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ABSTRACT 

The effects of ionizing radiation on the breakdown voltage of p-

channel power MOSFETs were examined through two-dimensional 

simulation. The response of a reverse-biased n+-p junction to positive 

oxide-trapped charge, Not, is examined in detail, and analytical 

expressions for its characteristics are derived. These results provide 

insight into the breakdown performance of p-channel power MOSFETs in 

ionizing radiation environments, whose performance was found to be very 

different from corresponding n-channel power MOSFETs. Insights gained 

through analysis of p-channel devices suggest a termination/isolation 

scheme, the VLD-FRR, that will enhance p-channel device reliability in 

radiation environments. 

Two introductory chapters, which also serve as literature reviews, 

are provided. The buildup of Not in thick oxides and breakdown voltage of 

the power DMOS transistor are both reviewed, with attention focused on p-

channel devices in both cases. Finally, suggestions for future work are 

given. 
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MOTIVATION 

P-channel power MOSFETs are of potential value for applications in 

radiation environments. It has been suggested that p-channel DMOS 

devices typically are less sensitive to gamma-dot [1] and single-event 

burnout [2], and may have a smaller threshold-voltage shift than n-channel 

devices under typical bias conditions [3]. When either an n- or a p-channel 

device can be used in a circuit, these advantages may offset the 

disadvantage of higher on-resistance of the p-channel device. For 

applications that require complementary drivers [4], such as power 

amplifiers with complementary output stages, rad-hard p-channel devices 

would be extremely useful, since complementary devices greatly simplify 

gate-drive circuit design. 

One parameter that is not yet well understood for p-channel power 

MOSFETs, and thus makes design of rad-hard p-channel devices difficult, 

is the dependence of drain-source breakdown voltage on ionizing radiation. 

It is often tacitly assumed that p-channel device breakdown voltage will 

increase, and surely not degrade, in an ionizing radiation environment. 

Earlier research has supported this assumption [5]. 

P-channel devices usually employ the same termination structures, 

and, if integrated, the same isolation technology, as n-channel devices of 

similar voltage rating. Thus, their pre-rad breakdown voltages are 
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practically identical for devices of complementary doping and topology. As 

will be demonstrated in this thesis, using identical termination structure 

topologies and isolation technologies for n- and p-channel devices is not 

always warranted. This is because of the fundamentally different effects 

ionizing radiation has on the spreading of the drain-body depletion region of 

the two device types. 

Due to the dearth of published data on p-channel power MOSFET 

breakdown voltage response in radiation environments, all of the results 

presented in chapters 3, 4, and 5 are original. Chapters 1 and 2 support the 

later chapters by providing necessary background information, without 

which the later chapters would be far less understandable. It is perhaps 

not surprising, then, that the presentation and interpretation of the 

background material in chapters 1 and 2 is also original. It is important, 

though, to point out the sections of the thesis that present results and 

discussions that cannot be found elsewhere in any form; this is done below. 

The major new contribution of chapter 1 is the discussion in 

subsection 1.2.6 of the mechanisms for saturation of charge buildup. In 

chapter 2, subsection 2.3.2, which covers the breakdown voltage versus 

radiation hardness tradeoff, as well as section 2.4, which discusses the 

basics of termination structures, contain new results that are not available 

elsewhere. Finally, all of the results presented in chapters 3, 4, and 5, 

except for section 3.4, which gives a derivation of the Vec[ge(max) versus 

Not characteristic, are available in [25]. 
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CHAPTER L 

TBE ORIGINS OF POSITIVE OXIDE CHARGE IN THICK FIELD OXIDES 

This chapter examines the method by which positive charge 

accumulates in thick field oxides. All stages of the charge buildup process 

are covered in approximate chronological order. Special attention is given 

to positively-biased oxides due to their technological significance in p-

channel power MOSFETs. 

1.1. Ionizing Radiation in the Natural Space Environment 

Spaceborne electronics are subject to a hostile array of naturally-

present particles that can adversely affect their performance. These 

particles include electrons, photons, protons, and heavy ions [6]. The rate 

at which a device encounters these particles in space, or the dose rate, is 

typically very low; dose rates on the order of 10"3 rad(Si)/s are typical [7]. 

Even at this low dose rate, however, hundreds of krad(Si) of ionizing 

radiation can interact with a device over time. Thus, devices in space 

accumulate large total doses of ionizing radiation at low dose rates. 

It is usually impractical to reproduce these low dose rates in the 

laboratory due to time and cost limitations. Typical laboratory dose rates 
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from 60Co sources are 100-300 rad(Si)/s [7]. For pulsed irradiations, Linear 

Electron Accelerators (LINACS) are often used. These sources can deposit 

enormous amounts of energy in a very short time. Although this extremely 

high dose rate has some practical implications [8], it is used primarily for 

studying the physics of carrier transport through the oxide. Both radiation 

sources, of course, lead to positive charge buildup in silicon dioxide. 

As will be discussed in the next section, the major effect of ionizing 

radiation on thick field oxides, irrespective of the dose rate or method in 

which it is received, is to produce large quantities of positive charge in the 

oxide. This charge can alter device and circuit performance. In 

particular, it interacts with the depletion region of the drain-body junction 

of a power MOSFET and modifies its shape, which in turn alters the 

breakdown voltage of the device. 

1.2. Positive Charge Buildup in Thick Oxides 

The method by which positive charge accumulates in gate oxides has 

been studied for several decades. Charge buildup in thick field oxides has 

not received as much attention as charge buildup in gate oxides. Charge 

buildup in field oxides has, however, been shown to be governed by the same 

physical processes as gate oxides [9]. In general, the charge buildup 

process is a function of oxide thickness, electric field magnitude and 

direction in the oxide, charge already present in the oxide, available 

trapping centers in the oxide, their capture cross sections, and a score of 
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other parameters. As such, only the highlights will be covered here. A 

thorough review is available in [10]. 

1.2.1. Overview 

The charge buildup process starts when an energetic photon (energy 

> 18 eVfor SiC^) [11]) creates an electron-hole pair (ehp) in the oxide. It is 

usually assumed that ehp generation is uniform throughout the oxide. If 

there is no electric field in the oxide at the point where the ehp was created, 

the electron and hole may recombine quickly; if this happens, very few 

positive charges are left behind for subsequent trapping. When an electric 

field is present at the point of ehp creation, however, the electrons are swept 

out of the region approximately 1 picosecond after the creation of the ehp, 

while the holes stay much longer. Since the electrons are no longer 

present, the holes cannot recombine with them; instead they move through 

the oxide under the influence of the electric field. A fraction of these 

traversing holes will become trapped in the oxide. 

The two bias possibilities, positive and negative, are illustrated in 

figures 1-la and 1-lb, respectively. The generated holes move slowly to 

either the oxide-silicon interface (positive bias) or the oxide-metal interface 

(negative bias) under the influence of the applied electric field. Once they 
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17 

have reached the interface, they may either recombine with injected 

electrons or become trapped. Those that become trapped may undergo 

further processes, such as annealing, or they may even contribute to the 

formation of interface states. Finally, the trapped holes also alter the local 

electric field in the oxide, which can cause the positive charge buildup 

process to saturate. 

1,2.8. Definitions 

To quantify the influence of positive oxide charge on device behavior, 

it is useful to define a net positive areal charge density referred to the oxide-

semiconductor interface. This quantity, Not, is given by the equation 

ftac 
Not = I n/wCx) x dx (1-1) 

t°xj0 

where the axis is defined as in figure 1-1, tox is the thickness of the oxide 

and n^i (x) is the local density of trapped (or transporting) holes. The 

change in threshold voltage due to positive charge in the oxide, AVot, is 

given by 

AVot = -qtoxANot (1-2) 
Eox 

where q is the magnitude of the electronic charge and eox is the 
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permittivity of silicon dioxide. 

With these equations in mind, and referring to figure 1-1, it can be 

seen that if the density of trapped holes is the same for both bias polarities, 

AVot under positive bias can be expected to be larger than AVot under 

negative bias due to the location of the charges. As an added note, if the 

interface-state density, Nn, is much less than Not, then changes in 

threshold voltage of the MOS system will be entirely due to Not. If 

appreciable Nn is present, then shifts in threshold voltage will include 

contributions from both N(t and Not. This topic, as well as several other 

basic concepts, is discussed in detail e.g. in [12]. 

1.2.3. Hole Generation 

The first step in the charge buildup process is generation of holes by 

ionizing radiation for subsequent transport, trapping, and recombination. 

Obtaining reliable data for hole generation requires that the hole generation 

process be kept as separate as possible from the other processes outlined in 

section 1.2.1. Boesch et al. have irradiated MOS capacitors with field oxides 

ranging from 100 to 800 nm at 80 K under bias [9]. For their experiment, 

the total dose D was delivered in 4 fis from a LIN AC. The high dose rate 

ensured that the electric field in the oxide was practically uniform prior to 

the pulse; a lower dose rate would not be suitable because accumulated 

positive charge would alter the local electric field in the oxide. The low 

temperature was used so that the generated holes would remain relatively 
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immobile. Since the holes were immobile and distributed uniformly 

throughout the oxide, p was constant through the oxide, was 

negligible immediately following the pulse, and the bias polarity had little 

effect on the measured shifts in flatband voltage. 

