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ABSTRACT 

The effect of non-catastrophic human body model positive 

electrostatic discharge pulses on the radiation response of 

low power VDMOS N-channel transistors is explored. The effect 

of multiple pulses of HBM ESD is to cause a change in 

threshold-voltage shifts between stressed and non-stressed 

devices when exposed to Co60 gamma radiation. This difference 

is due to the build-up of a space charge region next to the 

Si/Si02 interface. This space charge region reduces the net 

electric field across the gate oxide when biased with a 

positive voltage and thus reduces the formation of holes and 

interface traps. Therefore, the ESD stressed devices appear 

to be less sensitive to radiation. 
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CHAPTER 1 

INTRODUCTION 

l.i Electrostatic Discharge 

The effects of electrostatic discharge (ESD) on 

semiconductor device performance has been a subject of intense 

research for years.11"133 This is being further driven by the 

fact that device geometries are continuing to shrink. ESD may 

occur whenever two dissimilar materials are moved against each 

other or separated rapidly. This causes a charge build-up on 

each of the two materials. While some substances have a very 

low static-generating ability, others can generate a very high 

positive or negative charge. The ability to produce a static 

charge is given in a triboelectric series table.t3] Humans 

fall at the top of the triboelectric series, as shown in table 

1, for producing positive charges and silicon is near the 

bottom for producing negative charges. Therefore, if these 

two materials are brought together after either one obtains a 

charge, an exchange of charge will occur. 
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Table 1 Triboelectric Series (after Matisoff [3]) 

Air 
Hunan hands 
Asbestos 
Rabbit fur 
Glass 
Mica 
Human hair 
Nylon 
Wool 
Fur 
Lead 
Silk 
Aluminum 
Paper 
Cotton 
Steel 
Wood 
Amber 
Sealing wax 
Hard rubber̂  
Nickel copper 
Brass silver 
Gold platinum 
Sulfur 
Acetate rayon 
Polyester 
Celluliod 
Orion 
Saran 
Polyurethane 
Polyethylene 
PVC (vinyl) 
KEL-F (CTFE) 
Silicon 
Teflon 

+ (positive) 

- (negative) 
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The circuit commonly used, as shown, in figure l, to 

simulate the Human Body Model discharge is a lOOpF capacitor 

with one side grounded while the other end is tied in series 

with a 1.5K ohm resistor. 

Ft A B 1.5 k 

DEVICE 
UNDER 
TEST 

100 pF 

Figure 1 Basic human body model circuit schematic. 

The capacitor is charged to a particular voltage value. 

The capacitor is discharged through the 1.5K ohm resistor into 

the device under test. The wave form that results is shown in 

figure 2 and is specified in Military Standard 883 Method 3015 

as having a 10ns rise time, a 150 ±20ns decay time and less 

than 15% ringing. 
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Ip 100% 
90% 

36.8%, 

AMPERES 

10% 

TrI Tdl 

TIME 

Current Waveform 

Figure 2a Human body model ESD pulse. 

Vp 100% 
90% 

36.8% 

VOLTS 

10% 

Trv Tdv 

TIME 

Voltage waveform 

Figure 2b Human body model ESD pulse. 
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1.2 Ionization Due to Electrostatic Discharge 

The effects of ESD on Metal-Oxide-Semiconductor (MOS) 

devices can be divided into three categories: 1) catastrophic 

failure; 2) parametric degradation; or 3) latent damage (no 

measurable effect except a tendency for the device to fail 

sooner in a system than a non-stressed device). This last 

category has been called the "Walking Wounded" and is 

potentially the most dangerous because it causes unwanted 

failures in systems even though the device tested "OK" when 

screened by the manufacturer. 

The most common mechanism for degradation and destruction 

of an MOS device due to ESD is as follows: A short voltage 

pulse is imparted to the gate contact, which causes a high 

electric field to be formed between the gate electrode and the 

drain, source, or body (substrate) of the device. The high 

electric field causes tunneling of electrons into the gate 

oxide and a subsequent acceleration of electrons through the 

oxide.t5] If sufficient energy exists, these electrons 

exchange energy with the Si02 molecules in the gate and create 

hole electron pairs (ionization). Free electrons are rapidly 

swept from the oxide, but the relatively immobile holes remain 

in the oxide. If the process stops at this point, a positive 
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charge (holes) is left in the oxide and will cause a negative 

shift in the threshold voltage. If sufficient electron flow 

occurs, joule heating will rupture the oxide and cause a gate 

oxide short. 

For experiments in this thesis, the ESD level that caused 

hole trapping, but not catastrophic failure, was carefully 

determined and used to cause a threshold shift in the devices. 

Repeated pulses at that level could be used to shift the 

threshold voltage towards any desired value more negative than 

the initial non-stressed value. 

O.J. McAteer and R.E. Twist of Westinghouse Electric 

Corporation and R.C. Walker of SAR Associates used this same 

technique to shift threshold voltage negatively.[1] In one 

experiment using 200 ESD pulses on RCA 3N128 N-channel 

MOSFET's they were able to shift the threshold voltages 2 to 

6 volts more negative than their pre-stressed value. These 

parts were subsequently biased and subjected to a room 

temperature life test. The threshold voltages began to shift 

back toward their original values and, in some cases, 

recovered to a value more positive than the original threshold 

voltage. This demonstrates a rebound phenomenon for ESD 

similar to that found when parts are subjected to ionizing 

radiation and then allowed to anneal.[Ul When an N-channel 
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device is exposed to a radiation environment, generation of 

holes and interface traps occurs. When the device is allowed 

to anneal, the trapped-hole concentration is reduced but the 

interface traps remain at the Si/Si02 interface. Because the 

interface traps cause a positive threshold voltage shift, and 

the holes no longer remain in the oxide, the final threshold 

voltage after annealing is more positive than prior to 

radiation exposure. 

