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This work presents electricals characteristics of primary and secondly irradiated MOSFET transistors. Secondly irradiated transistors after nominal operation recovery showed a great TID resistance betterment. This improvement is allowed by latent interface traps charge build-up during long time annealing. Latent interface traps effects on electrical degradation at STI level are physically explained with simulation and experiment comparison.

I. INTRODUCTION

Radiation effects mitigation in electronics operating at cryogenic temperatures in radiative environments is a major concern during space missions such as exploration of Jovian icy bodies or infrared imaging applications. High performance Infrared sensors work at very low temperatures in order to limit thermal noise. The cooled Infra-Red detectors are composed by two parts: Hybrid HgCdTe optical detectors and Read-Out Integrated Circuits (ROIC). The second one is a Complementary Metal Oxide Semiconductor (CMOS) silicon based technology notably used for pixel selector working at cryogenic temperatures. Total ionizing dose (TID) shows significant negative effects on transistors Current-Voltage characteristics that spatial agencies must forecast to ensure proper functioning of onboard electronics. In order to analyze technology TID robustness with temperature and design crosseffects 60 Co irradiations have been performed following ESA-SCC 22900 test standards. The first results can be found in [START_REF] Nuns | Low Temperature Total Dose Irradiation of Transistors for Infrared Applications[END_REF], but this paper will be focused on a new TID hardness enhancement effect due to second irradiation process after a long term annealing. The main TID effect is the generation of electron hole pair in dielectrics materials such as gate oxide or thick insulators. Since holes are way less mobile than electrons, TID consequences are a positive charge build-up in silicon oxide. At room temperature with the help of electric field, oxide charges in the form of H + ion can move to the silica interface and generate interface traps. This is the normal interface trap creation process and its effects on electrical degradation have been greatly discussed and understood ( [START_REF] Oldham | Total Ionizing Dose Effects in MOS Oxides and Devices[END_REF] and references herein]) at gate level. However no work is at our knowledge exploring its interplay with a second irradiation at Shallow Trench Isolation (STI) level. In this paper we present test setup and electrical characteristics we obtain from it.

Hardness enhancement is demonstrated, followed by a possible explanation of it thanks to latent interface traps created by long term annealing. Electrical characteristics simulations are done giving physical information on the interaction between oxide trap buildup during irradiation and interface traps at STI level. Finally the hardness and geometry effects are looked conjointly.

II. EXPERIMENTAL SETUP

In this work, the devices under test (DUT) are test vehicles (TV) which are composed of 0.25 µm nMOS transistors designed and provided by Lynred with different gate lengths and gate widths as shown in [START_REF] Nuns | Low Temperature Total Dose Irradiation of Transistors for Infrared Applications[END_REF]. Devices were irradiated at a dose up to 300 krad(Si) with the help of ONERA 60 Co facility. Ids -Vgs characteristics measurements have been done at each irradiation step with Keithley 4200 parameter device analyzer in linear region (VDS=0.1V). Between irradiations A and B components 1/5/6 were stored unbiased for approximatively seven years at room temperature. As a consequence the data are divided into two groups: new components irradiated for the first time, and the old ones that have already been irradiated a few years ago, respectively called NTV (New Test Vehicles) and OTV (Old Test Vehicles) in this work. Campaign B pre-rad characteristics have been measured several times to ensure nominal operation by checking conscientiously that parameters such as VTH, Ion, Gm, µeff were relevantly obtained. The dosimetry was measured from one experiment to another, and the dose rate deviation was strictly inferior to 10% between each components irradiated at the same time. Transistors packaging and test setup including the use of a cryostat (used to be in the same measurement condition that cryogenic campaign), induce current measurement resolution limitation above pA.

