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ABSTRACT 

Single Event Gate Rupture (SEGR) induced by an energetic ion traversing a MOSFET 

may cause catastrophic failure of the device. The mechanism for SEGR in a power 

MOSFET structure is investigated in this work. A simple analytical prediction method is 

introduced. This prediction method allows evaluation of device SEGR sensitivity through 

2-D computer simulations and therefore avoids the need for time consuming and costly 

experiments on an ion accelerator. A thorough investigation of SEGR sensitivity 

dependence is shown for a variety of influencing factors such as (i) device parametric 

variations, (ii) ion strike characteristics, and (iii) device operation temperature. Based on 

knowledge of the physical model for the SEGR mechanism and the utilization of 

simulation results and experimental SEGR data, usefiil SEGR hardening techniques are 

suggested. 
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1. INTRODUCTION - MOTIVATION AND OIJTLINE 

The metal-oxide-semiconductor field-effect transistor (MOSFET) has revolutionized 

electronic signal processing, control systems and computers during the 1970s. For power 

applications, vertical, double-diffused MOSFETs (VDMOS), based on the same 

fundamental principles and fabricated using similar manufacturing techniques have been 

utilized [1]. The device geometry, however, has a significant modification compared to 

lateral devices and features a double-diffused chaimel region with a vertical conduction 

path to the substrate drain contact (see next chapter). A primary use of the VDMOS 

power transistor is in regulated switching applications. Power supplies and variable speed 

motor controllers (which are significant components in computer systems and spacecraft 

systems) are examples of regulated switching applications. When these devices are 

exposed to ionizing radiation which exists in the natural space environment (e.g., 

spacecraft or satellite systems), significant changes can occur in their electrical 

characteristics. The firee particles in space (e.g., electrons, protons, and heavy ions) can 

have a rather large kinetic energy, and, therefore, due to the large penetration depth, 

protection of the electronic equipment with a shield (e.g., aluminum) is not a practical 

approach. 

This work concentrates on one specific failure mechanism, corrunonly called Single-

Event Gate-Rupture (SEGR). SEGR is a catastrophic failure mechanism in power 

VDMOS transistors that causes irreversible gate-oxide breakdown (a more detailed 

explanation of the mechanism is given in section 2.3.3. An objective for this work was to 
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derive a fast and inexpensive method to predict SEGR in power MOSFETs. A wide range 

of experimental observations of parameter dependence reported and discussed in this 

work was used to verify this prediction method. The prediction algorithm utilizes 2-D 

device simulation results and shows excellent agreement with the experimental data. The 

prediction algorithm and the experimental observations were used to discuss various 

device and environmental parameters and how they affect SEGR. In particular, we 

examined 

• Device parameters 

- gate-oxide thickness 

- n-vs.-p channel devices 

- epitaxial thickness 

- neck geometry 

• Environmental parameters 

- temperarnre 

- ion strike position 

- energy of incident ion 

The use of 2-D computer simulations to predict SEGR (replacing costly ion beam 

experiments) has an added advantage that - the simulations can provide information not 

available from experiments or simulate ion parameters not available in a laboratory 



17 

facility (e.g., large energies exceeding several GeV or single strike simulations to test for 

positional dependencies). A discussion of a possible SEGR hardening approach is 

included for each parametric dependence. 

In chapter 2, the VDMOS power transistor device structure, process, and operation are 

discussed. The space radiation environment and its interaction with electronic equipment 

is reviewed and an overview of the single event failure mechanisms in power MOSFETs 

is given. Ground-based laboratory experiments using an ion accelerator and their 

limitations for simulating the space radiation enviroimient are discussed. General test 

methods (guidelines) that have proved effective and useful in the experiments performed 

in this work are given and a practical new term, namely SEGR cross section, is defined. 

Further, benefits, limitations and inaccuracies of two-dimensional computer simulations 

with a device simulator are discussed. The chapter ends with a brief summary of the 

objectives, and key results of the author's thesis with a discussion of its relation to this 

dissertation. 

In chapter 3, a SEGR prediction algorithm is introduced that provides a fast and 

inexpensive way to predict SEGR in VDMOS power transistors operated in a known LET 

environment. It is shown that a simple relation between oxide breakdown strength and the 

maximum LET of the radiation environment can be used together with 2-D computer 

simulation results to predict the SEGR failure threshold (VGS VS. VDS). This prediction 

algorithm shows excellent agreement with experimental data and will be used throughout 

chapter 4. 
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Chapter 4 shows predictions and experimental results for parametric dependencies in 

SEGR. In section 4.1, it is shown that an increased gate-oxide thickness has a reduced 

SEGR sensitivity at the cost of increased total dose sensitivity. This result is important 

because control of gate-oxide thickness is a simple step that allows improvement of 

SEGR hardness for transistors utilized in short term space missions where total dose is 

not an issue. Further, it is shown in section 4.6 that laboratory ion accelerator experiments 

could give misleading SEGR hardness estimates if the energy of the test ion is 

insufficient for the ion to penetrate the epi-layer of the transistor. A discussion of a 

possible SEGR hardening application is included for each parametric dependence. 

Chapter 5 discusses possible simplifications for the modeling of SEGR. In particular, a 

variety of 2-D simulation results showing the transient behavior of the charge filament are 

included. These simulation results were used for verification and calibration of some of 

the simple circuit models for SEGR presented in this chapter. 

Chapter 6 summarizes this dissertation and presents conclusions for the most viable 

measxires to prevent SEGR in power MOSFETs based on the results presented in this 

work. 
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2. BACKGROUND INFORMATION 

This chapter provides important background information about (i) the VDMOS 

transistor device structure, process, and operation, (ii) the space radiation environment, 

(iii) an overview of some of the most commonly known single-event failure mechanisms, 

(iv) procedures for ground based ion accelerator experiments, (v) procedures for 2-D 

computer devices simulations, and (vi) a summary of the author's thesis and its relevance 

to this dissertation. 

2.1 VDMOS TRANSISTOR DEVICE STRUCTURE, PROCESS, AND 
OPERATION 

Figure 1 shows a section through an n-channel VDMOS transistor with a 

polycrystalline silicon gate. The processing steps for the p-body and the n'^-source regions 

are self aligned through the diffusion window defined by the polysilicon gate. The device 

is usually operated by controlling the surface conductivity at the Si-Si02 interface of the 

p-body region between the n'*"-source and the n-drain. Therefore, the channel length is the 

difference in lateral diffusion of the p-body to the n'^-source. The VDMOS cross-section 

in Figure 1 shows only two adjoining cells; depending on the current rating a typical 

power MOSFET may have several hundred to several thousand cells. Figure 2 shows two 

examples of cellular structures used for VDMOS FETs. 

By applying a positive voltage with respect to the source at the gate of an n-channel 

VDMOS transistor, an inversion layer of electrons along the channel and an increase of 

the channel conductivity can be induced. Electrons flow laterally from the source through 
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the channel, and then vertically downward to the bottom drain contact if a positive 

voltage with respect to the source is applied to the drain contact. Besides the fact that the 

VDMOS structure is quite different from the conventional low power MOSFET, the basic 

operating principles are the same for both of them. The physics of MOSFETs has been 

investigated thoroughly and can be found in numerous textbooks, e.g. [l]-[7]. 

2.2 OPERATION IN THE SPACE RADIATION ENVIRONMENT 

Power MOSFETs may be required to operate in high radiation environments in 

military applications, in medical appliances, and in nuclear power plants. Also, power 

VDMOS transistors are increasingly used in space applications. In these near-Earth 

regions of space, high energy particle fluxes can be found in the Van Allen radiation belts 

or in high altimde Earth orbits as a result of solar flares and galactic flux. These particles 

include electrons, photons, protons and heavy ions [8,9]. For satellites that operate in 

Earth orbits ranging in altitude from about 100 miles to geostationary orbits (altitude = 

22,300 miles), the radiation environment is dominated by electrically charged particles 

trapped in the Earth's magnetosphere and, to a lesser extent, by high-energy particles of 

cosmic ray origin [9]. SEGR, the failure mechanism studied in this work is usually a 

failure mode that is triggered by high energy cosmic-ray particles. The energy of these 

cosmic-ray particles is generally sufficient to cause failure of electronic devices by just a 

single particle strike. A single energetic ionizing particle penetrating semiconductor 

material produces a track of ionization in its wake, a narrow "plasma cylinder", with a 

radius of less than l^m within which the carrier density decays from the maximum 
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concentration at the center [10]. The amount of energy deposited by an incident particle 

per unit of track length is expressed in terms of its "stopping power" in units of keV/^xm, 

or its linear energy transfer (LET) in units of MeV-cm^/mg. SEGR is one of several single 

event failure mechanisms known in electronic devices. In section 2.3, a collection of the 

more commonly known single-event failure mechanisms in electronic devices will be 

given. 

2.3 SMGLE-EVENT OVERVIEW 

Radiation-induced failure mechanisms are generally divided into two categories, (i) 

total dose effects and (ii) single-event effects. This work concentrates on single-event 

effects and the author would like to refer the interested reader to find more information on 

total dose effects from other sources [11,12]. Single ionizing particles are ubiquitous. 

Fortunately, not all are potential sources for ion-induced errors in microelectronics. A 

brief summary of single event failure mechanisms in microelectronic devices will be 

given in the following sections. 

2.3.1 Single-Event Upset 
A state alteration in a memory block (e.g. DRAM or SRAM) of an integrated circuit 

(IC) is most generally referred to as an "upset"; whether an upset introduces an error or 

not is determined by how the altered state's information is used in a particular situation. 

Single events can deposit sufficient charge on IC nodes to initiate logic state reversal 

without causing any permanent changes in the device or system materials or circuit 



parameters. Thus they may introduce correctable errors randomly in space and time that 

are distinguishable from intended states only by their information content. 

Latchup is another failure mechanism occurring exclusively in CMOS ICs fabricated 

on semiconducting substrates. Latchup is the state where a parasitic semiconductor-

controlled rectifier (SCR) turns on and fixes circuit nodes in a high-current, low-

impedance state, almost "shorting" the VDD and Vss supplies (see Figure 3). 

However, latchup is not a radiation-induced failure mode exclusively; it can be 

initiated electrically by signals applied to IC terminals, or it can be triggered by radiation 

events. A latchup failure initiated by a single energetic particle penetrating a CMOS 

device is fiequently called a single-event failure and should not be confused with a single-

event upset. A recent overview of the single-event latchup (SEL) hard failure mode can 

be found in reference [13]. 

2.3.2 Single-Event Burnout 
Single-event burnout (SEB) is initiated if the ion strikes the p-body region near the 

channel of the MOSFET. The electrons and holes created from the ion start to separate 

due to the applied bias. In n-channel devices, electrons flow through the filament from 

the n'^-source to the n'*'-substrate, while holes flow out of the filament through the body p-

region toward the body contact. The voltage drop created from the hole current in the p-

region tends to turn on a parasitic bipolar npn transistor indicated in Fig^re 4. 

Once this parasitic BJT is turned on, it forward biases the junction between the p-

region and the source. The electric field in the "collector" depletion region is usually high 
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enough to cause significant avalanche multiplication. This avalanching effect increases 

the current and the voltage drop along the body layer rapidly, driving the npn transistor 

toward second breakdown. Second breakdown is the sudden collapse of the collector-

emitter impedance of a bipolar transistor operated under high voltage and current, 

typically with ensuing irreversible failure because of the high temperatures created [14-

17]. It is possible to prevent SEB with external circuitry that limits the current through the 

drain/source region. This is usually achieved with a current limiting resistor in series with 

the drain. 

2.3.3 Single-Event Gate-Rupture 
Single-event gate rupture (SEGR) is typically initiated if the ion strikes the neck region 

of the device. When the drain is biased to a positive potential (n-channel device, see 

Figure 5), the charges deposited along the ion track begin to separate under the influence 

of the vertical electric field. 

The electrons drift toward the drain contact and the holes are drawn toward the Si-

Si02-interface, where a pool of net-positive charges begins to build up. In addition to 

vertical drift, there is lateral (radial) diffusion of the carriers away from the center of the 

track. This radial motion and its relevance for SEGR is further discussed in chapter 5. 

The holes at the interface are collected at a fast pace in the vicinity of the track and leak 

off slowly along a surface path toward the grounded source contact. The increasing 

electric field across the oxide due to this positive charge and the resulting image charge in 

the gate electrode can grow beyond the maximum breakdown field of the SiOi and cause 



a local breakdown of the oxide. Once breakdown is initiated the energy of the hole 

current can locally overheat a small part of the device. If this hot spot reaches 

temperatures close to the melting point for a time sufficient to permit atomic diffusion 

through critical layers of the device, the structural integrity will be compromised and a 

permanent short can form. Another effect contributing to SEGR breakdown is the charge 

generation in the gate-oxide from the passing ion. The basic argument is that following an 

ion strike the holes and electrons recombine very rapidly in the oxide. If an electric field 

is present, however, an appreciable fraction of holes escape recombination because the 

electrons leave very quickly. Because of these trapped holes, the field in the oxide is not 

uniform and breakdown will occur more easily [18-19]. 

2.4 EXPERIMENTAL PROCEDURES FOR GROUND BASED SEGR 
TESTS 

Computer simulations and ion accelerator experiments are two of the most important 

means to study radiation-induced device failure. Computer simulations are very useful to 

gain physical insight into the failure mechanisms and to extract quantities that cannot be 

obtained through experiments. However, computer simulations are not always accurate, 

and in some cases, only an experiment can properly show the device response. Further, 

the experimental data can be used to verify computer-simulated prediction of the device 

response due to a heavy ion strike. Ground-based laboratory experiments on an ion 

accelerator usually provide a variety of ion species (different atomic mass) that can be 

selected individually or as a "cocktail-mix" to emulate the space environment. However, 

in laboratory experiments ion energies are limited to much smaller values than ion 



energies actually encountered in the space radiation environment. Low voltage VDMOS 

transistors (VDS approx. 70V) with relatively small device dimensions for which the 

limited ion energy (compared to the space environment) is still sufficient to guarantee full 

penetration of the ion strike through the active layers of the VDMOS transistor have been 

used in most of the experiments performed in this woric. For higher voltage devices with a 

thicker epitaxial layer, only partial penetration of the ion strike may result. A more 

detailed discussion of the ion energy dependence of SEGR is given in section 4.6 where 

experiments with high voltage VDMOS transistors (VDS = 250V) are reported that clearly 

show the ion energy dependence of SEGR. 

2.4.1 Ion Source 
To study space radiation effects of single ions on electronic devices, a cyclotron or 

tandem Van de Graaff accelerator is commonly used because a wide choice of mono-

energetic ion beams can be provided. The energy of the accelerated ions is limited in 

laboratory experiments however, and contrary to the space environment, the ions may not 

fully penetrate the device under test (DUT). Fortunately, because device dimensions are 

usually small (several tens of microns), it is almost always possible to achieve fiill 

penetration of the ions through the active region of a device after passivating layers on 

top of the device and packaging material have been removed. After an ion beam has been 

selected and tuned, devices can be bombarded at a given flux (particles/(cm^-s) to a preset 

fluence (particles/cm^). Particle exposures usually occur in a vacuum chamber because 

the particle's energy is usually insufficient to penetrate large distances before the particle 
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comes to rest. Also, using several different mono-energetic ion beams, researchers can 

simulate an artificial spectrum of space radiation. 

2.4.2 Experimental Test Setup 
Figure 6 shows a possible experimental test setup for SEGR tests using a Van de 

Graaff ion accelerator with the transistor mounted on a test board that is located in an 

evacuated test chamber. Figure 7 shows the corresponding generic SEGR test circuit. 

Because the evacuation of the test chamber is the most time-consuming part of the test it 

is advisable to have several test circuits together on the test board such that several 

samples can be tested in one evacuation cycle. 

2.4.3 Destructive Testing IMethod 
Unlike SEB, SEGR is a destructive failure that cannot be prevented (to the author's 

knowledge) by external circuitry. SEGR experiments therefore require large quantities of 

test transistors to properly evaluate a device response. Further, a pre-screen of the test 

samples should be performed to ensure the smallest possible variations in transistor 

characteristics; this is necessary to avoid large sample volumes in achieving 

representative statistical mean values of the test data. 

First, the ion beam should be adjusted for an exposure run at an ion fluence that is 

determined by the device poly gate area. The fluence should be set to allow 

approximately 2000 ions per exposure to strike the poly gate [20]. To ensure that the 

necessary fluence is reached within 10 to 20 seconds, an appropriate ion flux should be 

selected. 
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2.4.4 Temperature-controlled Testing 
SEGR experiments at various circuit temperatures are usually very time consuming. 

The reason for this is twofold: (i) the DUT is in an evacuated test chamber and the 

cooling process from a higher to a lower temperature is slow due to the lack of heat-

conducting air molecules, and (ii) the active device is on a die that is usually mounted on 

a relatively large socket. A large fraction of the total test time will be spent holding the 

elevated temperature constant to ensure the heat from the heat source has spread via the 

mounting case evenly across the entire die area. Therefore, for easy and fast control of the 

temperature dependent experiments described in this work (see section 4.5), the devices 

were heated up with Peltier elements mounted underneath the test samples. To reduce the 

total test time, the temperature was increased linearly in time from the lowest to the 

highest temperature to avoid the slow cooling process. 

2.4.5 SEGR Cross Section 
In general, one is interested to measure the threshold biases (gate-to-source and drain-

to-source bias) for a given LET environment where the device suffers SEGR failure. 

Another useful experimental data is the SEGR cross-section which can be used to 

determine how large the sensitive area of a given device is. The cross-section is obtained 

by dividing the number of failures by the fluence (particles/cm^). For SEE, the number of 

failures can be > 1 because catastrophic device failures can be prevented with external 

circuitry and failure initiations are registered by spikes in the drain current. For SEGR, 

however, there is only one failure per device because SEGR cannot be prevented with 

external circuitry. Thus, the SEGR cross-section is simply the inverse of the ion fluence 



at the time the device raptures [21]. A more detailed discussion of SEGR cross-section 

will be given in section 4.7.1. 