In another experiment performed by X. Guggenmos of 

Siemens AG, a threshold voltage shift of 430mV was obtained 

with a single ESD pulse. His goal was to study non-

catastrophic effects of electrostatic discharges in input 

stages with protection circuits as well as output stages of 

VLSI circuits.E2J As will be shown later, this level of 

threshold shift will affect the radiation response of the 

device. For the device used in this study, a shift of ~47mV 

was obtained with a single ESD pulse. 

1.3 Ionization Due to Radiation 

In addition, since the Telstar 1 failure in 1962,t15] 

there has been intensive study of the effects of ionizing 

radiation on semiconductor devices. For N-channel MOSFET 
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devices, the primary effects of ionizing radiation are 

generation of positive gate oxide charge due to the trapping 

of holes in the oxide, and trapping of negative charge due to 

the formation of interface traps at the Si/SiOz interface. 

Changes in leakage currents, transconductance, breakdown 

voltages and loss of driving capability have also been 

found.c16] 

The mechanism by which a positive charge is built up in 

the oxide is as follows: Energy in the form of radiation 

passes into the gate oxide. For every ~18eV of energy 

deposited, one hole/electron pair is generated. Due to the 

relatively immobile nature of holes, the holes remain in the 

oxide whereas the electrons are quickly swept out of the oxide 

toward the positive electrode. Over a period of time from 

1X10"6 seconds to seconds the holes generated execute their 

relatively slow transport toward the negative electrode.[17] 

The holes generated encounter an area of hole traps that 

usually extend a few nanometers from the Si/Si02 interface 

into the oxide. Hole traps are neutral oxide defects that can 

capture holes. A complex process of recombination occurs 

within this region as shown in Figure 3. Electrons injected 

from the Si recombine with the holes that are at the Si/Si02 

interface. Holes that are 2-5 nanometers from the Si move due 
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to tunneling toward the Si. The process of hole trapping 

dominates and produces the build-up of a positive charge 

region in the oxide commonly called the "positive space charge 

region". [1aj 

HOLE TRAPS 

ELECTRON 
HOLE 
GENERATION 

ELECTRON-HOLE 
RECOMBINATION 

ELECTRON 
INJECTION 
FROM SI 

HOLE TRAPPING 
AND TRAP FILLING TRAPS CLEARED 

BY TUNNELING FROM Si 

GATE SiO 

DISTANCE THRU OXIDE 

Figure 3 Positive space charge region generation [18]. 

The build-up of positive oxide charges (holes) is dose-

rate independent and total-dose dependent,1191 that is, a 

device exposed to a smaller total dose will have less build-up 

of charge than a device exposed to a higher total dose. 

However, given two different dose rates, if the overall dose 
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is the same for two samples, the total oxide charge build-up 

will be approximately the same. The build-up of holes is also 

oxide-thickness dependent.tZ0) A reduced oxide thickness will 

reduce the overall build-up of holes, because the CTRW model 

(Continuous-Time Random Walk Model) predicts that the hole 

transit time through the oxide should vary approximately as 

(dox)4 where dox is the oxide thickness. Transit time is the 

time required for a hole to move from one location to another. 

Thus, the transport of holes through thin oxides should be 

faster than thick oxides. Therefore, the recovery of a device 

back to its preirradiation value will be more pronounced for 

a device with a thin oxide. Because the recovery occurs while 

the device is being exposed to radiation, the overall effect 

on a thin-oxide device is to have a smaller build-up of holes 

than a thick-oxide device. The build-up of holes is 

temperature dependent.[211 With increased temperature, there 

is a decrease in the transit time through the oxide. Thus, 

the transport of holes through any given oxide should be 

faster at higher temperatures. Therefore, the recovery of a 

device back to its preirradiation value will be more 

pronounced at higher temperature, and if the recovery occurs 

while the device is being exposed to radiation, the overall 

effect is to reduce the build-up of holes. The build-up of 
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holes is process dependent. The reader is referred to [22] 

for a detailed discussion of this topic. The build-up of 

holes is also oxide-field dependent. 

Figure 4 illustrates the gate-bias dependence of charge 

build-up in an N-channel device where the flatband-voltage 

6 
1.5 — DOSEB10 RADS 

d =700 A 
OX 

1.0 

r 
-A Vfb (VOLTS) / 

0.5 / 
0.0 

~1—1—1—M 
1  I I I  

-10 -5 0 +5 +10 

GATE VOLTAGE (VOLTS) 

Figure 4 Flatband voltage shift vs. gate voltage during 
irradiation [23]. 

shift (AVfb) is due to hole trapping in the gate oxide. Gate 

biases below 0 volts show little change in Vfb, however biases 

between 0 and 5 volts show a large change in Vfb for increased 

gate bias. For values above 5 volts no change in vfb is noted 
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for increased gate biases. 

