMOS -26 nm 55 nm 65 nm 

 
 

 The W values indicated the pre-rad effective modification to the as-

drawn transistor’s width (see Fig. 1), for nMOS and pMOS in the three 

additional technologies studied. Negative values indicate that an effective 

channel width smaller than the designed W. The size of the transistors used for 
the extraction is indicated with L and Wdesign. Each node was analyzed using 5 

different channel widths (Wdesign) in the quoted range. 
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confirmed by the extreme radiation tolerance of wide and long 

transistors in previous works [6], [8], [13]. Defects in the lateral 

STI oxide thus entirely determine the degradation during 

irradiation, which is relevant mainly in narrow channel 

transistors – an effect called RINCE.  

Through an extensive set of measurements in dedicated 

transistor arrays in the four planar technologies studied and with 

the support of TCAD simulations, this paper details the origin 

and dynamic evolution of the charge trapping in the STI and 

explains how it affects the electrical characteristics of planar 

transistors. The conclusions can nevertheless be extended to 

gain a deeper understanding of the TID response of FinFET 

transistors. The findings can nevertheless be extended to gain a 

deeper understanding of the TID response of FinFET 

transistors, in which the charge trapping in the STI-corners 

modify the effective channel height [32]. In FInFETs, the 

channel width is discretized by the number of fins, thus the STI-

corner-related effects are present in all FinFET transistors 

regardless of their channel width, as the mechanism occurs 

locally in each fin. 

The electric field generated by the gate voltage across the 

STI oxide that is situated at the edge of the transistor along the 

channel length changes with its depth. Charge yield and drift, 

essential processes in irradiated SiO2 layers, are therefore 

different in the superficial STI corner, the region of the STI 

recess in Fig. 1, and in depth. Only in the corner region the field 

is sufficient to bring to the Si/SiO2 interface a large number of 

the H+ ions generated by ionizing dose in the materials. A 

significant density of interface traps is thus only de-passivated 

there, where they can trap charge (electrons for the nMOS, 

holes for the pMOS). On the contrary, holes are trapped in the 

oxide at all depths, although in different concentration 

modulated by the field-dependent charge yield.  

Charge trapped in the superficial region of the STI 

influences the channel of narrow transistors, thus parameters 

like Ion, gm, and Vth. In wide devices only a negligible portion of 

the channel is influenced, so the effect is masked. In the initial 

phase of irradiation at high dose rate, the faster hole trapping 

builds a positive charge layer in the STI oxide. The associated 

electric field extends (in nMOS) or shrinks (in pMOS) the size 

of the inversion layer, thus of the effective channel width. With 

further TID accumulation, the slower de-passivation of 

interface traps eventually determines electron (in nMOS) or 

hole (in pMOS) trapping at the interface of the STI corner. As 

a result, the effective width of nMOS rebounds to smaller values 

while pMOS transistors’ Weff continues to shrink. The change in 

the effective W directly affects the transconductance gm, and 

more significantly in narrow transistors where a larger fraction 

of the channel is lost (or gained, initially, in nMOS). Narrow 

channel transistors’ performance is further affected: the 

influence of the electric field generated by charge trapped in the 

STI corner practically extends to the whole channel, modifying 

the transfer characteristics of the transistor. This results in a 

measured variation of the threshold voltage, that shows again a 

rebound in nMOS and a continuous decrease in pMOS. Because 

of the increased doping in the body of short channel transistors, 

that is related to the overlap of the drain and source HALO 

implants, these effects on Weff, gm and Vth are significantly less 

relevant in short-L devices. 

Drain-source leakage current in nMOS transistors flows 

deeper along the STI sidewall, a region where contribution from 

interface traps is negligible. As a result, leakage follows the 

continuous accumulation of trapped holes during the whole 

irradiation. In our TCAD simulations, where an anti-punch-

through implant was situated about 50 nm deep, two leakage 

current paths were observed, above and below the implant. This 

however is strongly dependent on the depth, doping and 

thickness of the implant, characteristics that in principle could 

be used to reduce or even potentially eliminate the leakage. 

In conclusion, this paper clarifies the mechanisms 

responsible for the TID-induced degradation in advanced 

CMOS technologies and dominated by charge trapping in the 

STI oxide. It illustrates the importance of the mechanisms 

taking place at different depth along the STI sidewall, and of 

details of the technology like the anti-punch-through implant. 

