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Electrostatic discharge (ESD) may, depending on the energy of the pulse, cause 

either catastrophic failures or degradation of MOSFETs. Effects of noncatastrophic 

positive Human-Body Model (HBM) ESD stress at the gate of power MOSFETs are 

investigated in this work. Noncatastrophic damage is manifested in the form of positive 

charge trapping in the gate oxide. In n-channel devices used in this study, the charge 

injection and trapping occur predominantly in the gate oxide areas lying above the p-body 

region. In p-channel devices used, the charge is injected mainly from the p-drain region. 

Based on the polarity of the pulse and the regions observed to contribute to charge 

injection, a model of ESD-induced charge injection from the silicon into the oxide is 

proposed. Finally, the effects of noncatastrophic ESD events on the radiation response of 

n-channel power MOSFETs are reported. 
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CHAPTER 1 

INTRODUCTION 

Static electricity has long been recognized by semiconductor device 

manufacturers and users as a formidable enemy. As device dimensions are being 

continuously reduced, the devices are becoming even more susceptible to destruction by 

electrostatic discharge (ESD). 

Of all semiconductor devices, MOSFETs (Metal-Oxide-Semiconductor Field-

Effect Transistors) are undoubtedly the most sensitive to ESD. Yet, MOSFETs have 

been taking an ever-increasing share of the semiconductor market. Since 1978, this has 

also become true for power devices [1], In particular, vertical, double-diffused MOS 

(VDMOS) power transistors have the potential of revolutionizing power electronics in 

much the same way in which their low-power VLSI counterparts did during the 1970s in 

the fields of signal processing, control systems and computers. The most notable 

advantages of power MOSFETs over bipolar power transistors are frequency and 

switching speed, simplified input drive requirements, and thermal stability [1,2]. 

Fig. 1.1 illustrates the cross-sectional view of an n-channel VDMOS power 

transistor. Only two adjoining cells are shown; depending on the current rating a typical 

power MOSFET may have several hundred to several thousand cells. The diffusion 

windows used to form the p-body regions and the n+-source regions have a common edge 

defined by the polysilicon gate. The channel length is, therefore, determined by the 
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Fig. 1.1 Cross-sectional view of a VDMOS power transistor. 

difference in lateral diffusions of the p-body and the source. The source and the p-body 

are shorted by the source metallization. The operation of the device is based on 

controlling the conductivity of the silicon surface where the p-body region meets the 

silicon-silicon dioxide interface. The conductivity is controlled by the value of the gate 

potential with respect to the source (which is usually grounded). The channel - thin 

surface layer of electrons in the p-body - is formed by applying positive voltage at the 

gate. That channel provides an electrical connection between the source and the drain. If 

positive voltage is applied at the drain, the current flows from the drain to the source. 

Electrons flow from the source through the channel laterally, and then vertically 
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downward to the bottom drain contact The physics of operation of power MOSFETs is 

covered in detail elsewhere [1, 3, 4]. Although the VDMOS structure differs 

considerably from the conventional, low-power MOSFET structure, the basic operation 

principles are the same. The MOSFET physics is described in numerous textbooks [5-8, 

for example]. 

The two important features of VDMOS power transistors that distinguish them 

from low-power, VLSI MOSFETs are: (1) the drain contact is placed at the bottom of the 

chip, and (2) the gate oxide extends not only over the channel region (p-body), but also 

over the lightly doped drain region. Both these features have serious ESD implications. 

The former means that the cuirent path through the drain is relatively long and lies in part 

in a lightly doped region, which makes power MOSFETs less vulnerable to ESD pulses 

applied at the drain. The latter implies considerably larger input capacitance, and 

therefore decreased sensitivity to ESD pulses applied at the gate. 

The effects of noncatastrophic ESD events on power MOSFETs are investigated 

in the present work. Like other MOSFETs, they are susceptible to catastrophic failure 

through electrostatically induced gate overvoltage, the failure mode being either an 

immediate gate-to-source short circuit or a high leakage path through the gate oxide 

which eventually converts to a short circuit. However, the thicker gate oxide and 

considerably greater gate capacitance of power MOSFETs make them less vulnerable 

than integrated-circuit transistors. While this means that catastrophic failures, which are 

easily detectable, will be events of rather rare occurrence, it also emphasizes the 

significance of research on noncatastrophic ESD-induced damage, which may be difficult 

to detect by common current-voltage (I-V) measurements. For users of power MOSFETs 
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for whom device reliability is critical, it is important to identify any synergistic effects of 

ESD and other possible degradation agents. 

Most of the experiments reported here were performed on n-channel power 

MOSFETs. The effects of noncatastrophic ESD events on p-channel power MOSFETs 

are briefly described in Chapter 4. Therefore, an n-channel device will be assumed if not 

specified otherwise. Devices investigated in this work were Motorola IRF 440 n-channel 

power MOSFETs, and Motorola MTM8P08 p-channel power MOSFETs [9]. 

The effects of noncatastrophic Human-Body Model (HBM) electrostatic discharge 

(ESD) events on electrical characteristics of power MOSFETs and their radiation 

response are investigated in this thesis. The generation of static electricity, ESD models, 

and ESD protection are reviewed in Chapter 2. Electrical measurements used to detect 

the noncatastrophic ESD induced damage are discussed in Chapter 3. The ESD-induced 

damage in power MOSFETs is described in Chapter 4. This damage is manifested in the 

form of positive charge trapping in the gate oxide and interface trap creation at the 

silicon-silicon dioxide interface, which can be detected by monitoring the subthreshold 

characteristic of power MOSFETs. For n-channel devices used in this study, the 

noncatastrophic ESD stress at the gate results in charge injection and trapping in the gate 

oxide above the channel region. In p-channel devices, however, the affected gate oxide 

area is that lying above the drain region. Based on that, possible charge injection 

mechanisms are discussed. Finally, the results concerning the radiation response of ESD-

damaged power MOSFETs are presented in Chapter 5. 
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CHAPTER 2 

STATIC FJ.F.CTRICITY AND ESD 

Static electricity and electrostatic discharge (ESD) have become a serious concern 

of both device manufacturers and users. Virtually all semiconductor devices are more or 

less sensitive to ESD and the problem is further compounded by the omnipresence of 

static electricity. These facts combine with the severe financial implications of ESD-

induced damage to make the so-called ESD awareness an integral part of the 

contemporary semiconductor industry. Comprehensive ESD control programs have been 

introduced in the semiconductor industry, and remarkable progress has been made in 

designing and producing effective on-chip ESD protection. Yet, static electricity cannot 

be totally eliminated, and ESD protection circuits have numerous limitations, including 

the unavoidable penalty in performance and cost of the protected circuits. In addition, the 

ESD-related research efforts are more often than not based on art and experience rather 

than solid understanding of the underlying physics. 

2.1 GENERATION OF STATIC ELECTRICITY 

Static electricity is charge at rest on an object which results from a transfer of 

electrons [10]. If the transfer causes an excess of electrons on an object, the charge is 

negative; a deficiency of electrons on an object, on the other hand, makes the static 

electricity positive. The electron transfer occurs through the so-called triboelectric effect 

- separation of charge which involves motion of dissimilar materials [10]. When two 
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objects made of such materials are brought together and then separated, the charge 

separation and redistribution will cause these two, initially neutral objects, to become 

charged. One object will charge negatively, and the other positively, while the sum of 

these charges remains zero. The triboelectric effect does not create charge; it simply 

causes redistribution of existing charges. On ungrounded conductors, the charges 

distribute evenly over the entire surface, and will rapidly discharge if the object is 

grounded. On insulators, electrostatic charges remain at the point of their initial 

formation, even if the object is grounded. 

"Dissimilar" in terms of triboelectric charging means that two materials have 

different work functions. While net transfer of electrons takes place whenever two such 

materials are brought into intimate contact, in order to get significant amounts of static 

electricity, energy in some form must be supplied. The most common source of energy 

for two contacting objects is friction. The heat generated by friction supplies an energy in 

excess of the material work function, thereby creating an abundance of free electrons that 

can participate in static electricity build-up. 

The magnitude of charge generated by friction depends on the properties of the 

materials and surfaces and type of interaction. In other words, it will depend on the 

relative position of materials in the triboelectric series (Table 1), intimacy of contact, 

coefficient of friction, and rate of separation [11]. The polarity of charge depends on the 

relative position of the materials in the triboelectric series; materials closer to the top of 

the series tend to accumulate positive charge when rubbed against a material which is 

closer to the bottom of the series. As can be seen from Table 1, the human body is likely 

to be positively charged as a result of the triboelectric effect. 
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Tahle 1 Triboelectric Series (after Matisoff TlOTt 

Air + (positive) 
Human hands 
Asbestos 
Rabbit fur 
Glass 
Mica 
Human hair 
Nylon 
Wool 
Fur 
Lead 
Silk 
Aluminum 
Paper 
Cotton 
Steel 
Wood 
Amber 
Sealing wax 
Hard rubber 
Nickel copper 
Brass silver 
Gold platinum 
Sulfur 
Acetate rayon 
Polyester 
Celluloid 
Orion 
Saran 
Polyurethane 
Polyethylene 
Polypropylene 
PVC (vinyl) 
KEL-F (CTFE) 
Silicon 
Teflon - (negative) 
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Triboelectric charging may produce very high potentials. A person walking on a 

linoleum floor or a carpet may accumulate enough charge to be at a potential from 5-15 

kV with respect to ground. Similarly, an integrated circuit package sliding out of a 

plastic tube may be charged up to 20 kV [12]. These voltages are high enough to damage 

semiconductor devices. Table 2 gives some typical values of destructive ESD levels [11]. 

Obviously, voltages well above the susceptibility levels of semiconductor devices may 

develop in an environment devoid of proper ESD control. 

Table 2 ESD Susceptibility Levels (after Uneer T111^ 

Device Type Range of Susceptibility fV) 

MOSFET 100-200 
JFET 140 -10000 
CMOS 250 - 2000 
Schottky diodes, TTL 300 - 2500 
Bipolar transistors 380 - 7000 
SCR 680 -1000 

Static electricity can in general manifest its destructive nature in two distinctive 

ways. The first is static-electricity-related contamination in cleanroom environments, an 

issue that has received a great deal of attention from device manufacturers. Namely, 

airborne particles - contaminants - may become charged and then attracted to a wafer 

with the opposite charge. The second form in which static electricity displays its 

devastating potential is through electrostatic discharge (ESD) - a problem for both device 

manufacturers and users. Electrostatic discharge is defined in the U.S. military handbook 
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DOD-HKBK-263 as a "transfer of electrostatic charges between bodies at different 

potentials caused by direct contact or induced by an electrostatic field." ESD events are 

typically very short (the rise time may be a few nanoseconds) and are characterized by 

high currents that may easily damage sensitive semiconductor devices. The rate of 

discharge, i(t) = dQ/dt , depends on the resistance of the discharge path. A 

semiconductor device in the discharge path can be damaged by excessive internal heating 

(at reverse biased junctions) or by dielectric breakdown. Both of these manifestations of 

static electricity will be discussed in more detail later. 