Under these circumstances (p = constant), Not can be calculated 

from (1-1); it is 

Combining (1-3) with (1-2) gives the flatband voltage shift AVps, which is 

the voltage shift associated with Not, for these capacitors, where 

To model hole generation, (1-4) can be set equal to a collection of parameters 

that include Kg the ehp creation energy (18 eV for SiC^), D, the total dose 

of ionizing radiation, and f(E), where 0 < f(E) < 1 is the fraction of ehps 

that escape immediate recombination. This was done by [13]. If the tox
2 

term is kept and a multiplicative fitting constant is used, the relationship 

(1-3) 

(1-4) 

(1-5) 

is valid up to approximately D = 100 krad(Si). 
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There are two important features of (1-5) First, note the square law 

dependence of AVpg on tox. Since field oxides are typically an order of 

magnitude thicker than gate oxides (a gate oxide is usually on the order of 

200 nm, while field oxides are on the order of 1 nm), Not dominates in 

field oxides, even at very low total dose D. 

Second, note that f is a function only of the local magnitude of the 

electric field in the oxide. It has been shown that f increases roughly 

monotonically with log(E), with fiE) -» 1 as \E \ 2 MV/cm [13]. 

For D > 100 krad(Si), (1-4), and thus (1-5), are no longer valid because 

p alters the local electric field in the oxide. Since f depends on local 

electric field only, the charge generation process is not uniform throughout 

the oxide for large p. This topic is covered in more detail in section 1.2.6. 

1.2.4. Hole Transport 

The model that has successfully described hole transport through 

silicon dioxide under applied bias is the continuous-time random walk 

(CTRW) model [14]. In this model, the holes "hop" through the oxide at 

random times that are influenced by a hopping time distribution function. 

It has been shown [15] that the time needed for a hole to traverse the oxide is 

strongly dependent upon oxide thickness. Thus "prompt" transport of holes 

in thick oxides may take several orders of magnitude longer than in gate 

oxides. 
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By applying the CTRW model, it has been shown that ttransit ~ t£x. It 

has been determined experimentally that /J is approximately 4 [15]. 

Typical times for transport through thick oxides are on the order of minutes 

or hours, whereas for gate oxides, holes traverse the oxide in seconds or 

less. It is important to note that the time holes spend in the oxide is 

significant regardless of whether or not the holes ever leave the oxide 

through recombination or annealing or some other process, since during 

this time, they influence device behavior through (1-1) and (1-2). 

1.2.5. Long-Term Hole Trapping 

The third step in the positive charge buildup process is the trapping 

of holes after they have been generated and have moved within the oxide. 

The hole trapping process is probably the least well understood link in the 

charge buildup process, since the trapping characteristics of the oxide are a 

strong function of the oxide quality. This fact is particularly evident in field 

oxides, since their properties are generally not as well controlled as gate 

oxides. For example, to obtain oxide thicknesses on the order of 1 /im, 

chemical vapor deposition is often used, or some sort of "wet" growth 

technique may be employed. Both these processes may introduce 

contaminants or defects of their own into the oxide, which can introduce 

imperfections and defects that act as hole traps [10]. To counter these 

defects, various hardening methods for field oxides have been studied, 

although they will not be covered here. For the purposes of this discussion, 

it suffices to note that in addition to the thickness-squared dependence of 
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charge buildup in (1-3), the nonideal nature of field oxides contributes to the 

trapping of positive charge. 

The discussion of trapping will refer to the positively biased case, as 

depicted in figure 1-la, since this is the bias polarity that can be present in 

the termination region of p-channel power MOSFETs. These fields can 

occur, for example, under a field plate termination structure (covered in 

section 3.3) or under a source contact in a dielectrically-isolated device 

(covered in section 4.2.2). After irradiation under positive bias at room 

temperature, several researchers have found the positive trapped charge to 

reside predominantly at the oxide-silicon interface [10]. In thicker oxides 

under small negative bias, however, a substantial fraction of the holes may 

become trapped in the bulk of the oxide, where it cannot easily be annealed 

[16]. 

Bulk hole trapping (as opposed to trapping near the interfaces) 

provides insight into the mechanism responsible for the saturation of 

positive charge buildup in thick oxides. When positive charge is located 

near an interface, tunnel or thermal annealing with electrons from the 

bulk can account for positive charge saturation. Since the holes are located 

far from the interface in thick oxides, annealing of trapped charge is highly 

unlikely. The most plausible explanation is that of electric field 

compensation, as discussed in the next section. 
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1.2.6. Saturation of Charge Buildup 

As mentioned in section 1.2.3, an important consequence of the 

thickness-squared dependence of (1-5) is rapid accumulation of large 

amounts of positive charge in thick oxides. As a consequence, saturation of 

positive charge buildup occurs for total doses that are several orders of 

magnitude lower than for gate oxides. Recall also that (1-5) was only valid 

for D < 100 krad(Si) due to the compensating effect that large p had on the 

local electric fields. All of these statements will be made quantitative below. 

These results were derived and stated in a different way in [13]. The 

method used here is more easily extendable to space dose rates. 

The saturation mechanism is illustrated in figure 1-2. The electric 

field within the oxide satisfies Poisson's equation, given here in one 

dimension: 

jLE{x)=P^-. (1-6) 
dx Sox 

In figure l-2a, very little positive charge has accumulated at the oxide-

silicon interface, so the electric field within the oxide is approximately 

constant and equal to V/tox, where V is the applied bias. After a critical 

amount of charge, pCrit> has..accumulated in the oxide, however, the 

electric field approaches zero at the oxide-metal interface. Since V is 

constant, the average electric field in the oxide is still V/tox. Thus, for this 

critical case, 
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(1-7) 

whereby pcrit is 

(1-8) 

(1-8) says that uniform charge generation and buildup will occur in a field 

oxide until pcrit is reached, and that pcrn is directly proportional to the 

voltage across the oxide and inversely proportional to tox
2. Thus uniform 

charge generation and buildup will occur in a field oxide until pcrit is 

reached. 

A region of zero electric field that expands with increasing charge 

accumulation arises for p > pcrit. The mechanisms that account for this 

are summarized below. For p > pcrit, the field in the oxide is no longer 

uniform; in particular, it is zero next to the gate-oxide interface. Thus, 

ehps generated there will efficiently recombine. However, ehps created 

near the oxide-silicon interface will not efficiently recombine due to the 

large electric fields there. Some of the holes may remain in this high field 

region, which will further increase the electric fields there. 
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With this physical picture in mind, recall that V is constant, and 

thus the average value of E is constant, and must still be V!tox. The 

average value of E can be found by integrating (1-6) to get 

Thus, if p(x) is increased, the distance for which p is nonzero must 

decrease. Therefore, the region of low electric field must migrate from the 

oxide-metal interface for p > pcrit- But increasing the width of the low 

field region means that more of the ehps that are created in the oxide will 

efficiently recombine, leaving fewer holes behind for subsequent interaction 

with the oxide. Furthermore, the maximum charge density at any point in 

the oxide is limited by the density of available oxide traps. So p(x) will 

never approach a delta function but will be limited in magnitude by the 

density of available oxide traps. The feedback mechanism described above 

fully accounts for the saturation of charge buildup in field oxides. 

1.2.7. Comments on Extension of Results to Space Dose Rates 

The results of section 1.2.3 and 1.2.6 were derived for a single pulse of 

radiation at low temperature. As a result, practically instantaneous 

generation of p occurred for subsequent measurement. When the total 

dose D is accumulated over time, as it is in the natural space environment, 

(1-9) 
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it can be expected that electric field compensation due to accumulated 

positive charge will be significant even at very low D. Thus, in general, it 

can be expected that pcrit will be less than that given by (1-8), and the 

corresponding maximum values of Not and AVot predicted by (1-3) through 

(1-5) will be smaller. This is reasonable, since these equations assumed 

that the electric field was uniform throughout tox. This result has also 

been investigated in [17]. 

It is qualitatively correct, although not rigorous, to replace the tox 

parameter in (1-3) through (1-5) with a quantity less than tox to account for 

the time-averaged oxide thickness in which ehps do not efficiently 

recombine. This avenue will not be explored here, but may prove promising 

for extension of results obtained for high dose rates in the laboratory to 

realistic space dose rates. In any event, the mechanisms of positive charge 

generation and saturation for low dose rate are easily extrapolated from the 

preceding sections. The fact that several mechanisms occur 

simultaneously for low dose rates merely makes accurate prediction of 

oxide response difficult. 