2.5 COMPUTER SBVIULATION PROCEDURES FOR SEGR 

2.5.1 Two Dimensional Computer Simulations (PISCES) 
The computer simulations in this work were performed with the two-dimensional (2-

D) device simulator ATLAS (an improved version of the original PISCES code) from 

Silvaco fiitemational [22]. The simulator simultaneously solves a number of fundamental 

semiconductor device equations on discretized points all over the device. Some of the 

more important device equations solved in the simulations are Poisson's equation, current 

drift and diffusion equations, and current continuity equations. Depending on what kind 

of simulation is performed, it is possible to turn on various models that improve the 

accuracy of the simulation results. Not all models have a significant impact on the 

simulation results and in order to reduce the total computation time it is best only to turn 

on those models that show an effect on the simulation result. 

For the simulations performed in this dissertation all models were tested (one at a 

time) with the device stracture shown in Figure 8 by comparing the potential contours 

and oxide fields with and without the model included. This procedure showed a 

significant change of the simulation result only for the case when the field-dependent 

mobility model is included. The field-dependent mobility model as described by Caughey 

and Thomas [23] limits the carrier velocity to the saturation velocity for high electric 

fields. Carrier generation and carrier-carrier scattering generally have an impact on the 



simulation results but for the short times (a few picoseconds) it takes for the oxide field to 

reach its maximum magnitude after an SEGR event has been triggered these models play 

no role. However, because including these models increased the computation time 

insignificantly Shockley-Read-Hall recombination-generation, Auger recombination, and 

carrier-carrier scattering models were included unless otherwise stated to improve 

simulation accuracy if the need arises to extend the transient simulations to larger times. 

2.5.2 Device Structure and Steady State Simulations 
The simulator computes the device equations only locally on predefined nodes of the 

device. The choice of a good mesh (map of nodes laid out over the device cross-sectional 

area) is of utmost importance to improve accuracy in device simulations. In the limit, as 

the distance from grid point to grid point approaches zero, the simulation result should 

agree with experimental data (assuming the models included in the simulation are 

accurate enough). The cost of a larger grid density is a long computation time in obtaining 

solutions from the simulator. The number of arithmetic operations necessary to achieve a 

solution is proportional to N°, where N is the grid density and a usually varies between 

1.5 and 2 [22,24]. 

fa order to find the minimal grid density and its distribution, the following simulation 

experiment has been performed. A first simulation run of the structure was done with a 

coarse grid of uniform spacing in both the r (radial) and z (depth) direction. Different 

solutions (for example the electric field or the potential) along various outlines throughout 

the device were obtained. Grids of insufficient node density resulted in non physical 
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spikes in the solution. An increase in grid density corrected this behavior and the 

solutions seemed to converge toward a limiting value which supposedly is the most 

accurate result. On the other hand, the increased grid density (uniform across the device) 

led to a large increase in computation time. The next step was to decrease the grid 

densities at points where minor effects were to be expected (to decrease the computation 

time) and to increase the grid densities at other more sensitive points such that the 

solutions at the various cutlines still agreed with the solution obtained by the high grid 

density approaches. This extensive testing of different grid structures has led to the 

following conclusions: 

• At points of high carrier concentrations, a high grid density is needed. 

• Close to junctions and/or points of rapid changes in dopant concentration, high grid 

densities are needed. 

• Also, at points of rapid changes in mobile carrier concentration as exists at the edge of 

the ion generated charge filament, a high grid density is increasing the simulators 

accuracy. However, the implementation of a large grid concentration at the filament 

edge is not always feasible because the carriers are mobile and as will be shown later 

in chapter 5, the location of this large mobile carrier gradient may change in time and 

abandon the pre-defined region of large grid concentration as the carriers transport 

due to drift and diffusion. 
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• For ATLAS, a number of grid points larger than 5000 should be avoided, since the 

computation time becomes unrealistically long'. 

• At the Si-Si02 interface, where an inversion layer starts to build, when SEGR is 

initiated, a high grid concentration within the first lOnm underneath the interface; is 

needed. 

• Abrupt changes in grid densities should be avoided because this leads to nonphysical 

discontinuities in the solution. 

Figure 8 shows a cross-section of a VDMOS transistor and a possible "optimal" mesh 

obtained with the procedure outlined above. The simulation of SEGR is performed in two 

parts. First the bias on the terminals of the simulated device (gate, drain, and source in 

our case) are incremented to the desired value. This first part is a steady state (DC) 

simulation and corresponds to the pre-strike situation in the experiments where the device 

is under a steady bias but no ionizing radiation has occurred, yet. The second part is a 

transient simulation where the ion track is emulated and the temporal device response is 

computed (see next section). 

2.5.3 Transient Simulation and Emulation of Ionizing Radiation Effect 
For most simulations, the ion was assumed normally incident and to traverse the 

device through the center of the neck region. In the simulations, when not otherwise 

mentioned, cylindrical geometry was used and the charge due to the passing energetic ion 

' Based on the execution time on a SPARC-10 UNIX work station with two parallel 
processors. 
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was generated as a charge cylinder with a Gaussian lateral distribution with characteristic 

length of approximately 0.1 and uniform distribution in depth. Equation (2.1) 

describes the mathematical form of the charge distribution, with r = radial direction, 

where r = 0 corresponds to the center of the track/neck region. 

N(x) = N,expi-\^ (2.1) 

2jc •• 

N'= J NQT exp 
.21 

dr = NQUK (2.2) 

LET[MeV civ} /wig] x 2.33[gm / cm^ ] ̂  

3.6{eV / pair] 

N' 

L k  

(2.3) 

(2.4) 

Expressions (2.2) to (2.4) were used to calculate the carrier concentration per unit 

length N' [10]. For 285MeV bromine ions with LET=37.1MeV-cm^/mg a deposited 

charge distribution of 1.56x 10™ exp|-^^j | is obtained (equations (2.1) through 

(2.4)). 

To deposit the charge along the ion track in the substrate of the VDMOS transistor, we 

first calculate an initial DC solution (see last section), where we ramp the three terminals 

of the transistor to the correct bias at which we want to simulate the device response. At 

this point, all the solutions obtained with the simulator were steady state solutions and no 



transient calculation was performed. Tests with another 2-D simulator, MEDICI^, allowed 

us to deposit the track charge instantaneously. This is possible because MEDICI saves the 

latest solutions of each grid point in different matrices (e.g., one matrix for the potential, 

one matrix for the hole concentration, and so on). In order to insert the charge from the 

traversing ion instantly along the ion track rather than generating it in a transient 

simulation over some finite time by increasing the generation rate constant along the ion 

track, MEDICI uses a trick and simply adds the pre-strike values of the electron or hole 

concentration matrix elements and the strike induced generated carriers together. 

However, the relatively large carrier concentration of 1.56xl0^°cm"^ produced by the 

traversing bromine ion causes convergence problems in the subsequent transient 

simulation and, thus, a transient generation of carriers with an altered carrier generation 

rate had to be used in this work (see reference [19]). To do this, the carrier generation rate 

was increased locally along the ion strike through the device and a transient simulation 

was run for a short time of approximately Ifs. For t > Ifs, no further pair generation is 

allowed, and the electron/hole transport in the substrate is modeled using the simulator. 

2.5.4 Diffusion Inaccuracies of Simulation 
As discussed, for example, by Lundstrom [25] for thin base transistors, where very 

large carrier concentration gradients exist, the conventional drift-diffusion equation 

^ MEDICI V. 1.1.5, distributed by Technology Modeling Associates (TMA), Inc. [24]. 
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Jn.p = in,p)qtl^^pE±qD„pV{n,p) 
(2.5) 

is no longer valid if equation (2.6) is not satisfied. 

2 

« 1 

(2.6) 

where T is the temperature, m* is the effective mass, |in,p is the mobility, and q is the 

unit charge of an electron. For the simulation of a gold ion with 285 MeV energy, for 

track (for a cylindrical track radius of r=0. l|jin). Even if we use a Gaussian distribution of 

the carriers in the radial direction to smooth out the gradient of the carrier concentration, 

we would still need to distribute the carriers over a large filament radius with a 

characteristic distance of over lOum in order to validate Pick's law and expressions (2.5) 

and (2.6). To investigate the validity of the simulation results, we simulated a transient 

response of SxlO^'cm'^ electron-hole-pairs deposited in a sheet along a straight path 

through the center of an intrinsic piece of silicon held at a grounded potential along its 

perimeter. Because of the equipotential boundary all around the structure, the transport of 

the carriers is mainly determined by diffusion rather than by drift. 

Figure 9 shows the structure at t = 0 immediately after the deposition of the charge in 

the 0.2 Jim wide sheet. Figure 10 and Figure 11 are plots of hole concentration and hole 

instance, we have to deposit approximately 1.2xl0^°cm'^ electron-hole-pairs along the 
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transport velocity versus lateral distance along a horizontal cutline (X-

direction) at z=h/2 in Figure 9 for t=0 and t=lps. 

The simulator employed the conventional drift-diffusion equation (2.5) together with 

Poisson's equation and the current continuity equation. We clearly see in Figure 10 and 

Figure 11 that the transport velocity of the holes at the location of high carrier 

concentration gradients has exceeded the thermal velocity of holes (v^, = 8x10® cm/sec). It 

is physically incorrect that such high velocities occur, demonstrating that the conventional 

drift-diffusion model (2.5) is not accurate for determining carrier transport in single-event 

simulations. 

Figure 12 shows hole velocities at t = 0.1 ps, 2ps, and 20ps after an ion strike occurred 

in a cross-section of a 250V square geometry VDMOS device used in this work. As 

described above, unphysical hole-velocities exceeding lO^cm/sec are observed because of 

the large carrier gradients that exist at the edge of the filament radius in an SEGR 

simulation. However, as can be seen from Figure 12, the unphysical hole-velocities only 

exist for the first picosecond until the filament carrier concentration gradient has 

decreased due to lateral diftusion to the point that equation (2.5) and (2.6) are valid again. 

One might argue that the peak oxide field after an ion strike is independent of the 

exaggerated speed of the mobile carriers introduced by the simulator. An equal error is 

introduced in the simulations for the two competing mechanisms of, (1) the charges 

moving to the surface and (2) the charges leaking off laterally from the strike storage 

region. Figure 13 illustrates 2-D simulation results showing the oxide-field after an ion 



strike for a "standard" mobility case (jin = lOOOcm^A^s, = SOOcmWs) and for a case of 

reduced mobility (|j„ = 2cmWs, m, = IcmWs). The carrier velocity is forced below 

8xl0^cm/sec by reducing the mobility^ and as can be seen in Figure 13, the peak oxide 

field is not much different in magnitude, but the time to reach peak field is two orders of 

magnitude larger. Thus, one can argue that it is reasonable to use 2-D simulations for 

SEGR predictions because the oxide field magnitude (which is the critical parameter that 

needs to be extracted for SEGR predictions) is not particularly affected by the unphysical 

carrier velocities at short times introduced by the simulator. Further, one could argue that 

the short times (a few picoseconds) the peak field persists might not be sufficient to 

rupture the oxide, but, considering the extended times the peak oxide-field persists for the 

case of reduced (more physical) carrier velocity (see low mobility case in Figure 13) this 

might just be an artifact introduced by the simulator and in reality the times of peak field 

are sufficiently long to cause the oxide to rupture. 

2.6 SUMMARY OF THESIS 

2.6.1 Objectives 
The two main objectives of the author's thesis were (1) to derive a conceptual model 

for SEGR and (2) to derive a simple analytical circuit model that can be used to predict 

SEGR in power VDMOS transistors using 2-D device simulations (see next section). 

^ Reducing the mobility also reduces the diffusion constant D=(jkT/q (Einstein relation). 



2.6.2 Conceptual Model for SEGR 
Computations with 2-D and/or 3-D finite element device simulators for SEGR effects 

are usually rather time-consuming and a transient simulation over 20ps can easily take up 

several hours of CPU time. A significant reduction in computation time could be 

achieved for SEGR simulations if an analytical or a simple 1-D model were used instead. 

However, the use of analytical or 1-D device models is only feasible with sufficient 

accuracy if the failure mechanism is understood well enough so simplifying 

approximations can be made in the derivation. For this reason, it is useful to have a 

conceptual model that describes the SEGR failure mechanism. A reasonable conceptual 

model, introduced in reference [19], describes the SEGR mechanism as follows. 

Following an ion strike in the n" neck region (n-channel device), the electrons are 

drawn toward the drain by the positive applied bias, and the holes are driven to the Si-

SiOa interface beneath the grounded gate electrode (see Figure 5). The electrons 

experience a spreading resistance as they drift and diffuse from the localized filament into 

the entire drain region. The resulting localized resistive (I • R) voltage drop 

accompanying the electron flow pushes the equipotentials deeper. That is, at the drain-

end of the filament, the drain voltage is spread out over a longer distance, leading to an 

overall lowering of the field [26,27]. To understand the increase in oxide field, we 

consider hole collection. Holes are driven toward the oxide-end of the filament, at the 

interface between the n-neck region and the gate oxide, where they induce an image 

charge in the gate electrode, increasing the oxide field. This "pool" of holes at the 

interface is fed by the continued hole collection from the strike filament, and spreads 



radially across the interface with time, moving toward the p-body region, which is at 

ground potential. The conceptual model of the SEGR mechanism can be described with a 

simple lumped circuit which is explained briefly in the next section. 

2.6.3 Circuit IModel for SEGR 
It was shown in reference [19] how the SEGR mechanism can be modeled with the aid 

of a simplified lumped model (see Figure 14). 

An advantage of using the lumped model to simulate SEGR effects rather than using a 

2-D and/or 3-D finite element solver is that the computation time for the lumped model is 

at least one order of magnitude smaller. A disadvantage of the lumped model is that only 

qualitative trends of SEGR dependence on structural parameters can be made and for a 

quantitative evaluation one still needs to run a more accurate 2-D finite element 

simulation. In the lumped circuit model of Figure 14, the filament current is modeled as a 

capacitor Cox that is charged by the filament current Ip. The lateral resistive leakage path 

along the Si-SiOa interface can be modeled as a resistor R connected to the grounded 

body/source region. Figure 15 shows a distributed circuit model for SEGR, an improved 

version of the lumped model from Figure 14 that treats the hole leakage along the 

interface more accurately. 

2.6.4 Relation of Thesis to Dissertation 
The conceptual model and especially the lumped and distributed circuit model for 

SEGR derived in the author's thesis is used in this dissertation to explain various 

parametric dependencies of SEGR. In this dissertation, a simple prediction algorithm that 
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uses 2-D computer simulation results is presented. The prediction algorithm is in 

excellent agreement with experimental data and does not exhibit the shortcomings^ of the 

lumped circuit model from the author's thesis (see [19]). 

This dissertation continues the author's thesis and elaborates on a large variety of 

device and environmental parameters that can affect SEGR sensitivity in power VDMOS 

transistors. 

^ For accurate predictions of SEGR with the lumped circuit model one still needs to run 
2-D PISCES simulations to extract the filament current IF. Also, the values of the lumped 
elements requires some fitting. 
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3. PREDICTION ALGORITHM FOR SEGR 

&i this chapter, a fast and inexpensive SEGR prediction method is demonstrated. 

Oxide breakdown characteristics in a radiation environment are discussed and it is shown 

how this information can be used to post-process 2-D computer device simulation results 

to predict SEGR sensitivity. A variety of experiments were performed demonstrating the 

excellent agreement of the prediction algorithm with experimental data. This prediction 

algorithm will be used throughout chapter 4 to show various parametric dependencies of 

SEGR in VDMOS power transistors. 

3.1 GATE-OXIDE BREAKDOWN CHARACTERISTICS IN A 
RADIATION ENVIRONMENT 

The traversing heavy ion not only creates a plasma filament of electron-hole pairs in 

the silicon substrate but also a similar but much narrower charge filament is created in the 

gate oxide when the heavy ion traverses it. Despite extensive research into areas such as 

oxide integrity and radiation-induced charge and trap generation in oxides, it is still 

unclear what the exact breakdown mechanism or carrier transport in silicon oxide is. 

Various different models have been suggested but none of them are seen by the 

community as beyond controversy. But most importantly, the computer simulator used in 

this work is unable to simulate the transient oxide response due to a heavy ion generated 

charge filament inside the oxide layer (and to the best knowledge of the author, currently 

there exists no other simulator that has this capability). Thus, if the simulations are to 

predict an accurate device response due to a heavy ion strike, it is necessary to post-

process the simulation results in order to account for oxide effects due to heavy ion 
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induced oxide charge generation, fii the remainder of this chapter an algorithm will be 

derived that allows one to post-process the 2-D simulation results. This algorithm allows 

one to quickly and inexpensively predict the SEGR device response for a given LET 

environment. 

Wrobel [28] has performed radiation-induced breakdown tests in SiOa and Si02/Si3N4 

composite MOS capacitors for LETs from 15 to 95 MeV-cmVmg. Equation (3.1) shows 

Wrobel's empirical fit for data taken on 45nm SiOz MOS capacitors, where Ew is in 

MV/cm and LET is in MeV-cmVmg (normally incident ions). 

17 40.84 ECR = -

(3.1) 

For large LETs, equation (3.1) shows that the critical breakdown strength approaches 

zero. However, for zero LET (no irradiation of the device), the critical breakdown 

strength in equation (3.1) tends toward infinity. 

Titus et al. [29] have investigated oxide thickness dependence of SEGR in VDMOS 

transistors. The devices studied varied in oxide thickness from 30 to 150nm. For the case 

of zero drain-to-source bias, their data can be compared with Wrobel's [28] MOS-

capacitor experiments. 

In addition, four types of Si02-M0S capacitors, fabricated by VTC Inc., were smdied 

in this work. The goal was, to study oxide process (oxide quality) dependence of the 

oxide breakdown strength for samples exposed to a heavy ion radiation environment. 



Table 1 indicates the process differences for the four different sets of sample capacitors. 

Figure 16 shows oxide breakdown data of the four different sample sets of MOS 

capacitor used in this work to illustrate the oxide quality differences (no irradiation, 

LET=0). 