2.2 ESD MODELS 

With recognition of the seriousness of the ESD problem has come the need for 

reliable and reproducible ESD testing. Consequently, a number of machines that simulate 

ESD pulses - ESD testers - have become commercially available. Real-life electrostatic-

discharge events are fast and random, may have rise times that span at least three orders 

of magnitude, and pulse shapes that may be very different. Therefore, imitating actual 

ESD events is not a practical approach to ESD testing. In order to facilitate testing of 

different electronic components, and to make comparisons between ESD susceptibility 

levels obtained using different ESD testers, it is necessary to standardize the 

characteristics of ESD pulses used for testing purposes. Numerous ESD models have 

appeared over the last decade. Most of them generate ESD-like pulses by charging a 

capacitor, and then discharging it through a device under test (DUT). Only the three most 

commonly used models will be described here: the human body model, the machine 

model, and the charged-device model. TTiese three are intended to simulate the following 

situations: (1) handling of electronic devices by people; (2) a transfer of charge from a 
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machine or through a metal tool to a device; and (3) a rapid transfer of static electricity 

from a charged device to ground, respectively. It should be emphasized that ESD testing 

is destructive, and in typical industrial tests only a small sample is tested. 

2.2.1 Human Body Model 

Of the commonly used ESD models, the human body model is the only one 

specified by the military standard (MIL-SnD-883C, method 3015.2 [13]). The schematic 

of a circuit that simulates the human body model (HBM) is shown in Fig. 2.1. The 

capacitor represents the capacitance of a human body, while the resistor represents the 

skin resistance. The body capacitance and resistance can vary from person to person; the 

values of C = 100 pF and R = 1500 fi were adopted in MIL-STD-883C as typical. These 

values are believed by many workers in the field to be inadequate; the capacitance of the 

human body may be as high as 200 - 300 pF, while the resistance of the discharge path 

can be as low as 300 Q. However, the significance of a standardized model lies in the 

fact that it provides uniformity, rather than its being an exact duplicate of an erratic 

natural phenomenon. Yet, in constructing a practical ESD control program, the above-

mentioned departures of the standardized HBM model from the real-life situations must 

be taken into consideration. For example, if a particular device type has been verified to 

survive 2000 V HBM ESD events, the production line used in manufacture or assembly 

of these devices should be designed so as not to allow ESD potentials in excess of 200 V. 

The factor of 10 is obtained assuming that the actual body may have a capacitance C = 2 

Chbm = 200 pF, (the electrostatic energy stored in a capacitor is given by E = C V / 2 ), 

and resistance R = Rhbm / 5 = 300 12 (for a fixed voltage across a resistor, the current 

through it is given by I = V / R). 
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Fig. 2.1 Basic HBM circuit schematic. 

Applying an HBM ESD pulse to a device under test (DUT) means charging the 

100-pF capacitor to a desired voltage level (switch in position A in Fig. 2.1) and then 

discharging it to a desired pin of the DUT (switch in position B). The original version of 

MIL-STD 883C Method 3015 required the voltage measurement of the discharge 

waveform into a matched load. The standard also prescribes the testing procedure with 

respect to the number of positive and negative pulses that are to be applied to a given pin 

in a given time period. The main drawback of this method is that making only voltage 

measurements does not allow for high-frequency current ringing to be observed. High-

frequency ringing may cause the actual peak current to be higher than predicted [12]. A 

recent modification of the standard [14] replaces the voltage measurement with current 

measurements into a short circuit. The expected shape of the current pulse is shown in 

Fig. 2.2; note that the rise time should be less than 10 ns and the decay time should be 

about 150 ns. While the current measurements enable better characterization of ESD 
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Fig. 2.2 HBM current waveform. 

testers, both short-circuit current and open-circuit voltage measurements have to be made 

in order to completely characterize any source [15]. The latter measurement, however, 

cannot provide information relevant to the shape of ESD voltage pulses - open-circuit 

voltage is nothing but a constant, time-independent value to which the 100 pF capacitor 

has been charged. In order to overcome the difficulties associated with voltage 

measurements, the EOS/ESD Association Draft HBM specification [16] proposes the so-

called pseudo-voltage measurements (current through a 500 Q resistor is measured). This 

measurement allows the effect of parasitic capacitances of the socket and wiring to be 

observed. This is not possible if only short-circuit measurements are made. 
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2.2.2 Machine Model 

The machine model (MM) was originally devised as the worst case HBM. 

Namely, the capacitance of a human seated at a grounded work station is larger than that 

of a standing person, and electrostatic discharges usually occur through a metal object 

held in the hand, rather than from the finger tip [15]. Consequently, the capacitance of 

100 pF and resistance of 1500 £2 used in the human body model are replaced by 200 pF 

and 0 Q. in the machine model. The circuit schematic for the machine model is shown in 

Fig. 2.3. 

A B 
O-
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DEVICE 
UNDER 
TEST 

Fig. 2.3 Basic MM circuit schematic. 

The ESD failures caused by the machine model occur at much lower voltages than 

in the case of the human body model, due to the higher charge stored in the capacitor for 
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a given voltage and to the higher peak currents through the negligible resistance. Since 

the MM ESD failure thresholds are typically an order of magnitude lower than those of 

the HBM ESD, expensive high-voltage supplies are not necessary, and it is possible to 

build low-cost MM ESD testers. 

Given the zero resistance employed by the machine model, the peak current and 

the rise time during an MM ESD event are primarily determined by the DUT. The pulse 

shape depends on the circuit inductance, and for most automated testers which employ 

relays as switches, that inductance may be fairly high (100 nH to 1 fiH). This may 

produce a waveform similar to a damped sine wave [15], which implies both positive and 

negative stress during a single ESD event. 

2.2.3 Charged Device Model 

The charged device model is illustrated in Fig. 2.4. The model simulates an 

isolated charged device that is rapidly discharged by grounding one of the device pins. 

The discharge is very fast, characterized by short rise times (on the order of picoseconds 

or less), and by high currents. 

The actual waveforms are very much affected by parasitic elements. Currently, 

there is no CDM test standard. Therefore, the CDM failure thresholds may be very 

different for different testers used. However, the failure thresholds are invariably much 

lower than for HBM and MM. This is primarily because the protection circuits cannot 

turn on fast enough, which renders most of them ineffective in the case of very fast, 

CDM-like ESD events. 
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Fig. 2.4 Basic CDM circuit schematic. 

2.3 ESD PROTECTION 

Static electricity and its deleterious effects cannot be totally eliminated. The 

purpose of ESD protection is to minimize the damage inflicted by ESD by (1) limiting 

generation of static electricity; and (2) decreasing the ESD susceptibility of 

semiconductor devices. The first goal can be achieved through proper environmental 

control, choice of suitable materials, and implementation of appropriate handling 

practices. All these are prescribed in typical ESD control programs. The second goal 

can be reached by either modifying the device and circuit design for ESD ruggedness 

(which is often done in the case of output stages of integrated circuits) or by 

incorporating specially designed on-chip ESD protection circuits. 
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2.3.1 ESD Control 

The ideal solution to ESD control would be to eliminate all sources of static 

electricity. This implies elimination of people and, in order to minimize friction, 

elimination of all movement. Practical solutions require analysis, planning, and 

discipline in executing the adopted program of ESD control. 

Electrostatic charge can adversely affect semiconductor devices at all stages of 

fabrication, assembly, and use. The ESD problem is probably most serious in a 

cleanroom environment where device manufacturers have to deal not only with ESD but 

also with static-electricity-related contamination. These problems are further aggravated 

by the continuous trend of device down-scaling. Thus, the understanding of static 

electricity origins and means of its control is essential in achieving a clean production 

environment. 

Static electricity is most commonly generated by triboelectrification. For 

example, a wafer potential ranges from 500 V to 3000 V when it is held with a pair of 

fluoroplastic tweezers. The potential of such a wafer is considerably decreased (35 V to 

37 V) by washing with ultrapure water, while the nitrogen blow causes the wafer's 

potential to reverse in polarity reaching - 200 V [17]. Typically, however, wafers have 

high positive potentials, since a wafer is always positively charged when it comes in 

contact with a plastic object, and most wafer-handling items are made of plastic. 
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The destruction of semiconductor devices by ESD is, in some cases, dependent on 

the voltage (e.g. the gate oxide breakdown in MOS transistors) and on the current in 

others (e.g. burning of conductive paths). Therefore, not only electrostatic potential, but 

also electrostatic energy should be reduced. Energy as low as 0.3 pJ is sufficient to 

destroy some modem devices, which means that the electrostatic energy stored in a 

charged human body (for potential of 1000 V and typical capacitance of 200 pF) can 

potentially destroy as many as 333 devices during a single discharge event. 

On the other hand, static electricity aggravates the contamination of wafers by 

particles. Wafer potentials larger than 50 V tend to increase the adhesion of particles; 

the resulting electric field around the wafer is nonuniform which causes the density of 

adhering particles in the periphery parts to be about two times higher than that in the 

center [17]. The effect of electrostatic forces increases with a decrease in charged 

particle size. The charge polarity of floating particles is the same as the polarity of ions 

present in the atmosphere. 

The charging of wafers can be eliminated either by making the wafers conductive 

and grounding them, or by providing a sufficient concentration of ions in the cleanroom 

atmosphere that would neutralize the wafers. Since conductive materials are considered a 

major source of contamination, the neutralization by ions has been a subject of extensive 

study. It has been found that the neutralization efficiency depends on the concentration 

of ions as well as on the ratio of positive and negative ion concentrations. Namely, the 

wafers are positively charged and only the negative ions are needed for neutralization; the 

absence of positive ions increases the negative ion lifetime, thereby increasing the 

neutralization efficiency. The most promising way of generating negative ions is the use 
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of the photoelectric effect. The irradiation of metal plates with UV light always gives 

negative ions, and practically causes no generation of contaminating particles (unlike 

corona discharge, the other commonly used method of ion generation). However, some 

unsolved problems concerning contamination by ions themselves (especially ozone) give 

an incentive to cleanroom researchers to continue their search for a new technology for 

the generation of "clean" negative ions suited to the age of commercial submicron device 

fabrication. 

Once a passivating layer has been deposited on the surface of a processed wafer, 

the contamination due to static charges ceases to be a problem. Thus, in environments 

other than the cleanroom, such as device packaging or printed-board assembly facilities, 

ESD becomes the sole concern. A general strategy used to prevent generation of static 

electricity is the use of conductive materials rather than insulators whenever possible. 

Insulators are very difficult to completely discharge, and tend to keep static electricity for 

extended periods of time. This makes them a potentially dangerous source of 

uncontrollable ESD. When an insulating material has to be used, its surface is often 

made more conductive by incorporating conductive threads. A similar approach is 

followed in making conductive floors and antistatic apparel. The workstations are 

designed so as to incorporate conductive table mats, floor mats, and wrist straps. 

Efficient ESD control requires, of course, that all conductive surfaces be grounded. The 

grounding path should contain an appropriate resistor to protect operators from being 

electrocuted should the ground potential be accidentally raised to a hazardous level. A 

1 M£i resistor is commonly used for that purpose in wrist straps. 
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Depending on the gravity of the ESD problem, air ionizers may be used to 

neutralize static charges present on insulating surfaces. Also, static charge build-up can 

be decreased by increasing the relative humidity. The lower limit of relative humidity is 

generally about 20% [10]. The upper limit is normally set by the sensitivity of electronic 

equipment or the environmental requirements of human operators. 