1.3. Summary 

The origins, mechanisms, and characteristics of positive charge 

buildup in biased thick field oxides have been examined. In future 

chapters, it is sufficient to remember that as a result of the mechanisms 

covered in this chapter, thick field oxides can build up substantial amounts 
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of positive charge at low total doses. Furthermore, this charge has very 

little chance of annealing with time. These positive charges significantly 

affect the breakdown voltage of reverse-biased p-n junctions, and by 

extension, the breakdown voltage of p-channel power MOSFETs. 
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CHAPTER2 

BREAKDOWN VOLTAGE OF THE POWER DMOS TRANSISTOR 

In this chapter, the power DMOS device will be covered, with an 

emphasis on those aspects of the device that most strongly influence drain-

source breakdown voltage. Results for p-channel devices will be presented 

throughout, although most statements and results for n-channel devices 

are analogous. The technological significance of the power DMOS device 

will be examined first, followed by a description of the device cross-section. 

Next, a typical application for power MOSFETs will be covered: a switch-

mode power supply. 

The power supply example will introduce the major tradeoff in power 

DMOS device design: breakdown voltage versus on-resistance. This topic 

will be examined in some detail. Other less apparent tradeoffs, such as 

breakdown voltage versus radiation hardness, threshold voltage/channel 

width, and cell spacing will be covered as well. The strong dependence of 

on-resistance on breakdown voltage motivates the subsequent discussion of 

termination structures. Three types of termination methods are covered: 

field plates, field-limiting rings, and variation of lateral doping. Finally, a 

conclusion and summary are given. 
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2.1. Background 

2.1.1. Technological Significance 

Before the emergence of the power MOSFET in the early 1980s, the 

majority of power transistors used in power supplies were bipolar devices. 

Although easier to fabricate, power bipolar devices were difficult to design 

power systems around; in fact, a large portion of the cost of VLSI systems 

could be attributed directly to the power section, and hence to the power 

bipolar devices [18]. There are two main shortcomings of the power bipolar 

transistor: its complex base-drive requirements and its negative 

temperature coefficient of carrier mobility [19]. Both of these shortcomings 

are described below. 

Since power bipolar devices must be fabricated with relatively thick 

base regions, typical values of forward current gain are less than 10. This 

means that a very large base current must be supplied to put the device in 

its forward conducting mode. Turning off the power bipolar transistor 

requires an even larger reverse current, since the bipolar transistor is a 

minority-carrier device. Minority-carrier recombination time constants 

severely limit the intrinsic switching speed of the device. This limitation is 

overcome in power circuits by providing a large reverse current to forcibly 

remove the minority carriers from the base. The need to supply large 

forward and reverse base current makes base-drive circuitry for power 

bipolar transistors complex and bulky, and thus costly [20]. 
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The complex base-drive problem outlined above cannot be 

circumvented by paralleling power bipolar devices due to their negative 

temperature coefficient of carrier mobility. That is, their forward voltage 

drop, VQE> decreases with increasing temperature. This can lead to 

thermal runaway, secondary breakdown, and current hogging unless 

some emitter ballasting schemes are employed, which, of course, increase 

system size, complexity, and cost [18]. 

The power MOSFET is free from many of the limitations that plague 

the power bipolar transistor. Since the control terminal of the MOSFET is a 

high-impedance MOS capacitor, the control signal is a voltage that need 

only charge and discharge the gate capacitance, which requires relatively 

small amounts of current. The MOSFET is a unipolar device; as such, it is 

free from the delays associated with storage and recombination of minority 

carriers. Indeed, the inherent switching speed of the power MOSFET is 

several orders of magnitude greater than that of the power bipolar device. 

In addition, power MOSFETS can be easily paralleled and have a large safe 

operating area [19]. 

In radiation environments, all of the advantages of the power 

MOSFET still apply. However, an important disadvantage surfaces: the 

silicon dioxide of the MOSFET accumulates charge due to ionizing 

radiation, which influences device behavior, and, in particular, alters its 

breakdown voltage. The mechanisms of charge accumulation in the field 

oxide were covered in chapter 1. The topic of breakdown voltage alteration 
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will be addressed both in section 2.3.2 and in later chapters. 

Despite the vulnerability of the power MOSFET to ionizing radiation, 

all of its advantages make it the device of choice for high frequency, 

medium power applications, even in radiation environments. One such 

application, the switch-mode power supply, will be covered in section 2.2.3. 

To further discuss the power MOSFET, the structure of the device must be 

understood; it is presented in the next section. 

2.1.2. Device Structure 

A representative cross-section showing one cell of a p-channel power 

DMOS device is shown in figure 2-1. In general, there may be several 

hundred or even thousands of cells in a single device. The large number of 

cells is the key to obtaining the large W/L ratio necessary for low forward 

voltage drops, as will be seen later. All of the cells lie in the MOS Region. 

Around the periphery of the cells lies the termination region. This is the 

part of the device that typically limits the breakdown voltage of the device 

and is where termination structures are built. The oxide over the 

termination region is typically a thick field oxide. 
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2.2.2. Practical Example: Switch-Mode Power Supply 

As an example of a typical power MOSFET application, consider 

figure 2-2. A particular type of switch-mode power supply, a boost 

converter, is shown. Many other switch-mode topologies are available, but 

all use the MOSFET in the same way. Understanding the role of the 

MOSFET in the circuit enhances understanding of the tradeoffs covered in 

subsequent sections. To this end, circuit operation is covered next. 

I 

T 

Figure 2-2. Switch-mode power supply. 

The power MOSFET acts as a switch between the inductor, L, 

(which is energized by the power supply, Vg), and the RC load. Notice 

that the MOSFET is alternately turned on and off by the control signal at the 

gate; the duty cycle of this signal controls the transfer function V/Vg. In 

general, a feedback loop is used to maintain constant V when the RC load 

changes, but this will not be considered here, since the feedback loop merely 

changes the duty cycle used to drive the gate. There are two cases to 
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2.2.1. On and Off States 

Power MOSFETs are often used as power switches in switch-mode 

power supplies. To understand how the power MOSFET differs from and 

approximates an ideal switch, device operation in both the on and off states 

must be understood. The p-channel device is in its on state when a voltage 

more negative than the threshold voltage is applied between the gate and 

source, and a positive drain-source voltage is present. These conditions 

allow holes to flow from the source to the drain. The hole flow is clearly two 

dimensional, since holes first laterally traverse the inverted n body region, 

and then travel vertically from the gate to the drain contact at the bottom of 

the wafer. 

The device is in its blocking mode, or off-state, when a large drain-

source voltage is applied and the gate is shorted to the source. In this 

mode, the drain-body junction is reverse biased (note the short between the 

source and body in figure 2-1), and since the drain is much more lightly 

doped than the body, the depletion region extends primarily into the p" drain 

region. 

Notice that the parts of the device that control the on state (the gate 

region) and the off state (the p~ drain region) are physically isolated from 

each other. However, the properties of each region are not independent. 

The holes still must traverse the p~ drain region in the on state, and the 

drain-source depletion region extends into the n body in the off state. 
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Figure 2-1. Representative Power DMOS cross section. 

22. The Power MOSFET as a Switch 

An ideal high-power electrical switch can support an arbitrarily 

large amount of voltage without conducting any current in its off state and 

conduct an arbitrarily large amount of current with no voltage drop in its 

on state. Furthermore, it can switch between on and off states arbitrarily 

quickly, and is not degraded by hostile environments, such as the natural 

space environment. 
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consider: 

On State. When the MOSFET is on, it makes a low-impedance 

connection between the inductor and ground, turning the diode off. Thus, 

Vg charges the inductor through the MOSFET. Any on-resistance of the 

MOSFET will rob some of the power intended for the inductor and thus 

contribute to circuit losses. 

O f f  S t a t e .  When the MOSFET is off, the energy stored in the inductor 

is transferred to the RC load through the diode. In this state, the drain-

source reverse bias voltage is V". IfV is larger than the breakdown 

voltage of the MOSFET, the MOSFET will conduct current through the 

avalanche breakdown process, which may lead to circuit and/or device 

failure. 

From these two operating modes, it can be seen that the on-resistance 

should be kept as small as possible, while the breakdown voltage should be 

kept safely larger than V". However, when device breakdown voltage 

increases, on-resistance also increases. Thus, the application at hand sets 

the required value of V", and the on state losses will depend on how well the 

MOSFET was designed. Thus, there is a tradeoff between on-resistance 

and breakdown voltage. This tradeoff and several others will be examined 

in the next section. 
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2& Breakdown-Voltage Tradeoffs 

In this section, several breakdown-voltage tradeoffs will be covered in 

detail. Breakdown voltage versus on-resistance, radiation hardness, 

threshold voltage/channel width, and cell spacing will be examined. These 

tradeoffs will motivate the discussion of termination structures in section 

2.4. 

2.3.1. On-Resistance 

To understand the tradeoff of breakdown voltage versus on-

resistance, the path holes follow through the device in the on state must be 

examined in more detail. Suppose that a positive drain-source voltage is 

applied, and that the gate-source voltage is larger in magnitude than the 

magnitude of the threshold voltage. Under these biasing conditions, the 

negative gate voltage attracts holes from the n body to form an inversion 

layer through which holes may flow. The negative gate voltage also creates 

an accumulation layer in the p~ drain. Since the accumulation region has 

lower resistivity than the surrounding drain, holes flow laterally through 

the accumulation region, although they eventually flow vertically to the 

drain in response to the drain-source voltage. The nonzero drain-source 

voltage means that the drain-body depletion layer will extend into the lightly 

doped drain somewhat, which reduces the undepleted region available for 

hole flow. Finally, holes traverse an undepleted drain region before being 

collected at the p+ drain. 
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Figure 2-3. Modeling DMOS on-state hole flow. 