III. EXPERIMENTAL RESULTS

A. TID response of 0.25 µm Bulk MOSFET Fig. 1 presents Ids-Vgs characteristics in logarithmic and linear scale for one transistor. Ioff is defined as the drain current flowing at Vgs= 0 V. As shown in Fig. 1, typical electrical degradations can be noticed with TID increase such as leakage current (Ioff) appearing between 21 and 70 krad. At 300 krad, Ioff/Ion is increased by a factor of 10 5 . It's wellknown that in integrated gate oxide, TID effects are no more due to charges trapped in the thin gate oxide [START_REF] Barnaby | Total-Ionizing-Dose Effects in Modern CMOS Technologies[END_REF]. Then, thick insulator such as shallow trench isolation (STI) is becoming the dominant degradation source, where charge build-up leads to off-state leakage current and threshold voltage shift (∆VTH) in electrical characteristics for narrow transistors [START_REF] Faccio | Total ionizing dose effects in shallow trench isolation oxides[END_REF]. Actually, the measured data from 

B. Hardness enhancement demonstration

Fig. 2 shows Ids-Vgs for DN12 (W=0.8µm; L=10µm) with NTV-B and OTV-B averaged for the three components at pre-radiation level and maximum dose level. Fig. 2 illustrates that OTV-B drain current is always inferior to NTV-B, then reirradiated transistors are less sensitive to TID. They demonstrate a significantly lower leakage current and threshold voltage shift for the same deposited dose. At 300 krad, Ioff(NTV)/Ioff(OTV) ratio is equal 2.75 and ∆VTH(NTV)/∆VTH(OTV) is equal to 1.75 for DN12 transistors. This phenomenon, whereas illustrated with the most pronounced example, is common for the whole transistors of components from OTV group. Since TID response is design dependent [START_REF] Faccio | Total ionizing dose effects in shallow trench isolation oxides[END_REF] and the phenomenon observed is global for all transistors, electrical degradations will be plotted averaged and normalized to be comparable. That's why mean values will refer for Ioff multiplied by the gate length then averaged. For ΔVTH it is compared in relative (ΔVTH/VTH0) with pre-rad value for transistors of the same width (W = 10 µm). The focus on design dependence on resilience itself will be done in section IV-C. In Fig. 3-( not responsible for degradation evolution observed. The dashed curve in Fig. 3(a) is the linear tangent to the curve at 30 krad extended for higher dose level. Thanks to this comparison, a really good match between NTV data is obtained whereas OTV transistors are clearly less leaky. The same analysis can be done for threshold voltage in Fig. 3(b), where the OTV ΔVTH/VTH0 is strictly inferior or equal to NTV values. Thus, although dose rate is 65 % higher, electrical parameters such as Ioff and ΔVTH/VTH0 are really similar for NTV group from different test campaigns and experimental differences cannot enlighten such discrepancies. Because all the OTV transistors manifest this behavior; behavior which can't be explained by experimental differences it is legitimate to think that this resilience is specific the second irradiation process. The fact that a consecutive irradiation after a first irradiation followed by a long term annealing enhances robustness to TID degradations is, at our knowledge, little discussed in literature.

IV. ANALYSIS AND PHYSICAL MECHANISM

A. Physical Mechanism Discussion

Leakage current decreasing after consecutive irradiation-annealing have been reported in [START_REF] Boulghassoul | TID Damage and Annealing Response of 90 nm Commercial-Density SRAMs[END_REF] with 90 nm nMOS transistors on 6T Static Random Access Memory. The explanation given is that annealing creates interface traps (Nit) at STI oxide level. Those traps may be latent interface traps which are interface traps charge build-up. Those charges are observed long time after irradiation (typically 10 6 at 25°C) additionally to normal radiation induced interface traps [START_REF] Schwank | Latent Interface-Trap Buildup and its Implications for Hardness Assurance[END_REF]. This phenomenon has been discussed from various authors [START_REF] Fleetwood | Effect of Interface Traps and Border Traps on MOS Postirradiation Annealing Response[END_REF]- [START_REF] Lai | Effects of avalanche injection of electrons into silicon dioxide-generation of fast and slow interface states[END_REF] and could originate from two possible mechanisms.