Figure 5 illustrates this same dependence but for this 

device the generation of holes increases with gate bias up to 

at least 20 volts.Both figures show the number of trapped 

holes increases as the gate voltage increases and saturates at 

1 Mev ELECTRON BOMBARDMENT 
n 2 

0= 10" e/cm 
e 

12 

10 

8 

6 

4 

2 

0 o 
+20 -10 0 +10 

GATE POTENTIAL - VOLTS 

Figure 5 Density of induced oxide states shift vs. gate 
voltage during irradiation [24]. 

higher gate voltages. The largest change in Vfb occurs between 

0 and 5 volts. 

Finally, the trapping of holes saturates at high doses. 

Given a positive gate bias, the positive space charge region 

build-up causes an initial linear change in the radiation 
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response of the threshold voltage.E25,26] As an example, with 

each IK dose of radiation absorbed, a set amount of threshold 

change will occur. However, as the positive space charge 

region builds up, it soon matches the applied positive gate 

bias, thereby reducing the electric field across the oxide to 

zero. As shown in Figures 4 and 5, this causes a reduction in 

the trapping of holes. Figure 6 illustrates the saturation at 

high total dose.1191 

0 

-0.5 

> 
-1.0 

AVmg (V) 

- 1 . 5 I  

-2.0 

-2.5 

GATE OXIDE (TRUE) DOSE (Mrad (Si02)) 

Figure 6 Saturation of hole build-up at high total dose 
[19]. 

GATE OXIDE (TRUE) DOSE (Mrad (Si02)) 

Figure 6 shows three levels of gate bias, where the 

midgap-voltage shift (AV̂ ) is due to hole trapping in the gate 
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oxide. As discussed, the saturation will occur sooner for 

lower gate biases. lMV/cm is the smallest value of the 

electric field in figure 6. 

In addition to the trapping of holes in the oxide due to 
i 

ionizing radiation, the generation of interface traps at the 

Si/SiOz interface occurs. Interface traps are uncompleted or 

"dangling" silicon bonds with net charge that can be positive, 

negative, or neutral. For N-channel devices, the interface 

traps at threshold are postulated to be acceptor-like in 

nature.1273 That is, they are in the neutral state when above 

the Fermi level, and become negatively charged by accepting an 

electron when they move below the Fermi level. For P-channel 

devices at threshold, the interface traps are postulated to be 

donor-like in nature. That is, they are in the neutral state 

when below the Fermi level, and become positive by donating an 

electron when they move above the Fermi level. 1203 The 

acceptor-state contribution in N-channel devices is to shift 

the threshold voltage in the positive direction and for P-

channel devices the donor-states shift the threshold voltage 

in the negative direction. 

For the experiments in this thesis, N-channel devices 

were used. The net overall effect due to radiation was to 

shift the threshold voltage negatively. This indicates that 
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the shift due to hole trapping was greater than that due to 

interface trap generation. 

Two principal theories exist to explain the generation of 

interface traps: 1) the Hydrogen Model states that radiation 
i 

induced holes interact with the Si/Si02 interface to break Si

ll or Si-OH bonds, freeing the OH- or H, thus leaving behind 

dangling Si bonds which serve as interface traps ; 129,303 2) the 

Stress Model states that induced holes break strained Si-0 

bonds leaving behind a dangling Si bond which acts as a hole 

trap, and the nonbridging oxygen defect migrates toward the 

Si/Si02 interface, resulting in a dangling Si bond which 

serves as an interface trap.[31"35] In both cases, holes are 

required to initiate the process of interface-trap generation. 

Interface-trap generation has similar dependencies as 

those given for hole trapping, except for dose-rate. Thus, 

interface-trap generation is total-dose dependent, oxide 

thickness dependent, temperature dependent, process dependent, 

and gate bias dependent. The dependence on dose-rate is 

unique in that the buildup of interface traps is the same for 

all dose rates as long as devices irradiated at higher dose 

rates are allowed to anneal for times equivalent to the 

irradiation time at the lower dose rate.1361 
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The effect of ESD on an N-channel device and the effect 

of radiation on an N-channel device are relatively, well 

understood. However, the radiation response of an N-channel 

device after being subjected to an HBM ESD pulse has never 

been explored. Will the effect of ESD make the radiation 

response worse or better? To answer this question, an 

experiment was devised to examine effects of ESD on the 

radiation response. This will be explained in detail in the 

chapter called "EXPERIMENT". 
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DEVICES 

The CD4007 (Hex Inverter) manufactured by National 
£ 

Semiconductor was the original device chosen for 

experimentation. This device was chosen because none of the 

pin connections to the gate, drain, source, or substrate were 

internal to the device package. This made measurements of 

device parameters easier because the device package was not 

required to be opened in order to measure at the transistor 

level. This device also had input protection diodes which 

resulted in this device being dropped from further 

experimentation. The input protection diodes failed before 

any appreciable change happened to the transistor and thus 

prevented any examination of the transistor. 

The VQ1000J Quad N-channel Enhancement Mode VDMOS 

transistor array was the second and final device chosen for 

experimentation. The primary reason for choosing this device 

was that it did not have any form of input protection and all 

pins were external to the package. The gate oxide thickness 

was 80OA with substrate doping of 6X1016 Boron/cm3. The device 

as shown in figure 7 is a vertical DMOS transistor. 