The mono-energetic heavy ion irradiation experiments were performed at Brookhaven 

National Laboratory on a Van de Graaf ion accelerator. Four ions, with LETs in the range 

from 26.4 to 82 MeV-cm^/mg were used. The applied bias under irradiation was 

increased in 1 volt increments until oxide breakdown occurred and the mean value of the 

last passing voltage and the voltage where failure occurred was recorded. Table 2 

sunmiarizes the test data for the 45 samples used in the experiments. 

For unirradiated MOS capacitors, oxide breakdown generally occurs at a weak spot of 

the oxide. In fact, in a typical breakdown histogram, three regions can be observed which 

correspond to three different modes of breakdown [30,31]: (i) low voltage mode 

(pinholes, microcracks), (ii) medium-voltage mode (weak spots like contamination 

precipitates, structural oxide defects), and (iii) high-voltage mode, the so-called intrinsic 

breakdown. When the oxide is irradiated with heavy ions while a bias is applied to the 

capacitor, the breakdown voltage decreases. The rupture location for an irradiated 

capacitor is not confined necessarily to a weak spot of the oxide anymore but usually 

occurs at the ion strike position. For a perfect MOS capacitor (no oxide defects), the 

unirradiated breakdown voltage corresponds to the intrinsic breakdown voltage. Equation 

(3.2), an improved version of equation (3.1), correctly shows the oxide breakdown 



strength as a function of LET in the limiting cases when LET = 0 (ECR = Ei) and LET = «> 

(ECR = 0), with ECR the critical breakdown strength, EI the intrinsic breakdown strength, 

and B a fitting parameter. 

From the experimental data in Table 2, it is obvious that no oxide process dependence 

of the critical breakdown field was detected for the test samples in this work (all 15imi 

data coincided at the same breakdown field data points). This process independence can 

also be seen in Figure 17 where the inverse of the normalized critical breakdown field 

versus LET is plotted for the four differently processed samples used in this work 

together with the data from Wrobel [28] and Titus et al. [29]. The intrinsic breakdown 

strengths Eo in Figure 17 were obtained from the intersection point at LET = 0 after 

fitting Geast square) a straight line through the LET ^ 0 data points of the respective data 

sets (Ecr"' vs. LET). The fitting parameter B in equation (3.2) is 60.72 mg/(MeV-cm^). 

The four sets of data points for the test samples used in this work are practically 

equivalent and, thus, overlap in Figure 17, indicating no process dependence of 

irradiated oxide breakdown strength for samples "A" through "D". A comparison of all 

data sets in Figure 17, however, shows that there is a slight oxide thickness or oxide 

process dependence of the normalized critical breakdown strength of irradiated MOS-

capacitors when we compare with the data sets firom Wrobel [28] and Titus et. al [29]. 

The variations among all data sets from the fitted curve (solid line in Figure 17) are 

ECR = 

(3.2) 



small, however, and to first order, oxide process dependence of the critical breakdown 

field under irradiation can be neglected. In other words, once the intrinsic breakdown 

strength of an oxide is known, its critical breakdown strength as a fimction of LET can be 

predicted by equation (3.2) together with the universal fitting parameter B = 60.72 

mg/(MeV-cm^). 

In order to evaluate SEGR hardness of power VDMOS transistors, it is common 

practice to find the threshold biasing condition in a given radiation environment (LET of 

incident ion given). Operating a VDMOS device below this threshold biasing conditions 

(VDS. VGS) guarantees safe operation whereas exceeding this threshold will result in gate 

rupture and, thus, destroy the VDMOS transistor. One method to find these threshold 

biasing conditions is an experimental approach (see for example [29],[32]-[34]). 

However, these experiments are usually rather costly and time-consuming. Fortunately, 

there exists an alternative method to derive these threshold bias conditions, by combining 

a fast and inexpensive prediction algorithm that utilizes 2-D simulation results (PISCES 

simulations) with measured oxide breakdown strength ECR vs. LET data for VQS = OV. 

The method is based upon 

where = critical gate-to-source bias for SEGR, Etrmax = maximimi transient oxide 

field from 2-D simulation for Vds ^ 0, Ecr = experimental input for Vps = 0 (see equation 

3,2 SEGR PREDICTION ALGORITHM 

(3.3) 



(3.2)), and tox = oxide thickness. Each of these components is now to be described in 

detail. 

SEGR dependence on LET, gate-oxide thickness, and VGS versus VDS interrelation m 

VDMOS n-channel power transistors was investigated through 2-D simulations. A cross 

section of a test device is shown in Figure 18. 

For all simulations, the ion was assumed to traverse the device at normal incidence 

through the center of the neck region. In the simulations, cylindrical geometry was used 

and the charge due to the passing energetic ion was generated as a charge cylinder with a 

Gaussian lateral distribution of characteristic length L=0.07|im and uniform distribution 

in depth. Details of the simulation of the ion track are given in section 2.5.3. 

An example of the transient oxide field obtained from 2-D simulations is shown in 

Figure 19. Input data for the simulator includes stmctural dimensions of the test device, 

energy and spatial information of the traversing ion, and biasing condition for the device. 

The simulator then computes various physical quantities including potential distribution, 

electric fields, and carrier concentration profiles. The result of practical interest is the 

critical biasing condition for a VDMOS device that leads to SEGR (for a given LET value 

of the incident ion). A difficulty in applying the 2-D simulation results is that no oxide 

breakdown model is included in the simulator. We can deal with this problem by applying 

the radiation-induced oxide degradation information discussed in the last section. 

If we assume the total charge generated in the oxide is small compared to the filament 

charge in the silicon, then the electric field in the oxide is the sum of a transient field 
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component due to substrate charge collection effects (related to VDS [18]) plus a DC field 

component due to VGS (see equation 3.4). 

The DC part of the oxide field EDC can be calculated with the simulator for any given 

biasing condition when there is no ion strike (zero charge generation). EDC is 

approximately (neglecting workfunction differences) 

For sufficiently negative VGS values (in n-chaimel devices) there is no dependence of 

EDC ON VDS because the surface is inverted and the inversion layer places the Si/SiOa-

interface on the same equipotential as the grounded body contact [35]. The simulated 

transient component of the oxide field, Etr, reaches its peak value within a few 

picoseconds after the charges due to the traversing ion are generated (see for example 

Figure 19). The transient field persists for a time of about 50ps which varies somewhat 

with LET and VDS-

One might expect that oxide transients of such short duration would not be as fully 

effective as a DC oxide field in causing SEGR. However, comparison of experimental 

results with 2-D simulations at biasing conditions where SEGR was detected 

experimentally indicated that failure occurs when the transient oxide field exceeds a 

critical value, Ecr, made up of any combination of DC and transient components. 

Eit) = E^{t) + Eoc (3.4) 

(3.5) 
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Using equation (3.2) for the LET-dependence of £«, and the empirical assumption 

that transient and DC oxide field contribute on the same basis to Ecr, it is simple to 

predict a critical gate-to-source bias that initiates SEGR for a given heavy ion 

LET and a given drain-to-source bias VDS ̂  0. 

Below, an outline is given that demonstrates how to obtain a prediction for the 

maximum (critical) gate-to-source bias VGS that can be applied to a VDMOS power 

transistor for a given heavy ion LET with a specified drain-to-source bias VDS ^ 0. 

Exceeding this critical bias VGS will initiate SEGR and cause destruction of the device. 

1. Define input deck for 2-D simulator including 

• device geometry and dimensions. 

• drain-to-source bias VDS ^ 0. where corresponding critical gate-to-source bias 

VGS is sought. 

• input parameters for charge distribution along the ion track (apply equations 

(2.1) through (2.4)). 

• arbitrary negative gate-to-source bias, VGS, sufficient to invert the surface (The 

transient portion of the oxide field due to substrate charge separation computed 

below does not depend on the choice of VGS at this point.). 

2. Run 2-D simulation 

• find the DC field component EDC (LET=0). 
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• initiate charge filament appropriate to the ion LET along ion strike path and 

continue with a transient simulation to compute oxide field versus time at the 

strike location. 

• extract the peak field magnitude Ep. 

3. Compute peak magnitude of transient oxide field component (at given drain-to-source 

bias VDS) 

^irmax = ~ ^DC (3.6) 

4. Compute critical oxide field Ecr for given LET of incident ion from equation (3.2). 

5. Compute critical gate-to-source bias Voscr (for given VDS and LET) with equation 

(3.3) 

3.3 VERIFICATION OF PREDICTION ALGORITHM WITH 
EXPERIMENTAL DATA 

Four different gate oxide thicknesses ranging from 50nm to 150nm as used in the 

experiments [29] were simulated. For every change in oxide thickness, the structure 

underneath the Si/Si02-interface was left unchanged and only the thickness of the gate-

oxide was adjusted to the desired value. The drain bias VDS was held at a bias of interest 

and the gate-to-source bias VQS was chosen arbitrarily between -6.5V and -28.5V 

(sufficiently negative to invert surface prior to the ion strike). Simulations were 

performed for three different incident ions (i.e.. Nickel (LET = 26.6 

Bromine (LET = 37.2 )' and Gold (LET = 82 )) and for all the 
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various oxide thicknesses the critical oxide breakdown strength was taken from the data 

shown in Figure 17. 

Table 3 and Table 4 show predicted values of gate-to-source bias sufficient for SEGR 

to occur (VCSCR) at several different drain-to-source biases (VDS) for an incident bromine 

and gold ion. 

All experiments were performed at the Brookhaven National Laboratory (BNL) 

tandem Van de Graaff facility and are reported fully in reference [29]. Figure 20 shows 

the threshold biases VDS and VGS for a bromine incident ion OLET = 37.2). The symbols 

in Figure 20 show experimental data points for five different gate-oxide thicknesses 

ranging from 50nm to 150nm. 

The solid lines in Figure 20 were obtained with the prediction algorithm (see also 

Table 3 and Table 4). The predicted threshold biases are in excellent agreement with 

experimental data for all oxide thicknesses investigated in this work. Figure 21 shows the 

threshold biases VGS at a drain bias of VDS = 30V as a function of LET to further verify 

the usefulness and potential of this prediction algorithm. Again, the predictions are in 

excellent agreement with experiments for all three different gate-oxide thicknesses. 

3.4 SUMMARY 

Computer simulations are an invaluable tool for device simulation and prediction. This 

chapter explained a simple, fast, and inexpensive prediction algorithm that utilizes 2-D 

computer simulation results. 
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The prediction method employs oxide breakdown information (i.e. SEGR data for VDS 

= 0) to predict critical rupture biases (VQS, VDS) for a given heavy ion LET on devices 

operated at a nonzero drain-to-source bias (i.e. VDS > 0 for n-channel device). Prediction 

results showing critical threshold conditions to initiate SEGR in VDMOS power 

transistors are in excellent agreement with experimental data. The observed dependence 

of SEGR on VGS versus VDS, gate-oxide thickness, and the LET value of the incident ion 

confirm the usefulness of the prediction algorithm. 

In the next chapter, experimental results will be discussed together with this prediction 

algorithm to demonstrate trends and hardening approaches for a variety of parametric and 

other dependencies of SEGR. 
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4. PARAMETRIC AND OTHER DEPENDENCIES OF SEGR 
IN POWER VDMOS TRANSISTORS 

This chapter discusses a variety of parametric and other dependencies of SEGR. This 

information is useful in evaluating what part of a VDMOS power transistor is most 

sensitive to SEGR and what parametric change in the device design can be used to 

improve its SEGR hardness. Also, dependencies on environmental parameters such as 

temperature might affect the SEGR response of a device and will be discussed in this 

chapter. For each parameter, a discussion of its application as a SEGR hardening 

technique for VDMOS power transistors is included. 

Jeffrey Titus and Frank Wheatley have provided a large variety of experimental data 

(see also reference [20]). Based on the experimental data, Titus et al. [29] have derived a 

semi-empirical fit expressing SEGR bias sensitivity as a function of oxide thickness and 

LET of the incident ion (see equation 4.1). 

The semi-empirical fit in equation (4.1) needs to be adjusted if another device is tested 

and therefore additional experiments are required to extract the actual fitting parameters 

in expression (4.1). In the following sections a discussion of the experimental data 

indicating some of the parametric dependencies of SEGR are given. In most cases, 2-D 

computer simulations were performed and the prediction algorithm was applied and, if 

V,,=0.87y, (4.1) 
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available, compared with the experimental daca. Each parametric dependence includes a 

discussion of its possible application as a SEGR hardening technique. 

4.1 OXIDE THICKNESS DEPENDENCE 

Objective 
Single-event-bumout was one of the first catastrophic failure mechanism due to heavy 

ion irradiation detected in power VDMOS transistors. However, very effective SEB 

hardened design processes for these power transistors were developed such that an 

increased biasing range was possible. Also, in order to reduce total-dose effects, the gate-

oxide thickness was reduced more and more. Both increased biases and decreased oxide 

thickness have led to an increased sensitivity for single-event gate rupture. Gate-oxide 

thickness dependence of SEGR was investigated thoroughly experimentally on stripe 

geometry devices with a drain-to-source breakdown voltage of 73V. The prediction 

algorithm was applied in this oxide thickness dependence study and shows excellent 

agreement with the experimental data. 

Experimental Data & Prediction Results 

Figure 22 shows a plot of the gate-to-source bias versus oxide thickness when SEGR 

occurred [36]. The symbols in Figure 22 are experimental data points and the solid lines 

correspond to results obtained with the prediction algorithm (see last Chapter). Prediction 

data is shown only for two different drain-to-source biases with bromine irradiation (LET 

= 37.2); a more extensive report of all experimental data can be found in reference [20]. 



Clearly, as can be seen in Figure 22, a larger magnitude of the gate-to-source bias can 

be applied to the device if the oxide thickness is increased. Of course, the electric field in 

the oxide scales inversely with oxide thickness and therefore might explain why a larger 

magnitude of Vos is possible. However, the oxide thickness dependence in Figure 22 is 

much stronger than this simple inverse dependence would predict. For instance, with Vos 

= 15V and tox = 40nm, the critical gate-to-source bias in Figure 22 is approximately 

VGSCT = -lOV. Considering the inverse dependence of field upon oxide thickness would 

result in a critical gate-to-source bias of approximately VGSCT = -40V for an oxide 

thickness increased from 4Chim to 160nm (a factor of 4). As can be seen in Figure 22, an 

increase of oxide thickness by a factor of four resulted in an increase of critical gate-to-

source bias of approximately a factor of seven (from Voscr = -lOV to Voscr = -70V). 

Discussion 

A possible explanation of this pronounced oxide thickness dependence of SEGR can 

be given with the help of the circuit model in Figure 15 as follows. The charges from the 

filament current Ip that have collected at the interface leak off toward the grounded 

body/source region along an interfacial path that is modeled as a distributed RC-line. The 

faster the positive charges (holes) leak off, the smaller the transient oxide field will be. 

The leakage path time constant can be approximated by x = RC, where R is the surface 

resistance and C is related to the gate-oxide capacitance. Increasing the oxide thickness 

decreases the capacitance C. A smaller capacitance C will result in a shorter t and hence, 



54 

a faster leakage, thus supporting the trend of an increased likelihood of SEGR for thinner 

gate oxides [36]. 

Increasing the oxide thickness to reduce SEGR sensitivity is therefore a viable SEGR 

hardening technique that is also very cost effective (no additional processing steps 

needed). A drawback of this hardening technique, however, is the increase in total dose 

response with an increased oxide thickness^. Thus, for space missions of short duration 

where total dose response is negligible, this hardening technique is an effective method to 

decrease SEGR sensitivity. 

4.2 N-VS-P CHANNEL 

Objective 

Power VDMOS transistors can be fabricated in either n-channel or p-channel 

technology. Usually, n-channel transistors are utilized more frequently because of the 

higher mobility of electrons (majority carriers in n-channel device) than holes (majority 

carriers in p-channel devices). For SEB, it was found that p-channel devices have a 

distinct advantage. To the author's knowledge, no data have been published so far that 

show SEB in p-channel devices. Johnson et. al [17] found that the reason for the 

increased SEB hardness of p-channel VDMOS devices is due to the reduced impact 

ionization rate for holes in silicon. In n-channel devices, the emitter of the parasitic 

bipolar transistor (see Figure 4) injects electrons into the high field substrate region and 

thus, more avalanche-generated carriers are produced than in a p-channel device where 

^ See Figure 3.17 in reference [12] 
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holes are the carriers that are mjected from the emitter (body/source region). The 

objective in this work was to find if there is a similar SEGR sensitivity dependence on 

charmel-type as was found for SEB. 

Experimental Data & Prediction Results 

SEGR experiments with p-charmel stripe geometry VDMOS power transistors with an 

equivalent cross-section but opposite doping type as shown for the n-chaimel devices in 

Figure 18 were done by Tims et al. [20]. No data are reported in this work because the 

experiments showed no dependence on channel type for SEGR. Also, 2-D computer 

simulations were done with n- and p-channel devices with the corresponding cross-

section shown in Figure 18 and the SEGR prediction algorithm was applied. The 

computer predictions confirmed the experimental observations and showed an equivalent 

magnimde of the critical device biases where SEGR occurred for either n- or p-channel 

devices. 

Discussion 
Even though channel type has a big influence on SEB sensitivity, computer predictions 

and experimental observations show no sensitivity dependence on charmel-type for 

SEGR. Thus, using p-channel instead of n-channel devices carmot be used effectively as a 

SEGR hardening technique. 
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43 EPITAXIAL THICKNESS DEPENDENCE 

Objective 

The objective of this section was to study the SEGR sensitivity dependence on 

epitaxial thickness (see epi-layer in Figure 1). We have to be very careful how to 

interpret this dependence because in practical devices, the epitaxial thickness of a power 

VDMOS device is generally in direct relation with the drain-to-source voltage rating of 

the device. This is the case because the epitaxial layer and the body region® form a reverse 

biased junction under normal biasing conditions. The junction breakdown voltage due to 

avalanche multiplication depends strongly on the doping concentration of the epitaxial 

layer. For a p'^-n (Si) junction with a dopant concentration of No = lO^^cm'^ on the n-side, 

the breakdown voltage is approximately 200-300V. The same p'^-n (Si) junction with No 

= lO^'cm'^ would break down at 10-20V. Thus for high voltage devices (VDS > 300V) the 

dopant concentration of the epitaxial layer has to be smaller than N = lO'^cm'^. This 

relatively small doping concentration of the epitaxial layer and the large drain-to-source 

bias causes a large depletion width to form in the low doped epitaxial layer. Table 5 

shows three VDMOS device examples to illustrate the epitaxial thickness and its relation 

to the VDS voltage rating of the device. 