Finally, it should be reiterated that all the measures taken as a part of a 

comprehensive ESD control program can only limit the magnitude of static potentials, but 

cannot totally eliminate static electricity. 

2.3.2 ESD Protection Circuits 

ESD protection circuits serve the puipose of diverting the ESD energy from 

sensitive devices. The protection devices should be conducting only during ESD events, 

and must be designed so that they are not destroyed while dissipating the energy of a 

pulse. 

Protection circuits employ resistors, diodes, and transistors. Resistors are used to 

limit the cuirent and, combined with ever-present capacitances, to introduce delay in the 

propagation of pulses. Diodes and transistors used in protection circuits usually operate 

in some form of nondestructive breakdown. 

A simple protection circuit that uses diodes is shown in Fig. 2.5. The operation of 

the circuit is based on the conduction of one of the diodes that becomes forward-biased as 

a result of an ESD pulse striking the pad. In the case of a positive ESD pulse, diode D j 
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Fig. 2.5 Diode protection circuit (after Sabnis [12]). 

becomes forward biased, while for negative pulses, diode D2 conducts. In both cases, the 

voltage across a diode is less than 1 V, which means that the gate oxide of the input 

MOSFET is protected from ESD induced overvoltages. The resistors are used to limit the 

current through a conducting diode (resistor Rj) and to slow down the ESD pulse 

(resistor R2). Note that none of the diodes conducts under normal operating conditions, 

because the values of supply voltages VDD and Vss guarantee that they remain reverse 

biased for all possible input signal levels. Introducing the resistors Rt and Rj makes the 

protection circuit more effective, but they adversely affect the speed of the protected 

circuit by delaying normal input signals. 
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A very important factor in selecting a particular protection circuit is its 

compatibility with the technology used. The diode circuit shown in Fig. 2.5 necessitates 

that a p+ implantation and drive-in be performed in order to form p+-n junctions - which 

would mean additional production steps in an NMOS technology. In a CMOS 

technology, however, these steps are already available, so that the diode protection can be 

readily implemented. 

Most protection circuits contain resistors. Since diodes and transistors used in 

protection circuits have very low impedance when conducting, it is clearly those resistors 

that will dissipate most of the energy of an ESD pulse. The design of resistors for 

protective circuits is therefore a very important issue. There are two kinds of resistors 

used: (1) deposited polysilicon resistors (poly resistors), and (2) diffused resistors. It is 

generally accepted that diffused resistors are better; they provide good heat transfer, 

contain a built-in distributed diode, and can easily be incorporated in any input circuit 

containing NMOS transistors. Poly resistors are deposited over a layer of silicon dioxide 

which is a very poor conductor of heat. They do not offer the pulse attenuation 

characteristic of distributed diodes, and can be thinned when deposited over oxide steps 

creating high-resistance hot spots [18]. The use of poly resistors is recommended only 

when a distributed diode may be a source of latch-up triggering current. The width of a 

poly resistor should be approximately 4 ^im per kV HBM [18]. 

An alternative to the diode protection circuits is the protection circuit shown in 

Fig. 2.6, which combines a thick oxide MOSFET (PT) and a gated diode (GD) [19, 20], 

and can easily be realized in an NMOS technology. 



The protection transistor (PT) is a MOSFET that has a thick field oxide as the gate 

dielectric. In the case of negative ESD pulses, the drain-substrate (n+-p) junction 

becomes forward biased, acting as diode D2 in the diode protection circuit (Fig. 2.5). For 

positive ESD pulses, the voltage on the gate of the protection transistor becomes 

sufficient to induce the channel connecting the drain with the source, diverting the current 

away from the gate of an input MOSFET. In order for this protection device to be 

effective, the threshold voltage of the protective transistor must be lower than the 

breakdown voltage of the gate oxide of an input MOSFET. An alternative to using the 

field effect in thick-oxide protection transistors is to rely on the punch-through effect. If 

the drain and the source are close enough, it is possible for the drain depletion region to 

extend all the way to the source depletion region (during a positive ESD event). Since 

now the protective action is not based on the field effect, the gate is not needed, but the 

drain-to-source spacing becomes a critical design parameter. Another very important 

parameter is the channel width, because it determines the maximum allowed current. The 

actual width will depend on the technology used and the design of the rest of the 

protection circuit, especially the values of resistors (if any). Finally, the device layout has 

to allow for uniform current distribution. 

A gated diode is basically an n-channel MOSFET without the source. If a 

negative pulse strikes the pad, the gated diode functions in the same manner as diode D2 

shown in Fig. 2.5. The n+-p junction becomes forward biased providing a low 

impedance path from the pad to the ground. In the case of a positive pulse, the n+-p 

diode becomes reverse biased and breaks down. In both cases, the resistor limits the 

current, preventing the destruction of the diode. The gate has practically no effect on the 

forward biased diode, but plays a critical role in the case of reverse bias. In order to 
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protect the gate oxide of an input MOSFET transistor, the gated diode must have a 

reverse breakdown voltage less than the oxide breakdown voltage. The gate connected to 

the most negative voltage in the circuit decreases the gated diode breakdown voltage by 

increasing the depletion region curvature close to the silicon-silicon dioxide interface. 

The operation of the thick oxide device (PT) and the gated diode (GD) described 

above relates to the case in which either the PT or the GD is used in conjunction with a 

resistor as the protection device. However, when both devices are used in a single 

protection circuit, as illustrated in Fig. 2.6, the operation of the two is not independent. 

For a positive ESD pulse, the gated diode becomes reverse biased and enters avalanche 

breakdown. A diffused resistor R limits the current through the diode preventing its 

destruction. During the ESD pulse rise time, the voltage across the resistor increases until 

B 

R 
BOND 
PAD 

Fig. 2.6 ESD protection circuit employing a thick oxide device as primary 

protection, and a gated diode as secondary protection (after Duwury et al. 

[19]). 
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the turn-on voltage of the thick oxide device is reached. For negative ESD pulses, the 

drain-substrate junction of this transistor is forward biased. This circuit, manufactured in 

a 2 p.m NMOS process with abrupt junctions, provides protection up to 6000 V (HBM) 

[19]. Note that this circuit eliminates the concern about the relatively slow turn-on of a 

thick oxide MOSFET by using the so-called secondary protection (diffused resistor and 

gated diode). 

2.4 ESD-INDUCED DAMAGE IN MOSFETs 

2.4.1 Catastrophic Damage 

ESD events are characterized by high energy dissipation in short time periods. As 

a result, metallization and junctions of semiconductor devices can be destroyed by 

excessive heating. In addition, MOSFET devices and circuits all contain a thin gate oxide 

that can be ruptured by electrostatically induced overvoltages. 

The most common failure mechanisms due to ESD are thermal in nature. It is 

often observed that metal lines are burned out by the ESD energy. This failure may occur 

as a consequence of ESD stressing at any pin of an integrated circuit (IC) if the resistance 

of an associated metal line is high enough to make it a dominant energy-dissipating 

element of the circuit. This is commonly the case when there are no resistors in the 

discharge path within the circuit and when a metal line contains a weak spot (possibly 

due to metal thinning over oxide steps). For properly designed metallization, the 
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catastrophic circuit failures are usually associated with active devices - MOSFETs. As 

discussed in an earlier section, special input protection circuits are used to divert ESD 

pulses appearing at IC inputs away from the sensitive thin-gate-oxide input transistors. 

The protection circuits, if fast enough, practically eliminate the concern about the ESD-

induced gate-oxide breakdown. On the other hand, output pins (connected to the drains 

of output stage MOSFETs) usually do not have any special ESD protection. 

The failure modes commonly observed as a result of ESD stressing at the drain of 

a MOSFET are metal melt filaments and polysilicon melt filaments. These failure modes 

are illustrated in Figs. 2.7 and 2.8 for low-power, integrated-circuit n-channel MOSFETs 

[21, 22]. Note that these failure modes cannot be observed in power MOSFETs, since 

power MOSFETs are not sensitive to ESD stress at the drain. The ESD induced damage 

N + N+ 

FILAMENT 

P - substrate 

Fig. 2.7 Aluminum filament formation due to ESD induced heating of a reverse-

biased junction (after Duwury et al. [19]). 
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Fig. 2.8 Polysilicon filament formation due to ESD induced heating of a reverse-

biased junction (after Duwury et al. [19]). 

in power MOSFETs is discussed in detail in Chapter 4. The filaments shown in Figs. 2.7 

and 2.8 may form when a positive ESD pulse strikes the drain. This causes the reverse 

biased drain-substrate junction to break down. The heat generated at the junction is 

proportional to the integral over time and space of the product of the current density J and 

the electric field E. If the metal contact is too close to the junction, the temperature of the 

metal may become sufficient to cause melting. Mass transfer of metal along the current 

path may in turn produce a filament that extends to the source, shorting the drain to the 

source (Fig. 2.7). Because of its similarity to the mass transfer associated with 

electromigration, this failure mechanism is sometimes called "electrothermomigration" 

[23-25]. Due to its relatively low melting temperature, aluminum is likely to form 

filaments shorting the drain and the source. This problem may be significantly alleviated 
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by avoiding direct contact between aluminum and silicon. One possible solution is to use 

polycrystalline silicon to contact the drain/source diffusions, with polycide (TaSi2/poly 

Si) as a barrier to aluminum spiking [26]. 

If the metal contact is far enough from the junction, the heat generated at the 

reverse-biased drain-substrate junction can pass through the thin gate oxide and cause 

melting of polysilicon with resulting filaments shorting the gate and the drain, and, under 

cenain conditions, shorting the gate and the source (Fig. 2.8). 

The failure modes described above are characteristic of positive ESD stressing, 

because an output NMOS transistor is then driven into second breakdown. In the case of 

negative pulses, the drain-substrate junction becomes forward biased, which means that 

much less heat is dissipated at the junction than for a positive pulse of the same 

magnitude. This explains higher failure thresholds for negative pulses than for positive 

pulses: 8000 V vs. 5000 V (HBM) and 500 V vs. 300 V (MM) [21]. Although the failure 

levels are lower for positive pulses, it can be seen that very good HBM ESD protection 

can be achieved by simply making the output devices large. The above results [21] were 

obtained by stressing MOSFETs (manufactured using a 2 |im NMOS process) which had 

the channel width W = 1000 nm, and the drain contact to gate edge spacing S = 6 Jim. 

Advanced 1 Jim CMOS technologies have greatly reduced ESD failure thresholds 

with respect to 2 nm NMOS technology [21], The use of silicided diffusions is identified 

as the main reason. The silicided diffusions have lower sheet resistance than classical 

diffusions and, thus, improve the circuit speed. However, as illustrated in Fig. 2.9, the 

effective drain contact to gate edge spacing is decreased from S = S1 to S = S" by using 
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a silicide layer. This adversely affects the ESD sensitivity of the device. Other 

parameters that determine the ESD sensitivity are also shown in Fig. 2.9: the gate oxide 

thickness tox and the junction depth Xj. Larger values of S, tox, and xj make a MOSFET 

less sensitive to ESD. This means that the ongoing process of device miniaturization is 

likely to aggravate the problem of ESD sensitivity and protection. 

Silicide 

DRAIN 

Drain Contact P-substrate 

Fig. 2.9 Parameters determining ESD sensitivity of a particular MOSFET (after 

Duwury et al. [19] and Sabnis [12]). 