This picture of hole flow inspires a conceptual picture of the DMOS 

transistor in the on state as a series combination of a MOSFET (to represent 

the inversion of the n body), a distributed resistor (to represent the 

accumulation layer resistance), a JFET (to represent the pinched resistor 

formed between adjacent DMOS cells) and another resistor (to model hole 

drift through the p* drain) [18]. Such a configuration is shown in figure 2-3. 

It is seen immediately that the total on-resistance of the DMOS transistor in 

the on state will be the sum of the individual resistances, or Ron = i?c^ + 
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Raccum + RJFET + Rdrift- This combination of resistors is superimposed 

on a DMOS device, where the individual resistances are positioned in their 

approximate physical locations, in figure 2-4. Analytical expression for the 

individual resistances have been given [18, 21], but considerable insight into 

the tradeoff between breakdown voltage and on-resistance can be obtained 

by noting that the ideal on-resistance is given by the expression for Rdrift-

That is, the only component of Ron that cannot be eliminated in any design 

is Rdrift due to the inherent resistivity of silicon. In fact, Ron = Rdrift is a 

good approximation except for very low voltage devices [19]. 

It has been shown that Rdrift can be approximated by an empirical 

expression given by [19] 

ZZZZZZ2 

accum 

Figure 2-4. Components of DMOS on-resistance 
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Rdrift = 1.63* 10'8 (BVpp)25 (2-1) 

in Q cm2, where BVpp is the parallel-plane breakdown voltage of the p" 

drift region. Note the extremely strong dependence of on-resistance on 

breakdown voltage. The full meaning of (2-1) is apparent from the the 

expression for BVpp, which can be obtained as a function of epitaxial layer 

doping by solving the ionization integral under special assumptions about 

the electric field profile near the metallurgical junction and approximating 

the hole and electron ionization coefficients by the electric field raised to the 

seventh power [22], When this is done, BVpp is given by [19] 

Equations (2-1) and (2-2) can be combined to give a relationship for the 

minimum achievable on-resistance of a DMOS transistor as a function of 

epitaxial layer doping, Nepi, namely 

From (2-1), (2-2), and (2-3), several features of the breakdown voltage 

versus on-resistance tradeoff can be seen. First, (2-1) shows the strong 

dependence of Rdrift on breakdown voltage. However, both breakdown 

voltage and on-resistance increase with decreasing Nepi, as seen in (2-2) 

and (2-3). Thus, the desired breakdown voltage sets the maximum doping 

(2-2) 

Ron>ZA 
{Nepi)f 

(2-3) 
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of the epitaxial region through (2-2), which in turn sets the minimum 

possible on-resistance for the DMOS device through (2-3), a point which was 

made qualitatively earlier for integrated power devices. Also, from a 

reliability and manufacturability point of view, the number of cells should 

be minimized, since it only takes one faulty cell to destroy the operation of 

the entire device. That is, device yield decreases as more cells are used in 

the MOS region. 

As an added note, all the above equations assume that the epitaxial 

layer doping, Nepi is laterally and vertically uniform. It has been shown 

that a vertically nonuniform doping profile can provide reduced on-

resistance in the DMOS structure while maintaining the same breakdown 

voltage as with a uniformly doped epitaxial drain region [23, 24]. Since 

holes spread laterally as they traverse the epitaxial drain, the optimum 

profiles have increased doping concentration in the region between the 

cells, where the region for hole flow is most narrow. 

Even if a nonuniform epitaxial layer doping is used, achieving ideal 

on-resistance is not straightforward because the actual junction that is 

reverse-biased in the DMOS device, the drain body junction, is not a 

parallel-plane junction. Rather, it is a diffused junction; as such, it has a 

cylindrical shape and a characteristic junction depth that contributes to 

junction curvature. Curved junctions have lower breakdown voltages than 

parallel-plane junctions. Breakdown voltage of parallel-plane and 

cylindrical junctions can be related by [22] 
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BVcyl = BVpp 0.871 + l n  rj 
Wc pP 

(2-4) 

where Wc>pp is the depletion-layer width at breakdown of a parallel-plane 

junction with the same Nepi as the diffused junction, and rj is the junction 

radius. Thus, for all device voltage ratings, increasing the junction depth 

raises the breakdown voltage of the drain-body junction. 

However, increasing the junction depth degrades other parameters 

of the power DMOS transistor. For example, (2-2) is valid only if the depth 

of the epitaxial region is large enough to support the entire depletion region 

without reachthrough to the p+ drain. If reachthrough occurs, the 

breakdown voltage will be lower than (2-2) predicts. Thus, if a deeper 

drain-body junction is used, the depth of the p* drain region must be 

increased as well. Increasing the p' drain depth, however, will increase 

the on-resistance. In addition, increasing junction depth also increases the 

area used by a DMOS cell due to lateral diffusion of the dopants. 

Furthermore, deep junctions are difficult to fabricate, since they require 

additional processing time and complexity. 

It is desirable, then, to achieve the parallel-plane breakdown voltage 

with a shallow drain-body junction. Although ideal breakdown voltage is 

almost never possible, it can be approached by the use of termination 

structures, which counter the effects of junction curvature. Termination 

structures are built in the termination region of DMOS devices (see figure 

2-1), and are covered in more detail in section 2.4. 
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2.3.2. Radiation Hardness 

As covered in chapter 1, silicon dioxide that is exposed to ionizing 

radiation collects positive charge. The charge collection process is complex 

and depends on many parameters. Also mentioned in chapter 1 was the 

fact that for breakdown voltage purposes, only the net amount of charge 

projected to the oxide-silicon interface at any time, Not from equation (1-1) 

is of importance. This is because the value of Not can be identified as the 

amount of charge in the oxide seen from the semiconductor. To 

understand this statement more fully, the nature of charge compensation 

in reverse-biased p-n junctions must be examined. 

In the absence of fixed charge, a reverse-biased p-n junction must 

ionize impurity atoms to obtain the charge required to support the voltage 

across the junction. Equal amounts of positive and negative charges must 

exist on either side of the metallurgical junction, so they can be thought of 

as occurring in pairs. That positive and negative charges occur in pairs 

can be understood by considering the consequences of charge imbalance. If 

an equal number of positive and negative charges did not exist, then 

current would flow across the junction. But current flow in reverse-biased 

junctions is extremely small in comparison to forward-biased junctions, 

therefore, charge neutrality across the junction must be maintained. 

Now suppose a fixed density of charge exists in the vicinity of a p-n 

junction. In the absence of applied bias, this charge would induce charges 
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of opposite sign in the semiconductor. When the junction is reverse-biased, 

however, this charge would be available to terminate charges of opposite 

sign in the semiconductor. If the density of these fixed charges is 

comparable to that in the semiconductor, the potential distribution in the 

semiconductor will be visibly distorted. The distortion of the equipotential 

lines alters the breakdown voltage of the device. 

To be more specific, consider the reverse-biased drain-body junction 

in a power MOSFET. The thick oxide that covers the p- drain will collect 

fixed positive charge due to ionizing radiation. This charge is available to 

terminate ionized acceptors in the semiconductor, which will distort the 

depletion region of the drain-body junction. 

To visualize the situation described above, consider figure 2-5. Figure 

2-5a shows the equipotential lines of a reverse biased n+-p junction with no 

fixed charges in the system other than ionized donors and acceptors. Thus, 

the net charge density in figure 2-5a is zero. Now consider the effects of 

introducing a fixed charge density, Not, at the silicon-silicon dioxide 

interface. The measurable net charge density in the system is still zero, 

since the positive oxide charge induces an equal amount of negative charge 

in the semiconductor. The presence of Not expands the equipotential lines 

in figure 2-5b, and it compresses the equipotential lines in figure 2-5c. 

These junctions correspond to the reverse-biased drain-body junction in a p-

channel and n-channel power MOSFET, respectively. 
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Figure 2-5. Effects of oxide charge on drain-body depletion region shapes, a) P-channel 

device with negligible Nu. b) N-channel device with Neff - Nepi. c) P-channel device 

with NGFF~ NEPI. 
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The distortion of the depletion region can be interpreted as follows. 

In figure 2-5b, the depletion region in the p* drain contains negative ions. 

Some of these ions terminate on the charge in the oxide instead of on the 

positive ions in the n+ body. Put another way, there are fewer positive ions 

uncovered in the n+ body than in figure 2-5a since there are already some 

positive charges available on which the negative ions may terminate. 

Thus, the depletion region appears to have expanded. The number of ions 

that terminate in the oxide is determined by the relative density of oxide 

charge to the doping density of the p' drain. 