^ The epi-layer is connected to the drain contact on the bottom of the device and the body 
region is connected to the source contact (see Figure 1). 



Experimental Data & Prediction Results 

fii this work, experimental SEGR data for a 73V stripe geometry device with a 7.5nm 

epitaxial layer (see Figure 18) and a 250V square geometry device with a 55^m epi-layer 

(see Figure 23) were obtained. The experimental data for the 250V device with a 120nm 

oxide thickness are shown in Figure 24 for inadiation with bromine and krypton ions 

with energies ranging from 54MeV to IGeV. The data for the 73 V device irradiated with 

a 285MeV bromine ion are shown in Figure 20 for devices with oxide thicknesses 

ranging from 50nm to 150nm. We can see from Figure 20 that the 250V devices with the 

55(im epi-layer will rupture at VGS = -40V when the drain is biased at VDS = 50V and the 

incident bromine ion has an energy of 285MeV. The 73 V device (7.5|im epi-layer) on the 

other hand will rupture at a gate-to-source bias of only approximately VQS = -25V for the 

same VDS and ion species/energy as used for the 250V devices (to* = 120nm data for the 

73V devices was extrapolated from Figure 20). 

Discussion 

The direct relation of the epitaxial thickness and the epitaxial dopant concentration 

makes it very difficult to separate the epitaxial thickness dependence of SEGR from its 

doping dependence. As can be seen from Table 5, a thicker epitaxial layer usually also 

means a larger possible drain-to-source bias and therefore as was shown above, one could 

argue that increasing the epitaxial layer thickness results in an increased biasing range for 

the device and thus a reduction in SEGR sensitivity. For all practical purposes however, 

increasing the epitaxial layer thickness was nothing other than choosing a device with a 

higher bias rating. 



Using higli voltage devices and operating them at derated biasing values has been 

shown to be a very useful method to guarantee SEGR hardness of the device over a 

reduced bias range. Of course, there will be drawbacks of using a higher voltage device 

such as increased "On-resistance" due to the smaller epitaxial dopant concentration and 

the thicker epitaxial layer but when SEGR hardness is of utmost importance, the 

technique of using derated devices is often a viable alternative. 

4.4 NECK GEOMETRY EFFECTS 

Objective 

The conceptual circuit models for SEGR shown in Figure 14 and Figure 15 suggest 

that an increased "leakage rate" of the positive charges at the interfacial strike location 

toward the grounded body/source region could potentially reduce the field increase and 

therefore reduce the risk for SEGR. The filament current due to the filament-charge 

separation in the substrate causes a transient charge accumulation (and therefore a field 

increase) at the interface similar to the curve (solid line) shown in Figure 25. The dotted 

lines in Figure 25 represent the effect of the lateral diffusion of the holes along the 

interface reducing the number of accumulated charges at the strike location. For an 

increased diffusion rate, the location of the peak field (field starts to decay back to pre-

strike value after peak field is reached) in Figure 25 moves toward smaller times. But 

much more important is that the maximum field magnitude decays as the lateral diffusion 

of the holes is improved. This beneficiary effect of an increased leakage rate to reduce 

SEGR sensitivity was also demonstrated in section 4.1 where oxide thickness dependence 
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of SEGR was discussed. Increasing the leakage rate, causes the accumulated holes to 

reach the grounded body/source region faster. The objective in this section is to reduce 

the total neck length and therefore to reduce the time needed for the holes at the 

interfacial strike location to reach the grounded body/source region for cases of 

equivalent lateral leakage rates (e.g. fixed oxide thickness). 

Experimental Data & Prediction Results 
To study the importance of the lateral charge diffusion, a series of experiments with 

bromine (LET=37.2) and iodine (LET=60) ions at the ion accelerator facility in 

Brookhaven were done. 

Two sets of stripe geometry test transistors with different neck widths (5.6|im and 

2.6nm) were fabricated. No data are reported (list of measurement data in reference [20]) 

because the measured SEGR failure biases (VDS, VGS) were unaffected by the different 

neck widths, indicating that small changes in neck width have no influence on SEGR 

sensitivity. Also, 2-D computer simulation results together with the prediction algorithm 

were done and no change in SEGR threshold biases for the reduced neck width was 

observed, confirming the experimental observations. 

Titus et al. [20] also reported experimental data for test transistors with hexagonal 

geometry (see Figure 2) in comparison with electrically equivalent stripe geometry 

transistors. Again, the two devices had an equivalent SEGR sensitivity when comparing 

the SEGR failure thresholds (Vps, Vos)-
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Discussion 

Both approaches (reduced neck width and hexagonal structure) were intended to 

reduce the time required for the accumulated charge at the interfacial strike location to 

reach the grounded body/source region by reducing the neck width and therefore reducing 

the distance from the strike position to the source contact. Di order to register a change in 

SEGR sensitivity this distance has to be reduced significantly more because only ion 

strikes at the edge of the neck region (within a few tenth of a micron to the channel 

region) show a noticeable change in SEGR sensitivity (see section 4.6). Therefore, 

changing neck geometry in order to reduce the diffusion length of the holes from the 

accumulation area to the body region is not a practical method to improve SEGR 

hardness. 

4.5 TEMPERATURE DEPENDENCE 

Objective 

Temperature is a very important environmental parameter because it is easy to control 

the device temperature with extemal heat sources/sinks. Controlling the device operation 

temperature could be a viable hardening technique if operating a VDMOS power 

transistor at an altered temperature could decrease SEGR sensitivity. Thus, the objective 

in this section is to evaluate the device operation temperature dependence of SEGR. 

Experimental Data & Prediction Results 
SEGR experiments to study temperature dependence were conducted at BNL 

(Brookhaven National Laboratory), Long Island, NY, USA. The parts tested were 

experimental n-channel power MOSFETs, with a stripe geometry, provided by Harris 



Semiconductor, mounted in T03 packages. Since these devices are from the same wafer, 

the dispersion in the experimental results is very low. The gate oxide is 50nm thick. The 

drain breakdown voltage is 73 V. The devices were electrically screened. They were 

tested for gate integrity, and for threshold voltage, Vth. Wheatley et al. described these 

parts in detail [32]. 

For each of the tested devices, Vps was fixed and Vos was varied until SEGR 

occurred. Three devices were tested at room temperature (25°C), with VDS = 5V, as well 

as with VDS = 20V. Likewise, three devices were tested at high temperature (90 to 92°C), 

with VDS = 5V, as well as with VDS = 20V. 

The tandem Van de Graaff accelerator of the SEU Test Facility at BNL provides 

various mono-energetic ions. The ion chosen for this test was Iodine (Energy: 311.7 

MeV; Range: 30.4 nmi (Si); LET: 59.7 MeV-cm^/mg). During irradiation, the ion beam 

flux (typically 104 ions/cm^/s), its fluence, the beam homogeneity, the opening and the 

closing of the shutter, the x-y-z position of the sample, and the vacuum system were 

controlled by an automated computer system. The test system used to monitor these 

experiments has been previously described [32,37]. Drain and gate voltages, and currents 

were checked every 10 ms, as well as the device temperature. Currents as low as 1 nA 

could be measured. An SEGR event was recorded when the gate current exceeded 10'®A. 

The status of the test parameters was displayed on the screen of a portable PC. 

The temperature test board was built to hold 9 devices. The DUTs were fixed on zero-

insertion-force sockets. A resistive heater was used to increase the temperature of the 
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DUTs. The heating power was lOW per device. The highest temperature used in these 

tests was 95''C. The drain and gate electrodes of each DUT were electrically isolated from 

the other 8 test samples using a rotary switch. 

The test methodology was to determine the Vcs threshold for SEGR of three devices 

at room temperature, for VDS = 5V, and also for VDS = 20V. This process was repeated at 

high temperature, for VDS = 5V and VDS = 20V. An estimate of Vos for SEGR at room 

temperature, with these drain biases, was obtained from previous experiments at room 

temperature [32]. The drain bias was set at 5V or 20V, and the magnitude of the gate bias 

was set 2 to 3 V below the expected failure value. The magnitude of the gate bias was then 

increased, in 0.25V steps, until SEGR occurred. This is the smallest voltage step ever 

reported in SEGR experiments. The reason for such a small voltage step was that the 

temperature dependence of SEGR was not obvious from other studies (for example 

reference [34,38]) that increased the drain bias in 50V steps. The combination of a pre

selected set of tightly screened devices with a fine resolution of the test bias steps was 

chosen to register even the slightest temperature dependent variation of SEGR sensitivity. 

The results of these tests are presented in Table 6 and in Figure 26. As can be seen in 

Table 6, the results show very little temperature dependence. The critical device biases 

are slightly higher at the elevated temperature but for all practical purposes, these 

measurements clearly indicate that there exists no temperature dependence for SEGR. 

The influence of temperature on the oxide electric field of the devices tested has been 

simulated, using ATLAS [22]. Simulations were run at three different temperatures: 



63 

300K, 400 K, and 500K. Figure 27 shows the maximum electric field in the oxide as a 

function of time obtained from the 2-D simulations. The maximum oxide electric field is 

slightly lower at higher temperature, in agreement with the experimental observations 

(see Table 6). 

Discussion 

As stated, the temperature effect on SEGR is a second order effect and not a practical 

solution for an SEGR hardening approach. The very small voltage step used here 

demonstrates clearly how small this effect is. Numerical simulations are in agreement 

with this result. 

In Figure 12 it was shown that due to the large carrier concentration gradients 

generated from a traversing heavy ion the carriers from the charge filament diffuse at 

saturation velocity^. Temperature can significantly affect the drift mobility of carriers but 

since the motion of the carriers is mainly due to diffusion (independent of temperature at 

saturation velocity) it is reasonable to see no temperature dependence in SEGR. 

4.6 ION ENERGY DEPENDENCE 

Objective 
Either a cyclotron or tandem Van de Graaff accelerator is typically used to study the 

effects on vertical power MOSFETs irradiated with several different mono-energetic ion 

' For times t < Ips after the ion strike occurred, the computer simulations seem to be 
inaccurate because carrier speeds exceeding Vsat =10 cm/sec are observed (see section 
2.5.4). 
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beams. However, one major limitation of these facilities is that the test ions are 

constrained to energies that are lower than those encountered in a natural space 

environment. Test ions are usually limited to energies below 350 MeV at BNL and below 

2.0-GeV at Texas A&M, whereas ions encoimtered in space can have energies that 

exceed several hundred GeV [39]. 

To help understand the implications of these differences in energy, the computer code, 

TRIM-90 [40], was used to compute the stopping power expressed as a linear energy 

transfer (LET) value and the penetration depth (range) of two commonly used test ions, 

bromine and krypton, for energies spanning 1.0 MeV to 10 GeV. Figure 28 illustrates the 

LET values of a bromine ion traveling in silicon, which depends on the instantaneous 

energy of the ion. The plot in Figure 28 is typical for most ions and shows a peak value 

of LET commonly referred to as the Bragg peak. As the ion penetrates the silicon, energy 

is continually transferred, resulting in an increasing value of LET for energies above the 

Bragg peak and a decreasing value of LET for energies below the Bragg peak. When all 

energy is transferred, the ion comes to rest. The distance traveled by a bromine ion in 

silicon or the ion range is also illustrated in Figure 28, where the energy illustrated is that 

of the ion at impact, before any energy is transferred. Figure 29 illustrates the LET values 

of a krypton ion traveling in silicon. The distance traveled by a krypton ion or its range is 

also illustrated in Figure 29. Again, the energy illustrated is that of the ion at impact, 

before any energy is transferred. 
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. The p-body region (see n-channel device in Figure 1) is more heavily doped than the 

n-epi region, fonning a p'^n junction. This p'*'n junction has a spacecharge region that 

extends mainly into the n-epi region toward the drain substrate in the presence of a 

positive drain voltage, providing the large voltage-blocking capability exhibited by 

vertical power MOSFETs [5]. 

Vertical power MOSFETs with the capability to block large drain voltages are 

fabricated with a thick epitaxial region. MOSFETs rated with blocking voltages greater 

than 100 volts can have an epitaxial layer that can be two or three times thicker than the 

actual penetration depth of a typical test ion, whereas the same ion, if encountered in 

space, may have sufficient energy to fully penetrate the device. 

For example, a MOSFET rated with a drain breakdown voltage of 250 volts can have 

an epitaxial layer thickness of approximately 40jim. To entirely penetrate this device, the 

ion range would have to be greater than 50(im when covering layers (source metal, 

isolation oxide, polysilicon gate, and gate oxide) are included. If a 285-MeV bromine is 

selected, it would have an incident LET of 37 MeV-cm^/mg with a range of 36^im in 

silicon (see Figure 28). This 285-MeV bromine ion would come to rest far short of 

producing an ionization track into the highly doped substrate region. Since the ion 

transfers its energy as it penetrates the device, the LET would increase to a peak value of 

41 (Bragg peak) at an ion energy of 160 MeV after transferring 125 MeV. Further energy 

degradation results in a reduction of the LET value. It is reasonable to expect that the 



66 

measured SEGR failure thresholds depend on the ion energy at impact and the thickness 

of the epitaxial layer. 

Experimental Data & Prediction Results 

At BNL, a total of 48 test samples were characterized using bromine of which 13 

samples were exposed to the 285-MeV bromine ions, 13 samples were exposed to the 

193-MeV bromine ions, 12 samples were exposed to the 100-MeV bromine ions, and 10 

were exposed to the 54-MeV bromine ions. Figure 30 graphically shows the measured 

SEGR failure threshold curves obtained for the bromine irradiation with four different ion 

energies. 

At Texas A&M, a total of 26 test samples were characterized by Titus et al. [41] using 

krypton irradiation. Nine of the 26 samples were exposed to the 1.0-GeV krypton ions, 9 

samples were exposed to the 708-MeV krypton ions, and 8 samples were exposed to the 

504-MeV krypton ions. Figure 24 graphically shows the measured SEGR failure 

threshold curves obtained for these three different krypton beams added to the BNL 

bromine data. Since krypton (atomic weight of 84) and bromine (atomic weight of 80) 

have similar LET profiles and ranges in silicon as demonstrated in Figure 28 and Figure 

29, a composite of the SEGR failures is justifiable. To further illustrate the validity of 

using high energy krypton ions to continue the low energy bromine experiments a plot in 

Figure 31 shows how the LET of bromine and krypton varies as a function of penetration 

depth into the silicon substrate of a VDMOS device. Note, that generally for higher 

energy ions smaller biases cause SEGR (see Figure 24). However, for the highest energy 
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krypton experiments shown in Figure 24 this trend is changed in that the 708 MeV 

krypton ions correspond to a more severe SEGR vulnerability than the 1 GeV krypton 

ions. 

To support the experimental observations, two-dimensional (2-D) device simulations 

were performed in cylindrical coordinates using ATLAS (half of the symmetrical cross 

section is shown in Figure 23). Models for impact ionization, field-dependent mobility, 

Shockley-Read-Hall recombination. Auger recombination, and band-gap narrowing are 

used in the simulations. To reflect the energy dependence of the charge generation along 

the ion track, the stopping power of each ion beam was computed using TRIM code; and 

the resulting depth dependent charge generation profile was then tailored into a series of 

cylindrical segments to approximate the TRIM code outputs. Transient simulations for 

bromine ions with energies of 54MeV and 100-MeV at the Si-SiOa interface and krypton 

ions with energies of 504-MeV, 708-MeV, and 1.0-GeV at the MOSFET surface were 

performed. The predicted values of VGS and VDS that should induce the onset of SEGR 

are shown in Figure 32. Although only limited device process information for an accurate 

prediction was available, these predictions are in qualitative agreement with the 

experimental observations, indicating a similar trend for the ion energy dependence. From 

Figure 24 we can see that for the higher energy ions, the critical bias for SEGR is less 

sensitive to changes in ion energy. This desensitized ion penetration depth dependence is 

also visible from the simulation results in Figure 33. Further, in agreement with the 
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experiments, the highest ion energy curve (IGeV krypton) does not exhibit the worst 

SEGR vulnerability. 

Discussion 

A reasonable explanation for this behavior is the different LET distributions of the 

504MeV, 708MeV, and the IGeV krypton ions as shown in Figure 31. Even though the 

IGeV krypton ion has the deepest penetration into the device (exceeding the epitaxial 

layer and stops around 125^m), the LET of the 504MeV and 708MeV krypton ions 

(which stop already after approx. 60^m and 80|im, respectively) is practically always 

higher than that of the IGeV ion for positions inside the epitaxial layer. Thus, not only 

the penetration depth of an energetic ion but also the LET distribution along the ion path 

affect the SEGR sensitivity of a device. Li section 5.2 an extended circuit model based on 

the lumped circuit model ( see Figure 14) is proposed that demonstrates the penetration 

depth dependence shown in Figure 33, 

4.7 SEGR DEPENDENCE ON STRIKE POSITION (SEGR FAILURE 
CROSS SECTION) AND SOURCE BODY PLUG EXTENSION 

Experimental Observations & Objective 

An interesting experimental fmding (see Figure 34) has led to a study for ion strike-

location dependence of SEGR. Figure 34 shows the critical bias conditions for SEB and 

SEGR failures as a function of LET. The experimental results presented in Figure 34 

were obtained at the Brookhaven National Laboratory on packaged power MOSFETs 

from Harris Semiconductor [32]. These devices were especially designed to facilitate a 
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study of SEGR. They were made in a stripe geometry and SEB hardening techniques 

were not implemented in order to simplify the structure and therefore the 2-D modeling 

analysis. The devices have a nominal 73V drain-source breakdown voltage. The 

experimental SEGR data in Figure 34 were published earlier in [32] but the SEB data in 

Figure 34 are included for the first time in this work to illustrate the relation between 

SEGR and SEB. The SEB data in Figure 34 were obtained with the same type of device 

as described above (see reference [32]). The gate-source biases for the SEB data points 

vary in the same range as the SEGR data (see legend in Figure 34). However, gate-source 

biases for SEB are not indicated in Figure 34 because VGS has no influence on SEB 

sensitivity [20]. The devices were exposed to different ion beams, and in some cases, 

SEB occurred before the onset of SEGR. The open square symbols in Figure 34 

correspond to bias conditions at which SEB occurred. 

