Single Event Effects and Total Ionising Dose in 600V Si-on-SiC LDMOS Transistors for Rad-Hard Space Applications
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Abstract—This work presents a novel Si-on-SiC laterally-diffused (LD) MOSFET structure intended to provide high breakdown voltage of 600 V and be resistant for harsh-environment space applications. Single-event effects (SEE) and total ionizing dose (TID) are investigated for the first time in such device. Initially, the considered Si LDMOS structure on SiC suffers from single-event burnout (SEB) at a drain voltage > 175 V, i.e. much lower than the target. An optimized LDMOS structure with a heavily doped extended P+ buried region is proposed and shown to be SEB resistant at the target drain voltage of 600 V, even for a highly-energetic ion with a linear energy transfer (LET) of 90 MeV/mg/cm2. TID simulations indicate that the main concern is the charge build-up in the thick field oxide (FOX). FOX positive charge density beyond 1x1011 cm-2 causes the breakdown voltage to drop below 200 V. Different oxide types which feature low “net” positive charge build-up have to be considered to allow for higher TID hardness. The proposed Si/SiC structure with a p+ region was shown to be resistant to a combined SEE and TID (in case of limited positive charge build-up in FOX) as well as combined SEE and high-temperature (up to 573 K) environments. In comparison to the equivalent Silicon-on-Insulator (SOI) LDMOS, the Si/SiC LDMOS structure with p+ buried region features similar immunity to SEB but allows for higher TID hardness. 
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I.  Introduction 

Among the wide band gap materials, silicon carbide (SiC) has received increased attention because of its potential for high-power and high-temperature applications [1-2]. A novel Si-on-SiC (Si/SiC) LDMOS power device structure proposed in [3] was demonstrated to feature enhanced tolerance to high-temperature effects. The thermal performance of the Si/SiC substrate is almost equivalent to SiC with a much lower temperature difference between the Si/SiC device’s internal junction temperature and the local ambient temperature (due to self-heating), compared to bulk Si or SOI [5]. 

The LDMOS structures (based on surface conduction) are susceptible to permanent damage when exposed to energetic particles. One of the most serious failures in power devices is known to be a single event burnout (SEB) [6]. It is attributed to a feedback mechanism that is due to the activation of a parasitic transistor when a heavy ion strikes the device in the OFF state [7]. Moreover, high voltage LDMOS devices are particularly sensitive to the Total Ionizing Dose (TID) effects, which mainly affect the oxide layers and degrade the oxide/semiconductor interfaces [8]. 

The Si/SiC substrate is expected to offer higher radiation hardness compared to bulk Si. This is because of a high Si-C bond energy (large bandgap energy of 3.2 eV) and a high atomic displacement threshold in SiC of 21.8 eV [2], which is significantly higher than in Si. Compared to silicon-on-insulator (SOI) substrates, Si/SiC devices are expected to have a higher TID tolerance due to the absence of a thick buried oxide (BOX) layer under the active Si film and thus a lesser effect from radiation-induced oxide charge trapping on the device performance. 

This paper investigates SEB, TID and temperature behaviour of the proposed Si/SiC LDMOS structure through 2D simulations aiming to demonstrate its high tolerance to the harsh environmental conditions of space.
II. Si-on-SiC LDMOS Structure
The simulations of the LDMOS structure shown in Fig. 1 [3] were performed using TCAD Atlas-SILVACO software [4]. The proposed Si/SiC LDMOS device is implemented in a 1 µm-thick Si film, which lays directly on the high-resistivity semi-insulating SiC substrate. The use of SiC with its high breakdown electric field allows for higher breakdown voltage compared to SOI counterpart [5]. The use of a Si layer instead of SiC to form the device channel allows for a good interface with the gate oxide, high channel mobility and thus high on-current and low on-resistance. Constant doping of 1015 cm-3 was employed in the 60-μm long drift region [3] to achieve the target breakdown voltage of 600 V. Fig. 2 presents current-voltage (I-V) curves of the studied LDMOS transistor. It can be seen that a breakdown voltage of > 650 V is achievable with the proposed structure, and the threshold voltage, Vth, is ~ 1.4 V. It is worth noting that in order to achieve such breakdown voltage in SOI counterpart, thick BOX has to be considered [9]. In our simulations of the 1 µm-thick Si film counterpart SOI structure we employed a linear graded doping with a maximum of 3x1016 cm-3 and very thick 5 µm-BOX.
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Fig. 1. Simulated Si-on-SiC LDMOS transistors. Inset highlights a modified structure with buried p+.
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Fig. 2. ID(VD) at VG = 0 V of Si/SiC LD-MOS transistor. Inset gives ID(VG) curves at VD = 1 V.