2.4.2 Noncatastrophic Damage 

If the energy of an ESD pulse is not high enough to cause catastrophic failures, 

MOSFETs may be damaged by ESD but remain functional. Such "walking wounded" 
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devices, if the damage is not detected, may be incorporated into an electronic system and 

fail long before expected. Since premature field failures invariably incur much higher 

costs than failures detected before devices are incorporated into electronic systems, 

noncatastrophic ESD-induced damage has recently been given considerable attention [28-

30], 

Practically all failure modes that occur as a consequence of catastrophic ESD 

events will result in noncatastrophic damage if the ESD energy is not high enough to 

destroy a device. High temperature developed at a reverse biased junction can cause 

melting of aluminum and formation of metal spikes, which will in turn cause increased 

leakage currents. A polysilicon spike originating at the gate which is not long enough to 

cause the gate-to-drain short may create a high-field spot in the oxide that may later be 

converted into a short circuit. Potentially the most interesting topic, however, is the 

ESD-induced charge injection and trapping in the gate oxide of MOSFETs. Namely, 

significant charge injection into the gate oxide occurs near the drain of MOSFETs 

operated in snapback [27,29,30]. Also, ESD pulses applied at the gate have been shown 

to cause gate oxide charge build-up. ESD-induced charge injection and trapping will be 

discussed in more detail in a later chapter. 

2.5 SUMMARY 

Static electricity is a serious problem for the semiconductor industry. It cannot be 

eliminated, but it can be controlled. Comprehensive ESD-control programs have been 

introduced to combat this problem, and remarkable progress has been made in designing 

and producing effective on-chip ESD-protection. However, all ESD protection circuits 
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introduce ESD ruggedness at the expense of performance of the protected circuit. In 

addition, practical considerations limit the size of protection devices, thereby reducing 

their protection capability. ESD protection circuits can therefore offer a certain level of 

protection, but cannot prevent ESD damage beyond specified limits. It has been shown 

that ESD-related failure modes are highly dependent on the rise time of ESD pulses, 

presumably due to delay in protection circuitry turn-on. ESD events may cause device 

failure or device degradation. Noncatastrophic damage occurs either as "incomplete" 

catastrophic damage or as charge trapping in the gate oxide. Despite a lot of research 

effort in the field, many ESD-related phenomena still remain far from being thoroughly 

understood. 
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CHAPTER3 

DETECTION OF ESD-TNDIJCED DAMAGE 

3.1 ELECTRICAL MEASUREMENTS 

ESD induced catastrophic failures in MOSFETs are usually easily detectable. 

They usually take the form of excessive leakage currents. Polysilicon filaments, for 

example, cause measurable gate currents, similar to those observed in the case of the gate 

oxide breakdown. Aluminum filaments give rise to drain-to-source shorts, which are also 

readily detected. In addition, catastrophic failures are often investigated using either 

optical or electron microscopy. In contrast to catastrophic damage, detecting the ESD-

induced degradation (noncatastrophic damage) may be very difficult. The electrical 

measurements that may be useful in detecting this kind of damage are discussed in this 

chapter. Note that all the data presented in Figs. 3.1-3.4 were obtained through 

measurements performed on the same device (a Motorola IRF 440 power MOSFET). All 

electrical measurements reported in this thesis were done using a Hewlett-Packard 

Semiconductor Parameter Analyzer (HP 4145B). 

Fig. 3.1 shows the output characteristics of an n-channel power MOSFET. An 

important feature of power MOSFETs operated in the low-current range shown in Fig. 

3.1 is that the drain current in saturation is practically independent of the drain voltage. 

This is a distinguishing feature of long-channel MOSFETs. Modern power MOSFETs 

have channel lengths of the order of 1 fim. In conventional, integrated-circuit MOSFETs 
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Fig. 3.1 Drain current as a function of drain voltage with gate voltage as a parameter: 

VG1 = 3.25 V, VG2 « 3.40 V, VG3 = 3.55 V, VG4 = 3.70 V, VG5 = 3.85 V, 

and VG6 = 4.00 V. 

the channel length modulation for such a channel length may be expected to be 

significant. In power MOSFETs, however, the depletion region of the reverse biased 

drain-body junction will extend mainly into the drain, which is less heavily doped than 

the body region. This specificity of the VDMOS structure gives power MOSFETs the 

high voltage capability, but also diminishes the channel-length modulation. Another 

important observation that can be made based on Fig. 3.1 is that the drain current in 

saturation is a nonlinear function of the gate voltage: equal increments of the gate voltage 

(VQ2 - VG1 = VG3 - VQ2 =... = A VG = 0.15 V) result in increasing increments of the 

drain current as the gate voltage is increased. The first-order theory [6] actually predicts 

the square law dependence of the drain current on the gate voltage: 
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(3.1) 

where ID is the drain current, Hn is the electron mobility in the channel, W is the channel 

width, Cox = / tox is the oxide capacitance per unit area, tox is the permittivity of the 

oxide, tox is the oxide thickness, L is the channel length, VG is the gate voltage, and VT is 

the threshold voltage. Eqn. 3.1 describes the drain current in saturation, when VD > VG -

VT, where VD is the drain voltage. For drain voltage such that VD < VG - VT, the drain 

current depends on the drain voltage. In this operation region, the drain current is given 

by [6]: 

id=H^wc, 
J-f 

(Vg-VT)VD - ̂ 2- (3.2) 

For very low drain voltages, the quadratic term in Eqn. 3.2 may be neglected, so that the 

drain current becomes a linear function of the drain voltage. That can be observed in Fig. 

3.1 for very low drain voltages. Note that both Eqn. 3.1 and Eqn. 3.2 apply for VG equal 

or greater than VT. For VG less than VT, the first-order theory predicts zero drain current. 

The output characteristics of a power MOSFET are very sensitive to changes in 

the gate voltage. They can be used to detect device degradation that affects the value of 

the threshold voltage. However, they are not convenient for qualitative characterization 

of the degradation. The transfer characteristic is much more more appropriate for that 

purpose, since it gives the drain current as a function of the gate voltage. Fig. 3.2 

illustrates the transfer characteristics of a power MOSFET with drain voltage as a 

parameter. For a fixed value of the gate voltage, the operating regime will be determined 

by the drain voltage. So, for VG = 3.8 V, the transistor is in saturation for VD = VD3 and 
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Fig. 3.2 Drain current as a function of gate voltage (linear plot) with drain voltage as 

a parameter: VD1 = 0.10 V, Vm = 0.20 V, VD3 = 0.50 V, and = 5.00 V. 

VD = Vj^, but not for VD = VD1 or VD = V^. Note that for VD = VD1 the drain current is 

expected to be a linear function of the gate voltage (based on Eqn. 3.2). However, it is 

obvious from Fig. 3.2 that it is not the case. This behavior observed for = VDi is not 

understood. Fig. 3.3 shows the plot of the square root of drain current as a function of 

gate voltage with drain voltage as a parameter. As indicated by Eqn. 3.1, a plot like this 

can be used to determine the threshold voltage VT. The threshold voltage is found as the 

intercept of the extrapolated linear portion of the VLP vs. VG plot with the voltage axis. 

However, a transistor must be operated in saturation in order for this method to be 

applicable. Therefore, the drain voltage must be sufficiently high so that the transistor is 

in saturation, which is the case for Vd = VD3 and VD = Vd4. The threshold voltage of 
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Fig. 3.3 Plot of VIDVS. VQ with drain voltage as a parameter: VD1 =0.10V, 

VD2 = 0.20 V, VD3 = 0.50 V, and VW = 5.00 V. 

transistors that exhibit nonnegligible channel length modulation cannot be determined in 

this way. In that case, the threshold voltage is arbitrarily defined as the voltage measured 

at a preset current value. This method for determining threshold voltage is sometimes 

used even for long-channel MOSFETs, especially for purposes of fast and simple on-line 

control involving a large number of devices. However, in this study, the "extrapolated" 

threshold voltage will be assumed unless specified otherwise. A drain voltage of 5 V 

ensures that the power MOSFETs studied are in saturation over the range of gate voltages 

giving the drain current below 100 mA. 

The threshold voltage obtained by extrapolating the VTDVS. VQ curve 

corresponding to VJ>4 = 5.00 V to zero drain current is VT= 3.40 V (Fig. 3.3). Eqn. 3.1 
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predicts zero drain current for VG = VT. However, it can be seen from Fig. 3.1 that 

measurable current flows through the device for VG2 = VT» and there is some small 

current even for VG1 < VT. The operating region corresponding to VG1 < VT is 

characterized by an exponential dependence of the drain current on the gate voltage; the 

dominant conduction mechanism is diffusion, rather than drift. The drain current in the 

subthreshold region is given by [7,5]: 

where a = V2" (£; / Lp) / Cox , LD = / pqNj01/2 , es is the silicon permittivity, q is the 

electron charge, P = q / kT, k is the Boltzmann constant, T is the absolute temperature, n; 

is the intrinsic carrier concentration, NA is the acceptor dopant density in the channel 

region, and \j/s is the surface potential. Eqn. 3.3 indicates that the subthreshold current is 

an exponential function of the surface potential, i.e. an exponential function of the gate 

voltage VG. because the ys vs. VG plot is basically linear in this operation region. Fig. 

3.4 shows the log (ID) vs. VG plots with VP as parameter. The linear portion of these 

curves is described by Eqn. 3.3, and represents the "true" subthreshold region. The 

current through the device seen for negative gate voltages is basically the leakage current 

of the reverse-biased drain-body junction; for VG1 > Vj, the drain current is no longer an 

exponential function of the gate voltage. The subthreshold current is practically 

independent of the drain voltage. However, increasing the drain voltage will cause an 

increase in the leakage current 

(3.3) 
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In this study, both the subthreshold characteristics and the threshold voltage data 

will be used to illustrate the effects of noncatastrophic ESD events in power MOSFETs. 

As mentioned above, the "extrapolated" threshold voltage (obtained with VD = 5 V) will 

be assumed if not specified otherwise. The subthreshold current measurements are all 

performed with VD = 0.1 V. As seen in Fig. 3.4, the value of the drain voltage does not 

affect the subthreshold current. However, the leakage current is extremely sensitive to 

the presence of charges in the oxide or at the silicon-silicon dioxide interface above the 

depletion region. Using a small drain voltage facilitates the detection of small densities 

of trapped charge. It will be demonstrated in the next chapter that the subthreshold 

current measurement is the only reliable method for detecting the highly localized ESD-

induced charge injection and trapping in the gate oxide of power MOSFETs. 
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Fig. 3.4 Subthreshold current of a power MOSFET with drain voltage as a 

parameter: VD1 = 0.10 V, Vm = 0.50 V, Vra = 1.00 V, and Vm = 5.00 V. 
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3.2 SUBTHRESHOLD CHARGE SEPARATION TECHNIQUE 

As mentioned in Chapter 2, noncatastrophic ESD events may lead to charge 

injection into and trapping in the oxide. In other words, oxide charge and interface traps 

may be formed [27, 29, 30]. It is often important to determine the densities of oxide 

trapped charge and interface trapped charge formed by a particular stress, because these 

two affect the device performance, mainly through mobility degradation. The need for 

separating the contributions of oxide charge and interface traps to the device degradation 

comes from the fact that the effects of the two are different. In general, positive charge 

build-up in the gate oxide gives rise to parallel shifts of I-V or capacitance-voltage (C-V) 

curves, while the formation of interface traps results in a decrease of the slope ("stretch

out"). The fundamental difference between the two from the standpoint of device 

operation is certainly that the density of the oxide charge does not depend on the surface 

potential, whereas the occupancy of interface traps, and therefore the charge residing in 

them is a function of the surface potential. 