As shown in previous SEGR studies [18,36], the substrate charge separation effect due 

to VDS > 0 V results in an increased oxide field for a few tens of picoseconds following 

the heavy ion strike. The lower the (DC) VGS value, the larger the VDS related oxide field 

transient must be to cause SEGR. Thus, for high VQS biases, VQS does not need to be 

large in order to observe SEGR (see region I in Figure 34), At these VDS values the SEB 

susceptibility is very low because at low VDS biases, the peak electric field in the epitaxial 

layer of the power MOSFET is not high enough to sustain avalanching generated currents 

[17]. These currents are necessary to maintain the regenerative feedback mechanism 

which ultimately leads to burnout. On the other hand, as VGS gets closer to zero, the VDS 



bias necessary to trigger SEGR increases and becomes high enough for SEB to be 

initiated (see regions n and m in Figure 34). In that operation regime of the power 

MOSFET (low VGS and high VDS )» two areas should be distinguished (II and HI). In 

region IH, VGS is too low for SEGR to occur first (very low LET values) - while bumout 

susceptibility is high due to the large drain-to-source bias VDS- Thus, in region HI, the 

dominant failure mechanism is SEB. SEGR events cannot be detected because an SEB 

event destroys the device before SEGR events occur. In region n, either SEGR or SEB 

may be triggered for the same bias conditions and the same linear energy transfer (LET) 

of the incident ion. 

The objective of this study is to find what determines whether SEGR or SEB is the 

dominant failure mechanism. An explanation of the experimental observations shown in 

Figure 34 is possible if we consider ion impact position dependence. Thus, for different 

ion impact positions, the transient response of the device may result in either SEB or 

SEGR. Previous investigations [42-44] showed an important influence of the ion impact 

position for bumout. In that work, it was shown that the neck and the channel region 

(close to the neck) were the most sensitive areas of a power MOSFET. No effect of the 

ion impact position on SEGR has yet been reported. In the following sections, we will 

show some SEGR prediction results and discuss ion impact positional dependence of 

SEGR and SEB. 
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Prediction Results 

In order to study the ion impact positional dependence of SEGR on the stripe geometry 

power VDMOS device [32], simulations were carried out with the two-dimensional 

device simulator ATLAS [22]. A cross-section of the simulated device is shown in 

Figure 8. All simulations were carried out in rectangular coordinates taking into account 

the following models; field dependent mobility, impact ionization, band-gap-narrowing, 

Shockley-Read-Hall recombination, and Auger recombination. The charge generation due 

to a vertically traversing heavy ion was simulated by temporarily increasing the 

generation rate inside the track region. The charge track generated by the ion is a charge 

sheet, rather than a charge cylinder, because the simulations were carried out in two 

dimensions with rectangular coordinates. In this study, cylindrical coordinates could not 

be used because different ion impact positions were investigated. The assumed track has a 

Gaussian lateral distribution of characteristic length, L = 0.07[im, and it has uniform 

distribution in depth (0.37 pC/mm corresponding to 37.2 MeV cm^ / mg). 

To evaluate SEGR hardness of the power VDMOS transistors, we have used the 

SEGR prediction algorithm as described in section 3.2. For the 50nm stripe geometry 

devices used in this work, we used Eo = 9.03 MV/cm and B = 60.57MeV cmVmg 

("Titus" in legend of Figure 17). Finally, the critical gate to source bias, Vcscr, can be 

computed with equation (3.3) (using the known oxide thickness tox)- Note that this 

prediction algorithm can be applied to any strike location as long as the normally incident 

ion strike passes through the gate oxide. For strikes in the charmel region (x = 2.5 to 3.5 

|im), the algorithm is still applicable despite the change in substrate doping profile along 
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the track in the silicon. The algorithm can still be applied because the 2-D simulations 

accurately compute the substrate fields and oxide field buildup due to the substrate 

response of the ion strike. The prediction algorithm then separates the two components of 

the oxide field (DC field due to VGS and transient field due to VDS) and a prediction for 

the critical VGS corresponding to the VDS and LET in the simulation is straightforward 

because the gate/gate-oxide geometry is uniform throughout the neck and channel 

regions. 

Simulations of the transient response of the stripe geometry power VDMOS device 

were performed for eight different ion impact positions (x = 0 to 3.5 jim in 0.5 nm steps) 

at VQS = -10 V, and for two different VDS biases. Figure 35 shows the critical gate to 

source bias versus ion impact position for two drain to source biases (lOV and 20V). The 

results indicate a decreased sensitivity of SEGR as the ion impact position moves from 

the neck area into the channel region of the power MOSFET. 

Further, it was demonstrated through 2D simulations that the device sensitivity to SEB 

is highest if the ion is incident in the neck region close to the channel [42-44]. Figure 36 

shows simulation results of SEB ion strike location dependence for an IRF 450-ST power 

MOSFET illustrating this behavior. The first column in Figure 36 indicates the LET 

values used in the simulations (0.05 pC/|im to 0.6 pC/fxm). For each lateral position 

(horizontal axis) and LET value in the simulations, a "Y" was marked if SEB occurred 

and an "N" was marked if no bumout resulted. The device cross-section inset above the 

simulation results table in Figure 36 indicates the corresponding locations in the device. 
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Discussion 

The oxide field buildup for an ion strike in the neck region is due to accumulation of 

positive charge at the Si-SiOi interface. It was previously indicated [18,36] that the 

majority of this positive charge (holes) leaks off along the interface towards the grounded 

body-source contact. However, for strikes in or close to the channel area, a fraction of the 

holes generated in the ion track escape collection and leak off laterally before reaching 

the Si-Si02 interface. Because the simulations were done in two dimensions, it was 

necessary to define the device in a rectangular coordinate system to investigate positional 

dependence of the ion strike. A drawback of using rectangular coordinates is that the ion-

strike-generated charge filament along the ion track is now a charge sheet rather than a 

charge cylinder. The total charge generated by the ion that affects the SEGR behavior is 

larger in rectangular coordinates than in cylindrical coordinates because of the infinite 

extent of the charge sheet in rectangular coordinates (finite in a cylindrical charge 

column) and, thus, the simulations in rectangular coordinates will result in an overall 

lower SEGR bias threshold (worst case prediction). However, the computer-simulated 

predictions are very useful to extract locational sensitivity information for SEGR. 

This positional dependence of both SEGR and SEE can explain that for given bias 

conditions and LET a device can undergo either SEGR or SEE (Region II in Figure 34). 

An impact in the neck region might result in SEGR or SEE; an impact in the channel is 

more likely to result in SEE rather than SEGR; and an impact in the source region is very 

unlikely to result in SEGR but SEE was shown to be possible for strikes in this area 

[42,43]. 
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fii the previous section, we showed that the neck region of the device was the most 

sensitive area for SEGR. la order to decrease the sensitive area, it is possible to eliminate 

part of the poly gate in the neck region. Only a small fraction of the gate electrode over 

the channel region is necessary to modulate the channel of the MOSFET and thus, to 

maintain proper device operation. Removal of the center part of the gate electrode, 

therefore, has no practical bearing on the device operation. However, because no counter-

electrode exists to support a field buildup in the gate-oxide due to positive charge 

accumulation at the Si-SiOa interface [18], a significant reduction of SEGR sensitivity 

can be expected in this region. The proposed SEGR hardened structure is shown in 

Figure 37. Removal of the center part of the poly-gate is possible but increased 

processing cost can be expected because of the alignment tolerances necessary to remove 

the poly-gate close to the channel region. 

We have used 2-D computer simulations to verify the usefulness of this hardening 

technique. The prediction results (Figure 38) indicate that this modification significantly 

increases the critical gate to source bias in the neck, while the channel sensitivity remains 

unchanged. Note that in reality, there will be a counter-electrode present due to other 

metallization levels. The prediction of the SEGR threshold biases in Figure 38 are too 

low for ion strikes through regions of removed poly-gate material (x = 0 to 2[im in 

Figure 38). The reason is that in the prediction algorithm we have not increased the oxide 

thickness to the effective thickness, which after poly removal is equal to the distance from 

the Si-Si02 interface to the next metal layer above the poly-gate (Al-source metallization. 



see Figure 37). An effective increase of oxide thickness would result in a noticeable 

improvement of SEGR hardness [36] further increasing the SEGR threshold biases in 

Figure 38. However, the prediction results shown in this work (no change in effective 

oxide thickness) already show a significant improvement of SEGR hardness over the 

entire neck area where the poly-gate material was removed and, therefore, we want to 

concentrate on the strike positions in the channel area where the device is still vulnerable 

to SEGR. Furthermore, Titus and Wheatley [20] have done some experiments with poly-

gate exclusion samples and have seen no significant improvement of SEGR hardness in 

agreement with the simulated prediction in Figure 38 that shows the channel region 

SEGR sensitivity to be unaffected by the poly-gate exclusion step. However, the 

vulnerable area of the device after poly-gate-removal has decreased significantly and 

therefore the SEGR failure cross-section is reduced considerably [see next section and 

references 21,45]. 

Previous studies [17, 42,44] showed that an extension of the p+ plug under the source 

diffusion decreased SEE sensitivity. This improvement was attributed to the capacity of 

that plug to sweep away part of the holes needed to maintain the regenerative feedback 

mechanism. In the case of SEGR, the plug can contribute to a reduction in the amount of 

holes piling-up in the silicon at the Si-SiOa interface in the same fashion by removing 

sub-interfacial holes laterally before they pile up at the Si-SiOa interface. Figure 38 

shows that the SEGR sensitivity can be decreased in most of the channel region for a 

device having both a poly gate exclusion and an extended p-t- body plug (see Figure 39). 
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The unprovement of SEGR hardness in the channel region due to the extension of the p+ 

body plug is not large and the main benefit is the improved SEB hardness [17,42-44]. 

There is still a small area of the chaimel region close to the neck that is unaffected by the 

hardening approaches because the initial ion track is too far away from the plug. 

However, these two hardening approaches significantly reduce SEGR and SEB 

vulnerability over a large area in power VDMOS transistor, and therefore decrease the 

failure cross-section [21,45] (see next section). 

4.7.1 SEGR Failure Cross-Section 

Objective 

The single-event cross-section is commonly used to indicate thresholds for many 

electronic components to a variety of single-event phenomena. Since the cross-section is 

defined to be the ratio of the number of events (# events) to the total ion fluence (# 

ions/cm^), the cross-section has units of area [cm^] and is often interpreted to be the 

sensitive area of the device. The catastrophic namre of SEGR makes it difficult to obtain 

a measured cross-section. Until recently, single-event cross-sections had not been 

obtained for SEGR. In an idea conceived by Calvel [46], Mouret, et al., introduced 

experimental techniques for measuring the SEGR cross-section [21]. In this work 

however, a physical explanation of the SEGR cross-section is presented [45]. 

Experimental Data & Prediction Results 
The ions and the corresponding energy, linear energy transfer (LET), and range that 

were used in this series of experiments are summarized in Table 7. The ion beam flux 
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used was typically 400 ions/cmVs. The total ion fluence at which SEGR occurred was 

recorded for a given bias conditions and incident ion LET, Slight error was introduced 

into the data due to hardware constraints imposing a minimum delay of approximately 0.5 

sec before the shutter could be closed. This is why such relatively low levels of ion beam 

flux were used in these experiments. The methodology of the experiments was to set VQS 

or VDS equal to the value where SEGR was expected to occur. The other bias (VDS or 

VGS, respectively) was fixed as several values below and above the expected SEGR point. 

Voltage steps as small as 0.25 V were used in these tests. The exposure of the device to 

the ion beam was interrupted (as described above) when SEGR occurred, and the fluence 

was recorded. If SEGR did not occur after a fluence of 50,000 particles/cm^ had been 

reached, the magnitude of the variable bias was increased. 

Figure 40 shows the fluence at which SEGR occurred, as a function of the drain 

voltage, VDS, for 256MeV bromine and 311.7MeV iodine in n-channel power MOSFETs 

from the same wafer lot. Note that due to the catastrophic nature of SEGR, each data 

point represents one device. This is different from cross-sectional measurements for other 

single-event phenomena where all the data points typically come from one device. Figure 

41 shows the fluence at which SEGR occurred, as a function of the gate voltage, IVGSI, for 

256 MeV bromine and 311.7 MeV iodine in n-chaimel power MOSFETs from the same 

wafer lot. 

The abrupt nature of the SEGR threshold is demonstrated in these plots. As soon as the 

minimum voltage (i.e., SEGR threshold) is reached, SEGR occurs almost instantly. Note 
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that the SEGR threshold is more abrupt for variations in VOS than for changes in VDS-

Note that in both Figure 40 and Figure 41 the SEGR bias thresholds (either drain or 

gate) decrease for an increase in incident ion LET. 

Figure 42 shows the fluence when SEGR occurred, for changes in VGS» at VDS = 10, 

40, and 100 V for 285 MeV bromine in n-channel power MOSFETs not necessarily from 

the same wafer. The fact that all of these devices were not from the same wafer explains 

some of the spread in the data that is not seen in Figure 40 and Figure 41. However, the 

abrupt nature of the SEGR threshold is still evident in Figure 42. Furthermore, the SEGR 

threshold at Vps = lOOV is less than the SEGR threshold at VDS = 40V, which is also less 

than the SEGR threshold at VDS = lOV. This supports the trends seen in other SEGR 

experiments [32]. 

Discussion 

The data shown in Figure 40 to Figure 42 can be converted into SEGR cross-sections 

by noting that the number of events for each data point is one. So if the number of events 

(1) is divided by the fluence, the SEGR cross-section is obtained. Figure 43 shows the 

SEGR cross-sections for the 285 MeV bromine incident ion as a function of gate bias, 

VQS for VDS = 10,40, and lOOV. Recall that the cross-section quantifies the sensitive area 

of the device. It is expected that if everything else is the same, devices with smaller die 

sizes will have smaller SEGR cross-sections than devices with larger die sizes. 

It is interesting to compare Figure 43 with the widely used single-event upset (SEU) 

or single-event burnout (SEE) cross-section plots [47-49]. In this case, the SEGR cross-
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section is plotted against bias, instead of against LET of the incident ion (as is commonly 

done for SEU or SEB cross-section plots). Some of the features do not change. There is a 

definite threshold in the SEGR cross-section plot. If the bias is below the threshold, 

SEGR does not occur and the cross-section is zero. Once the SEGR threshold is 

surpassed, there is a sharp increase in the cross-section and an eventual saturation. The 

saturated cross-section represents the sensitive device area. In order to assess which 

regions of the power MOSFET are sensitive to SEGR we refer to the ion strike position 

dependence prediction results shown in section 4.7. The first thing to note from Figure 

35 is that the neck region is identified as the SEGR sensitive region of the power 

MOSFET. For a given drain bias, the magnitude of the gate bias required to trigger SEGR 

is relatively constant throughout the neck region (see last section). The SEGR gate bias 

threshold increases as one moves out of the neck region into the channel region (the 

increasing portion of either curve in Figure 35). Finally, as one leaves the channel region 

(and enters the source or p+ plug region) SEGR does not occur (there is also no more gate 

oxide!). 

The simulation results in Figure 35 can be interpreted as the SEGR cross-section in 

the following manner. Recall that cross-section is a measurement of the regions on a 

device that are sensitive to single-events. That is exactly what Figure 35 represents: a 

measurement of the SEGR sensitive regions of a power MOSFET. In Figure 35, the 

threshold for SEGR (minimum gate bias for a given drain bias and incident ion LET) is 

plotted on the y-axis. The SEGR cross-section (or sensitive "area") is plotted on the x-
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axis. Note that the SEGR cross-section does indeed saturate: after one leaves the neck and 

channel regions, there are no more regions sensitive to SEGR for a given cell in the 

power MOSFET structure. If the simulation results in Figure 35 are replotted as in 

Figure 44, the SEGR cross-section is evident. The trends seen in Figure 44 are exactly 

what are observed experimentally. For a given drain bias, there is an abrupt SEGR 

threshold gate bias, and the saturated cross-section is the same for any drain bias. 

Furthermore the higher the drain bias, the lower the SEGR threshold gate bias. This is 

exactly what is shown experimentally in Figure 42. Note that the units of the cross-

section in Figure 44 are units of length and not area. Traditional cross-section units can 

easily be obtained to first order by multiplying the saturated cross-section by the total 

width of the neck region of the power MOSFET, and then doubling the result since only 

one-half of the neck region is simulated (see Figure 35). Depending on the layout of the 

power device, the total width is either the width of a stripe multiplied by the total number 

of stripes, or it is related to the "width" of the neck in one cell multiplied by the number 

of cells in the device. 
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5. SIMPLIFICATION OF MODELING 

This chapter elaborates on results obtained by the 2-D device simulator ATLAS with 

the goal to better understand the transient characteristics of the ion-generated charge 

filament in the epi-layer of a power VDMOS transistor and ultimately to use a simple 

model (e.g., circuit model and/or analytical model) to predict SEGR sensitivity. 

5.1 RESULTS OF 2-D DEVICE SIMULATOR FOR FILAMENT 
BEHAVIOR 

Figure 45 shows a plot of the electron and hole concentration along the center of the 

ion strike for times ranging from t = 0 to t = 20ps. The data in Figure 45 correspond to 

the following situation; (i) epi-layer depletion width t^pi = 20|im and (ii) ion strike with 

constant LET versus penetration depth with a penetration depth L = lO^m. 

The electron and hole concentrations along the center of the ion strike are virtually 

equivalent and uniform in depth over the entire 20ps after the ion strike occurred. 