Similarly, in figure 2-5c, the depletion region in the p+ body contains 

negative ions; some of them terminate on the positive charge in the oxide, 

while some terminate on ionized donors in the n" drain. The number of 

negative ions that terminate on positive charge in the oxide is determined 

by how "accessible" the oxide charge is to the negative ions relative to the 

positive ions in the n- drain. When charge in the oxide is more accessible 

than charge in the n" drain, the depletion region constricts near the oxide-

silicon interface because fewer donor ions are uncovered there. Thus, the 

presence of the oxide charge dictates that fewer positive ions are uncovered 

in the n~ drain than would be uncovered if no charge were in the oxide. 

It is important to note that in figures 2-5a, b, and c, the net charge in 

the system is zero. The positive oxide charge always has an associated 

negative charge, whether it is in the form of a mobile electron at the oxide-

silicon interface or an ionized acceptor. Also, in both the n- and p-channel 

case, the amount of depletion-region distortion due to Not depends on the 
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relative density of oxide charge to the doping density of the drain. Thus, as 

soon as Not is somehow comparable to Nepi, distortion will occur. 

However, Not has units of cm'2, whereas Nep$ has units of cm*3. A 

normalization factor with units of length is required. The most natural 

factor is the extrinsic Debye length, given by 

where the symbols have their usual meanings. An effective doping, Neff, 

due to Not can then be defined as Neff = Not / Lp [25]. Thus, when Neff ~ 

Nepi, radiation-induced breakdown voltage degradation or enhancement 

can be expected. This effect has been confirmed by simulation and will be 

elaborated upon in chapter 3. The value of Not for which degradation or 

enhancement occurs, Not crit, can be found by letting Neff = Nepi. The 

result is 

Thus, Not crit is proportional to the square root of the epitaxial drain 

region doping. Recall from (2-2) that breakdown voltage increases with 

decreasing Nepi. Thus, in general, as the breakdown voltage rating of the 

device goes up, Not>crit goes down, which means that devices of higher 

voltage rating are inherently less radiation-hard than devices of lower 

voltage rating. 

(2-5) 

(2-6) 



48 

2.3.3. Threshold Voltage/Channel Width 

When a large drain-source voltage is applied to a DMOS device, the 

drain-body depletion region extends mostly into the drain region due to the 

asymmetric nature of the drain-body junction. However, charge balance 

dictates that an equal number of positive ions be uncovered in the n-body. If 

the amount of charge in the n-body is not sufficient to support the entire 

drain-source voltage, the depletion region will punch through the body to 

the source, which will cause punch-through breakdown. 

To visualize this process, consider figure 2-6. Doping profiles 

horizontally through a line parallel to the oxide-silicon interface (bottom) 

and vertically through the source and body (right) are shown. Several 

things are of interest. First, the active channel length, L, is defined where 

net n-type doping is dominant. L, then, can be precisely controlled by 

successively diffusing the body and then the source through the same 

mask. This double diffusion process is reminiscent of the emitter and base 

diffusion in integrated bipolar devices, so the part of the body near the 

oxide-silicon interface is often called the base. The double diffusion leads to 

a nonuniformly doped base, but the threshold voltage will be set by the value 

of Np peak. Finally, it is clear that to increase the net amount of charge in 

the n-base, the value of NDfPeak must increase, which may also increase 

L. 
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Figure 245. DMOS doping profiles. 

In general, it is desirable to keep both Nj^ pg^ and L as small as 

possible. Nfypgak should be minimized because it is easier to design gate-

drive circuitry for MOSFETs that have lower threshold voltage, while L 

should be minimized since the transconductance of the MOSFET is 

inversely proportional to L. There is a limit to how small these quantities 

can be made, however. The breakdown voltage rating of the DMOS device 

will determine the charge needed in the n body, and thus sets a lower limit 

on the combination of threshold voltage and L. The depletion width 

extension on the diffused side of a p-n junction as a function of surface 
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concentration has been calculated at breakdown using numerical 

techniques, which can provide necessary design information [26]. 

2.3.4. CellSpacing 

Although breakdown in the DMOS devices usually occurs in the 

termination region due to the curvature of the drain-body junction there, 

breakdown can occur between adjacent cells. In general, breakdown 

voltage increases as cells are moved closer together. This can be 

understood by noting that as cell spacing decreases, the depletion regions of 

adjacent cells will punch through at lower voltages, which decreases 

depletion region curvature and thus gives higher breakdown voltage. 

However, decreasing cell spacing results in increasing on-resistance, since 

the area available for vertical hole transport decreases as spacing 

decreases. These factors suggest that the Ron Area product should be 

considered in tradeoffs versus breakdown voltage. Thus, not only is there a 

tradeoff related to the number of cells in the MOS region (recall section 

2.3.1), there are tradeoffs for the actual geometry of these cells. This issue 

has been treated by several authors [27, 28], but will not be considered in 

detail here. 
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2.3.5. Summary 

In this section, several breakdown voltage tradeoffs were covered. 

The tradeoffs involving threshold voltage/channel width and cell spacing 

were seen to be "second order" tradeoffs in that there is nothing to be done 

about them beyond being aware of them. The first two tradeoffs, however, 

on-resistance and radiation hardness, were seen to be directly related to the 

doping of the epitaxial drain region. To optimize both of these tradeoffs, the 

doping of the epitaxial drain region be kept as high as possible, which 

means that near-ideal breakdown voltage must be obtained from the drain-

body junction at the edge of the device. Termination structures are used for 

this purpose. The three main types of structures for planar devices are 

covered in the next section. 

2.4. Termination Structures 

Three distinct termination methods will be covered in this section. 

All have several things in common. All are built around the periphery of 

the DMOS cells. They all raise the breakdown voltage of the drain-body 

junction by reducing the effects of junction curvature that arise from 

planar processing. All the techniques covered here are compatible with 

planar processing. They all spread out the depletion region of the drain-

body junction to reduce crowding of the equipotential lines. Finally, they all 

strive to raise the breakdown voltage of the drain-body junction to its ideal, 
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or parallel-plane, value. 

The individual methods differ in the way they attempt to spread out 

the depletion region. Field-Limiting Rings (FLRs) rely on the 

punchthrough mechanism between adjacent rings to spread out the 

depletion region. Field plates (FPs) induce voltage-dependent charge in the 

semiconductor that effectively extends the drain-body junction. Variation of 

Lateral Doping (VLD) methods use implanted charge adjacent to the drain-

body junction to extend the drain-body junction. 

It should be mentioned that other termination methods exist, such as 

positive and negative bevelling [29], depletion etch methods [30, 31], and 

others. However, these techniques are not compatible with planar 

processing, and thus are only suitable for discrete devices. These 

techniques are typically applied to devices of voltage ratings larger than 

2000 Volts. They will not be covered here. 

2.4.1. Field-Limiting Rings 

Field limiting rings are a well-understood and widely-used 

termination method. FLRs rely on the punchthrough mechanism between 

adjacent rings to reduce depletion region curvature [32]. FLRs are distinct 

diffused regions that concentrically surround, or form rings around, the 

MOS region of a DMOS device. A single FLR termination structure is 

shown in figure 2-7. They are often called floating field rings because of the 
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principle on which they work. 

When a drain-source voltage is applied, the drain-body depletion 

region extends mostly into the p- drain, as covered earlier. This depletion 

extends both laterally and vertically, of course. When the depletion region 

punches through to an adjacent p-n junction (the FLE), the potential of the 

FLR is pinned at the punchthrough voltage. If the FLE had a potential that 

was even a fraction of a volt lower than the punchthrough voltage, current 

would flow between the FLR and the p- drain. Such a current cannot be 

sustained because the FLRs are not connected to an external source of 

carriers. 

Once punchthrough occurs, the difference between the FLR and the 

drain-body junction is pinned at the punchthrough voltage. Additional 

drain-source voltage will then expand the depletion region beyond the FLR. 

Oxide 

Figure 2-7. Field-Limiting Ring Termination Structure. 
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If there are multiple FLRs in the termination structure, the depletion 

region will eventually punch through to them and pin their potentials at the 

difference between the potential on the adjacent ring and the punchthrough 

voltage of the FLR. That is, FLRs track the potential on the drain-body 

junction. In this sense, the FLRs can be viewed as individual voltage 

sources, and the sum of the FLR voltages at any time must add up to the 

applied drain-source voltage. 

The performance of FLR termination structures is extremely 

sensitive to the spacing between adjacent rings, and thus precise 

processing is required to make optimum structures [33]. Optimum spacing 

for a single FLR termination structure for any device has been given [33], 

and the optimal spacing for many-ring structures has been solved 

analytically [34], and this analysis has been extended to punchthrough 

devices [35]. All of the analytical solutions, however, assume that oxide 

charge is negligible. 

An approximate method of computing the punchthrough voltage 

between adjacent rings when oxide charge is present has been given [36]. 