The charge pumping technique [31] has evolved over the past few years into an 

important method of characterizing the densities of interfacial charges and traps in 

MOSFETs. However, this technique necessitates that a four-terminal device (i.e. the 

access to the substrate in the form of a separate terminal) must be available. In power 

MOSFETs, that is never the case: the body region is always shorted to the source by the 

source metallization. The subthreshold charge separation technique [32], however, can 

be implemented on three-terminal MOSFETs, and is therefore suitable for analyzing the 
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contributions of oxide charges and interface traps to threshold voltage shifts observed due 

to some stress. Despite some controversy surrounding this technique, it has found a wide 

acceptance among the researchers working on the effects of ionizing radiation on power 

MOSFETs. In order to apply this technique to analysis of device degradation due to 

ESD, it is assumed in this study that the ESD-induced interface traps are basically of the 

same nature as those induced by ionizing radiation. 

The basic assumption of the charge separation technique is that there is a certain 

surface potential for which the net charge residing in interface traps equals zero. This 

technique was originally developed for investigation of ionizing radiation-induced 

MOSFET degradation. Numerous studies of radiation-induced interface traps (reviewed 

in [33]) have provided evidence that interface traps lying in the upper half of the silicon 

bandgap are acceptor-like (negative when occupied, neutral when empty), while those 

lying in the lower half are donor-like (neutral when occupied, positive when empty). 

Since interface traps are occupied if they lie below the Fermi level, it is clear that the 

surface potential for which the intrinsic Fermi level at the surface coincides with the 

Fermi level will result in all acceptor-like interface traps being empty (and thus neutral) 

and all donor-like interface traps being occupied (and neutral). This value of the surface 

potential obviously results in zero net charge residing in interface traps. Thus, the surface 

potential should be equal to the the Feimi potential of the silicon bulk <f>F = (kT/q) log (NA 

/nj). The value of the gate voltage that corresponds to that surface potential is called the 

midgap voltage (VMG), Therefore, monitoring the changes of VMG due to some stress 

will give information about the contribution of oxide charges (AVot) to the total threshold 

voltage shifts observed, AVT. The midgap voltage is simply the gate voltage that 

corresponds to the midgap current (I^q) which is the current calculated from Eqn. 3.3 for 
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\y5 = <j>p. Fig 3.5 illustrates determination of the midgap voltage for the pre-stress 

subthreshold characteristic and the subthreshold characteristic after stress. Since the 

midgap current is normally too low to be reliably measured, the linear portion of the 

subthreshold characteristic is extrapolated until it intercepts the line ID = Img- In 

calculating the midgap current, the values of NA = 3xl016 cm"3 and tox = 100 nm were 

assumed The product nn (W / L) was estimated on the basis of the slope of the pre-stress 

VTD VS. VG plot. The midgap current is assumed not to change during stress. 

The total change in the threshold voltage is given as AV? = AVot + AVit, where 

AVot is the contribution of oxide charges and AVit is the contribution of charge residing in 
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Fig. 3.5 Midgap voltage measurements: IMG = 5.6x10"10 A, VMG0 = 1.68 V, 

VMGi =-0.90 V. 
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interface traps. Since AVot = AVMG, the threshold voltage must be measured in order to 

determine AVit. Fig. 3.6 illustrates the threshold voltage measurements corresponding to 

the the midgap voltage measurements shown in Fig. 3.5. For this example, the values of 

AVot = - 2.58 V and AVit = 0.15 V are obtained. Also indicated in Figs. 3.5 and 3.6 are 

the current values chosen to position the tangents (lines for extrapolation) on the curves. 
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Fig. 3.6 Threshold voltage measurements: VTO=3.33,VX1 = 0.90 V. 
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3.3 SUMMARY 

The current-voltage (I-V) measurements are usually used to detect degradation of 

MOSFET characteristics due to some stress. The most commonly monitored parameter is 

the threshold voltage. The threshold voltage measurements reported in this study are 

performed by extrapolating the linear portion of the VTD VS. Voplot until it intercepts the 

voltage axis. The subthreshold current measurements are used to detect the highly 

localized ESD-damage. The subthreshold charge separation technique is used in the 

following chapters to analyze the nature of ESD- or radiation induced interfacial charges. 
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CHAPTER 4 

ESP EFFECTS IN POWER MOSFETs 

As mentioned in a previous chapter, electrostatic discharge (ESD) has become a 

serious concern for both semiconductor device manufacturers and users. The thin gate 

oxide layer of modern MOS devices makes them particularly sensitive to ESD. The 

omnipresence of ESD and its deleterious effects on MOSFETs have caused a great deal 

of effort to go into the development of effective input protection circuits. As a result, 

low-level ESD stress, which does not destroy the protective circuit itself, is of virtually no 

concern in modern integrated-circuit (low-power) MOSFETs. On the other hand, power 

MOSFETs are inherently less sensitive to ESD due to a thicker gate oxide and larger gate 

area. Consequently, they are almost exclusively made without any input protection. The 

decreased probability of catastrophic failures and the absence of input protection combine 

to make power MOSFETs potentially more susceptible to noncatastrophic ESD-induced 

damage than their low-power counterparts. 

Noncatastrophic ESD stress at the drain of integrated-circuit transistors has 

recently been shown to result in charge injection into the gate oxide near the drain [27, 

29, 30]. It has also been demonstrated that noncatastrophic ESD stress at the gate causes 

device degradation which has been attributed to charge injection into the oxide [34] and, 

on a less likely scenario, to formation of a leakage path through the gate oxide [28]. 

Noncatastrophic damage in power MOSFETs has not been extensively studied. ESD 

stress at the gate has been reported to cause negative threshold voltage shifts and 

increased drain-to-source leakage [35]. Large area and ample spacing between the drain 
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contact and the drain-body junction inherent to power MOSFETs make them practically 

insensitive to ESD pulses applied at the drain. 

4.1 EFFECTS OF NONCATASTROPHIC ESD EVENTS ON 

POWER MOSFETS 

4.1.1 N-Channel Power MOSFET 

Devices investigated in this work were Motorola IRF 440 n-channel power 

MOSFETs [9]. ESD stress was applied at the gate of a transistor with the source and the 

drain grounded. Human-body model (HBM) ESD pulses were generated by a 

commercially available ESD tester (IMCS Model 5000). Only positive pulses were used 

in this study. 

Initial experiments were aimed at establishing the HBM ESD stress levels which 

result in non-catastrophic damage. ESD susceptibility levels are customarily determined 

by raising the stress voltage in steps and characterizing the device after each step. In 

addition, MIL-STD-883, Method 3015.2 requires that a certain number of both positive 

and negative pulses be applied at each step. This procedure yields conservative estimates 

of ESD failure levels, since positive and negative stress in general initiate different failure 

mechanisms, and therefore possibly result in very different ESD susceptibility levels. 

However, this approach obscures the physics underlying ESD-induced damage through a 

cumulative action of multiple pulses of both polarities. We therefore performed step 

stress by using a single positive pulse at a given level, and monitored ESD-induced 

changes in current-voltage (I-V) characteristics. Electrical characterization included 
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subthreshold current measurements (log IQ VS. Vg, for VD = 0.1 V) and threshold voltage 

measurements. Threshold voltage was obtained by extrapolating the VID VS. Vg curve to 

zero drain current. 

The results of the step stress indicated that HBM ESD levels between 4000 V and 

5000 V cause detectable changes in I-V characteristics of the power MOSFETs studied. 

Fig. 4.1 shows typical subthreshold current curves obtained by starting the ESD stress 

from 4100 V and raising the voltage level in steps of 200 V. The first pulse (at 4100 V) 

produced no visible change of the pre-stress subthreshold characteristic (curve 1); the 

curve taken after the 4100 V pulse is not shown. The second pulse (at 4300 V, curve 2) 

resulted in a small parallel shift of the subthreshold characteristic to the left. The next 

pulse (4500 V, curve 3) caused a distortion of the subthreshold characteristic, which 

became more pronounced after a 4700 V pulse (curve 4). However, curve 5 (obtained 

after the fifth pulse, at 4900 V), shifted to the right (with respect to curve 4) in its low-

current portion. Note that the linear, high-current portion of the subthreshold 

characteristics steadily shifts to the left with increasing number of pulses. Finally, the 

pulse at 5100 V caused a catastrophic failure (gate oxide breakdown). The threshold 

voltage shifts, all referenced to the pre-stress value, were - 0.03 V, - 0.09 V, - 0.16 V, 

-0.23 V and - 0.31 V, after a pulse at 4100 V, 4300 V, 4500 V, 4700 V and 4900 V, 

respectively. 

The observed changes may be explained in terms of charge injection and trapping 

in the gate oxide. The direction of the observed shifts suggests that the net trapped 

charge is positive. Parallel shifts indicate uniform injection and trapping over the gate 

oxide area, while the distorted subthreshold characteristics result from imbalance in 
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Fig. 4.1 Effects of HBM ESD step stress on the subthreshold characteristic of a 

power MOSFET: (1) pre-stress, (2) after the second pulse (at 4300 V), (3) 

after the third pulse (at 4500 V), (4) after the fourth pulse (at 4700 V), and 

(5) after the fifth pulse (at 4900 V). 

threshold voltages of individual cells of a power MOSFET. Namely, localized positive 

charge trapping lowers the threshold voltage of affected cells, making them conduct at 

lower gate voltages than the remaining cells. At higher gate voltages, the subthreshold 

characteristic approaches the normal, linear characteristic because the on-resistance of 

conducting cells increases with increasing current forcing them to share the current 

with other cells. Therefore, at a sufficiendy high gate voltage all cells operated in parallel 

will conduct the same current, irrespective of threshold voltage differences among 

individual cells. Based on the current-carrying capability of the affected cells (indicated 
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by the height of the ledge seen in curves 3,4 and 5) and the maximum device current for 

the given drain voltage, we conclude that less than 0.01% of the total channel area is 

affected. Given the typical large number of cells in a power MOSFET, this means that 

the enhanced charge injection may be confined to less than one cell. It is interesting to 

note that ledges similar to that seen on curve 3 are sometimes observed in devices that 

have no known history of previous exposure to ESD. The results presented here suggest 

that ESD should be considered at least as an alternative to a commonplace explanation 

based on unspecified "process nonuniformities" during device fabrication. 

A small parallel shift obtained by applying a 4300 V pulse (curve 2 in Fig. 4.1) 

indicates that it may be possible to use "low-level" HBM ESD pulses as a means of 

controlled charge injection into the oxide. For the specific device type used in this study, 

low-level ESD implies pulses from 4000 - 4300 V, while high-level ESD events are in 

the range of 4400 - 4900 V. The distinction between "low-level" and "high-level" 

noncatastrophic ESD events is made based on their effects: low-level ESD events cause 

parallel shifts of the subthreshold characteristics, while high-level ESD events result in 

severe distortion of the subthreshold characteristics (curves 3,4 and 5 in Fig. 4.1). Fig. 