Furthermore, the lateral expansion of the filament due to diffusion occurs at the same 

speed for electrons and holes (ambipolar diffiision, see [50] and section 5.2) as can be 

seen from the equivalent radial electron and hole concentrations in Figure 46. The 

simulation results in Figure 12 show that the carriers are moving at a velocity near® Vsat« 

lO' cm/sec. 

® In fact, due to the large carrier concentration gradients during die first picosecond after 
the charge filament was generated, v > Vsat, an inaccuracy of the simulator (see section 
2.5.4). 



The field increase across the oxide after an ion strike occurred is due to positive charge 

piling up at the interfacial strike location (see section 2.6.2). Initially, after the e-h pairs 

have been generated along the ion strike, there is no additional positive charge at the 

interface because the net charge is zero (equal number of electrons and holes were 

generated by the ion strike). At later times, a positive charge at the interface develops 

because electrons are drifting toward the drain contact leaving the positively charged 

holes. Therefore, to express the positive charge building up at the interfacial strike 

location we consider the vertical electron current in the charge filament. By integrating 

the electron concentration per unit volume from Figure 46 over a cross sectional area at 

8(xm penetration depth as shown in Figure 47 we obtain the electron concentration per 

unit length. The inset in Figure 47 shows an improved resolution for the integrated 

electron concentration at large radii indicating the relatively small number of charges that 

have left the filament. Assuming the carrier density per unit length is the same at all 

depths as the value at a depth at (see Figure 45), the electron current at the time t = 

2.5ps can be computed approximately by 

dQ„ qL(Si){N(t = 2ps) - N{t = 3pj)] 1.6 x 10"" x 10"' x 62.3 x 10® 
lOmA 

where L(0) represents the filament length at t = 0. 

A different approach to derive the electron filament current can be made if we assume 

n(t) in the filament to be independent of radius r and depth z, and that the electrons leave 
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only vertically at the bottom end of the filament moving with the saturation velocity as 

shown in equation (5.1), with AF the filament cross sectional area. 

=9«(0v,„Ap(0 (5.1) 

The total electron charge inside the filament at time t = 0 can be expressed as 

Q„=qn(t)A^it)L(t) (5.2) 

where L corresponds to the length of the filament. The filament electron current can also 

be expressed as 

d t ~  ""I ' ' 

where the right side is found using (5.1) and (5.2). Because L(t) is large compared to the 

change in L with time, we can approximate L(t) = L(0). Then, the solution for equation 

(5.3) is 

Qit) = qn{t = 0)AfV„, exp(-^) 
(5.4) 

|i(r)| = qn{t = 0)ApV,„, exp(- exp(- )/) 

where x = L(0)/Vsat, which for a bromine ion strike (LET = 37.2) of an initial radius of rf = 

O.OT^mi and penetrating 10|jm into the depleted epi-layer results in io = 38.4mA and x = 

loops. 

A more accurate result for the vertical electron current in the filament can be obtained 

directly from the 2-D simulations by integrating the electron current density shown in 

Figure 48. Results of the integrated electron current densities for ion strike penetration 
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depths ranging from 5|xm to 50^m are shown in Figure 49. These curves show that the 

time constant for the current ranges from 20ps for L = 35|im to about 0.5ps for L = 

This L-dependence is stronger than (5.4), and the characteristic time constants are about a 

factor of 10 smaller. To first order however, the two simple approaches shown above 

result in the right order of magnitude for the filament electron current when we compare 

with the more accurate results shown in Figure 49 and ±erefore, these two simple 

approaches could be used for a quick estimate of the filament electron current. 

The critical parameter for SEGR is the transient oxide field that, if exceeding the 

breakdown strength of the oxide, causes the gate-oxide to rupture. In Figure SO through 

Figure 52 the oxide field as a function of post-strike time is shown. In Figure 50, a 

constant LET of 37.2 MeV-cm^/mg was used in the simulation and the following 

observations can be made; (i) the oxide field increases at the same rate independently of 

the ion strike penetration depth, (ii) the peak oxide field is more sensitive to penetration 

depth for ion strikes that stop within the epi depletion layer, (iii) for strikes exceeding the 

depletion layer width only a small increase of the peak oxide field is observed for further 

increases in ion strike penetration depth, and (iv) the peak field occurs later in time for 

deeper penetration depths. In Figure 51, the ion strike penetration depth was held 

constant at L = lO^im while the LET (proportional to the volume density of generated e-h 

pairs) was varied from 10% to 100% (100% corresponds to LET = 37.2 MeV-cmVmg) 

and the following observations can be made: (i) the oxide field increases faster for higher 

filament charge concentrations (corresponding to large LET) and (ii) the peak oxide field 
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is higher and is reached at a shorter time for higher LET values. In Figure 52, the total 

number of electron-hole pairs was held constant (equivalent to the total number of 

generated e-h pairs for a 15^m ion strike penetration depth with an LET of 37.2 MeV-

cmVmg) and the ion strike penetration depth was varied between 5(im to 50^m and the 

following observations can be made: (i) a faster transient increase of the oxide field is 

observed for strike filaments with larger charge volume density (corresponding to the 

smaller penetration depths in Figure 52), (ii) for strikes that stop within the epi depletion 

layer we observe that deeper penetration depth of the ion causes a higher oxide field in 

spite of the reduced volume charge density, (iii) for strikes that exceed the epi depletion 

layer, we observe that deeper penetration depth of the ion causes a decrease in oxide field 

indicating the effects of the reduced charge volume density, and (iv) the peak field occurs 

later in time for deeper penetration. 

Figure 53 shows the hole concentration versus radial position along the Si-SiOi-

interface from the center of the ion strike (r = 0) to r = 2.4^m. When we compare Figure 

53 with Figure 46, we observe that the hole distribution along the interface extends to 

larger distances than deeper into the filament because the holes accumulate at the surface 

and drive the holes along the interface toward the body. We can also see from Figure 53 

that a large fraction of the interfacial holes have spread radially. The positive charge that 

accumulates at the interfacial strike location is the cause of the transient oxide field 

increase. For modeling purposes, it is therefore interesting to know how fast this storage 

region at the interface expands in time. In the top part of Figure 54 and Figure 55, the 
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oxide field is shown for the case of a lOjim and 20^m ion strike penetration depth, 

respectively. The bottom part of Figure 54 and Figure 55 indicates how the radius where 

the transient part of the oxide field decayed by 50% is changing in time for a case of 

lO^im and 20^m ion strike penetration depth, respectively. The expansion of the storage 

region is faster for the deeper penetrating ion strike, but for both penetration depths 

(10|im and 20^mi), the storage region radius has not exceeded 3^m' after 20ps. 

Another interesting result fi-om the 2-D simulations shown in Figure 56 are the equi-

potential contours after an ion strike. The potential contours at t = Ifs have not changed 

firom the pre-strike situation because the electron-hole pairs generated have zero net-

charge and therefore no perturbation of the potential from the pre-strike situation occurs. 

At later times however, the electrons and holes in the filament have separated somewhat 

and the potential shows a perturbation when we compare with the t = Ifs plot. The large 

e-h pair concentration generated along the ion track act like a low-resistive shunt and only 

a relatively small voltage drop develops across the strike filament at later times. Figure 

57 shows a similar potential-contour plot at t = Ips, 2ps, and 3ps for three different ion 

strike penetration depths (15^m, 20^m, and 25^m). The potential changes shown in 

Figure 57 have a similar characteristic as akeady discussed for the case shown in Figure 

56. However, for times near the time of peak oxide field, the voltage drop along the 

filament is still considerable for the deeper ion strike penetration depths (lO's of volts). 

' The filament radius has not reached the body region (located at a distance of 3.5|im 
firom neck center) after 20ps. 
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5  ̂POSSIBLE SPICE MODELS AND THEIR SHORTCOMINGS 

Previously Reported Circuit Models for SEGR 

In Figure 15, a distributed circuit model for SEGR from reference [19] was shown. In 

this model, the filament current IF was extracted from 2-D device simulations and the 

interaction of the filament current with the oxide storage capacitor Cox and the interfacial 

leakage path of the holes represented with a distributed R-C chain can be expressed 

analytically. This model allows one to compute the transient oxide field as a function of 

radius along the Si-SiOa interface. The input data for this distributed circuit model are (i) 

the oxide storage capacitance, which is related to the oxide thickness and (ii) the 

resistivity of the interfacial leakage path. Both R (in the distributed R-C chain) and Cox 

require some fitting. For Cox. the exact "active" radius over which the accumulated 

positive charge at the interface influences the oxide field is not obvious and the resistivity 

of the distributed R-C chain along the interface is not a constant value that can be 

computed easily but is rather a time dependent function because the interface resistivity is 

greatly affected by the large hole concentrations present in the moving storage region 

edge. 

A simplified version of the distributed circuit model (Figure 15) is shown in Figure 

14 (after reference [19]) in the form of a simple lumped model with only three circuit 

components. Here, the interfacial leakage path for the holes is represented crudely with a 

resistor R. This model, because of its simplicity, requires very little time to run and can be 

evaluated with a circuit simulator (e.g., SPICE). However, the approximation of the 
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inteifacial leakage path with only one resistor is not very accurate because, at the very 

short times of peak field (see Figure 50 to Figure 52), the interfacial storage region edge 

has moved laterally only slightly and has not reached the grounded body/source region yet 

(see Figure 54 and Figure 55). hi the circuit model of Figure 14, the interface resistor R 

connects the oxide storage capacitance (edge of interfacial storage region) and the 

filament current source IF directly with the grounded body/source region, and thus, the 

oxide field is affected by this ground connection even before the holes from the storage 

region have reached the body region. 

Proposals for Improved circuit Models for SEGR 

Because of the deficiencies of the previously reported SEGR circuit models described 

above, we have tried to improve the lumped model of Figure 14. Also, we have tried to 

add circuit elements that account for the penetration depth dependence of SEGR shown in 

Figure 24 and Figure 33. 

Figure 58 shows a circuit model for SEGR based on the circuit model in Figure 14. In 

this circuit, the interfacial leakage path of the holes toward the grounded body/source 

region is omitted and the lateral diffusion of the interfacial storage region is represented 

with a time dependent expansion of the radius of the storage capacitor Co*. The omission 

of the lumped leakage resistor R shown in Figure 14 was chosen to prevent the charge 

dynamics at the interface from being influenced by the grounded body/source region 

before the filament edge has reached there. To first order, it is possible to model the 

filament expansion with expression (5.5) derived by Hohl and Galloway [50], 
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r,=r„ + ̂ -lii[4;rDi'^^J (5.5) 

where TO denotes the radius where the charge concentration is NBC immediately after the 

strike is generated (before drift and diffusion have caused the filament to expand), D 

represents a constant ambipolar diffusion coefficient D = kT(^„ + Hp)/2q = 7cmVs, and Np 

denotes the peak charge concentration per unit length generated in the strike filament. The 

symbols in Figure 60 were extracted from Figure 46 and indicate the filament radius 

versus time where the charge concentration is NBC = 5E17cm'̂ ; the solid line in Figure 

60 was obtained using equation (5.5) with D = 7cmVs. Despite the good agreement 

shown in Figure 60, we should model the filament expansion at the surface where the 

hole accumulation occurs rather than the sub-surface filament expansion shown in Figure 

60 (see fitted function for rp shown in Figure 54 and Figure 55 as discussed above). 

Because no additional elements to model the ion strike penetration depth dependence 

are included we use the exponential fit for the filament current IF extracted from the 2-D 

simulations (see Figure 59) hoping that the ion strike penetration depth dependence of 

the filament current is sufficient to reflect the correct strike depth dependence in the oxide 

field. This current is modeled using equation (5.4) with relaxation times x from the legend 

in Figure 59. 

The time-dependent storage capacitor area was assumed to be a cylindrical disk with 

radius rp. The oxide field for the circuit in Figure 58 can then be computed as 
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(5.6) 

where 

iV(0 = ioexp(-^) 

(5.7). 

Equation (5.6) can be rewritten using (5.7) as 

E = 2 [l-exp(-;/)] (5.8). 

Figure 61 shows a plot of the oxide field (from equation (5.8)) versus time for two 

different ion strike penetration depths (lOfim and 20|im). Note that when we use the 

square-root fit (Fitl) for the filament radius, the penetration depth dependence of SEGR 

does not agree with the experimental and computer prediction observations (deeper 

penetration depth results in a larger oxide field) of Figure 24 and Figure 32, 

respectively. The square-root fit (Fitl) for the filament radius is very poor for the short 

times to peak field. Thus, we use a better straight line fit (Fit2) for these short times (< 

Bps) shown in Figure 54 or Figure 55, and obtain the correct trend in ion strike 

penetration depth dependence as shown in Figure 61. The circuit model in Figure 58 is 

very simple (only two lumped elements) but no penetration depth dependence is obvious 

because the penetration depth dependence is built-in into the values of these two lumped 
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elements (see equation (5.7)), If we want to get T(L), equation (5.4) shows a linear 

dependence on L. The values from Figure 59 show a stronger dependence on L, 

particularly the relaxation time T. 

To explore this ion strike penetration depth dependence further, a different circuit 

model is introduced. As shown in Figure 62, using Thevenin's theorem, an equivalent 

circuit for the filament current IF (in parallel with the filament conductance GT, not shown 

in Figure 62) charging the oxide capacitance Cox is the conductance GT in series with the 

drain voltage VDS- For full penetration, the filament conductance "short circuits" the 

entire depletion layer capacitance Co. For partial penetration, however, only a fraction 

(CDI) of the total depletion layer capacitance CO is "shunted" by the filament conductance 

GT. In the following section, we analyze the circuit model from Figure 62. 

5.2.1 Ion Track Penetration Depth Dependence - Circuit Model 

It now will be shown how the simple circuit in Figure 63 can be used to first order to 

model the ion strike penetration depth dependence of SEGR in power MOSFETs. The 

circuit in Figure 63 is similar to the circuit in Figure 14 except two additional elements 

that model the interfacial hole leakage (Gi) and the electron spreading resistance in the 

depletion layer (G3) are included. The lumped elements in Figure 63 represent the 

following physical parameters: 
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• Ci corresponds to the gate-oxide capacitance Cox=€ox Ai/tox with tox = oxide 

thickness and Ai = area of gate-electrode'° 

• C2 and C3 correspond to the depletion layer capacitance, i.e Cz = esi A2/ttrack and C3 = 

Esi As/Ctdepi-toack) where A2 and A3 are ±e respective areas, tjepi = depletion layer 

capacitance andL = ion strike penetration depth (for normal incidence, measured 

from Si/Si02-interface to location where ion stops). 

• Gi represents the lateral leakage path of the filament charges toward the grounded 

body/source region. 

• G2 corresponds to the conductance of the charge filament. 

• G3 corresponds to the spreading resistance the electrons experience when they are 

drawn toward the drain contact under the influence of the substrate field. 

In reference to the square cell VDMOS transistor shown in Figure 23, the following 

transistor data were used for evaluation of the lumped elements in Figure 63: 

• Gate-oxide (area under gate-electrode): width = depth = M.S^im, tox = 120nm 

• Applied drain bias: VD = 150V 

• Epi-resistivity: Nepi = 6x10^'* cm'^ 

• Cell-pitch: 30|im 

The emphasis in this discussion is upon the ion strike penetration depth dependence of 
SEGR, so we take Ai = constant for this model (it could be changed later to include rf(t)). 
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• Neck width; 6.8^m 

The area of the oxide capacitor Ci is Ai = (14.8nm)^ = 2.19x10"^ cm^ and therefore Ci 

= Eox Ai/tox = 63x10"'^ F. The areas A2 and A3 are limited to the cell pitch, A2 = A3 = 

(30|im)^ = 9x10'® cm^, because all values of the lumped elements are derived for a single 

cell of the power transistor only. Note that the areas Ai, Aj, and A3 are greatly 

exaggerated if we consider the active radius to be confined to the filament dimensions as 

shown in Figure 54 and Figure 55, However, for no known reason, the SEGR 

predictions using larger areas are in better agreement with the 2-D device simulations. In 

fact, the capacitances Ci, C2, and C3 can be neglected in the SPICE simulations if the 

radii were adjusted to the filament dimensions (Figure 54 and Figure 55) because the 

time constants of the R-C elements in Figure 63 are a factor of ten or more less than the 

time to peak field. 

19|im. For an ion track penetrating the depletion layer halfway (L = 9.5^im), we obtain, 

C2 = C3 = 10'^^ F. A large amount of the positive charge that accumulates at the Si/Si02-

interface diffuses laterally along the surface toward the grounded body/source region. In 

addition, the e-h pairs from the charge filament beneath the interface experience a 

spreading resistance when the filament expands laterally. The lateral spreading resistance 

for a cylindrical electrode (e-h pair charge cylinder generated by traversing heavy ion) can 

be computed as 

The depletion width due to the applied drain bias, VD = 150V, is = 
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where psi = surface resistance, rp and rs are the initial filament radius and the distance 

from the center of the ion track to the edge of the grounded body/source region, 

respectively, and L is an adjusted track length (surface inversion layer thickness (»=10nm) 

< L < actual ion penetration depth L). The modeling of the lateral spreading resistance 

with a single element (Gi in Figure 63) is not very accurate but serves the purpose of 

illustrating the ion strike penetration depth dependence of SEGR. With n = p = lO'^ cm'^ 

(surface inversion layer concentration at onset of strong inversion) and |Xn = ^ip « 40 

cm^A^s (degenerate mobility at surface because the carrier concentration at the filament 

edge is N > lO'' cm'^ [51]), we obtain psi = (q [ ^inn + |ipp])'' = 78.1 i2-cm. The initial 

filament radius (characteristic radius of the Gaussian profile) is rp = 0.07nm and, fi-om 

Figure 23, we obtain rs = 3^m. Using an adjusted track length L' = 6[mi, we obtain Gi = 

1/Rsi = 12.8|xS. In a similar fashion, the spreading resistance from a pin-point electrode 

with radius rp at a planar surface of a semi-infinite material can be expressed by 

D _ Ps3 

with ps3 = resistivity of the material. For the circuit in Figure 63, G3 corresponds to 

the spreading resistance the electrons leaving the bottom end of the charge filament 

experience when they are drawn toward the drain contact. The resistivity ps3 in our 

situation is not obvious, because for partial strike penetration the n-type epi-layer is 
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initially depleted at the end of the charge filament Garge resistivity) but, when electrons 

are drawn toward the drain and flood the volume imdemeath the charge filament, the 

resistivity significantly reduces and, therefore, G3 is a time dependent fimction. However, 

to simplify the analysis of the ion strike penetration depth dependence, we assume an 

average electron concentration na « lO'® cm'^ and obtain (with ^in=2(X)cmWs) G3 = 

1.4mS. The filament conductance G3 is a critical parameter that needs to be evaluated 

accurately. Figure 45 shows the electron and hole concentrations along the center of the 

charge filament for times fi:om t = 0 to t = 20ps for the circuit in Figure 23 obtained with 

2-D device simulations. 