FLR termination structures for n-channel DMOS devices that are 

extremely resistant to breakdown voltage degradation in ionizing radiation 

environments have been designed and analyzed [37]. These structures use 

a larger number of more closely spaced rings than would be expected from 

an "optimal" design as defined by [33] or [34] to account for the distortion of 

the depletion regions (recall section 2.3.2), and thus the altered 



55 

punchthrough voltages, when oxide charge is present. 

2.4.2. Field Plates 

A field plate (FP) is fabricated by extending the source metallization 

over the field oxide in the termination region. The field plate induces 

voltage-dependent charges in the p" drain that effectively extend the n body. 

For reference, this system is accurately viewed and modeled as a three-

terminal MOS system as described in [38]. An FP is most effective at 

raising the breakdown voltage of the drain-body junction when the 

threshold voltage of the MOS capacitor formed by the field plate is very low. 

If this is the case, the breakdown voltage of the device can be predicted from 

the oxide thickness at the edge of the FP [39]. If the threshold voltage of the 

MOS capacitor were very high, the field plate would have less effect on the 

depletion region, and would therefore be less effective. To obtain both a low 

threshold voltage near the junction and a large oxide thickness at the edge 

of the FP, multi-level FPs are often used [40]. A two-level FP is shown in 

figure 2-8. 

FPs are a frequently-used termination method due to their ease of 

manufacture and relative insensitivity of performance to photolithographic 

variation. That is, an FP can always be made longer without sacrificing 

performance, although area consumption increases. As stated earlier, FP 

performance is very sensitive to the oxide thickness under the FP, but oxide 

thickness can be precisely controlled with relative ease. For these reasons, 
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FPs may well be the easiest of the termination methods to fabricate. 

Their application is generally limited to low voltage devices, however, 

since the oxide thicknesses required to avoid breakdown at the edge of the 

plate become too large for large breakdown voltages; indeed, to realize 1 kV 

breakdown voltage with a field plate, the oxide thickness must be 8 fim or 

larger [41]. 
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Rnriy (NU)^ 
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Figure 2-8. Two-level field plate termination structure. 

2.4.3. Variation of Lateral Doping 

The third, and newest, type of termination method covered here is 

Variation of Lateral Doping (VLD). The VLD termination method is 

similar in principle to the FP termination method in that both methods 

utilize extra charge in the semiconductor to extend the drain-body junction. 
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While the FP induces charges electrostatically via an MOS capacitor, a 

VLD structure is fabricated by placing the charge directly into the 

termination region. This is done for a p-channel device by implanting 

phosphorus through windows in the oxide whose spacing and thickness 

decrease with lateral distance from the drain-body junction. When the 

implant is annealed, lateral diffusion of the impurities produces a 

continuously-varying charge distribution [41, 42]. A VLD termination 

structure is shown in figure 2-9. 

>zzzzzzzzzzl oxide 

Body (N+) 

Drain (P-) 

Drain (P+) . 

Figure 2-9. Variation of Lateral Doping Termination Structure 

Since the VLD-p- drain junction is nearly symmetric, the depletion 

width on the VLD side of the VLD-p" drain junction extends well into the 

VLD region, allowing large voltages to be supported by the device before the 

critical electric field is reached, thus raising the breakdown voltage. VLD 

termination structures that provide breakdown voltages that approach the 

parallel-plane breakdown voltage, as given by (2-2), to within 10 percent 
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with 99.5 percent yield have been demonstrated [42]. In addition, devices 

with very large breakdown voltages can be terminated with a VLD 

structure; up to 3 ftV ratings have been reported [43]. Optimum 

performance hinges on proper selection of implant dose and window 

spacing and thickness, although some variation of implant dose can be 

tolerated [42]. 

2.4.4. Summary 

In this section, three types of termination methods were described. 

Although the emphasis was on qualitative operation, two-dimensional 

simulation of the relevant semiconductor equations is required for 

informed termination structure design and optimization. 

2.5. Conclusions 

In this chapter, the power DMOS transistor was covered from several 

standpoints. First, the structure of the device was covered, along with 

device operation as a switch in a switch-mode power supply. This 

discussion underscored two of the most important parameters of the power 

MOSFET, on-resistance and breakdown voltage. In this light, several 

breakdown voltage tradeoffs, including on-resistance, radiation hardness, 

threshold voltage/channel width, and cell spacing, were covered. It was 

seen that obtaining minimum on-resistance and maximum radiation 
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hardness depends on how closely the breakdown voltage of the drain-body 

junction in the termination region could approach the ideal, or parallel-

plane, breakdown voltage. This fact motivated the discussion of 

termination structures. Three types were covered: Field-Limiting Rings, 

Field Plates, and Variation of Lateral Doping. Finally, it was noted that 

two-dimensional simulation was essential for accurate termination-

structure design and breakdown-voltage analysis. 
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CHAPTERS 

IONIZING RADIATION EFFECTS GN TSE DRAIN-BODY DEPLETION REGION 

In this chapter, the effects of ionizing radiation on the depletion 

region characteristics of reverse biased p-n junctions will be examined. 

Special emphasis is placed on the reverse biased n+-p junction due to its 

importance in the p-channel power MOSFET. A brief description of the 

simulation method is followed by a discussion of radiation effects on the 

drain-body depletion regions of both n- and p-channel power MOSFETs. 

The effects on p-channel devices will be derived using simple analytical 

models. Finally, a discussion and interpretation of the results will be 

given. 

3.1. Simulation Method 

Computer code designed to simulate the effects of ionizing radiation 

on the breakdown voltage of power semiconductor devices has been 

developed at the University of Arizona [37, 36]. The code, entitled ASEPS 

(Arizona SEmiconductor Power device Simulator), solves Poisson's 

equation in two dimensions. Breakdown voltage is then determined by 

computing the ionization integral through the locus of highest-field points 

at every potential, as described in [36]. ASEPS has proven to be an accurate 
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and efficient simulator of highly reverse-biased junctions with arbitrary 

termination topologies and varying amounts of radiation-induced oxide 

charge [37, 36]. Its flexible input format enables comprehensive study of 

competing termination designs. Details of the algorithms used in the code 

are supplied in [44] and [45], and a preliminary user's manual is available 

in [45]. 

In all ASEPS-generated figures in this thesis, dark circles indicate 

highest-electric field points (which identify the part(s) of the device where 

breakdown occurs), and the lines are equipotential lines. 

3.2. Parameters and Definitions 

In this section, the different responses of n- and p-channel power 

MOSFET breakdown voltage to ionizing radiation will be demonstrated. To 

accomplish this, it is instructive to investigate two simple cases, the 

reverse-biased p+-n and n+-p junction, for several different substrate 

dopings and values ofNot. 

To this end, three different n+-p and p+-n junctions were simulated 

over a wide range of Not. The charge was assumed to be positive, as 

discussed in chapter 1, and distributed uniformly across the silicon-silicon 

dioxide interface. Data for each device are summarized in table 3-1. These 

values are representative of those found in typical low-, medium-, and 

high-voltage power integrated circuit (PIC) applications. Later, in chapter 
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4, these same junctions will be simulated in realistic device applications, 

namely dielectrically-isolated p-channel DMOS devices. 

Device Parameter 

Junction Substrate Parallel-Plane 
Depth Doping Vbreakdown 
[pm] [cm-3] [V] 

low 3 l.lxlO16 50 

med 5 l.OxlO15 300 

high 40 2.0x1014 1000 

Table 3-1. Data for the devices discussed in the text and simulated with ASEPS. 

3.3. N- and P-Channel Effects 

In figures 3-la and 3-lb, ASEPS simulation results for the drain-body 

junction belonging to the medium-voltage device of table 3-1 are shown with 

negligible Not. Note that figure la faithfully depicts either the outermost 

ring of an FLR termination structure (section 2.4.1) or an unterminated 

drain-body junction, while figure 3-lb shows an FP termination structure 

(section 2.4.2). The equipotential lines are distributed identically for both 

device polarities. Thus, any termination structure designed for an n-

channel device will work equally well for a p-channel device of equal 

voltage rating, assuming negligible Not. 
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As Not increases, however, the breakdown performance of n- and p-

channel devices diverges. Recall the discussion in section 2.3.2, where the 

amount of radiation-induced charge that could be expected to cause 

alteration of the breakdown voltage of the junction, Not crit, equation (2-6), 

was derived. In section 2.3.2, the distortion of the depletion region was 

understood by visualizing the positive oxide charge as taking the place of 

ionized donors. It is equally valid to think of the positive oxide charge as 

inducing negative charge of equal magnitude and opposite sign in the 

semiconductor. This is the approach taken now, since important results 

about the effects of the oxide charge after appreciable distortion has 

occurred can be derived by adopting this physical picture. Both approaches 

are actually equivalent, but that of induced charges is more suitable for 

these purposes. 

Consider the two cases, n- and p-channel devices, in more detail. 