4.2 illustrates the repetitive low-level (4300 V) HBM ESD stress. The cumulative effect 

of repetitive stressing is evident; increasing amounts of holes trapped in the oxide result 

in increasing shifts of the subthreshold characteristic to more negative gate voltages. 

These shifts are initially parallel, and it is only after about 50 pulses that some observable 

distortion occurs. The shape of curves 4 and 5 (obtained after 70 and 100 pulses, 

respectively) indicates the presence of lateral charge nonuniformities along the channel, 

which suggests that the silicon substrate, rather than the gate electrode, is the source of 

injected charge. 
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Fig. 4.2 Effects of low-level (4300 V) HBM ESD events on the subthreshold 

characteristic of a power MOSFET: (1) pre-stress, (2) after 20 pulses, (3) 

after 40 pulses, (4) after 70 pulses, and (5) after 100 pulses. 

Fig. 4.3 illustrates subthreshold-current measurements made on a power MOSFET 

prior to ESD stress (curve 1), and following a certain number of high-level (4800 V) 

HBM ESD pulses (1,20,40 and 60 pulses). The very first pulse results in a ledge (curve 

2), the height of which increases with the number of pulses, indicating an increase in the 

area affected by localized (enhanced) charge injection. In addition to this highly 

localized effect, high level ESD stress causes more or less uniform charge injection 

across most of the channel area as evidenced by continuous shifts to the left of the linear 

part of the subthreshold characteristic. In contrast to this, the width of the ledge, after an 

initial steady increase, may be randomly either increased or decreased by a high level 

pulse, which is also observed in the case of step stress (curves 4 and 5 in Fig. 4.1). A 
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Fig. 4.3 Effects of high-level (4800 V) HBM ESD events on the subthreshold 

characteristic of a power MOSFET: (1) pre-stress, (2) after one pulse, (3) 

after 20 pulses, (4) after 40 pulses, and (5) after 60 pulses. 

sufficiently high density of trapped holes makes the trapping of electrons possible, which 

results in compensation of the trapped positive charge and a decrease in the ledge width. 

The increase in the width of the ledge may be caused by additional hole trapping at the 

same spot, or by enhanced charge injection in another cell. 

The subthreshold charge separation technique [32] was used to determine 

contributions of oxide charge and interface traps to total threshold voltage shifts. As can 

be seen from Fig. 4.4, repetitive low-level HBM ESD stress at 4300 V results in 

decreasing threshold voltage because the density of positive trapped charge is larger than 
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Fig. 4.4 Threshold voltage shift (AVT) and contributions of oxide charge (AVot) and 

interface traps (AVjt) to that shift for the case of repetitive low-level (4300 

V) HBM ESD stress. 

the density of negatively charged interface traps. Note that the injected charge, and thus 

the threshold voltage, are initially approximately linear functions of the number of pulses, 

but they begin to saturate after about 50 pulses. In the case of high-level stress (Fig. 4.5) 

the amount of charge injected per pulse is larger, resulting in faster changes in threshold 

voltage. 

The subthreshold charge separation technique assumes the existence of a linear 

part in the subthreshold current characteristic. Given the distortion brought about by 

high-level pulses, the justification of applying this technique to the high-level ESD case 
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Fig. 4.5 Threshold voltage shift (AVj) and contributions of oxide charge (AVol) and 

interface traps (AVjt) to that shift for the case of repetitive high-level (4800 

V) HBM ESD stress. 

may with reason be questioned. Since the area heavily affected by localized charge 

injection is very small with respect to the total channel area, the technique may be used to 

estimate the total trapped charge as long as a linear part of the subthreshold characteristic 

can positively be identified. However, this approach provides no information about the 

charge trapped in the area of enhanced charge injection. Although that charge is 

negligible with respect to the total trapped charge, it may seriously affect the device 

reliability. Namely, it has recently been shown that ESD-induced charges in the gate 

oxide reduce hot-carrier lifetime [27] as well as the gate-oxide charge-to-breakdown [30J. 
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Threshold voltage measurements cannot provide any information about the high-

level ESD-induced localized damage in the form of a high density of trapped holes. The 

threshold voltage characterizes a transistor operating in the milliampere range, when all 

the cells are conducting. Therefore, monitoring threshold voltage only is not sufficient if 

high-level ESD-induced damage is to be detected. For example, the threshold voltage 

shift induced by a single high-level HBM ESD pulse for the device whose subthreshold 

characteristics are shown in Fig. 4.3 is only - 0.09 V. Given the pre-stress value of the 

threshold voltage VTO = 3.37 V, it is clear that the value of the threshold voltage after one 

4800 V HBM ESD pulse falls well within the range normally observed for non-stressed 

devices (3.20 - 3.40 V). Similarly, if a linear plot of IDvs. V0 is used for monitoring 

Gate Voltage (V) 

Fig. 4.6 Effects of low-level (4300 V) HBM ESD events on the VID VS. VG 

characteristic of a power MOSFET: (1) pre-stress, (2) after 20 pulses, (3) 

after 40 pulses, (4) after 70 pulses, and (5) after 100 pulses. 
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Fig. 4.7 Effects of high-level (4800 V) HBM ESD events on the VTD VS. VG 

characteristic of a power MOSFET: (1) pre-stress, (2) after one pulse, (3) 

after 20 pulses, (4) after 40 pulses, and (5) after 60 pulses. 

purposes (which has become a common practice in characterizing the damage induced by 

hot-carrier injection into the oxide), the localized ESD-induced damage will not be 

detected because the low current range cannot be observed on such a plot. Figs. 4.6 and 

4.7 illustrate the VTD VS. Vg measurements for the case of repetitive low- level (4300 

V) and repetitive high-level (4800 V) HBM ESD stress, respectively. The curves 

illustrate measurements taken on the same devices described in Figs. 4.2 and 4.3. The 

VTD vs. VG plots were obtained for VD = 5 V, which assures that a MOSFET is operated 

in saturation for the current range shown. Figs. 4.8 and 4.9 show ID vs. VG (linear plot) 

curves for the case of repetitive low- level (4300 V) and repetitive high-level (4800 V) 
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Fig. 4.8 Effects of low-level (4300 V) HBM ESD events on the ID VS. VG 

characteristic of a power MOSFET: (1) pre-stress, (2) after 20 pulses, (3) 

after 40 pulses, (4) after 70 pulses, and (5) after 100 pulses. 

HBM ESD stress, respectively. These curves are the same as those previously shown in 

Figs. 4.2 and 4.3, respectively, except that this time a linear scale for ID is used. It should 

be emphasized that the nature of VTd vs. VG plots allows the increased current at low 

voltages to be observed. However, these plots are not practical for monitoring purposes; 

the threshold voltage is, in practice, commonly defined as a voltage measured for a preset 

current (e.g. 1 mA). Obviously, customary electrical characterization fails to detect 

noncatastrophic ESD-induced damage, which may have serious reliability implications, 

especially in the case of high-level ESD. This work suggests that the subthreshold 

current measurements be used for efficient detection of localized noncatastrophic damage 

induced by high-level ESD. 



66 

100 

80 -
< 
E 

<4-J 
c 60 -o 

40 -c 
2 
D 

20 -

Gate Voltage (V) 

Fig. 4.9 Effects of high-level (4800 V) HBM ESD events on the ID vs. VG 

characteristic of a power MOSFET: (1) pre-stress, (2) after one pulse, (3) 

after 20 pulses, (4) after 40 pulses, and (5) after 60 pulses. 

4.1.2 P-Channel Power MOSFET 

The effects of repetitive HBM ESD stress (at 4800 V) on the subthreshold 

characteristic of a p-channel power MOSFET are illustrated in Fig. 4.10. The p-channel 

devices used in this study were Motorola MTM8P08 power MOSFETs [9]. If the results 

presented in Fig. 4.10 are compared with those pertaining to noncatastrophic ESD stress 

of n-channel power MOSFETs (illustrated in Figs. 4.1 - 4.3), it is obvious that the 

behaviors of the two kinds of power MOSFETs under ESD stress are very different. 
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Fig, 4.10 Efifects of 4800 V HBM ESD events on the subthreshold characteristic of a 

p-channel power MOSFET: (1) pre-stress, (2) after one pulse, (3) after 5 

pulses, and (4) after 10 pulses. 

If the pre-stress curves in Figs. 4.1 - 4.3 are consideied, three distinct operation 

regions determined by the value of the gate voltage can be observed. For VG less than 

approximately - 1.5 V, the current through the device is determined by the leakage 

currents of the reverse biased body-drain junction. For values of VG between 1.5 V and 

3.4 V, a "true" subthreshold characteristic may be observed, where log ID is a linear 

function of VG. For VG > VT, the device current is no longer an exponential function of 

VG. Similarly, three distinct operating regions can be observed on the pre-stress curve of 

a p-channel power MOSFET in Fig. 4.10, but the polarity of the gate voltage is opposite. 

The leakage current depends on the width of the depletion region, and is sensitive to 

charges present near or at the silicon-silicon dioxide interface. Since in power MOSFETs 
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the body region is more heavily doped than the drain region, most of the depletion region 

width extends into the drain region. If the positive charge is trapped at the interface 

above the drain, the depletion region width will be increased in a p-channel device and 

decreased in an n-channel device. As a result, positive charge trapping in the gate oxide 

causes an increase in the leakage current in p-channel power MOSFETs and a decrease in 

the leakage current of n-channel power MOSFETs. We therefore conclude that the 

positive charge trapping in the gate oxide above the drain is the dominant form of 

noncatastrophic damage induced by positive HBM ESD stress in p-channel power 

MOSFETs. 

In n-channel power MOSFETs, the I-V characteristics are shifted to the left by a 

repetitive ESD stress, indicating more and more positive trapped charge in the gate oxide 

above the channel. In p-channel power MOSFETs, however, it is only the first HBM 

ESD pulse that causes a parallel shift of the subthreshold characteristic to the left (curve 2 

in Fig. 4.10). Subsequent pulses cause no additional shifts to the left, but will increase 

the leakage current (curves 3 and 4 in Fig. 4.10). It should be emphasized that the 

occurrence of ledges in the subthreshold characteristics of p-channel devices is not to be 

expected, since the localized enhanced positive charge trapping would increase the 

magnitude of the threshold voltage of the affected cell. The existence of a cell with a 

higher threshold voltage (in magnitude) than the rest of the cells cannot be observed on a 

subthreshold characteristic. Note that positive HBM ESD pulses in both n-channel and 

p-channel power MOSFETs apparendy result in significant charge injection and trapping 

in the gate oxide lying above p-doped silicon regions (p-body in the case of n-channel 

and p-drain in the case of p-channel devices). 
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4.2 ESD-INDUCED CHARGE INJECTION INTO THE 

GATE OXIDE OF POWER MOSFETs 

ESD stress at the gate of a MOSFET is a high-voltage event that may cause 

charge injection and trapping in the gate oxide or, for a sufficiently high ESD level, 

catastrophic breakdown of the thin gate dielectric. The breakdown voltage of silicon 

dioxide depends on the thickness of the oxide and on its dielectric strength. The 

maximum breakdown strength of thin silicon dioxide films is approximately 30 MV/cm 

[36]. This limit is believed to be set by bond strengths in the silicon-oxygen system. 