The e-h pair concentration in the center of the filament as a function of time is shown 

in Figure 64 (extracted from Figure 45). The conductance G2 = (2qn|i)Ai^ is therefore a 

function of time (with n extracted from Figure 64) and we use an average mobility |i=200 

cm^A^s and a filament area of Af = = 154x10"'^ cm^. G2 depends inversely on ion 

strike penetration depth L, and thus L-dependence is explicit (not based on a fit, as for the 

previous circuit model from Figure 58. 

5.2.2 Analytical Solution for the Ion Strike Penetration Depth Dependence 
Circuit Model 

In a first approach to analytically solve for the voltage across the oxide-capacitance Ci 

in Figure 63, we assvmae a constant filament conductance, G2, 

G, = G,o; G2 = G20', G3 = G30 
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Equations (5.9) goveming KirchhofFs law for the circuit in Figure 63 can be used to 

derive equations (5.10). 

G.V,+C,V,=I 

G,(v,-l',)+c,{v,-v,) = i (5.9) 

G,(v„-V,)-C3n=i 

V, (G, + CJ)+V, (C, + CJ) - G,V, - C, V, = 0 

GY,-<-C,V,+G,V,+C,V,=G,V^ 

Rewriting equations (5.10) in operator form (operators Li through L4, see (5.11)) and 

canceling terms due to the linear form of the operators we can derive equations (5.12). 

A=G,+CJ+(C,+C,) | -

4=-G,-C,l 

t, = G,+C,^ 

l . = G , + C A 
(5.11) 

{L.L,-L,L,y,=-L,G,V^ 

(L,L.-i,I,)Vj = L,G3V„ (5(2) 

By combining equations (5.11) and (5.12), we obtain two second order ordinary 

differential equations as shown in expression (5.13). 
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{[o,+C,|IG,+G, +(c, =G,G,V. 

{[G,^G,.(C,.Q)|Jc. + C,|].(o,.C.i](G,.£^l|K,=(G,^G,)G.V„ 

The two equations in (5.13) have a similar form that can be rewritten as shown in (5.14). 

V j + a V j + b V j = d j  ; j  =  l 2  

^ _ ^3(^1 

CjCj + C1C3 + C2C3 

^ _ <^1^3 •*• ^2^3 + 

CjC2 + C1C3 + C2C3 

C, C2 + C, C3 + C2C3 

(G,+G,)G,V„ 

C, C2 + C, C3 + C2C3 
^2 = 

The solution for equations (5.14) can be obtained with the help of (5.15) and is shown 

in (5.16). 

+am+b = 0 

r h m , ,  = — ± J  b  
2 V 4 

V,o=lh,+''}{ •. VW = A„+''^ 

(5.15) 

(5.16) 
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To verify equations (5.16), we compare Vi and V2 obtained from equations (5.16) with 

results obtained by P-SPICE'' simulations for a set of simple lumped element (5.17) 

values (see Figure 65). 

Because the initial conditions are set by perturbing the circuit (see Figure 63) node 

potentials, we observe a relaxation of the node potentials to the unperturbed value when 

we plot Vi and V2 with equation (5.17). Figure 66 shows four plots of Vi and V2 with 

different initial node-potential perturbations for the computed lumped element values (see 

derivation above). When we introduce the time dependence for the filament conductance 

G2 (we assume an exponentially decaying function, see Figure 64), the operators Li 

through L4 in (5.14) change as shown in (5.18) and no cancellation can be done due to the 

operators' nonlinearity. 

However, the response for the circuit including the time varying filament conductance 

G2 was evaluated with P-SPICE simulations and results for the lumped element values 

derived earlier (Ci = 63fF, €2 = 03= lOfF, Gi = 12.6|iS, G3 = 1.4mS and VD = 150V) 

will be discussed now. 

C j = G j = V ^ = l  0  =  1 . - 3 )  

(5.17) 

PSPICE is a circuit simulator for time domain (static and transient) simulations. 
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2̂ = 

I,V, + 4V,=G3OV^ 

A ~ ^10 ^20^ "^ (^ •*• 

L,=-a^e-'-C,i^ 

£, = G,„e-° + q|-

Ij, = GJQ ~ 

^4^1 ̂  ^4^^! (5.18) 

The implementation of a time-varying conductance with P-SPICE is somewhat limited 

but, as shown in Figure 67, a good match with the e-h profile data shown in Figure 64 

could be achieved. 

In the following plots, data obtained with the lumped element values computed above 

(Ci = 63fF, C2 = C3 = lOfF, G, = 12.6|iS, G3 = 1.4mS and VD = 150V) are labeled "Base" 

and parametric changes of lumped element values (see circuit in Figure 63) will be 

compared with the "Base" data. In all plots, the potential across the gate-oxide which 

corresponds to V(l) in the P-SPICE simulations is plotted. V(l) is proportional to the 

oxide field except in Figure 68, where we discuss oxide thickness dependence for which 

the electric field across the oxide (which varies with varying oxide thickness) is plotted, 

too. 

Figure 68 shows how a change in oxide thickness (corresponds to a change of CO 

influences SEGR sensitivity in a VDMOS power transistor. As can be seen from Figure 

68, a thinner gate-oxide (corresponding to a larger Cj) results in a more severe situation 
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in which a higher oxide field develops than with a thick oxide. This observation verifies 

the results discussed in section 5.1. 

L[i Figure 69, SEGR sensitivity as a function of ion penetration depth is illustrated. For 

the '*3356" data, the ion penetrates 50% 5nin) of the epi-depletion layer (Ca = C3 = 

lOfF). The curves IOXC2 and IOXC3 in Figure 69 correspond to a 5% (C2 = lOOfF, C3 = 

5.263fF) and 95% (C3 = lOOfF, Cz = 5.263fF) ion strike penetration depth into the epi-

depletion layer, respectively. 

From the results in Figure 69, it is obvious that an ion penetrating deeper into the 

depleted epi-Iayer causes a larger oxide field to develop. This observation agrees with the 

experimental findings shown in Figure 24. 

A change of the resistivity of the lateral leakage path affects the number of charges 

leaving the filament. For a smaller resistivity, more carriers escape laterally from the 

charge filament and the oxide-field (proportional to the positive charges building up at 

the interfacial strike location) is therefore smaller than in the case with a high resistance 

lateral leakage path as shown in Figure 70. 

SEGR sensitivity for changes in spreading resistance, electrons experience when they 

leave the bottom end of the charge filament as they are drawn toward the drain contact are 

shown in Figure 71. 

A reduced spreading resistance R3 = I/G3 corresponds to a narrower (laterally) and 

more concentrated trail of electrons leaving the filament. A narrower and more 
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concentrated electron trail between filament end and drain contact causes a smaller 

potential drop in this region and, thus, the potential drop across the gate-oxide (CO rises. 

As time increases and lateral diffusion of the electrons has broadened the trail, the 

situation, again, is similar to the "Base" or increased spreading resistance case and the 

voltage drop in the region between filament end and drain contact is therefore comparable 

as can be seen by the converging potentials in Figure 71. 

Discussion 

The proposed model from Figure 63 has two additional capacitors C2 and C3 included 

that represent the depletion layer capacitance that has been partitioned by the partially 

penetrating ion strike. The filament current source I? is also excluded but instead the 

filament conductivity is modeled as a time dependent conductor G2. The spreading 

resistance that the electrons experience when they exit the bottom end of the strike 

filament is modeled by G3. The time dependent fimction for the filament conductance 

shown in Figure 64 was extracted from 2-D simulation results showing the e-h pair 

concentration along the center of the ion strike as a function of time. The conductance of 

the filament is computed by GF = ap Ap/L where L = ion strike penetration depth, AF = 

initial cross sectional area of filament, and ap = qC^inn + Upp) = filament conductivity. If 

we assume |Xn = and n = p then 

Gf = 2qii„nAp / L (5.19) 
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where nAp in equation (5.19) corresponds to the e-h pair concentration per unit length 

generated by the traversing ion which is approximately^^ constant and therefore does not 

show the time dependence proposed in section 5.2.1. hi addition, the unphysical nature of 

the capacitance parameters chosen for the circuit in Figure 63 (values for Ci, C2, and C3 

would be much smaller when the actual capacitance area would be based on the filament 

radius shown in Figure 54 and Figure 55) needs some further investigation (see also 

discussion in section 6.3). 

5.3 SUMMARY 

Two different proposals to model SEGR with a lumped circuit model have been 

presented. The model shown in Figure 63 shows the correct trend for various parametric 

dependencies reported in this dissertation. However, the drawbacks of the models 

indicated above clearly indicate that the work in this chapter is not complete and needs 

further investigation. 

Charge leaving filament vertically (and therefore causing an additional reduction of the 
charge concentration inside the filament) can be neglected compared to the large 
reduction of charge concentration along the center of the filament due to lateral diffusion 
of the charge filament. 
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6. SUMMARY AND CONCLUSIONS 

6.1 SUMMARY 

fa chapter 2, the VDMOS power transistor device structure, process, and operation are 

discussed. The space radiation environment and its interaction with electronic equipment 

is reviewed and an overview of the single event failure mechanisms in power MOSFETs 

is given. Ground based laboratory experiments using an ion accelerator and their 

limitations for simulating the space radiation environment are discussed. General test 

methods (guidelines) that have proved effective and useful in the experiments performed 

in this work are given and a practical new term, namely SEGR cross section, is defined. 

Further, benefits, limitations and inaccuracies of two-dimensional computer simulations 

with a device simulator are discussed. The chapter ends with a brief sunmiary of the 

objectives, and key results of the author's thesis with a discussion of its relation to this 

dissertation. 

In chapter 3, it is shown that a simple relation between oxide breakdown strength and 

the maximum LET of the radiation environment can be used together with 2-D computer 

simulation results to predict the SEGR failure threshold (VGS VS. VDS). This prediction 

algorithm shows excellent agreement with experimental data and will be used throughout 

chapter 4. 

Chapter 4 shows predictions and experimental results for parametric dependencies in 

SEGR. In section 4.1 it is shown that an increased gate-oxide thickness has a reduced 

SEGR sensitivity at the cost of increased total dose. This result is important because 
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control of gate-oxide thiclcness is a simple step that allows one to improve SEGR 

hardness for transistors utilized in short term space missions where total dose is not an 

issue. Further, it is shown in section 4.6 that laboratory ion accelerator experiments could 

give misleading SEGR hardness estimates if the energy of the test ion is insufficient for 

the ion to penetrate the epi-layer of the transistor. 

Chapter 5 discusses several attempts to simplify the modeling of SEGR. Any such 

simplification has to be consistent with a variety of 2-D simulation results provided, 

which show the transient behavior of the charge filament. These simulation results were 

used to evaluate the simple circuit models for SEGR presented in this chapter. 

Chapter 6 summarizes this dissertation and conclusions for the most viable measures 

to prevent SEGR in power MOSFETs based on the results presented in this work are 

discussed. 

6.2 CONCLUSIONS 
This work has explored various parametric dependencies of SEGR in power VDMOS 

transistors. A variety of ion accelerator experiments were performed and two-dimensional 

device simulations were used to predict SEGR failure threshold biases and to extract 

physical information about the SEGR failure mechanism. All the information gained from 

this work can be used to improve the VDMOS transistor design in order to reduce and/or 

eliminate SEGR failure. 

As shown in section 4.1, there is a clear SEGR sensitivity dependence on gate-oxide 

thickness. A thicker oxide reduces the SEGR sensitivity and, thus, extends the critical 
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SEGR threshold biases (VDS and VGS) of the device. Although increasing the gate-oxide 

thickness is straightforward there is a drawback of an increased total dose sensitivity for 

an increased oxide thickness. Total dose failure, however, is only an issue for long term 

space missions where the accumulated trapped oxide charge is sufficient to cause a shift 

of the transistor threshold voltage. Therefore, for short term space missions, transistors 

with an increased oxide thickness that are capable of operating safely at an increased bias 

level can be an effective alternative. 

Further, in section 4.7 it was shown that the center part of the neck area is most 

sensitive to SEGR. It was shown that removing a fraction of the gate-electrode in the 

center is an effective way to reduce SEGR sensitivity in this area and, thus, reduces the 

SEGR failure cross section. The operation of the transistor should not be much affected 

by this procedure because only a small fraction of the gate-electrode over the channel 

region is required to properly modulate the channel conductivity. On the contrary, 

removing a large fraction of the gate-electrode would reduce the gate capacitance 

significantly (smaller capacitive load for transistors driving this gate and therefore an 

increased operation frequency is possible). The removal of a center part of the gate 

electrode increases the processing cost, however, because an additional mask level is 

required. Also, the etch window is not self-aligned and therefore to account for process 

variations the window can only be etched out to about 1 to 2 pm from the neck/channel 

interface. Because of the increased cost and because SEGR sensitivity caimot be reduced 
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over the entire transistor area this method is probably not a viable solution to harden a 

VDMOS transistor against SEGR. 

Another means of assuring safe operation of the power MOS transistor in a space 

mission is to use device derating. This means, that the device is operated in a reduced bias 

range where no SEGR events are possible (experiments on ion accelerators can be used to 

evaluate the save bias range of a device). There are some disadvantages to this method 

such as (i) increased "ON" resistance of the transistor because devices operating at a 

larger drain-to-source bias generally have a thicker epi-layer with reduced dopant 

concentration (to prevent avalanche breakdown) and (ii) increased gate capacitance 

because of the increased device area for devices with a larger drain-current rating. 

However, the increased cost of using derated devices is minimal and using circuit design 

changes to account for the degraded transistor parameters makes this a viable method to 

prevent SEGR (probably the most frequently used method chosen by system designers). 

6.3 FUTURE WORK 

hi chapter 5, attempts to further simplify the modeling of SEGR are shown. The 2-D 

device simulator is a valuable tool to extract information that helps to develop a thorough 

understanding of the SEGR mechanism. It is also possible to extract the values of lumped 

elements in a simple SEGR circuit model (for example, filament current Ip). The simple 

models presented in chapter 5 still have some drawbacks when compared to experimental 
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data or when compared to the very good agreement shown with the prediction algorithm 

(see chapter 3) and thus, further research is required in this area. 

Also, 2-D computer simulations carmot model the charge dynamics in the oxide (e.g., 

gate-oxide). To solve this problem, we showed with the prediction algorithm that it is 

possible to post-process 2-D simulation results with experimental information of oxide 

characteristics (e.g., oxide breakdown field versus LET of the incident ion). Further 

research is needed to better model the charge dynamics in the oxide to predict SEGR 

without the need to post-process the 2-D simulation results. 
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7. FIGURES 
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Figure 1: Cross section of n-channel power VDMOS transistor. Only two adjoining cells 
are shown; depending on the current rating a typical power MOSFET may have several 
hundred to several thousand cells. 
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Figure 2: Two examples of cellular structures used in VDMOS FETs. (a) Hexagonal; (b) 
square. 
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Figure 4; Ion strike through p-body region of the VDMOS transistor leads to SEB. 

Ion 
Source Track 

? F= 

tx)^ Neck 

Electron Hole 
Current ^Current 

n'-epi 

n'̂ aijstrate 

1 Drain 

Figure 5: Ion strike through the neck region of the VDMOS device leads to SEGR. 
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Figure 7: Generic SEGR test circuit. SEGR is monitored with current probes at the gate 
or drain. 
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Figure 8: Cross-section of VDMOS device (only half of symmetrical cross-section is 
shown) and "optimal" mesh for computer simulation of SEGR. Note the higher grid 
densities at junctions, Si-Si02 interface, and along the ion track (shown for strike through 
center of device (r=0)). 
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Figure 9; Enlarged section of square-shaped intrinsic silicon with a deposited charge 
sheet (N=P=5E19cm"^) in the center with a width of w=0.2|im. Figure 10 and Figure 11 
show the hole concentration and hole velocity along the outline at z=h/2 for t=Ops and 
t=lps, respectively. 
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Figure 10: Hole concentration and hole transport velocity at t=Ops along the horizontal 
cutline in Figure 9. 
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Figure 11: Hole concentration and hole transport velocity at t=lps along the horizontal 
cutline in Figure 9. 
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Figure 12: Cross-section of a 250V square cell VDMOS device showing hole velocities 
at t = O.lps, 2ps, and 20ps after an ion strike occurred indicating that the nonphysical 
carrier velocity (exceeding lO'cm/sec) only exists for the first picosecond. 
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Figure 13: Oxide field versus time after ion strike obtained from 2-D simulations shown 
for "standard" mobility (|Xn=1000cmWs, m,=500cm^A^s) and reduced mobility 
(|in=2cm^A'^s, |ip=lcmWs). Case shown corresponds to bromine (LET = 37.2), 10|im 
strike penetration with 20^im pre-strike depletion layer width. 
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Figure 14: A lumped version of the equivalent circuit representing the positive charge 
"pile-up" at the end of the strike filament by a capacitor, and the leakage path to the 
grounded body by a lumped resistor. The filament current IF represents the current due to 
the substrate field separating the electrons and holes generated along the ion strike. 
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Figure 15: A distributed RC-circuit model that generalizes the lumped circuit of Figure 
14. 