The first one is a hydrogen molecular diffusion possibly occurring during very long time ambient annealing. Molecular hydrogen could come from adjacent structure such as poly-Si gate or encapsulating layer. Activation Energy (AE) for normal build-up is 0.8 eV, which is noticeably larger than AE for latent build-up 0.47 eV. Given that normal buildup is faster than latent buildup with greater activation energy, rate limiting step can't be the H + drift as normal buildup. Thus, rate limiting step is diffusion which is strongly temperature dependent. At ambient temperature, diffusion coefficient seems to be sufficiently low to be a dominant effect on month-year time scale. After molecular diffusion, hydrogen reacts with cracking site accordingly to the cracking process described by [START_REF] Stahlbush | Post-irradiation cracking of H2 and formation of interface states in irradiated metal-oxidesemiconductor field-effect transistors[END_REF] creating interface traps. Cracking process is only observed and explained with an "interplay between molecular hydrogen and radiation-induced trapped charge" which is consistent with our observations. The second one is a delayed oxide positive traps (Not) conversion to Nit during annealing. According to [START_REF] Fleetwood | Effect of Interface Traps and Border Traps on MOS Postirradiation Annealing Response[END_REF] the process is the same as typical Nit formation [START_REF] Oldham | Total Ionizing Dose Effects in MOS Oxides and Devices[END_REF] but slowed down. Typical Nit formation is composed of 3 steps: H + relaxes and transports toward Si interface, reacts to Si-H bond to form an interface trap. In fact, H + ions could be captured in O vacancy acting as Not (positive charges) converted into Nit during annealing [START_REF] Schwank | Latent Interface-Trap Buildup and its Implications for Hardness Assurance[END_REF]. Latent traps result from annealing, where OTV transistors were irradiated at the first time at cryogenic temperature, temperature where the 3 steps process leading interface traps formation is dramatically reduced by a temperature locked H + transport [START_REF] Oldham | Total Ionizing Dose Effects in MOS Oxides and Devices[END_REF], [START_REF] Saks | Generation of Interface States by Ionizing Radiation at 80K Measured by Charge Pumping and Subthreshold Slope Techniques[END_REF]. Then the first anneal might have unlocked this process and afterward interface traps charges are built-up. To conclude, both mechanisms leading to the formation of interface traps are plausible in our case, reinforcing the latent traps explanation credibility. 

. Latent interface traps creation on Trench Oxide

While in the same time new interface traps are created at STI level. As a consequence it opposes the Not contribution by turning "OFF" the parasitic transistors thereby reducing TID degradation of the second irradiation. A way more detailed physical explanation with TCAD simulation will be done in section IV-B. Now that latent interface traps creation mechanisms are described, remains to be seen how it affects TID electrical degradations.

B. Analysis of TID resilience

In order to have a deeper physical understanding, phenomenon has been investigated with Sentaurus TCAD simulations. After a calibration phase, a really good match between simulated structure and experimental values has been found, plotted in Fig. 5. First only DN7 (10;0.5 µm) transistor is considered, but design dependence will also be analyzed with the same doping value, distribution and metal work function. Relative deviation between simulated and measured electrical parameters such as VTH, Ion, Gm, µeff are below 2%. Also, thanks to SEM cross-section pictures, Gate to STI topology have been modeled thoroughly since it can have great impact on TID STI response [START_REF] Turowski | Nonuniform Total-Dose-Induced charge Distribution in Shallow-trench Isolation Oxides[END_REF]. TCAD simulation purpose is not to retrieve post-rad experimental data since any modeling work of the relation between dose level, annealing conditions and the amount or location of traps haven't been done. Therefore the amount of oxide and interface traps is a parametric value set before simulation flow, and will only help physical understanding purpose. Followed simulation method was to implement various oxide traps density evenly distributed in every oxide, this density is referred as Not (cm -3 ). Interface traps, whose density is named Dit (cm -2 /eV), are added at STI/Si interface. Interface traps are defined acceptor-like above mid-gap (negative contribution when charged) an donor-like below [START_REF] Oldham | Total Ionizing Dose Effects in MOS Oxides and Devices[END_REF]. A first hypothesis is that irradiation creates only oxide traps in the STI whereas interface traps are long term annealing results, even if this consideration is more accurate at cryogenic temperature [START_REF] Saks | Generation of Interface States by Ionizing Radiation at 80K Measured by Charge Pumping and Subthreshold Slope Techniques[END_REF]. Consequently the only difference between OTV/NTV is a fixed amount of Nit.

To have a better understanding of resilience phenomenon:

δIoff ≡ Ioff(NTV) -Ioff(OTV) (1) δ(∆VTH) ≡ ∆VTH (NTV) -∆VTH (OTV) (2) 
are defined and plotted versus oxide trap density for various Dit in the Fig. 6.