The device functions as a result of current flow from the 
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SOURCE GATE 

N + 

P-BODY 

DRAIN 

N+ 

SS\VV\\\S\\\ŝ 5l 

Figure 7 Cross section of VDMOS transistor. 

source through the P-body (which acts as a channel), then 

downward to the drain contact. A positive gate potential 

inverts the P-body to form a thin layer of electrons through 

which the channel current flows. A VDMOS transistor can have 

several hundred to several thousand cells. 
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CHAPTER 3 

EXPERIMENT 

The goal of this experiment was to find the radiation 

response of an N-channel device after it was subjected to 

electrostatic discharge. Devices were exposed to ESD events 

and monitored to find a change that would indicate that the 

part had been degraded. Once this was established, the 

devices were exposed to a radiation environment along with 

unstressed devices to find if any differences existed between 

them. Due to the nature of this experiment and the ESD 

sensitivity of the devices used (N-channel VDMOS devices with 

no input protection circuitry), extreme caution was used when 

handling the parts. Anti-static straps as well as grounding 

foot straps were worn when handling devices. During transport 

of the devices, they were kept in anti-static bags while 

inserted in anti-static foam. 

Also, because of the many variables that could affect the 

results obtained in the experiments, a high degree of control 

was necessary. First, due to the process and gate oxide 

thickness dependencies. One device type from one vendor was 

used for all experiments. This guaranteed the same oxide 

thickness and process was used for all devices examined in the 
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experiment. Secondly, due to the temperature dependencies, 

the ambient temperature for this experiment was always room 

temperature. Thirdly, due to the dose-rate and total-dose 

dependencies, the dose rate was held relatively constant 

throughout the course of the experiment. One item to note is 

the Co60 gamma source used slowly decayed over time. The exact 

dose rates used when exposing the devices were 1.272 

krad(Si)/hr., 1.272 krad(Si)/hr., and 1.252 krad(Si)/hr. 

respectively for the 3V, 9V and 20V exposures. Finally, the 

timing of the measurements was held constant. Once an 

experiment began, it was continued until completion. No 

interruptions in exposure to radiation were allowed, thus any 

concerns about effects due to interface-trap generation over 

time and annealing effects could be minimized. With all these 

variables held constant, the effects due to ESD stressing 

alone could then be examined. 

The experiment consisted of the following steps: 

1) Two measurements were chosen to determine the radiation 

response after ESD. The measurements chosen were the square 

root of the drain current versus gate voltage in saturation to 

determine threshold voltage, and drain current versus gate 

voltage in the subthreshold region to determine hole build-up 

(Vot) and interface trap generation (Vjt) . An example 
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illustrating the analysis will be shown later. 

2) All devices were tested using the above measurements to 

screen out any devices atypical of the lot. No devices were 

rejected. 

3) A group of devices were subjected to an ESD pulse found to 

cause a threshold shift but no increase in gate leakage 

current. The ESD pulse was delivered to the gate while the 

drain, source, and body were grounded. An IMCS Model 5000 was 

used to simulate the HBM ESD pulse and a HP4145 Parameter 

Analyzer was used for all measurements throughout the course 

of the experiment. Typical gate leakage current for a device 

before and after an ESD pulse that did not cause any oxide 

damage was lOpA. If damage occurred, gate leakage current 

before and after ESD exposure would change. Any measurable 

increase or decrease in gate leakage current was considered 

unacceptable, and that device was dropped from further 

experimentation. Below 180 volts, no change in threshold 

voltage or gate leakage current was observable. Above 200 

volts, gate leakage current increased. At 190 volts, a 

negative threshold shift of ~47mV was obtained with no change 

in gate leakage current. A device was then exposed to 

repeated ESD pulses with a delay between pulses of 5 seconds 

for a total of 40 times at +190 volts to enhance the negative 
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threshold voltage shift. In this way, the threshold voltage 

could be shifted in increments of —46 to -49mV for a total 

shift of -1.87 to -1.97 volts. Thus, an initial threshold 

voltage of 2.07 volts could be changed to +.1 to +.2 volts. 

This large shift was created to eliminate any concern about 

measuring a 46 to 49mV change throughout the experiment due to 

equipment inaccuracies and tolerances. 

4) A period of 48 hours was allowed to elapse between ESD 

pulsing and subjecting the parts to a Co60 radiation 

environment. This was done to allow the majority of annealing 

to occur before the devices were exposed to radiation. This 

time period also elapsed for the group of devices which had 

been exposed to 40 ESD pulses but did not get exposed to 

radiation. The Co60 source used in this experiment is located 

in the Old Engineering Building on campus of the University of 

Arizona. 

5) One group of ESD-damaged parts, as well as a group that 

had not been ESD damaged were put into the Co60 radiation 

environment. The dose rate of incident radiation 

perpendicular to the die was -21 rad(Si)/min. This was found 

from the calibration data given for the Co60 source and the 

distance measured between the source and the exposed devices. 

The drain, source, and body were grounded while a positive 
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gate bias was applied during exposure. 

6) Another group of devices that had been ESD damaged were 

monitored during the same period of time that the other 

devices were in the Co60 environment. These devices were not 

exposed to radiation and were biased in the same manner as 

those devices in the Co60 source. Their purpose was to show 

any further annealing that might occur due to biasing and 

time. 

7) This experiment was performed for three gate biases. 

Voltages of 3, 9, and 20 volts were used to show the gate bias 

dependency for stressed and non-stressed devices. 