III. Single Event Simulations

Single Event Effects (SEE) arise from the interaction of a single particle (e.g. alpha or heavy ion) suddenly striking the device, generating electron-hole pairs along its path according to the Linear Energy Transfer (LET) of the particle [10]. Amongst the SEE, SEB is one of the main concerns for LDMOS. It occurs when the parasitic bipolar junction transistor (BJT) is triggered into a self-sustaining forward operating mode as a result of particle-induced current. SEB is sensitive to the particle LET, its trajectory and bias conditions. From the trajectory point of view, the worst-case strike position is at the region where electric field is at its maximum. The most sensitive bias condition for SEB occurrence is OFF state, i.e. VG=0V.
Thus, prior to the SEE simulations, two positions of maximum electric field in the studied device were identified (Fig. 3a). These correspond to the end of gate field plate (GFP) and drain field plate (DFP), x = 35 µm and 78 µm, respectively. Fig. 3b shows the simulated transient current waveforms as a reaction to a heavy-ion strike at one or the other position. It can be seen that even at a drain bias (VD) of 180 V, the device fails to return to normal/initial operation conditions, self-sustained current persists and the device burns out. This is confirmed by the time evolution of the holes concentration in response to the ion strike (Fig. 4a). Only when biased at VD as low as 175 V, the device returns to its normal operation for a LET = 50 MeV/mg/cm2 after t ~ 40 µs. However, this VD is much lower than target breakdown voltage of the developed device.
[image: image3.emf]10 20 30 40 50 60 70 80 90 100

0

0.5

1

1.5

2

2.5

3

3.5

x 10

5

x coordinate [µm]

E-Filed (V/cm)

 

 

(a)

DFP end

x=78 µm

GFP end

x=35 µm


[image: image4.emf]10

-10

10

-5

10

-10

10

-8

10

-6

10

-4

10

-2

Transient time [s]

Drain current [A]

 

 

Si-SiC woP+; Vd=175 V, x=78 µm, LET=50 MeV

Si-SiC woP+; Vd=180 V, x=78 µm, LET=50 MeV

Si-SiC woP+; Vd=600 V, x=78 µm, LET=10 MeV

Si-SiC wP+; Vd=600 V, x=78 µm, LET=90 MeV

Si-SiC wP+; Vd=600 V, x=35 µm, LET=90 MeV

(b)


Fig. 3. (a) Electric field as a function of horizontal position (x-coordinate) at depth = 50 nm; VG = 0 V, VD = 600 V. (b) Transient SEE simulations in Si/SiC LDMOS without and with P+ region, at VG = 0 V for different strike conditions. Ion strikes the device at 5ps.
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Fig. 4. Simulated holes concentration in Si/SiC LDMOS transistor (a) w/o P+ buried region; VD =180 V; LET = 50 MeV/mg/cm2 (SEB) and (b) with P+ buried region; VD = 600 V; LET = 90 MeV/mg/cm2 (no SEB). 