Fig. 6. Simulated absolute deviation of (a) leakage current and (b) threshold voltage shift in function of oxide trap density. 4 curves refer to different interface trap density

Fig. 6 shows that absolute deviation, for both electrical parameters, is growing first (for more negative values for threshold voltage) and then remains steady at high trap density with a Dit dependent value. To explain δ behavior with dose, typical relation between traps and its effects is shown below:

Δ𝑉 𝐺 ′ = ∆𝑄 𝑂𝑇 (𝐷𝑜𝑠𝑒) + ∆𝑄 𝐼𝑇 (𝑉𝑠) 𝐶 𝑜𝑥 = Δ𝑉 𝑇𝐻 (3) 
With 𝑉 𝐺 ′ = 𝑉 𝐺 -𝑉 𝐹𝐵 , 𝑉 𝐺 the gate voltage, 𝑉 𝐹𝐵 flat band voltage, Δ𝑄 𝑂𝑇 the oxide traps charge, Δ𝑄 𝐼𝑇 interface traps charge and Vs the surface potential at Si/SiO2 interface. Equation [START_REF] Barnaby | Total-Ionizing-Dose Effects in Modern CMOS Technologies[END_REF] shows firstly that ionizing dose creates positive oxide traps charge shifting 𝑉′ 𝐺 secondly that interface traps contribution is function of surface potential. MOS capacitance potential relation is expressed as the following equation:

𝑉′ 𝐺 = 𝑉 𝐺 -𝑉 𝐹𝐵 = 𝑉 𝑆 - 𝑄 𝑠𝑐 (𝑉 𝑆 ) 𝐶 𝑜𝑥 (4) 
Therefore Δ𝑉 𝐺 ′ modifies surface potential value, inducing change in interface trap contribution and finally in δ(ΔQIT). For the following of this paper, it is arbitrarily considered that NTV (TCAD) is equal to no interface traps whereas OTV (TCAD) is equivalent of DIT = 10 12 cm -2 /eV. To go more in details in the TID resilience comprehension, surface potential VS is studied versus oxide traps density with the help of TCAD cutline normal to STI/Si interface and plotted in Fig. 7(a). When the second irradiation comes, oxide traps are created (ΔQOT>0) increasing Vs to 2ϕF (alternatively ΔVG' is rising up to VTH) creating well-known leakage path close to the STI when strong inversion regime is established. The weak to strong inversion transition is illustrated with band diagram in Fig. 7(b) with black and red curve respectively. For OTV transistors, acceptor-like traps gradually fill up with a negative charge in the same time that STI buildup positive charge. As a consequence it opposes the NOT contribution by turning "OFF" the parasitic transistors shifting threshold dose 𝑁 𝑂𝑇 𝑇𝐻 required for Ioff onset to higher value (ie. Ioff to lower one). This negative charge can be seen in Fig. 7(a) where surface potentials are not equal anymore beyond weak inversion. After OTV leakage current threshold, Ioff appears (ie. strong inversion regime) VS(OTV) is approximatively equal to 2 ϕF as Vs(NTV) and both are independents of VG'. Therefore, ΔQIT ceases being increased with dose which is reflected in the constant δ value for large doses observed in Fig. 6. δΔVTH can directly be related to IT with (3), δIoff behavior with dose is explained with the help of Fig. 8. The two graphs study same parameters; one comes from simulation (a) the other from experimental data (b), showing Ioff for curves with dot markers plotted on the left yaxis. As before red is for NTV, blue for OTV and black for absolute deviation. Black curve with stars refers to the ratio between NTV/OTV and corresponds to right y axis. Dashed vertical lines represent 𝑁 𝑂𝑇 𝑇𝐻 which are known with linear extrapolation of the tangent at the maximum of first derivative. 𝑁 𝑂𝑇 𝑇𝐻 is the oxide traps density such as linear extrapolation is equal 0. δIoff evolution can be divided in the 3 same areas as Fig. 7(a). In the first one, as it can be seen of Fig. 7(a), 2 surface potentials rise but sharper for NTV. As we go from weak to strong inversion, subthreshold current increases dramatically as ratio does. The second area is defined when NTV transistors have reach strong inversion regime while OTV haven't reach threshold dose yet with VS(OTV) still increasing. Consequently δIoff ≃ Ioff(NTV) and the ratio is maximum. Finally both surface potentials have their final values of 2ϕF, and as explained before the absolute deviation δ remains steady. On the opposite the ratio, since both OTV and NTV transistors are leaking, is drastically reduced and tends to a 1 value. In Fig. 8 Then latent interface traps have a really small impact on threshold voltage, effect which is rapidly compensated by few gate oxide traps created during second irradiation, whereas STI latent interface charges are still significantly impacting gate electric field for DN12. No relation between Ioff and W is seen based on the 2 widths available, since they have really similar leakage current value. As [START_REF] Nuns | Low Temperature Total Dose Irradiation of Transistors for Infrared Applications[END_REF] demonstrated Ioff and ΔVTH are proportional to the reciprocal of the gate length and width respectively. Absolute deviation (black curve in Fig. 9) demonstrates the same linear relation. Hence, relative deviation is the ratio between 2 affine lines. As we only have 2 widths available no experimental relation can be given, but the trend is the same with relative deviation going from 45% to a value close to 0% for wider one (Fig 10(a)). Although matching TCAD and experimental curves doesn't make sense since there is no relation between dose and oxide trap density, very similar behaviors are observed with the gate length in Fig. 