8) The devices were removed from the radiation environment 

when they were measured. During the period of time that a 

device was being measured, the other devices had their pins 

left floating. The typical time required to complete a 

group's measurement was -10 minutes. 

9) Group sizes were 2 transistors. The average for these 

transistors was used for analysis of the data. 

10) The VQ1000J is a quad device with four individual die 

inside. Transistors 1 and 3 were always stressed, while 

transistors 2 and 4 were always non-stressed. Because all 4 

die were in the same package, the requirement that all 4 die 

be exposed to the same level of radiation could be guaranteed. 
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The experiment was split into three groups to be 

monitored: 1) ESD, plus Co60 radiation; 2) No ESD, but Co60 

radiation; and 3) ESD, but no Cô  radiation. Group 1 shows 

the effects of ESD plus annealing on the radiation response, 

group 2 shows the radiation response, and group 3 shows the 

effects of annealing without radiation. With this data, the 

effect of group 3 can be subtracted from group 1 to show the 

effect of ESD alone on the radiation response. 

3.1 Measurements 

The charge separation technique used to differentiate the 

charges associated with the hole traps from interface traps 

that contributed to the overall threshold change was performed 

as follows: 128,371 

Given, AVth = AV,t + AVot (1) 

Where, AVth = Threshold Voltage Shift 

AVft = Shift Caused by Interface Traps (negative 
charge) 

AVot = Shift Caused by Trapped Oxide Charge 
(positive charge). 

The threshold shift is the result of the shift due to the 

trapped oxide charge (holes) which cause a negative shift and 



31 

the interface traps which cause a positive shift in N-channel 

devices. For the device used in this experiment, the net 

effect of both charges was a negative threshold shift. 

However, to find the shift due to each charge (Vjt or Vot) one 

needs to first take a series of subthreshold current versus 

gate voltage measurements for differing levels of radiation 

exposure as shown in Figure 8. What is obtained is 1) a 

series of curves that shift to the left as the trapped oxide 

charge imparts a negative threshold shift; and 2) a reduction 

in slope caused by the presence of interface traps. 
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CHARGED 
ACCEPTOR 
TRAPS 

r 
f 
r 

SiO* Si 

32 

E 

E. 
-ir 

ACCEPTOR 
TRAPS 

DONOR 
TRAPS 

Figure 9 Energy band diagram for an N-channel MOSFET, 

Figure 9 illustrates the energy band diagram for an N-

channel device that has interface traps due to exposure to 

ionizing radiation. Referring to Figure 9, interface traps 

above the Fermi level are believed to be acceptor-like while 

interface traps below the Fermi level are donor-like. 

Therefore, as the energy bands are bent, due to an increase in 

gate potential, from midgap to threshold, an increasing number 

of acceptor interface traps fall below the Fermi level and 

become negatively charged. This has the effect of "stretching 

out" the subthreshold current between midgap and threshold 



33 

voltage. The midgap voltage occurs just as the energy band, 

which corresponds to the intrinsic level, touches the Fermi 

level, or electrons just begin forming a channel. This midgap 

current is defined as the drain current which occurs when the 

energy bands are bent at the surface by the amount 0b = 

(KT/q) in (NA/nf) . With this in mind, the second step is to find 

the voltage which corresponds to the threshold voltage. The 

threshold voltage can be found by extrapolating the linear 

portion of the plot of the square root of drain current versus 

gate voltage in saturation until the intercept with the 

voltage axis. This relationship comes from the square law 

model for MOS devices.1381 Given the equation: 

one can see that if Vgs = Vt then Id = 0. In addition the 

midgap voltage found from the subthreshold plot at midgap 

current is required. One uses the equations for subthreshold 

current and the relationship that the surface potential at 

midgap is given by [28]: 

Z*Cox Was ~ VT) 2 

(2 )  

(3) 



to determine 

First [28], 

Imidgap ~ H f ( J^) ^ 

where 

a - A L» 
^•ox 

0 = surface potential, 

As ~ \ OP N. 

and 

Also, since 

P " ~Sn ' KT 

X° " ~ V̂ saturation 
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we find 

uZ 

L \ 
-?{Vg ~ V*) (9) 

where 

uZ 

L \ 

is the slope of the square root of drain current versus gate 

voltage in saturation. 

Slope Bat -
uZ 

L \ 
*-OX 
2 

(10) 

where 

Slopesac - Ssat 

Thus, 

JxZ _ 2 sb*C2 t (11) 
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Using this, equation #1 becomes: 

*midgap " B ~ ̂  ̂  

Inserting 

(13) 

for midgap surface potential, the final equation representing 

•^midgap ^s: 

- ir1/z- <14> 

Then, from the subthreshold curve, one can find Im and ' mg 

the associated Vw. Thus. V and V»k are known for each mg * mg tn 

subthreshold curve. 

As stated, the effect of interface traps is to decrease 

the slope of the subthreshold curve or in effect to stretch it 

out between the midgap voltage and the threshold voltage on 

the X axis. Thus, the difference in stretchout between curves 

corresponds to an increase in interface traps. Thus: 



37 

(15) 

where V, 80 v. stretchout 

The shift in the threshold voltage due to interface traps is 

the difference in V80 between subthreshold current curves. 

Thus: 

subthreshold current curves where 1 represents the first curve 

and 2 represents the curve obtained after further irradiation. 