Since Not is located at the Si-Si02 interface by definition (recall equation (1-

1)), the induced areal number density of semiconductor charge, Ns, is 

equal to Not due to simple electrostatics (i.e. Qs = -Qof), regardless of 

device polarity. Ns serves to compress the equipotential lines in the n-

channel device, which lowers breakdown voltage, as seen in figure 3-lc. A 

field plate will tend to offset this compression by inducing charge of opposite 

sign in the semiconductor. In the p-channel device, Ns effectively extends 

the main junction, decreasing the curvature of the equipotential lines and 

increasing the initial breakdown voltage, as seen in figure 3-ld. A field 
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Vtot = + 165 V 

p o r n  

(a) 

vt0t = ± 220 V 

n+ or p+ 

p o r n  

Ob) 

Figure 3-1. Different responses of n- and p-channel devices to N0F. VTOT = V^rea^, in all 

figures, a) N- or p-channel device without termination and with negligible NOI. b) N- or 

p-channel device with two-level field plate and negligible NOT. 
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Figure 3-1. c) N-channel device showing breakdown-voltage degradation with Noj = 3.0x 

1)11 cm -2 d) P-channel device showing breakdown-voltage enhancement with NOT = 3.0 

x 1011 cm "2, but Via is sPlifc between Vtop and Vedge • 



66 

plate enhances this effect, since both the plate-induced and the radiation-

induced semiconductor charge carry the same sign. 

The breakdown voltage of the p-channel device may not increase 

indefinitely, however, as has often been assumed [5]. The reason can be 

understood by considering Ns in more detail. Ns resides in the silicon, 

and for large Not, most of it is confined to one extrinsic Debye length, Lp, of 

the Si-SiC>2 interface. The extrinsic Debye length was defined by (2-5). 

An effective n-type volumetric doping, valid within one Lp of the Si-

SiO2 interface, can be defined by Neff = N S/Lj) =Noi/Li(Detailed 

consideration of the charge profile in this region neither enhances 

accuracy nor aids physical understanding.) Once a certain critical value of 

semiconductor surface charge, NScrit, *s Present, Neff is sufficiently high 

that the entire depletion region cannot completely penetrate it. For Ns > 

NS crit. a fraction of the depletion region extends to the edge of the chip. 

Thus Vtot is divided between the top and the edge of the device, i.e. Vtot = 

Vtop + Vedge, as indicated in figure 3-Id. 

Intuitively, it is expected that as Ns increases beyond NS crit, Vedge 

will increase. In fact, simulation has shown that Vtop and Vedge do not 

change simultaneously, and that Vedge has a maximum value for a given 

N0t, Vedge(max)• That is, as Vtot increases from 0 V to some large 

positive voltage, Vedge increases from 0 V to Vedge(max), and then Vtop 

increases from 0 V to Vtot - Ve^ge(max). Vedge(max), then, is a function 

only of Not and Nsub. 
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In figure 3-2, Ve(ige(max) is plotted against Not for the three 

devices of table 3-1. In addition to the data displayed in figure 3-2, 

simulation has shown that Neff ~ 2 Nsuf, defines NS crit for all values of 

Nepi, validating the previous assumptions about the charge distribution in 

the semiconductor. 

500 

400 

> 
" 300 
x (O 
E 
£ 200 

>° 

100 

0 

1.0x101° 1.0x1012 2.0x1012 3.0x1012 

Not [cnrr^l 

Figure 3-2. Vedge (max) vs. N0f for the three devices of table 3-1. 

3.4. Derivation of P-Channel Effects 

High A 

Voltage Medium 
Dev.ce A Voltage 

Device 

Low 
Voltage 
Device 

The simulation results presented in figure 3-2 can be understood 
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from simple physical models. These models lead to an expression for 

Vedge(max) as a function of NQt and Nepi. 

Consider figure 3-3a. The oxide has collected Not > Ns crit, which 

must induce Qs = - Qot of negative charge in the semiconductor to 

maintain charge neutrality, as discussed in section 2.3.2. This charge is 

distributed between an inversion layer and a depletion layer. As soon as a 

voltage is applied to the junction, the inversion layer will disappear, since 

the potential of the n+ body will always be higher than the surface potential. 

Now, suppose a positive voltage Vtot - Vbreak is applied to the n+ 

body-p" drain junction, as in figure 3-3b. A simulation result showing this 

effect was given in figure 3-ld. As noted previously, Vtot is divided between 

Vedge(max) and Vtop, as discussed in the previous section. Now, recall 

that there can be no inversion layer. Charge neutrality dictates that Qot is 

still compensated by — Qot, of course, but now the semiconductor charge 

must be depletion charge. 

The charge neutrality condition can be used to find Vedge(max). 

Suppose that = Vedge(max). The depletion layer will extend a distance 

d into the p" drain, where d is given by 

d /2<S.y«^(ma*r (3-D 
V qNBuh 

Since Not has units of cm'2 and Nsub has units of cm*3, normalization is 
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required to compare the two charges. It is apparent that the semiconductor 

areal charge density seen from the edge of the device, Nsemi, is Nsub d. 

When this charge first equals Not, Vtot must equal Vgd (max), since if 

Vedge(max) were larger, Nsemi would increase beyond Not, violating the 

charge neutrality condition. 

Expressing the above discussion mathematically, 

= , (3-2) 

and so 

Vedge(max) = o
qN°'t . (3-3) 

2 £Si Nsub 

This derivation assumed that Vedge(max) - Vtot * Vbreak. If V t o t  < 

Vedge(max)> then vedge = Vtof Finally, for VtQt > Vedge(max), Vtot = 

^edge^max^ + Vtop> as discussed in the previous section. 

In figure 3-4, equation 3-3 is plotted for the three devices of table 3-1 

along with the ASEPS simulation results of figure 3-3. Good agreement is 

seen at low The theoretical equations deviate from simulation results 

for large Vtot because the distinction between Vtop and Vedge blurs for 

large Vtot, and decoupling the problem into distinct top and edge 

components is no longer justified. 
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Figure 3-3. Effects of on n+-p junctions, a) NOT =N8,V=0. b) Splitting of VTOT into 

VTOP VGDGE (MAX). 
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Figure 3-4. Theoretical and simulated Vejge (max) versus Nu. The data points are 

simulation results and the dashed lines are solutions of equation 3-3. 

3.5. Discussion and Interpretation 

From figure 3-4 and equation 3-3, it can be seen that increasing the 

breakdown voltage rating of a p-channel device causes an increase in 

Vedge for given Not, which translates directly into a decrease in the 
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radiation hardness of the device, as less positive oxide trapped charge is 

required before the depletion region extends far beyond its pre-rad 

boundary. This observation underscores the need for effective p-channel 

termination/isolation structures, especially in high-voltage applications. 

This need is addressed in chapter 5. 

Having established the characteristics and magnitude of Vedge, a 

key result is obtained: although the p-channel breakdown voltage does 

legitimately increase for Ns < N S crit, assuming that it increases 

indefinitely presupposes that having Ve^ge > 0 does not degrade the 

breakdown voltage or circuit performance at all. This assumption is not 

justified. The Ve([ge component of Vtot can cause crosstalk, surface 

electric fields, and/or sharply reduced breakdown voltage, depending on the 

topology of the device under consideration. The effects of Vedge on actual p-

channel devices is the topic of the next chapter. 
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CHAPTER 4 

IONIZING RADIATION EFFECTS ON P-CHANNEL POWER MOSFETS 

In previous chapters, the positive charge buildup process, the 

operation of the DMOS transistor, and the effects of ionizing radiation on 

depletion region characteristics have been covered in detail. In this 

chapter, the results of all these chapters will be applied to actual p-channel 

power devices. 

4.1. Termination Structures and Device Isolation 

Based on the results of chapter 3 and section 2.4, the effectiveness of 

FP and FLR termination structures for p-channel devices in radiation 

environments can be predicted. For example, multiple-ring FLR 

termination structures may not be effective, since the punchthrough 

mechanism on which FLR designs rely is not intact for N s  >NS c r i t .  

FP termination structures may be a better alternative for p-channel 

devices in radiation environments than are FLR designs. The reason, 

mentioned briefly in section 3.3, is that the presence of Qot enhances the 

effect of the FP. Quantitatively, an FP induces voltage-dependent areal 

charge in the substrate directly below the FP, Qpp, where 
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QFP = ̂ V,O, (4-1) 
*ox 

which carries the same algebraic sign (negative) as Qs, giving Qs ~ Qpp + 

Qot. In (4-1), tox is the oxide thickness under the FP. 

The increase in Qs under the FP for a given Viot improves the 

breakdown voltage performance of the FP, since FP termination structure 

effectiveness increases as Qs increases. The maximum breakdown voltage 

of an FP termination structure, obtainable for Neff » Nsuf}, can be predicted 

from the device parameters Nsuf, and tox [39]. 