However, values close to this have only been observed when the so-called intrinsic 

breakdown occurs - in oxides virtually free from defects. In oxides commonly found as a 

part of an MOS structure, the dielectric strength depends on the quality of the oxide and 

the usual values are from 6-12 MV/cm. In these oxides, randomly distributed pinholes 

and other defects cause the extrinsic (defect dominated) breakdown to be initiated at 

much lower fields than 30 MV/cm. 

If the dielectric strength of the gate oxide is assumed to be 10 MV/cm, a voltage 

across the oxide of approximately 100 V is expected to cause the oxide breakdown in a 

power MOSFET, since the oxide thickness is about 100 nm. It may therefore be 

surprising that power MOSFETs, as discussed in the previous section, survive HBM ESD 

stress at the gate in excess of 4000 V. However, the HBM ESD stress levels refer in fact 

to the voltage across the CHBM = 100 pF capacitor of the HBM circuit (see section 2.2.1). 

The gate voltage during an ESD event is not equal to that voltage. The actual gate 

voltage depends on the MOSFET input capacitance. It should be recognized that the 

input capacitance is voltage-dependent and, therefore, changes during an ESD event. 
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Power MOSFETs have relatively high input capacitance (much higher than 100 pF), 

which means that the voltage on the gate during an ESD event is considerably lower than 

the potential to which the CHBM is charged. In addition, it should be realized that the gate 

voltage equals the sum of the voltage across the oxide and the voltage dropped across the 

silicon substrate (surface potential). In the case of static high-field stress, it is justified to 

neglect the surface potential and to consider the gate voltage equal to the oxide voltage. 

ESD pulses may, however, be fast enough so as not to allow equilibrium conditions to be 

established in the silicon substrate. For a p-doped substrate, that means that a positive 

ESD pulse on the gate may drive the silicon into deep depletion. In that case, the surface 

inversion layer is not formed, and the surface potential is not "pinned" to approximately 

twice the Fermi potential, but may be significantly higher. With no inversion layer 

present, charge neutrality requires that the increase in positive charge on the gate during a 

positive ESD pulse be accompanied by an increase in the negative depletion layer charge. 

Thus, the depletion region width exceeds its equilibrium value, and surface potential 

increases until the onset of avalanche breakdown in silicon (for a sufficiently high ESD 

stress level). Therefore, if a pulse is sufficiently fast, silicon will be driven into deep 

depletion, while the amplitude of the pulse determines whether avalanche breakdown will 

occur. 

Avalanche breakdown creates a plasma of energetic carriers in the surface 

depletion layer. Some of these carriers may have sufficient energy to surmount the 

energy barrier for injection into the silicon dioxide (the energy barrier for electrons is 3.2 

eV and 4.7 eV for holes [5]). Avalanche injection of carriers into the oxide of MOS 

capacitors is a thoroughly investigated phenomenon [37, 38] and is described in detail 

elsewhere [39]. Fig. 4.11 illustrates the avalanche injection of electrons into the oxide 
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Fig. 4.11 Energy band diagram of an MOS capacitor during avalanche electron 

injection from a p-doped substrate (after Nicollian and Berglund [38]). 

from a p-type substrate. Impact ionization produces electron-hole pairs; electrons are 

accelerated by the electric field toward the interface. Electrons that are injected into the 

oxide will either drift to the gate electrode and give rise to a measurable gate current, or 

will get trapped in the oxide. 
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Therefore, avalanche injection is a well established mechanism of charge 

injection in MOS capacitors stressed at the gate by fast pulses or high-frequency high-

amplitude sinusoidal AC signals. Another possible ESD-induced charge injection 

mechanism is Fowler-Nordheim tunneling [40]. This mechanism is illustrated in Fig. 

4.12 for positive voltage at the gate. High electric field in the oxide decreases the width 

Fig. 4.12 Energy band diagram of an MOS capacitor during Fowler-Nordheim 

tunneling electron injection from a p-doped substrate (after Lenzlinger and 

Snow [40]). 



73 

of the triangular barrier making it possible for electrons of the silicon conduction band to 

tunnel into the conduction band of the oxide. 

It is clear from the foregoing discussion that at least two charge injection 

mechanisms can be induced by ESD stress at the gate of power MOSFETs: avalanche 

injection and Fowler-Nordheim tunneling. For positive ESD pulses, both of these 

mechanisms favor injection of electrons into the gate oxide. Fowler-Nordheim tunneling 

may be expected, however, to cause carrier injection from both the body and the drain 

region. Namely, even the p-regions (the body region of an n-channel power MOSFET, 

and the drain region of a p-channel MOSFET) would have a guaranteed supply of 

electrons from the adjacent n-regions if the silicon substrate is given sufficient time to 

reach thermal equilibrium.. Based on the results presented in Figs. 4.1-4.3 and Fig. 4.10, 

it seems that significant charge injection occurs from p-doped regions only. That is a 

strong indication that avalanche injection, rather than Fowler-Nordheim tunneling, is a 

dominant ESD-induced charge injection mechanism. Avalanche injection induced by 

positive ESD stress at the gate is illustrated in Figs. 4.13 and 4.14. In an n-channel power 

MOSFET (Fig. 4.13), high positive voltage on the gate causes accumulation in the drain 

region. The p-body (substrate) is driven into deep depletion. If the gate voltage is high 

enough, the surface potential will reach the value that initiates avalanche breakdown in 

the p-body. Carriers from the avalanche plasma are injected into the gate oxide above the 

channel region. In a p-channel power MOSFET (Fig. 4.14), high positive voltage on the 

gate causes accumulation in the n-body. The drain is driven into deep depletion. If the 

gate voltage is high enough, the surface potential in the drain region will reach the value 

that initiates avalanche breakdown. Carriers from the avalanche plasma will be injected 

into the gate oxide above the drain. 
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Fig. 4.13 HBMESD stress in an n-channel power MOSFET: (a) avalanche injection, 

and (b) holes trapped above the channel region resulting from that injection. 



75 

• electron 

O hole 
(a) 

i 
+ + -H-4- + -4- + +4- + 

N-body 

Depletion Region Edge 

(b) 

Fig. 4.14 HBM ESD stress in a p-channel power MOSFET: (a) avalanche injection, 

and (b) holes trapped above the drain region resulting from that injection. 
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The model of ESD-induced canier injection proposed above is consistent with 

results presented in Figs. 4.1-4.3 and Fig. 4.10 as far as the identification of regions from 

which the injection occurs is concerned. However, the avalanche model predicts 

injection of electrons into the gate oxide. The studies of avalanche electron injection in 

MOS capacitors indeed reported net electron trapping in the gate oxide [37-39]. All 

experimental results reported here indicate net hole trapping in the oxide. The studies of 

charge trapping and trap generation in silicon dioxide under high-field and carrier-

injection conditions [41, 42] may lead to the resolution of this apparent contradiction. 

Electron injection into the oxide causes both positive charge trapping and formation of 

stable electron traps. However, positive charge is formed at much lower levels of total 

injected charge [42]. On the other hand, electrons traps are formed only after significant 

amount of charge has passed through the oxide. The frequencies of ac signals used to 

initiate avalanche injection in MOS capacitors in these studies were in the MHz range 

[37, 38]. That means that there were millions of injection events per second in those 

experiments, while the number of ESD pulses applied at the gate of power MOSFETs 

used in this study did not exceed a few hundred. This may explain why we observe 

positive, rather than negative charge trapping. 

43 SUMMARY 

HBM ESD stress at the gate of power MOSFETs may cause catastrophic damage 

- gate oxide breakdown or, for lower stress levels, noncatastrophic damage. This damage 

is manifested in the form of positive charge trapping in the gate oxide and interface trap 

creation at the silicon-silicon dioxide interface, which can be detected by monitoring the 

subthreshold characteristic of power MOSFETs. For the n-channel devices used in this 
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study, ESD levels of approximately 4000 V to 4300 V cause parallel shifts of the 

subthreshold characteristic. ESD stress levels from 4400 V to 4900 V result in severe 

distortion of the subthreshold characteristic due to highly localized charge injection. 

This, high-level ESD-induced damage can be detected only by monitoring the 

subthreshold characteristic. The charge injection induced by positive HBM ESD stress 

seems to occur from p-doped silicon regions only. Based on that, avalanche electron 

injection is proposed as the dominant ESD-induced charge injection mechanism in power 

MOSFETs. 
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CHAPTERS 

RADIATION RESPONSE OF ESD-DAMAOED 

POWER MOSFETs 

Noncatastrophic ESD events have been shown to adversely affect the reliability of 

MOSFETs. The hot-electron lifetime [27] and oxide charge to breakdown [30] are 

reduced in devices degraded (damaged) by ESD. The hot-carrier effects and the gate-

oxide breakdown are, however, dependent on the amount of charge injected into the gate 

oxide. The presence of ESD-induced charges in the gate oxide exacerbates the effects of 

subsequent charge injection. The creation of oxide charges and interface traps due to 

ionizing radiation does not involve charge injection from the substrate. Rather, the 

ionizing radiation creates electron-hole pairs within the oxide which drift due to the oxide 

electric field and eventually leave the oxide or are trapped in the oxide. In this study, the 

radiation response of ESD damaged power MOSFETs was investigated. The importance 

of possible radiation response degradation due to noncatastrophic ESD events cannot be 

overstated. In addition, comparison of ESD effects on the device performance under 

different stresses may offer a better insight into the physical nature of interactions 

between the ESD-induced damage and degradation mechanisms proper to a particular 

stress other than ESD. 

Radiation effects in power MOSFETs have been the subject of extensive study 

over the past few years (reviewed in [43]). The most commonly observed radiation effect 

is the shift in the threshold voltage due to positive gate-oxide charge build-up and 
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interface-trap formation. Changes in transconductance, leakage currents, and breakdown 

voltage and the loss of driving capability have also been reported. Therefore, 

understanding of radiation-induced degradation of power MOSFETs is essential to the 

prediction of the long-term behavior in space or in any other radiation environment. 

A series of gamma-radiation experiments was performed in order to investigate 

the effects of ESD damage on the radiation response of power MOSFETs. For all 

radiation experiments reported here, the dose rate was 20 rad(Si)/min; the gates of 

transistors were biased at +9 V while the sources and drains were grounded during 

irradiation. In every experiment, the ESD-stressed devices and non-stressed devices were 

irradiated simultaneously, and the radiation responses of the two groups were compared. 

It is customary to monitor threshold voltage shift in order to quantify the radiation 

induced changes in MOSFET characteristics. In the following sections, both the 

subthreshold characteristics and the threshold voltage data will be used to illustrate the 

radiation response of power MOSFETs. The "extrapolated" threshold voltage will be 

assumed unless specified otherwise. 