Based on the model of interface traps, when the bands are 

bent to midgap, the donor traps fall below the Fermi level, 

and the acceptor traps above. This means the interface traps 

are uncharged. Therefore, the shift between the subthreshold 

curves at midgap voltages represent the shift due to trapped 

charge in the oxide. Thus: 

(16) 

NOTE: The subscripts 2 and 1 represent successive 

AV ot V. V. (17) 

From the above, a plot of AVJt, AVot and AVth versus total dose 

can be prepared. These plots can then be used to illustrate 

the effects of Co60 gamma radiation. An example of the above 
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technique follows: 

Given, Vth = 2V# = IV, Preirradiation 

Vth = l.5Vf V̂  = ,25V Postirradiation 

Vso1 = 2V - IV = IV, V802 = 1.5V - .25V = 1.25V 

AVit = Vso2 - Vso1 - .25V (negative charge) 

AVot = .25V - IV = -.75V (positive charge) 

AVth = 1.5V - 2V = -.50V (positive + negative charge) 

Thus, AVth = -,50V 

AVot = -.75V 

AVjt = +.25V. 

This agrees with Vth = Vit + V0t. 

To reiterate, the charge Vot is positive, which causes a 

negative shift, and the charge V.t is negative for an N-channel 

device and causes a positive threshold shift. Depending on 

which type of charge dominates, the threshold voltage can be 

shifted positively or negatively. For the devices used in 

this thesis, the oxide trapped charge always dominated and 

therefore the threshold shift was always negative. 



CHAPTER 4 

39 

REBPLTS 

Figure 10 shows the threshold-voltage shift versus total 

dose for stressed and unstressed parts irradiated with 

different gate biases. The effect of HBM ESD pulses on the 

VQIOOOJ N-channel device was a reduced shift in the threshold 

voltage when exposed to Co6Q gamma radiation. 
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Figure 10 Threshold-voltage shift versus total dose for 
stressed and unstressed parts irradiated with 
different gate biases. 

The comparison of the results for a stressed device with 

those for a non-stressed device shows a reduction in the 

threshold-voltage shift for stressed devices. For the final 

dose of 36.7K rad(Si) and a gate bias of 3 volts during 
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irradiation, the difference between the stressed and non-

stressed device was 545mV. For the final dose of 36.6K 

rad(Si) and a gate bias of 9 volts the difference between the 

stressed and non-stressed device was 330 mV. For the final 

dose of 34.8K rad(Si) and a gate bias of 20 volts, the 

difference between the stressed and non-stressed device was 75 

mV. In all cases, the stressed devices showed a reduction in 

threshold-voltage shifts, and thus appeared to be less 

sensitive to the radiation environment. This can be explained 

if one assumes that the ionization due to the ESD pulses 

created a positive space charge region close to the Si/Si02 

interface which caused a reduction in the electric field 

across the oxide when the gate was biased positively during 

radiation exposure. This space charge region is illustrated 

in Figure ll.c19] 

Figure 11 illustrates the manner in which, under positive 

bias, the trapped charge enhances the field toward the Si(E2) 

and reduces it toward the gate (E,) with respect to its 

starting value (E„) . The reduction in electric field causes 

a reduction in the amount of charge (Vft, Vot) created, and 

therefore a reduced overall threshold voltage change. Figures 

12 and 13 illustrate this reduction due to an electric field 

reduction. 
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Figure 12 shows a pronounced gate-bias dependence of the 

threshold voltage change for biases between 0 and 5 volts. 
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Figure 11 Space charge region and associated electric field 
[19]. 

Figure 13 shows a pronounced gate bias dependence of the hole 

trapping (Vot) for biases between 0 and 5 volts. In both 

cases, slight changes in bias conditions at levels between 0 

and 5 volts will cause large changes in threshold voltage 
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shift. In our devices, the presence of a space charge region 

for stressed devices versus non-stressed devices would cause 

this slight change in bias conditions across the oxide and 
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Figure 12 Flatband voltage shift vs. gate voltage during 
irradiation [23], 

therefore a large difference in threshold-voltage changes. At 

increased gate biases this difference between stressed and 

non-stressed devices would be minimal as shown in Figure 13. 

That is what is observed in the experiment and is illustrated 

in Figure 10. 

As stated earlier, the threshold shift is the result of 

trapped holes (Vot) which cause a negative shift, and 
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Figure 14 Vit voltage shift versus total dose for stressed and 
unstressed parts irradiated with different gate 
biases. 
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interface traps (Vit) which cause a positive shift. Figure 14 

shows the threshold shift due to interface traps (Vu) only. 

The comparison of the results for a non-stressed device 

with those for a stressed device show the same relationship as 

Vth (figure 10) where the stressed device exhibits a reduction 

in interface trap (Vit) generation. Figure 15 shows the 

threshold shift due to hole trapping (Vot) only. 

isS".. 

*-• 
-A... 

NS/n. >s 

3 V AVot esd 
—•3V AVot 

----- 9V AVot esd 
9V AVot 

—•— 20V AVot esd 
—*— 20V AVot 

10 20 

Dose (krad(Si)) 

40 

Figure 15 VQt voltage shift versus total dose for stressed and 
unstressed parts irradiated with different gate 
biases. 