Even with an FP termination structure, Qot still gives rise to Ve^ge, 

which now extends from the edge of the FP. So although the electric field 

near the edge of the FP termination structure itself will not cause device 

breakdown voltage to degrade, as predicted in [39], the electric field near the 

device isolation technology may. In fact, the actual termination structure, 

whether FPs, FLRs, or some other technique, does not influence the effects 

of Not on device isolation, since all conventional termination structures 

will have a Ve^ge component that interacts with the device isolation. For 

the purposes of this discussion, then, assume that both Not > NS crit and 

Vtot > Vedge(max). 
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4.2. Discrete Power Devices 

As seen in figure 4-la, a discrete power device has its drain 

connection at the bottom of the wafer. If there is no isolation scheme to 

prevent the depletion region from spreading indefinitely, as is often the 

case, Vedge is dropped across the edge of the chip. This gives rise to 

surface electric fields at the chip edge, and thus unpredictable breakdown 

performance [46]. Vedge 
mugt be handled in this case by a beveled 

termination or some other surface passivation technique. Thus, a discrete 

p-channel power device should, at the very least, employ some sort of edge 

passivation and/or termination in addition to its existing termination 

structure if it is to be used in an ionizing radiation environment. 

Beveled terminations are well understood [29], but are undesirable 

for a modern process. Since they require a great deal more effort to realize 

than do planar terminations [47], and are incompatible with integrated 

power applications. 

4.3. Integrated Power Devices 

Two classes of integrated power devices are considered: junction-

isolated and dielectrically-isolated (DI). A junction-isolated p-channel 

device can be particularly vulnerable to ionizing radiation, since Vedge 

could either punch through the isolation or simply extend (via its depletion 

layer) around the isolation and directly influence the logic circuitry. If this 
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Figure 4-1. Types ofp-channel power devices, a) Discrete device, b) Dielectrically-isolated 

integrated device. 
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happens, it will almost certainly lead to system failure. If Vedge does not 

punch through or go under the isolation, junction isolation is as effective as 

dielectric isolation. 

At first glance, DI p-channel power devices may seem impervious to 

ionizing radiation, since the p+ wraparound (the drain contact in figure 4-

lb) forces the depletion layer of Vedge through the top of the device. When 

sufficient Not is present, however, the breakdown voltage of a DI device will 

drop precipitously, far below its pre-rad value. The reason is that 

equipotential crowding, and thus device breakdown, occurs at the 

intersection of the drain contact with the surface. 

To demonstrate this phenomenon, the three devices of table 3-1 were 

simulated in DI tubs without any termination structures and their 

breakdown voltage, VF,REAK> vs. Not was obtained. A representative 

simulation result is displayed in figure 4-2a. In figure 4-2b, break *s  

plotted vs. Not for all three devices. The value of Not for which sharp 

reductions in Vjj,rea^ first occur is inversely proportional to voltage rating. 

In a real device, however, termination structures are always used. 

Consider the representative DI device of figure 4-3a, which is equipped with 

the two-level FP termination illustrated in figure 3-lb. There are two cross-

sections of interest in figure 4-3a, O - A and O - B. Through O - A, 

breakdown-voltage degradation occurs for smaller Not than through 0 - B. 

This is because the source contact acts as a "parasitic FP", inducing Npiate 
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along its entire length, which causes NS crit to be reached for lower values 

of Not than through O — B. A cross-section through O — A illustrating this 

effect is shown in figure 4-3b. In figure 4-3c, AVbreak versus Not is plotted 

for this device through both cross-sections O - A and O - B, indicating that 

the O - A cross-section limits the breakdown performance of the DI device, 

as has been reported elsewhere [48]. 

It is of interest to note that the phenomenon described above is not 

restricted to p-channel power device applications. The analogy between this 

case and that of a negative power supply line over a p-tub in a CMOS 

application, for instance, is apparent. 

4.4. Summary 

Ionizing radiation can degrade the performance of all p-channel 

power devices. The degradation, which depends strongly on the 

termination structure and isolation technology of the device, is a direct 

result of the spreading of the depletion region beyond its pre-rad boundary 

via Vedge. It follows that Vedge must be controlled in an efficient p-

channel termination/isolation scheme. This issue is addressed in the next 

chapter. 
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Figure 4-2. Radiation-induced breakdown in integrated p-channel power devices, a) 

Medium voltage device of Table 1 with = 1.3xl012 cm ~2, VTOT = 215 V. b) AVbreak vs-
NOT for all devices of table 3-1 in DI tubs. 
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Figure 4-3. Medium voltage device of table 3-1 in a realistic DI application, a) Top view of 

device, b) Cross section though O - A, demonstrating deleterious effects of the source 

contact. VTOT = 190 V, N# = SixlO11 cm"2. 
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Figure 4-3. c) Breakdown voltage vs. N# for O-A and O • B cross-sections. 
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CHAPTER 5 

TERMINATION/ISOLATION STRATEGIES Fat P-CHANNEL POWER MQSFETS 

5.1. Goals 

In addition to the general statements about the goals of a termination 

structure outlined in section 2.4, any rad-hard p-channel power device 

must meet two additional requirements: a) it must confine the depletion 

region to an acceptable region for all possible values of Not, and b) it must 

meet the breakdown voltage specification of the device for all possible values 

of Not. As a practical consideration, compatibility with standard planar 

processes is highly desirable. In terms of previously defined quantities, a 

method to redirect Vedge through the top of the device that avoids 

equipotential crowding for all values of Not is needed. 

5.2. Variation of Lateral Doning-Field Reduction Region (VLD-FRR') 

To meet the unique needs of p-channel power devices in radiation 

environments, a new type of termination/isolation technique is proposed: 

the VLD-FRR, which is an acronym for Variation of Lateral Doping-Field 

Reduction Region. The concept of a field-reduction region (FRR) has been 

described and implemented [48], and several ways of smoothly varying the 
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lateral doping of an implant (VLD) for junction termination purposes 

(recall section 2.4.3) have been described and implemented as well [41, 42, 

43]. A combination of the two techniques will allow efficient redirection of 

Vedge through the device's surface. 

The proposed fabrication method is illustrated qualitatively in figures 

5-la and 5-lb. This technique will work for integrated as well as discrete 

devices, and although it may represent an increase in device area, it 

ensures predictable and stable breakdown voltage for an extended range of 

Not. Proper selection of the implant dose, and the range of charge values 

(i.e., width and spacing of the windows), are, in general, device-specific. 

The obvious tradeoff is that of area versus performance; by using more 

lateral distance to vary the VLD-FRR's doping, improved breakdown 

performance can be expected. 
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Figure 5-1. Conceptual illustration of the VLD-FRR. a) Ion implantation of boron takes 

place through specially-defined windows. The windows increase in thickness and 

decrease in spacing with lateral distance. W is the pre-rad depletion region width, b) A 

smoothly-varying VLD-FRR is obtained when boron diffuses in the anneal/drive-in step. 

The net positive charge in the VLD-FRR will compensate the radiation-induced negative 

charge, NA , allowing redirection of the equipotential lines through the Si-Si02 interface 

without crowding. 
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Chapter 6 

CONCLUSIONS AND DIRECTIONS 

6.1. Suggestions for Future Work 

There are many opportunities to extend the work presented in this 

thesis. A few will be presented here. 

In chapter 1, the charge buildup process in biased field oxides was 

covered. It was seen that the amount of charge that bviilds up is a function 

both of oxide thickness and oxide field. In an FP termination structure, 

both the oxide field and the oxide thickness under the FP vary with lateral 

position. It follows, then, that the charge buildup under an FP will be 

nonuniform. Currently, ASEPS assumes that the charge is distributed 

uniformly along the entire oxide-silicon interface. The validity of this 

approximation has not been investigated, and it would be interesting and 

instructive to do so. 

In section 2.4, three types of termination methods were described. 

All of them have their respective advantages and disadvantages. However, 

selecting the proper termination method in a design situation is done 

largely by intuition, because no unified parameter set for direct comparison 

of the methods is available, although one review article on the subject has 
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been published [49]. The first step in this direction is the development of 

analytical models for the performance of the individual termination 

methods in terms of device parameters. Then comparison and 

optimization of termination methods could be carried out in terms of 

process parameters and desired results. 

Experimental results on the effects of oxide charge on the 

performance of specific p-channel termination methods have not been 

published. Thus, the statements made in section 4.1 about the responses of 

different termination methods have not been verified experimentally. Of 

particular interest may be the accurate determination of the punchthrough 

voltage between adjacent rings of an FLR termination structure when Not 

is present. It may be possible to carry out a theoretical analysis of this 

problem using the same approach as was taken in section 3.4, and then 

using ASEPS to simulate some specific devices. 

It would be interesting to determine design parameters for the VLD-

FRR. Many of the results developed for VLD termination methods could be 

applied to this task, and fabrication of VLD-FRR structures would be 

completely analogous to the VLD fabrication process. 

6.2. Conclusions 

Two-dimensional simulation has shown that n- and p-channel 

power-MOSFETs behave differently when exposed to ionizing radiation. 
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These differences, which are not typically accounted for in the design of 

termination structures, can lead to poor breakdown performance of p-

channel devices. The presence of Vedge f°r Neff > 2 Nsui, has been 

demonstrated for all p-channel devices, and the implications of Vedge have 

been examined for FP and FLE termination structures, as well as for 

various isolation technologies. A VLD-FRR termination/isolation scheme 

is proposed to counter the effects of Ve^ge for all types of p-channel power 

devices in radiation environments. 
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