This allows a better understanding of the many results already 

reported on RINCE and of drain-source leakage current in 

advanced MOS transistors. The results can be further used to 

guide mitigation approaches enhancing the TID tolerance of 

CMOS technologies.  

REFERENCES 

[1] T. R. Oldham and F. B. McLean, “Total ionizing dose effects in MOS 

oxides and devices,” IEEE Trans. Nucl. Sci., vol. 50, no. 3, pp. 483–499, 
Jun. 2003.  

[2] N. Saks et al., “Radiation effects in MOS capacitors with very thin 

oxides at 80 K,” IEEE Trans. Nucl. Sci., vol. 31, no. 6, pp. 1249-1255, 
Dec. 1984. 

[3] N. Saks et al., “Generation of interface traps by ionizing radiation in very 

thin MOS oxides,” IEEE Trans. Nucl. Sci., vol. 33, no. 6, pp. 1185-1190, 
Dec. 1986. 

[4] H. J. Barnaby, “Total-ionizing-dose effects in modern CMOS 

technologies,” IEEE Trans. Nucl. Sci., vol. 53, no. 6, pp. 3103-3121, 
Dec. 2006. 

[5] D. M. Fleetwood, “Radiation effects in a post-Moore world,” IEEE 

Trans. Nucl. Sci., vol. 68, no. 5, pp. 509-545, May 2021.  
[6] F. Faccio et al., “Radiation-induced short channel (RISCE) and narrow 

channel (RINCE) effects in 65 and 130 nm MOS,” IEEE Trans. Nucl. 

Sci., vol. 62, no. 6, pp. 2933-2940, Dec. 2015. 
[7] C. M. Zhang et al., “Characterization of Gigarad total ionizing dose and 

annealing effects on 28-nm bulk MOS,” IEEE Trans. Nucl. Sci., vol. 64, 

no. 10, pp. 2639-2647, Oct. 2017. 
[8] S. Bonaldo et al., “Ionizing-radiation response and low-frequency noise 

of 28-nm MOS at ultrahigh doses,” IEEE Trans. Nucl. Sci., vol. 67, no. 

7, pp. 1302-1311, Mar. 2020. 
[9] M. Turowski, A. Raman, and R. D. Schrimpf, “Nonuniform total-dose 

induced charge distribution in shallow-trench isolation oxides,” IEEE 

Trans. Nucl. Sci., vol. 51, no. 6, pp. 3166-3171, Dec. 2004. 
[10] M. R. Shaneyfelt, P. E. Dodd, B. L. Draper, and R. S. Flores, “Challenges 

in hardening technologies using shallow-trench isolation,” IEEE Trans. 

Nucl. Sci., vol. 45, no. 6, pp. 2584-2592, Dec. 1998. 
[11] N. Rezzak et al., “The sensitivity of radiation-induced leakage to STI 

topology and sidewall doping,” Microelectron. Rel., vol. 51, no. 5, pp. 

889-894, May 2011.  
[12] F. Faccio and G. Cervelli, “Radiation-induced edge effects in deep 

submicron CMOS transistors,” IEEE Trans. Nucl. Sci., vol. 52, no. 6, pp. 

2413-2420, Dec. 2005. 
[13] L. Ding et al., “Radiation tolerance study of a commercial 65 nm CMOS 

technology for high energy physics applications,” Nucl. Instrum. 

Methods. Phys. Res. A, vol. 831, pp. 265-268, Sept. 2016. 
[14] F. Faccio et al., “Total ionizing dose effects in shallow trench isolation 

oxides,” Microelectron. Reliab., vol. 48, pp. 1000-1007, 2008. 

[15] M. Gaillardin, V. Goiffon, S. Girard, M. Martinez, P. Magnan, and P. 
Paillet, “Enhanced radiation-induced narrow channel effects in 

commercial 0.18 μm bulk technology,” IEEE Trans. Nucl. Sci., vol. 58, 

no. 6, pp. 2807-2815, Dec. 2011. 

This article has been accepted for publication in IEEE Transactions on Nuclear Science. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TNS.2024.3517512

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



 12 

[16] L. Ding et al., “Drain current collapse in 65 nm pMOS transistors after 
exposure to Grad dose,” IEEE Trans. Nucl. Sci., vol. 62, no. 6, pp. 2899-

2905, Dec. 2015. 

[17] M. McLain et al., “Enhanced TID susceptibility in sub-100 nm bulk 
CMOS I/O transistors and circuits,” IEEE Trans. Nucl. Sci., vol. 54, no. 