Once again, the comparison of the results for a stressed 

device with those for a non-stressed device shows that the 

stressed device exhibits a reduction in the trapping of holes 
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(Vot) . Figure 16 illustrates the relationship between stressed 

and non-stressed devices for both trapped holes (Vot) and 

interface traps (Vjt) . 

Figure 16 illustrates the contribution of Vft and Vot, 

which when added together give the threshold-voltage change. 

The percentage of Vjt charge generated versus total charge 

generated gives a relative idea of the electric field present 

in the oxide during irradiation. 
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Figure 16 V,t, Vot voltage shift versus total dose for 
stressed and unstressed parts irradiated with 
different gate biases. 

Table 2 demonstrates that |Vit|/ (|Vit|+Vot) for the non-stressed 

devices increases as the gate bias increases from 3 to 20 
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volts. Thus, the V!t percentage versus total charge should be 

larger for larger gate biases (electric field). Because the 

Vu percentage is smaller for the stressed devices than the 

non-stressed devices at a given fixed bias, this suggests the 

electric field across the oxide was smaller for the stressed 

devices. This gives further evidence that a reduction in 

electric field occurred in the stressed devices due to the 

positive space charge region created by ESD ionization. 

For the case with the 20V bias, the electric field across 

the oxide was virtually the same for the stressed and non-

stressed devices. Thus, the threshold-voltage change should 

be the same for stressed and non-stressed devices. Referring 

back to Figure 10, a difference of 75 mV was observed. This 

difference can be explained by the fact that devices subjected 

to an ESD pulse will anneal partially back to their pre-stress 

value.t1] Therefore, the effects on the threshold voltage 

change between stressed and non-stressed devices due to 

annealing after ESD need to be included. 

Efforts were made to allow the annealing to occur before 

the stressed devices were exposed to the Co60 radiation 

environment. A period of 48 hours or 2880 minutes was used as 

the standard time for annealing. Figure 17 illustrates the 

annealing at room temperature out to 4200 minutes. 
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ESD NON ESD 

3V BIAS 14.7% Vjt 

85.3% Vot 

19.6% Vit 

80.4% Vot 

9V BIAS 21.6% Vit 

78.4% Vot 

24.6% Vft 

75.4% Vot 

20V BIAS 27.4% Vft 

72.6% Vot 

27.9% Vit 

72.1% Vot 

Typically, a device would start with a threshold voltage 

of 2.07 V. After 40 pulses at +190 V the threshold voltage 

would be shifted to 0.1 to 0.2 volts. After a 48 hour anneal, 

and before the devices were exposed to the Co60 radiation 

environment, the threshold voltage would be 0.4 to 0.5 V. The 

Co60 radiation environment would then continue to shift the 
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threshold voltage negatively. Figure 17 shows that the 

annealing has begun to level off at 48 hours (2880 minutes), 
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Figure 17 Threshold shift during 48 hour room anneal. 

but Vth is still changing out to 4200 minutes. As shown, the 

majority of the annealing has occurred during the 48 hour 

period. 

Biasing a device with a positive gate bias will also 

increase annealing. With this in mind, the threshold-voltage 

shift of a group of stressed devices was measured after the 48 

hour anneal, and then biased at 3, 9 and 20 volts for the 

period of time that the stressed devices were in the the Co60 

radiation environment. Figure 18 shows the annealing that 

occurred due to bias annealing after the 48 hour anneal. The 

threshold-voltage shift due to bias annealing was then 
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subtracted from the data for stressed devices that were in the 

Co60 radiation environment. This shows the effects of ESD 

1000 
Bias Time (min.) 

2000 

AVt3V 
AVt9V 
AVt 20V 

Figure 18 Threshold shift due to annealing as a function of 
time, no irradiation. 

alone on the radiation response of the devices. The effects 

due to ESD annealing could then be removed from the 

experiment, and thus prevent the assumption that the 

differences in threshold shifts between stressed and non-

stressed devices were due simply to annealing of ESD damage. 

The corrected data for effects due to ESD only in a radiation 

environment are given in Figure 19 for the 3 and 9 volt bias. 

Figure 19 still illustrates the reduction in threshold 

voltage shifts for the stressed device. However, Figure 20, 

for the 20 volt bias, shows a reversal where the stressed 

device has a greater threshold-voltage shift when exposed to 
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Figure 19 Threshold-voltage shift versus total dose for 
stressed and unstressed parts irradiated with 
different gate biases and corrected for ESD anneal. 

the Co60 radiation environment. 

Three possible explanations for this phenomenon are: 

1) ESD stressing to the gate modifies the oxide in such a 

way as to cause more hole traps to be formed. At low gate 

bias, the space-charge-region reduction of the electric field 

dominates and obscures this effect. However, at high bias, 

where the electric field is the same despite the space charge 

region, the filling of extra hole traps dominates and the 

stressed device has a larger threshold voltage shift than the 

non-stressed device. 