V. CONCLUSION AND PERSPECTIVES

This work describes experimental results of irradiated MOSFET with part of them exhibiting weaker TID degradation (leakage current is on average reduced by a factor greater than 2 at 300 krad(Si)). Explanations with latent interface traps have been provided, presenting how TID resistance can appear without modifying pre-rad characteristics. Latent interface traps could originate from molecular hydrogen diffusion coming out from adjacent structure or slowed down H + transport. Simulations based on interface traps have been processed with TCAD and are consistent with experimental data. Thanks to that a deeper physical comprehension of interface traps contribution at STI/Si level and its interaction with other ionizing dose related charges has been found. Future work will be focused on new cryogenic campaign where TID resistance will also be explored to see if it exists in a greater or weaker way.

  Fig 1. (W=10 µm) demonstrate only a small VTH shift due to few remaining traps in the gate oxide. Besides usual degradations observed, a difference in degradation amplitude is observed between OTV and NTV components.

  Fig. 1.Ids-Vgs characteristics for varying TID level of 0.5 µm gate length in linear region. Log scale on the left and linear scale on the right. Axis values are hidden for confidentiality reasons.
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 2 Fig. 2. Ids-Vgs characteristics for pre-rad and 300 krad. Campaign B groups are presented separately. Log scale on the left and linear scale on the right. Axis values are hidden for confidentiality reasons.
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 4 Fig. 4. Latent interface traps creation on Trench Oxide
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 5 Fig. 5. Pre-Rad Ids-Vgs characteristics of 0.5 µm gate length in linear Log scale on the left and linear scale on the right. Axis values are hidden for confidentiality reasons.

  (b) intermediate dose levels are missing between 22 and 70 krad to obtain more precisely the dose level at which OTV
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 78 Fig. 7. Surface potential versus oxide trap density extracted from TCAD cutline. (b) Schematic band diagram of a MOS structure with interface traps. Weak (black) to strong inversion (red) with fixed energy level at Si/SiO2 interface is shown
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 9 Fig. 9. Threshold voltage shift resistance versus dose level. Blue curves are relative values (let axis) and red curves are absolute values (right axis). (a) DN12 (b) Average of all W=10µm transistors.
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 10 Fig. 10. TID induced electrical degradations evolution versus geometry. (a) Absolute and relative deviation of simulated threshold voltage shift versus reciprocal of the gate width. (b) Absolute and relative deviation of simulated leakage current versus reciprocal of the gate length. (c) Absolute and relative experimental deviation of leakage current versus reciprocal of the gate length

  

Table 1 -

 1 Summary of test campaigns

	Campaign	A	B	C	D
	Temperature (K)	108		300	
	Dose Rate (krad/h (Si))	0,28	3,1	0,22	10
	Deposited Dose	50	300	30	30
	(krad (Si))				
	Component Names	1/5/6	1/5/6 28/29/30 -	19/27 20/26
	Group	NTV	NTV -	NTV NTV
			OTV		
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