6, pp. 2210-2217, Dec. 2007. 

[18] F. Faccio et al., “Influence of LDD spacers and H+ transport on the total-
ionizing-dose response of 65-nm MOS irradiated to ultrahigh doses,” 

IEEE Trans. Nucl. Sci., vol. 65, no. 1, pp. 164-174, Jan. 2018. 

[19] S. Bonaldo et al., “Charge buildup and spatial distribution of interface 
traps in 65-nm pMOS irradiated to ultrahigh doses,” IEEE Trans. Nucl. 

Sci., vol. 66, no. 7, pp. 1574-1583, July 2019. 

[20] S. Gerardin et al., “Impact of 24-GeV proton irradiation on 0.13-m 

CMOS Devices,” IEEE Trans. Nucl. Sci., vol. 53, no. 4, pp. 1917-1922, 

Aug. 2006. 

[21] S. Bonaldo et al., “TID effects in highly scaled gate-all-around Si 
nanowire CMOS transistors irradiated to ultrahigh doses,” vol. 69, no. 7, 

pp. 1444-1452, July 2022. 

[22] T. Ma et al., “TID degradation mechanisms in 16 nm bulk FinFETs 
irradiated to ultra-high doses,” IEEE Trans. Nucl. Sci., vol. 68, no. 8, pp. 

1571-1578, Aug. 2021. 

[23] T. Ma et al., “Influence of fin and finger number on TID degradation of 
16 nm bulk FinFETs Irradiated to ultrahigh doses,” IEEE Trans. Nucl. 

Sci., vol. 69, no. 3, pp. 307-313, Mar. 2022. 

[24] S. Bonaldo et al. “DC response, low-frequency noise, and TID-induced 
mechanisms in 16-nm FinFETs for high-energy physics experiments,” 

Nucl. Instrum. Methods Phys. Res. A, vol. 1033, article no. 166727, June 
2022. 

[25] I. Chatterjee et al., “Bias dependence of total ionizing dose response in 

bulk FinFETs,” IEEE Trans. Nucl. Sci., vol. 60, no. 6, pp. 4476-4482, 
Dec. 2013. 

[26] M. Gaillardin et al., “Total ionizing dose response of multiple-gate 

nanowire field effect transistors,” IEEE Trans. Nucl. Sci., vol. 64, no. 8, 
pp. 2061-2068, Aug. 2017. 

[27] M. Gorchichko et al., “Total-ionizing-dose effects and low-frequency 

noise in 30-nm gate-length bulk and SOI FinFETs with SiO2/HfO2 gate 
dielectrics,” IEEE Trans. Nucl. Sci., vol. 67, no. 1, pp. 245-252, Jan. 

2020. 

[28] T. Wallace et al., “Layout dependence of total ionizing dose effects on 

12-nm bulk FinFET core digital structures,” IEEE Trans. Nucl. Sci., vol. 

70, no. 4, pp. 620-626, Apr. 2023. 

[29] T. Ma et al., “Increased device variability induced by total ionizing dose 
in 16-nm Bulk nFinFETs,” IEEE Trans. Nucl. Sci., vol. 69, no. 7, pp. 

1437-1443, July 2022. 

[30] I. Chatterjee et al., “Geometry dependence of total-dose effects in bulk 
FinFETs,” IEEE Trans. Nucl. Sci., vol. 61, no. 6, pp. 2951-2958, Dec. 

2014. 

[31] M. Gaillardin et al., “Total-ionizing dose effects on triple-gate FETs,” 
IEEE Trans. Nucl. Sci., vol. 53, no. 6, pp. 3158-3165, Dec. 2006. 

[32] S. Bonaldo et al., “Radiation-induced charge trapping in shallow trench 

isolations of FinFETs,” IEEE Trans. Nucl. Sci., vol. 71, no. 4, pp. 427-
436, Apr. 2024. 

[33] A. V. -Y. Thean et al., “Performance and variability comparisons 

between multi-gate FETs and planar SOI transistors,” 2006 Technical 
Digest - International Electron Devices Meeting, IEDM, San Francisco, 

CA, USA, 2006, article no. 4154358. 

[34] A. Ortiz-Conde, F. J. García-Sánchez, J. Muci, A. Terán Barrios, J. J. 
Liou, and C. S. Ho, “Revisiting MOS threshold voltage extraction 

methods,” Microelectron. Reliab., vol. 53, no. 1, pp. 90-104, Jan. 2013. 