2) A reduction in annealing occurred. If instead of 100% 

annealing, annealing of 50% occurred in the radiation 
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environment, the data at +20 V bias would be the same for 

irradiated and unirriadiated devices. In other words, the 

process of annealing would be modified by the introduction of 

a radiation environment. There is an indication from the data 

that a modification exists. Figure 21 shows the spread of 

data for the ESD stressed devices when biased at 3 and 9 volts 

for the room temperature anneal and radiation exposure. This 

Dose (krad(Si)) 

Figure 2 0 Threshold-voltage shift versus total dose for 
stressed and unstressed parts irradiated and 
corrected for ESD anneal at 20 V Bias. 

shows a group's deviation or spread at a particular time. An 

immediate spread between devices occurs for the ESD-anneal 

groups, whereas the ESD-plus-radiation-exposure groups track 

each other very closely. In other words, the standard 

1 

. 
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-— 20V Non-ESD 
20V ESD 

40 
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deviation or spread of data points for the ESD-anneal groups 

was larger, which indicates a more dynamic response during 

anneal than when the devices were exposed to radiation. The 

maximum spread for the ESD-plus-radiation-exposure devices was 

20mV as compared to 70mV for the ESD anneal groups. This 

shows a suppression of spread which indicates a less dynamic 

anneal response during radiation exposure than to room 

temperature annealing. 

0.06 -

0.02-

3V esd anneal 
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3V ESD(Co60) 
9V ESD(Co60) 

Time (min) 

Figure 21 Data spread for 3V and 9V ESD anneal and ESD 
plus radiation exposure. 

3) It shows the magnitude of error in the experiment. One 

must point out that in all cases an increase in annealing 

occurred when the gate bias was increased. If the only effect 
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on the radiation response was due to annealing alone, the 

differences in threshold voltage shifts would be greatest at 

the +20 volt bias. However, the greatest shift was at the 

lowest bias which indicates a phenomenon existed that caused 

the threshold voltage difference between stressed and non-

stressed devices, despite the annealing or experimental error. 
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CHAPTER 5 

SATURATION OP BSD-INDUCED CHANGES 

A final experiment was performed to see if ESD-induced 

effects would saturate the same way as ionizing-radiation-

induced effects. 119,25,263 This would add more evidence toward 

the build-up of a space charge region in ESD stressed devices. 

Figure 22 shows a saturation effect due to ESD at three 

different pulse magnitudes. Separate devices were repeatedly 

pulsed at the given pulse magnitude until saturation was 

observed. 
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Figure 22 Threshold shift versus HBM ESD pulses showing 
saturation. 

Standard theories explaining the saturation of N-channel 
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devices exposed to radiation and having a positive gate bias 

state that the saturation occurs because a space charge region 

builds up at the Si/Si02 interface. This has the effect of 

reducing the electric field across the oxide, and therefore 

reduces the generation of holes and interface traps. At some 

point the space charge region potential matches that of the 

applied gate bias. This reduces the electric field across the 

oxide to zero, which then prevents the further buildup of 

holes and interface traps. For the ESD-stressed devices, the 

space charge region undoubtedly forms; however, some might 

question the possibility of the space charge region potential 

matching that of the +190 volt pulse. What has been observed 

when ESD stressing the VQ1000J devices, is that a voltage 

threshold needs to be overcome before any ESD ionization 

occurs. At levels of ESD below +180 volts, no change in 

device threshold shifts was noted. Changes only occurred 

between 180 and 200 volts. Therefore, as the space charge 

region potential increased, due to repeated ESD pulsing, so 

did the voltage potential required to cause ESD ionization. 

Because the ESD magnitude did not increase, saturation 

occurred. More work needs to be devoted to this area of 

research. 
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CHAPTER 6 

CONCLUSION 

The goal of this research was to answer the question: 

"Would an ESD stressed device in a radiation environment react 

differently than a non-stressed device?" and "If there is an 

effect, what is it?" This study found a non-catastrophic 

positive human body model ESD pulse that causes a negative 

threshold shift in an N-channel MOSFET will have the effect of 

reducing the threshold shift when exposed to a Co60 radiation 

environment. Data supporting this theory are very good for 

gate biases below 9 volts, which is where the device would be 

operated in normal applications. The reduction results from 

a space charge region induced in the gate oxide by the ESD 

ionization. This has the effect of reducing the electric 

field in the gate oxide and thus reducing the generation of 

charges that cause a threshold shift. The reasons for 

postulating a positive space charge region in the oxide due to 

ESD ionization are: 1) A charge is induced in the oxide. 

This is shown by the negative threshold-voltage shift. 2) The 

RCA 3N128 N-channel device exhibited rebound after 2 00 ESD 

pulses, which shows that the creation of trapped holes and 

interface traps occurred. For rebound to occur, the holes 
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need to be annealed out of the oxide, leaving behind the 

interface traps which then cause rebound of the threshold 

voltage past its initial value. 3) The VQ1000J exhibited 

saturation. This is discussed in Chapter 5. 4) A reduction in 

charge generation was shown for the ESD-stressed devices 

biased at or below 9 volts. This would only happen if a 

positive charge potential next to the Si/Si02 interface was 

counteracting the positive gate voltage and therefore reduced 

the electric field in the oxide. 5) A decrease in interface 

traps as a fraction of total charge generated occurred for 

those devices exposed to ESD stressing. This indicates a 

reduction in the electric field which once again indicates a 

positive space charge region next to the Si/Si02 interface has 

been formed in those devices exposed to ESD stressing. 

In conclusion, a VDMOS N-channel device stressed by a HBM 

ESD pulse will appear to be less sensitive to Co60 gamma 

radiation. This does not mean that we should ESD stress all 

MOS devices to be used in a radiation environment, only that 

the effects of ESD stressing are now better understood and the 

effect of ESD on the radiation response of an N-channel device 

is not substantially worse than a non-stressed device. 
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