In order to improve SEB tolerance of our LDMOS, the parasitic NPN BJT in the gate-source region has to be suppressed. In this work we propose to incorporate a heavily-doped P+ buried region on the source side as a potential solution (inset in Fig. 1). The introduction of such P+ buried layer was initially discussed in [11]. The highly-doped P+ region presents a low resistance path for the collection of holes leading to the reduction of parasitic BJT activation. I-V curves (Fig. 2) confirmed that introducing the P+ buried region does not affect the main device parameters (breakdown voltage, threshold voltage, on-current, etc). 
The introduction of the P+ buried region into the Si/SiC LDMOS transistor efficiently suppresses SEB as can be seen in Fig. 3b. Indeed, it resists a heavy-ion strike with very high LET of 90 MeV/mg/cm2 at the nominal drain voltage of 600 V, suffering no self-sustained current and hence no SEB (Fig. 4b). A similar transient behaviour is observed when the ion hits the device at either position of maximum electric field (Fig. 3b). The maximum current is higher in the case of a strike at x=35 µm (probably as a result of higher E-field at this point), but it drops faster (due to the close proximity of the P+-buried region). Hence, the total collected charge is higher in the case of ion strike at x=35 µm (Qcol= 4.8x10-8 C) than in the case of x=78 µm (Qcol= 6.8 x10-9 C); however, in both cases, the device returns to initial OFF operation without burn-out.
Comparing to simulations of SOI counterpart (not shown here in details due to lack of space) it was revealed that the proposed Si/SiC LDMOS with P+ buried layer features similar immunity to SEB.
IV. Total Ionizing Dose (TID) Simulations
Ionization damage is related to electronic bonds disruption, caused by charged particles or gamma-rays, which create free electron-hole pairs in oxide. TID effect results from progressive charge build-up in insulating layers and the creation of interface states. The main consequences of TID are Vth shift, mobility (and thus on-current) degradation and leakage current increase. In our simulations, TID effect was emulated through the introduction of fixed positive charge in the 50 nm-thick gate oxide, QfGOX, and 500 nm-thick field oxide, QfFOX. Interface state creation was neglected to the first order. QfGOX was varied from 0 up to 5x1011 cm-2. As the field oxide is almost one order of magnitude thicker than the gate oxide, and the radiation-induced charge density is, to the first order, proportional to the oxide thickness, the tests for various QfFOX were carried out up to 5x1012 cm-2. These values typically correspond to a TID of 102-103 krad(Si) (depending on the oxide fabrication and bias applied during radiation) [12, 13]. Such dose values cover specifications for space applications (even for long/durable missions).
Fig. 5 presents Id-Vd curves of studied LDMOS transistor at VG = 0 V for different Qf conditions. Firstly, the breakdown voltage is not affected by QfGOX up to 5x1011 cm-2. The increase of the off-current level for QfGOX = 5x1011 cm-2 is due to the Vth shift (inset of Fig.5a). Secondly, simulations performed for various QfFOX revealed that radiation induced charge build-up may result in a very strong breakdown voltage reduction dropping below 200 V (inset in Fig. 5b) for a QfFOX >5x1011 cm-2.
From the TID simulations we conclude that the main concern is the radiation-induced positive charge build-up in the FOX. Thus, various solutions for the FOX hardening, as e.g. nitrided oxides or “sandwiched” oxides (SiO2-Si3N4-SiO2 [14], SiO2-BPSG-SiO2 [15]) with low “net” positive charge build-up during radiation have to be considered for the TID hardened device.
It is worth mentioning that the SOI counterpart is more sensitive to TID effects than proposed Si/SiC structure due to charge trapping in the BOX, which is particularly thick (5µm) in our case for LDMOS with a breakdown voltage of 600 V.
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Fig. 5. (a) ID(VD) and ID(VG) of Si/SiC LDMOS for various QfGOX (QfFOX = 0). (b) ID(VD) and breakdown voltage for various QfFOX (QfGOX = 5x1010 cm-2) with P+ buried region.
V. Combined TID and SEE Simulations on the LDMOS Structure with P+ Buried Region
The combined effect of TID and SEE was simulated in the device with the P+ buried region. The radiation-induced positive charge in the gate oxide was fixed to 5x1010 cm-2 and in the field oxide was varied up to 5x1011 cm-2. In these simulations, QfFOX was limited to prevent the breakdown voltage dropping below 300 V (see inset in Fig. 5b). All simulations were done in OFF-regime, VG = 0 V, and at the VD close to the breakdown, chosen according to the inset in Fig. 5b. Ion strike was at the end of the drain field plate. Fig. 6 shows SEE current transient for three cases of QfFOX. One can see that self-sustained current does not appear at least up to QfFOX = 5x1011 cm-2. 
VI. Combined Temperature and SEE Effects of Si/SiC LDMOS Transistors with P+ Buried Region
The effect of temperature (T) on the Si/SiC LDMOS with incorporated P+ buried layer was simulated from room-temperature up to 300 °C. Fig. 7 shows ID-VG curves and inset gives evolution of ID-VD curves in OFF-state (VG = 0 V) at different T. As expected: i) leakage current increases with T following intrinsic carrier concentration, ni; ii) Vth reduces with T (~ 1 V over studied temperature range) due to the reduction of Fermi potential and a reduction in depletion width; iii) on-current (and hence on-resistance) degrades at higher T (almost 4x in 27 to 300 °C range) mostly due to mobility reduction. Breakdown voltage increases with T due to reduction of the mean free path of the carriers, thus requiring a higher field to initiate impact ionization. Fig. 8 shows SEE current transient at various T. Self-sustained current (and thus SEB) does not appear up to 300 °C. Maximum transient current decreases and waveform extends slightly to longer time when T increases. This trend can be related to the mobility reduction at higher T as well as to the higher breakdown voltage at high temperature. 
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Fig. 6. Transient SEE simulations of Si/SiC LDMOS with P+ buried region with different QfFOX. VG = 0 V, LET = 90 MeV/mg/cm2.
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Fig. 7. ID(VG) curves of Si/SiC LD-MOS transistor at different temperatures (VD = 1 V). Inset gives ID(VD) curves at VG = 0 V.
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Fig. 8. Transient SEE simulation at various temperatures of Si/SiC LDMOS with P+ buried region. VG = 0 V, LET = 60 MeV/mg/cm2.

VII.  Conclusion

The radiation hardness of a novel Si/SiC LDMOS structure has been studied through physical device simulations. SEE, TID and temperature effects as well as their combinations have been considered. The ways to improve radiation tolerance are discussed. The proposed Si/SiC 600 V LDMOS structure with extended P+ buried region has shown an excellent SEB hardness, as good as SOI counterpart. Moreover, contrary to SOI-based LDMOS, the proposed device does not suffer from TID effects related to the BOX (which is particularly thick for a high breakdown voltage LDMOS). Thus, an optimized 600 V Si/SiC LDMOS is expected to be very promising for rad-hard space applications at high temperature.
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