120 

4 6 8 
Failure Field E=V/t ox 

10 12 
[MV/cm] 

Figure 16: Pre-irradiation breakdown data for MOS-capacitors used in heavy ion 
radiation experiments. The four sets of test samples had different process steps to grow 
the oxide (see Table 1) and clearly show different breakdown behavior. 
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Figure 17: Irradiated MOS-capacitor breakdown data vs. LET showing the inverse of the 
critical breakdown field normalized with the intrinsic breakdown value. The Figure also 
includes data taken by Wrobel [28] and Titus et. al [29]. 
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Figure 18: Cross section of stripe geometry n-channel test device used in experiments. 
For simulations, the device was approximated in cylindrical geometry to avoid time 
consuming 3-D computations. 
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Figure 19: Transient oxide field component at track location superimposed on DC 
component as a function of time after ion strike for bromine and gold as the incident ions. 
Typically, the peak field is reached within a few picoseconds. Parameters: LET = 
37.2MeV-cm^/mg (Bromine) and 82.2MeV-cm^/mg (Gold), Vgs = -17.5V, Vds = 15V, tox 
= 5(him. 
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Figure 20; Vgs versus Vds at rupture point for bromine irradiation (LET = 37.2 
MeVcm^/mg) with five different gate-oxide thicknesses. Symbols are from experiments 
and solid lines show prediction results. 
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Figure 21: VGS versus LET of the incident ion at rupture point for VQS = 30V and three 
different gate-oxide thicknesses. Symbols are from experiments and solid lines show 
prediction results. 
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Figure 22: Vgs versus gate-oxide thickness tox at rupture point for bromine irradiation 
(LET = 37.2 MeVcmVmg) at two different drain-to-source biases VDS- Symbols are from 
experiments and solid lines show prediction results. 
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Figure 23: One half of symmetrical cross section of VDMOS power transistor used for 
ion strike penetration depth dependence of SEGR. The transistor has a square cell 
geometry that was approximated as a cylindrical geometry in the 2-D simulations. 
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Figure 24: A composite plot showing the SEGR failures for 1.0-GeV, 708-, 504-MeV 
krypton and 285-, 193-, 100-, and 54-MeV bromine. 
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Figure 25; Conceptual plot showing two competing mechanisms for the oxide field 
increase after a heavy ion strike. The solid line corresponds to the field increase due to the 
charging effects of the filament current IF (see Figure 14); dotted lines show field decay 
due to the "leak-off' effect of the positive charge from the interfacial strike location 
toward the grounded body/source region. An increased rate of charges leaking off toward 
the source contact is indicated by the dotted lines (field decay) moving to the left (shorter 
times) and results in a lower maximum oxide field. 
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Figure 26: Plot of VGS versus VQS, showing the experimental data points where SEGR 
occurred, at room temperature and at high temperature. The value taken for VGS IS the 
median value. 
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Figure 27; Maximum simulated transverse electric field in the oxide, as a function of 
time, for different temperatures. The drain voltage was 30V; the gate voltage was -13.9V; 
the incident ion was Nickel. The maximum electric field in the oxide is slightly lower at 
higher temperatures. 
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Figure 28: The computer code, TRIM-90, was used to compute the LET values and the 
range of a bromine ion in silicon for energies spanning 1 MeV to 10 GeV. BNL can 
provide test ions with energies up to 350 MeV, whereas ions encountered in space can 
have energies that exceed several hundred GeV. 

60-

50-

o>' 
B 

^ 30H o s 
tn 

20-

10-

Aooeleralor Energy 
at BNL E<350MeV 

^ Bragg peak 

^ / 

^ Bragg peak 

\ / • 

\ 

1E+6 

r1E+5 

1E+4 
B 
3, 

r1E+3 o 
c (d CC 

IE-t-2 

1E+1 

1E+0 
1E+6 1E+7 1E+8 1E+9 1E+10 1E+11 

Ion Energy of Krypton [eV] 

Figure 29: The computer code, TRIM-90, was used to compute the LET values and range 
of a krypton ion in silicon for energies spanning 1 MeV to 10 GeV. Texas A&M can 
provide test ions with energies up to 2-GeV, whereas ions encountered in space can have 
energies that exceed several hundred GeV. 
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Figure 30: The SEGR failure thresholds of vertical power MOSFETs characterized at 
BNL using 285, 193, 100, 54-MeV bromine having initial LET values of 37, 39, 38, and 
32 MeV-cmVmg with penetration depths in silicon of 36,27, 17, and 1 l^m, respectively. 
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Figure 31: The TRIM-90 code was used to compute the LET values along the ion's path 
for each ion and energy. On the x-axis, 0|im depicts the surface of the MOSFET, 7|im 
depicts the Si-SiOa interface, and 57pn depicts the epitaxial-substrate interface. 
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Figure 32: Two-dimensional simulation code, ATLAS, was used to predict SEGR failure 
thresholds for Vos and VDS. Simulations were conducted using 100- and 54-MeV 
bromine and 504-, 708-, and 1000-MeV krypton incident ions at the surface. 
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Figure 33: Critical Vgs (normalized with VGs(ttrack=5|xm)) versus penetration depth in the 
epitaxial layer simulated for a track of uniform charge generation (in depth) at an LET of 
37.2 MeV-cmVmg and for a constant VDS of 150 Volts. 
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Figure 34; Experimental SEGR and SEB data obtained at the Brookhaven National 
Laboratory for stripe geometry power VDMOS devices showing critical biases YDS and 
VGS at different LET values (work of Wheatley et. al [32]). The SEGR data points are 
given for an oxide thickness of 50nm. The data can be partitioned into three regions (see 
text). 
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Figure 35: Two-dimensional numerical simulation results showing the SEGR threshold 
gate bias versus the position of the incident ion for two different drain biases. The inset 
above the graph is intended to illustrate the location within the device of the ion impact 
position. 
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Figure 36: Medici [24] simulation results for IRF450 are shown relating LET in pC/|Jin 
and ion strike position to SEB likelihood, based on [42], The inset above the table 
provides a key to the lettered positions of the incident ion relative to the device. In the 
table, results are given for Ni and Br incident ions for VGS = 0 and a VDS in excess of 50% 
of the rated breakdown value for this device. 
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Figure 37: Cross section of the simulated structures with a large fraction of the center 
part of the poly-gate removed. 
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Figure 38: Comparison between the gate bias thresholds at different ion impact positions 
(VDS = lOV) for different hardened device structures. 
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Figure 39: Cross section of the simulated structure with both reduced poly and p'^-plug 
extension. 
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Figure 40: Fluence for SEGR as a function of drain voltage for 256 MeV bromine and 
311.7 MeV iodine for stripe geometry VDMOS devices. 
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Figure 41: Fluence for SEGR as a function c-^c magnitude of the gate voltage for 256 
MeV bromine and 311.7 MeV iodine for stripe geometry VDMOS devices. 
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Figure 42: Fluence for SEGR as a function of the magnitude of the gate voltage for 285 
MeV bromine for three different drain voltages. 
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Figure 43: SEGR cross-section for 285 MeV bromine incident ions. 
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Figure 44: Simulated SEGR cross-section versus threshold gate bias for two drain biases. 
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Figure 45: Electron and hole concentration along center of ion strike from t=0 to 20ps for 
the case of 10|im penetration depth into the epi-layer. 
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Figure 46: Electron and hole concentrations versus radial position from center of ion 
strike r = 0 to r = O-S^im at a penetration depth of S^un. Epi-layer depletion layer is 20nm 
and total ion strike penetration depth is 10|im. 
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Figure 47: Electron concentration per unit length obtained by integrating the electron 
volume density over an areal cross section located at a depth of 8^un for an ion strike 
penetration depth of lOum (see Figure 46). 
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Figure 48: Electron current density versus radial position at a depth of 8^m for an ion 
strike penetration depth of lOpm (corresponding to the device data shown in Figure 45 to 
Figure 47). 
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Figure 49: Vertical filament electron current extracted from simulation data such as 
shown in Figure 48 for various ion strike penetration depths ranging from 5|im to 50|im. 
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Figure 50: Oxide field after ion strike as a function of time for various ion strike 
penetration depths with a constant LET of 37,2 MeV-cmVmg. 

Figure 51: Oxide field after ion strike as a function of time for various LET values 
ranging fi-om 10% to 100% (with respect to LET =37.2 and 10|im ion strike penetration 
depth). 

Figure 52: Oxide field after ion strike as a function of time for various ion strike 
penetration depths with a constant total number of e-h pairs corresponding to the 15[mi 
ion strike penetration in Figure 50. 
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Figure 53: Hole concentration at various times after ion strike occurred at Si-Si02-
interface versus radial position from center of strike r =0 to r = 2.4|im. Case shown for 
lOpim strike depth with approx. 20|im pre-strike depletion layer width. 
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Figure 54: Top figure shows oxide field versus radius firom center of ion strike (L=10jim) 
for various times after the ion strike occurred. Bottom figure shows radius of interfacial 
storage region versus time. 



146 

 ̂5 

S 3-te 

1-; 

• DC -e- 0.9ps 

Ifs -B- 1ps 

0.1 ps 2ps 

0.2ps * 3ps 

• 0.3ps -H- 4ps 

0.4ps 5ps 

O.Sps 6ps 

0.6ps 7ps 

0.7ps Bps 

-H- O.Sps 20ps 

1.5 2 23 
Radms [micraiu] 

50% radius of 

Rtl r=0.07+0.rsqrt(t/1ps) 

Fit2 r=t/4+0.29 

time ipt] 

Figure 55: Top figure shows oxide field versus radius fi-om center of ion strike (L=20|jjn) 
for various times after the ion strike occurred. Bottom figure shows radius of interfacial 
storage region versus time. 
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Figure 56: Equi-potential contours (and potential plot along center-strike cut-line) after 
an ion strike occurred for t=lfs, t=lps, and t=20ps. Note, that at t=lfs the charges have 
not separated, yet, and therefore the equi-potentials are undisturbed from the DC case. At 
later times (e.g. Ips and 20ps) the e-h pairs generated from the ion strike act like a low-
resistive shunt with a small voltage drop. Case shown for 15|xm strike depth with approx. 
20|im pre-strike depletion layer width. 
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Figure 57: Equi-potential contours (and potential plot along center-strike cut-line) after 
an ion strike occurred (15, 20, and 25^m penetration depth) for t=lps, t=2ps, and t=3ps. 
Pre-strike depletion layer width is 20|im (see Figure 56). 
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Figure 58: Simple lumped circuit model similar to the one in Figure 14 but the resistive 
leakage path R is omitted and the interfacial storage capacitor Cox is a function of time 
corresponding to the radial expansion of the interfacial storage region. 
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Figure 59: Simple exponential fit (for 5, 10, 20, and 50^m ion strike penetration depth) 
for filament current IF = lo exp(-t/x) extracted in Figure 49. 
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Figure 60; Plot of the radius where the filament charge concentration is 5E17 cm"^ versus 
time illustrating the expansion of the charge filament. Symbols are values extracted from 
Figure 46 and solid line was computed with the Hohl-Galloway expression (5.5) [50]. 
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Figure 61: Oxide field versus time after ion strike extracted from circuit model in Figure 
58. A square-root fit (Fitl) and a straight line fit (Fit2) of the filament current (see Figure 
59) and the filament radius shown in Figure 54 and Figure 55 were used in equation 
(5.5). 
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Figure 62: An equivalent circuit for the filament current IF in parallel with the filament 
conductance GT (not shown in figure) charging the oxide capacitance Cox (Thevenin 
theorem) is GT in series with the drain voltage VDS- For fiill penetration, the track 
conductance "short circuits" the entire depletion layer capacitance Co. For partial 
penetration, however, only a fraction (CDI) of the total depletion layer capacitance Co is 
"shunted" by the filament conductance GT. 
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Figure 63; Circuit model for SEGR with Ci corresponding to the oxide storage capacitor, 
Gi represents the interfacial leakage of the holes, C2 and C3 represent the depletion layer 
capacitance that is separated by the ion generated charge filament indicated by Ga (e-h 
pairs in filament) and G3 (electrons leaving the bottom end of the filament and 
experiencing a spreading resistance as they drift toward the drain contact). 
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Figure 64: Concentration of e-h pairs in center of charge filament as a function of time 
extracted from the simulation results shown in Figure 45. 
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Figure 65: P-SPICE simulation results of circuit shown in Figure 63 with perturbing 
initial voltages of V(1)=1V and V(2) = -2V. The analytical solution from (5.17) agrees 
with P-SPICE results. 
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Figure 66: Solution for Vj and Va obtained by equations (5.8) and the approximate 
lumped element values of Ci = 63fF, Cz = C3 = lOfF, Gi = 12.6^5, Ga = 1.5mS, and G3 = 
1.4mS (see discussion above) with various initial node-bias conditions (VD = IV). Note 
that the node potentials for long times relax back to the unperturbed case. 



155 

i I I 
10 20 30 40 

lO' 

lo' 

10̂  

10« 1' 10« 
o 

10̂  
PT 

10* 

10̂  

10̂  

time [ps] 

Figure 67: Time varying filament conductance used for P-SPICE simulations. 
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Figure 68: P-SPICE simulation results showing SEGR dependence on oxide thickness 
(corresponds to Ci). 
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Figure 69: P-SPICE simulation results showing SEGR dependence on ion strike 
penetration depth (corresponds to C2 and C3) 
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Figure 70: P-SPICE simulation results showing SEGR dependence on resistivity of 
lateral leakage path (corresponds to Gi = 1/Ri). 
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Figure 71: P-SPICE simulation results showing SEGR dependence on spreading 
resistance experienced by electrons leaving the bottom end of the charge filament when 
they are drawn toward the drain contact (corresponds to G3 = I/R3). 



158 

8. TABLES 
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Wafer 
Gate 

Oxide Preclean 
Vt Implant 

Before/After Gate 
Oxide 

PolySi Preclean Oxide 
Thickness 

[nml 
A H2SO4/H2O2 

70:1 DHF 
After H2SO4/H2O2 20 

B H2SO4/H2O2 
70:1 DHF 

After H2SO4/H2O2 15 

C H2S04YH202 
70:1 DHF 

Before None 15 

D H2SO4/H2O2 
70:1 DHF 

RCA 1 & 2 

Before None 15 

Table 1: Process differences of the SiOa MOS capacitors used in the experiment. 

Wafer 
(tox in nm) 

no ion 
LET=0 

Nickel 
LET=26.4 

Bromine 
LET=37.2 

Iodine 
LET=59.7 

Gold 
LET=82 

A (20) 
B(15) 
C(15) 
D(15) 

20.5 (10.25) 
16.5(11) 

15.5 (10.33) 
16.5(11) 

16.5 (8.25) 
13.5 (9) 
13.5 (9) 
13.5 (9) 

14.5 (7.25) 
11.5(7.67) 
11.5(7.67) 
11.5(7.67) 

11.5(5.75) 
9.5 (6.3) 
9.5 (6.3) 
9.5 (6.3) 

10.5 (5.25) 
8.5 (5.67) 
8.5 (5.67) 
8.5 (5.67) 

Table 2; Failure voltage (field in MV/cm) for capacitor samples exposed to heavy ion 
irradiation. 
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Bromine (LET = 37.2 ^Ymg > 

Simulation Input Data Simulation Results Predicted 

VGSCT 

dox 

(nm) 

VD 

(V) 

-VGS 

(V) 
E)p 

(MV/cm) 
EDC 

(MV/cm) 
-VGScr(V) 

50 0 28.5 5.75 5.584 28.55 

50 15 17.5 5.98 3.387 16.41 

50 30 13.9 7.43 2.669 5.57 

70 0 37.5 5.42 5.274 40.11 

70 15 17.5 4.38 2.421 27.42 

70 30 6.5 4.65 0.857 14.58 

100 0 53.5 5.39 5.292 57.78 

100 15 17.5 3.12 1.696 44.52 

100 30 13.9 4.03 1.337 31.83 

100 35 20 4.93 1.945 28.91 

150 0 81 5.43 5.361 87.1 

150 15 17.5 2.11 1.132 73.47 

150 30 13.9 2.76 0.893 60.13 

150 50 20 4.19 1.298 44.76 

Table 3: Simulation and prediction results for bromine irradiation. 
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Gold = 82 

Simulation Input Data Simulation Results Predicted 
VGSCT 

dox 

(nm) 

VDS 

(V) 

•VGS 

(V) 

EP 
(MV/cm) 

EDC 
(MV/cm) 

•VGScr(V) 

50 5 15.5 4.1 2.988 13.25 

50 15 23.5 7.41 4.585 4.69 

50 30 13.9 8.13 2.669 -8.5 

70 5 15.5 2.95 2.136 20.64 

70 15 23.5 5.35 3.276 11.82 

100 5 15.5 2.07 1.496 31.89 

100 15 23.5 3.79 2.295 22.68 

100 30 13.9 4.22 1.337 9.13 

150 5 15.5 1.39 0.999 50.58 

150 15 23.5 2.55 1.531 41.16 

150 30 13.9 2.85 0.893 27.09 

Table 4: Simulation and prediction results for gold irradiation. 

VDS Ncpi tepi 

m [cm'^l [^m] 

100 4E15 5.7 

300 1E15 19.8 

600 3E14 51.1 

Table 5: Examples of epitaxial thickness dependence as a function of VDS voltage rating 
of a power VDMOS device. 
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Device# Temperature VDS M Vcs (SEGR) [V] 

1 25 5 -18.875 
2 25 5 -18.875 
3 25 5 -18.875 
4 25 20 -6.375 
5 25 20 -6.375 
6 25 20 -6.125 
7 91 5 -19.125 
8 91 5 -19.125 
9 92 5 -18.125 
10 91 5 -19.125 
11 91 20 -7.125 
12 92 20 -6.625 
13 90 20 -6.625 

Table 6: Experimental VGS for SEGR at room temperature, and at high temperature (90 
to 92°C). VDS was fixed at 5 or 20V. These results show that, for the device tested, VGS 
for SEGR at high temperature is only 0.25V higher than at room temperature. 

Ion Energy 
[MeV] 

LET 
[MeV-cm^/mg] 

Range 
[Um] 

I 311.7 59.7 30.4 
Br 256 37.8 33.4 
Br 285 37.5 37.0 

Table 7: Ion species, energy, linear energy transfer, and range used in SEGR cross-
section experiments. 
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