5.1 LOW-LEVEL ESD 

As discussed in the previous chapter, the non-catastrophic ESD-induced damage 

in power MOSFETs is manifested in the form of positive charge trapping in the gate 

oxide, which is more or less uniform across the area of the channel in the case of low-

level ESD. 
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Fig. 5.1 illustrates the radiation-induced shifts of the subthreshold characteristic of 

a power MOSFET that has been stressed by a single low-level (4300 V) HBM ESD pulse 

at the gate (with the source and drain grounded). The subthreshold characteristic prior to 

ESD stressing (curve 1) almost coincides with the subthreshold characterisdc taken after 

ESD stress but before radiation (curve 2). Obviously, one 4300 V ESD pulse causes very 

little change in the subthreshold characteristic (i.e. a very small shift to the left). The 

curves corresponding to two different levels of radiation (8 krad and 28 krad) indicate 

that the radiation response is characterized by sizeable positive charge build-up and 

negligible interface trap formation (the radiation-induced shifts are practically parallel, no 
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Fig. 5.1 Subthreshold characteristics of an ESD-stressed power MOSFET with total 

dose as a parameter (1) pre-stress, (2) after ESD stress but before radiation 

exposure, (3) after 8 krad(Si), and (4) after 28 krad (Si). The transistor was 

stressed with one low-level (4300 V) HBM ESD pulse. 
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"stretch-out" can be observed). When the radiation-induced threshold voltage shifts are 

compared to those of non-stressed power MOSFETs, no difference is observed. 

The absence of any measurable effect of a single low-level ESD pulse on the 

radiation-induced threshold voltage shift may suggest that ESD and ionizing radiation, 

while both being very significant degradation agents, are not coupled when concurrently 

present. Given an almost negligible effect that a single low-level ESD event has on the 

subthreshold characteristic (curves 1 and 2 in Fig. 5.1), and the possibility of shifting the 

subthreshold characteristic to the left by a desired amount utilizing multiple low-level 

ESD stressing (Fig. 4.2), it is reasonable to expect that any synergistic effects of ionizing 

radiation in ESD-stressed devices will become apparent after the ESD effects have been 

enhanced by repetitive ESD stressing. Apart from enabling detection of subtle ESD-

induced changes, the trends observed can be expected to provide an insight into the 

underlying physics. 

In order to investigate effects of the repetitive application of low-level ESD 

pulses, a group of power MOSFETs was stressed with 50 HBM ESD pulses at 4300 V 

and then irradiated. Fig. 5.2 shows the typical radiation response of one such device. 

Note that the subthreshold characteristic taken before radiation (curve 2) is shifted to 

more negative gate voltages by about 2.9 V as a result of ESD stressing. Once again, the 

positive charge build-up dominates the radiation response, resulting in parallel radiation-

induced shifts 
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Fig. 5.2 Subthreshold characteristics of an ESD-stressed power MOSFET with total 

dose as a parameter: (1) pre-stress, (2) after ESD stress but before radiation 

exposure, (3) after 8 krad(Si), and (4) after 35 krad(Si). The transistor was 

stressed with 50 low-level (4300 V) HBM ESD pulses. 

The averaged radiation-induced threshold voltage shifts of ESD-stressed power 

MOSFETs are compared to those of non-stressed devices in Fig. 5.3. The smaller 

radiation-induced threshold voltage shifts in ESD-stressed devices seem to indicate 

improved radiation hardness as a consequence of ESD stressing. However, the 

underlying cause of this somewhat surprising behavior of ESD-stressed devices is a 

modification of the electric field in the gate oxide during irradiation. It is well known 

that the radiation response of MOS devices is strongly dependent on the polarity and 
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Fig. 5.3 Radiation-induced threshold voltage shifts of devices stressed with 50 low-

level (4300 V) HBM ESD pulses and of non-stressed devices. 

magnitude of electric field in the oxide [33]. The electric field is modified due to the 

presence of ESD-induced positive oxide charge. The charge, which tends to reside very 

close to the silicon -silicon dioxide interface, acts as the source of electric field lines, 

thereby increasing or decreasing the magnitude of the effective electric field in the oxide, 

depending on the gate bias polarity. In the case of n-channel power MOSFETs, this 

positive charge decreases the electric field in the oxide for a given (positive) value of the 

gate voltage. This causes the radiation-induced threshold voltage shifts in ESD-stressed 

devices to be less than in their non-stressed counterparts. 
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The subthreshold charge-separation technique [32] was used to separate the 

effects of the positive oxide charge and negatively charged interface traps. Fig. 5.4 

shows the data corresponding to the threshold voltage shifts given in Fig. 5.3. Almost the 

same densities of interface traps were found in stressed and non-stressed devices. 

However, the stressed devices showed less positive charge trapped in the gate oxide, 

which resulted in smaller threshold voltage shifts. 
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Fig. 5.4 Contributions of positive oxide charge (AVot) and interface traps (AVit) to 

the radiation-induced threshold voltage shifts shown in Fig. 5.3. 
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5.2 HIGH-LEVEL ESD 

A group of power MOSFETs (ERF 440) was stressed with one 4900 V HBM ESD 

pulse and then irradiated in order to investigate effects of high-level ESD stress on the 

radiation response. The radiation induced changes in the subthreshold characteristic of a 

typical device from that group are illustrated in Fig. 5.5 . Note that the ledge which is 

clearly delineated on the pre-rad curve (curve 2) gradually gets less and less pronounced 
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Fig. 5.5 Subthreshold characteristics of an ESD-stressed power MOSFET with total 

dose as a parameter: (1) pre-stress, (2) after ESD stress but before radiation 

exposure, (3) after 13 krad(Si), (4) after 30 krad(Si), and (5) after 48 

krad(Si). The transistor was stressed with one high-level (4900 V) HBM 

ESD pulse. 
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as the dose increases, becoming barely discernible for total doses above 30 krad. This is 

another corroboration of the observations made in connection with Fig. 5.3; in a highly 

localized area heavily damaged by ESD (which is responsible for the appearance of the 

ledge), there is much more trapped positive charge than in areas that are not seriously 

affected by ESD (which account for the upper, linear part of the subthreshold 

characteristic). This causes the radiation induced shifts in that heavily damaged area to 

be less. 

When the averaged radiation-induced threshold voltage shifts of power MOSFETs 

stressed with a single high-level (4900 V) HBM ESD pulse are compared to these of non-

stressed devices, no measurable difference can be observed. This can be explained as 

follows: monitoring the radiation induced changes of the "extrapolated" threshold voltage 

gives information only about the behavior of the areas that are very little affected by 

ESD, because they account for mosi'of the current carrying capability of a power 

MOSFET. The areas that are heavily damaged by ESD do not affect the "extrapolated" 

threshold voltage and their behavior can be observed only at current levels that are very 

low for power devices (typically below 1 |iA). It would certainly be interesting to 

separately look at the radiation-induced shifts in heavily damaged areas and radiation-

induced shifts in areas that are not significantly affected by ESD. In order to do this, we 

define the threshold voltage V^l of heavily damaged areas as the voltage measured at 

the current level of 5 nA, and the threshold voltage VTH of areas little affected by ESD as 

the voltage at the current level of 1 mA. The results of such an analysis performed on the 

MOSFET whose characteristics are shown in Fig. 5.5 are plotted in Fig. 5.6. Obviously, 

the radiation induced shifts in areas of localized charge injection and trapping are smaller 

than the corresponding shifts describing the areas not significantly affected by ESD. This 
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Fig. 5.6 Radiation-induced shifts of the threshold voltage measured at the current 

level of 5 nA (AV-JL), and of the threshold voltage measured at the current 

level of 1 mA (AV-JH) for the power MOSFET whose subthreshold 

characteristics are shown in Fig. 5.5. 

is in agreement with the data presented in Fig. 5.3. Note, however, that in Fig. 5.3 the 

"extrapolated" threshold voltage shifts of ESD-stressed devices were compared to those 

of non-stressed devices, while the data presented in Fig. 5.6 result from the threshold 

voltage analysis performed on two different regions of one single device. 
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5.3 SUMMARY 

The effects of non-catastrophic HBM ESD events on subthreshold characteristics 

of power MOSFETs and their radiation behavior have been investigated. Non-

catastrophic ESD-induced damage in power MOSFETs is manifested by changes in 

subthreshold characteristics due to the positive charge injection and trapping in the gate 

oxide. The way in which the subthreshold characteristic is affected depends on the stress 

level. Low-level ESD pulses (4000 - 4300 V) cause parallel shifts of the subthreshold 

characteristic, while high-level ESD (4400 - 4900 V) pulses result in severe distortion of 

the subthreshold characteristic. The radiation response of devices stressed by a single 

ESD pulse remains practically unaffected by ESD irrespective of the stress level. 

Repetitive stressing, however, results in different threshold voltage shifts upon exposure 

to gamma-radiation than in non-stressed devices. In the case of n-channel devices, the 

stressed devices apparently become less sensitive to ionizing radiation. Changes in the 

radiation response of ESD-stressed power MOSFETs result from the presence of the 

ESD-induced positive charge trapped close to the oxide - silicon interface. This charge 

decreases the local electric field in the gate oxide of n-channel devices (biased with 

VG > 0 during irradiation), thereby decreasing the yield of radiation-induced positive 

trapped charge. 

Finally, it should be emphasized that the ESD effects on the radiation response of 

power MOSFETs can be expected to be more pronounced for lower gate biases during 

radiation, with the major impact at zero gate bias. While the positive oxide charge 

trapped close to the silicon - silicon dioxide interface reduces the magnitude of the 
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electric field in the oxide in the case of positive gate biases (which are characteristic for 

n-channel devices), it has the opposite effect in the case of negative gate biases. 

Therefore, ESD stressing may be expected to increase the sensitivity of p-channel devices 

to radiation. 
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CHAPTER 6 

CONCLUSIONS 

Noncatastrophic ESD-induced damage in power MOSFETs is manifested in the 

form of positive charge trapping in the gate oxide and interface trap creation at the 

silicon-silicon dioxide interface. For the n-channel devices used in this study, ESD levels 

of approximately 4000 V to 4300 V cause parallel shifts of the subthreshold 

characteristic. ESD stress levels from 4400 V to 4900 V result in severe distortion of the 

subthreshold characteristic due to highly localized charge injection. This, high-level 

ESD-induced damage can be detected only by monitoring the device subthreshold 

characteristic. 

Hot-carrier injection from the silicon substrate into the gate oxide is proposed as 

the dominant mechanism contributing to the ESD-induced noncatastrophic damage in 

power MOSFETs. ESD events are characterized by very short rise times, which means 

that a significant fraction of their total energy is carried by high-frequency components. 

Very fast pulses applied at the gate do not allow the silicon substrate to reach equilibrium 

(i.e. a p-type substrate will be driven into deep depletion by a positive ESD pulse). If the 

potential of the applied pulse is high enough, it will cause avalanche breakdown in the 

substrate and thereby provide significant numbers of energetic electrons and holes that 

are capable of surmounting the silicon-silicon dioxide barrier. The gate-oxide charge 

observed after such ESD events will be determined by the barrier heights for electrons 
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and holes and by the trapping properties of the oxide. In power MOSFETs that have not 

been previously exposed to any kind of stress, that charge is invariably positive. 

Finally, effects of non-catastrophic HBM ESD events on the radiation response 

of power MOSFETs were examined. The radiation response of devices stressed by a 

single ESD pulse remains practically unaffected by ESD irrespective of the stress level. 

Repetitive stressing, however, results in different threshold voltage shifts upon exposure 

to gamma-radiation than in non-stressed devices. This occurs because the ESD-induced 

positive oxide charge modifies the electric field in the oxide during irradiation. 
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