[35] S. Bonaldo, et al., “Influence of halo implantations on the total ionizing 
dose response of 28-nm pMOS irradiated to ultrahigh doses,” IEEE 

Trans. Nucl. Sci., vol. 66, no. 1, pp. 82-90, Jan. 2019. 

[36] S. Bonaldo et al., “Influence of bulk doping and halos on the TID 
response of I/O and core 150 nm nMOS,” Electronics, vol. 12, no. 3, 

article no. 543, Jan. 2023. 

[37] A. Czerwinski, “Defect-related local-electric-field impact on p–n 
junction parameters,” Appl. Phys. Lett., vol. 75, no. 25, pp. 3971–3973, 

Dec. 1999. 

[38] M. Caussanel, et al., “Doping-type dependence of damage in silicon 
diodes exposed to X-ray, proton, and He+ irradiations,” IEEE Trans. 

Nucl. Sci., vol. 54, no. 6, pp. 1925–1930, Dec. 2007. 

[39] H. Dewitte, et al., “Ultra- high total ionizing dose effects on MOSFETs 
for analog applications,” IEEE Trans. Nucl. Sci., vol. 68, no. 5, pp. 697–

706, Mar. 2021. 

[40] A. J. Lelis, T. R. Oldham, and W. M. Delancey, “Response of interface 
traps during high-temperature anneals,” IEEE Trans. Nucl. Sci., vol. 38, 

no. 6, pp. 1590-1597, Dec. 1991. 

[41] P. S. Winokur, H. E. Boesch, Jr., J. M. McGarrity, and F. B.McLean, 
“Field and time-dependent radiation effects at the SiO2/Si interface of 

hardened MOS capacitors,” IEEE Trans. Nucl. Sci., vol. 24, no. 6, pp. 

2113–2118, Dec. 1977. 
[42] M. R. Shaneyfelt, J. R. Schwank, D. M. Fleetwood, P. S. Winokur, K. L. 

Hughes, and F. W. Sexton, “Field dependence of interface-trap buildup 

in polysilicon and metal gate MOS devices,” IEEE Trans. Nucl. Sci., vol. 
37, no. 6, pp. 1632-1640, Dec. 1990. 

[43] N. S. Saks, R. B. Klein, and D. L. Griscom, “Formation of interface traps 

in MOS during annealing following low-temperature irradiation,” IEEE 
Trans. Nucl. Sci., vol. 35, no. 6, pp. 1234–1240, Dec. 1988. 

[44] D. M. Fleetwood, “Effects of hydrogen transport and reactions on 

microelectronics radiation response and reliability,” Microelectron. 
Reliab., vol. 42, no. 3, pp. 523-541, Mar. 2002. 

[45] S. N. Rashkeev, D. M. Fleetwood, R. D. Schrimpf, and S. T. Pantelides, 

“Proton-induced defect generation at the Si-SiO2 interface,” IEEE Trans. 
Nucl. Sci., vol. 48, no. 6, pp. 2086-2092, Dec. 2001. 

[46] D. M. Fleetwood, “Effects of bias and temperature on interface-trap 

annealing in MOS and linear bipolar devices,” IEEE Trans. Nucl. Sci., 
vol. 69, no. 3, pp. 587-608, Mar. 2022. 

[47] F. B. McLean, “A framework for understanding radiation-induced 

interface traps in SiO2 MOS structures,” IEEE Trans. Nucl. Sci., vol. 27, 
no. 6, pp. 1651-1657, Dec. 1980. 

[48] L. Ragnarsson and P. Lundgren, “Electrical characterization of Pb centers 
in (100)Si-SiO2 structures: The influence of surface potential on 

passivation during post-metallization anneal,” J. Appl. Phys., vol. 88, no. 

2, pp. 938-942, Jul. 2000. 
[49] N. S. Saks and D. B. Brown, “Observation of H+ motion during interface 

trap formation,” IEEE Trans. Nucl. Sci., vol. 37, no. 6, pp. 1624-1631, 

Dec. 1990. 
[50] P. Paillet et al., "Comparison of charge yield in MOS devices for 

different radiation sources," IEEE Trans. Nucl. Sci., vol. 49, no. 6, pp. 

2656-2661, Dec. 2002. 
 

This article has been accepted for publication in IEEE Transactions on Nuclear Science. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TNS.2024.3517512

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


