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ABSTRACT 

Application of power MOSFETs in spaceborne power 

converters was simulated by exposing devices to low-dose-rate 

ionizing radiation. Both radiation-hardened and nonhardened 

devices were tested with constant and switched gate biases 

during irradiation. In addition, some of the devices were 

under load. The threshold-voltage shifts were strongly bias 

dependent. The threshold-voltage shift of the nonhardened 

parts was approximately dose-rate independent, while the 

hardened parts exhibited significant dose-rate dependence. 

A pre-anneal dose-rate dependence was found for the interface-

state buildup of the switched and positively biased devices, 

but the results for the switched devices were qualitatively 

different than those for the positively biased devices. The 

buildup of interface trapped charge was found to be the 

primary contributor to mobility degradation, which results in 

reduced drive capability and slower operation of the devices. 

These results indicate that new methods need to be utilized 

to accurately predict the performance of power MOSFETs in 

space environments. 
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I. INTRODUCTION 

The study of radiation effects on electronic systems is 

a relatively young discipline in electronic and electrical 

engineering. With the ever increasing use of semiconductor 

electronics in critical systems which can not tolerate 

failure, this discipline is becoming more important. The 

majority of modern electronic systems are composed of silicon 

devices, so the effects of radiation on these devices must be 

understood. 

1.1 Advantages Of Power MOSFET Technology 

Power Metal-Oxide-Semiconductor Field-Effect-Transistor 

(MOSFET) technology has many advantages over Bipolar-Junction-

Transistor (BJT) technology. Since power MOSFETs are majority 

carrier devices, they are not affected by the minority carrier 

charge storage effects present in bipolar transistors. This 

allows power MOSFETs, in general, to have faster switching 

speeds than their bipolar counterparts. As majority carrier 

devices, power MOSFETs are less sensitive to neutron radiation 

than bipolar devices [1] . MOSFETs also have a negative 

carrier mobility temperature coefficient which reduces the 

potential for thermal runaway, second breakdown, and power 
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hogging in parallel devices as compared to bipolar transistors 

[2] [3]. In addition, power MQSFETs have greatly simplified 

input drive requirements compared to bipolar transistors. 

1.2 Military and Civilian Airborne and Spaceboxra« Equipment 

Military and civilian airborne and spaceborne equipment 

requires high efficiency, low volume and weight, electrical 

power conversion. This can be achieved with high frequency 

switched-mode power supplies. Power MOSFETs are topically 

more efficient than bipolar devices for applications in "the 

100 KHz switching frequency range—where the bulk of power 

converter applications will operate [3] . Figure 1 graphically 

illustrates this. Utilization of power MOSFEr technology in 

spacecraft and military applications is limited by the 

survivability of the technology in a radiation environment. 

L.3 Purpose of Experiment 

Recently, the influence of radiation exposure on power 

MOSFET electrical characteristics has been the subject of much 

research [4], [7]-[10], [13],[36]-[38] . Both electrical 

degradation and catastrophic burnout have been observed and 
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Figure 1. Power loss per transistor die area as a function 
of switching frequency. The MOSFET is over five times more 
efficient than the BJT at 100 kHz. (After Hower [3]). 



studied. However, most of the total-dose studies were done 

at rather high dose-rates that are not typical of what might 

be found in natural space radiation environments. Also, the 

devices tested were not switching into a load which would 

simulate an actual space application; thus the devices were 

operated at essentially 25 degrees Centigrade (room 

temperature). This experiment explores the effects of 

radiation on power MOSFETs at dose-rates approaching space 

radiation levels (1 krad(Si)/day or 0.012 rad(Si)/s) and while 

operating under a 'simulated' load condition. Where 

'simulated' load refers to a real load which imitates expected 

operating loads. 

1.4 Overview 

The present work investigates the effects of gamma 

radiation on power MOSFETs under a variety of load, bias and 

dose-rate conditions. Many studies have been done in this 

area, but what makes this study different is that it is done 

at dose-rates approaching space-radiation levels and 

simultaneously under simulated operating loads. Nonhardened 

and radiation-hardened power MOSFETs have been tested at a 

variety of dose-rates. 
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Section II will discuss basic radiation effects on power 

MOSFETs and explore some of the earlier work in this area. 

The results obtained by these authors will, in the end, be 

compared to the results of this work. 

The experimental techniques are discussed in detail in 

section III. The radiation sources used, the biasing 

arrangements, and the test fixtures for holding and biasing 

the devices under test will be discussed. The techniques used 

to make the different measurements and how the data so 

obtained can be used to separate the charge components due to 

radiation exposure will also be discussed. 

Section IV contains the experimental results. This has 

been subdivided into sections on radiation-hardened devices, 

nonradiation-hardened devices, switching effects, and a 

discussion of the effects of interface and oxide charge on 

channel mobility. The conclusions are in section V. 
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II. BASIC RADIATION EFFECTS 

ON POWER MOSFETS 

Exposure of a MOSFET to a radiation environment normally 

results in degradation of its electrical characteristics. 

Such exposure could also lead to temporary upset or even 

catastrophic failure. The form and magnitude of the 

degradation is dependent on the details of the structure of 

the device, the type of radiation environment, and the 

operating conditions while in the radiation environment. It 

is therefore important that both the radiation environment and 

operating conditions be specified. 

2.1 The Hex DMOS Structure 

The power MOSFET is based on the Double-diffused Metal-

Oxide-Semiconductor (DMOS) field effect transistor structure 

(see Figure 2). The two diffusion steps are used to create 

the n+ and p regions which define the channel. The Hex DMOS 

structure is one method used to improve packing density and 

is characterized by an array of closed hexagonal source cells 

with a packing density of over 500,000 per square inch [5]. 

The channel is formed by double diffusion at the periphery of 

each cell. A thin (typically less than 100 nm) insulating 
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Figure 2. Basic Hex DMOS structure. 
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gate oxide layer covers the channel. A silicon gate overlays 

both the insulating gate oxide and channel. The silicon gate 

is insulated from the source by an additional oxide layer. 

All of the hexagonal source cells are connected in parallel 

by a continuous sheet of metallization which forms the source 

terminal. 

MOSFET action occurs by application of a gate-source 

potential. This results in an electric field into the channel 

region which is used to modulate the conductivity between 

drain and source. Conventional current flow is vertically 

through the silicon from the drain (substrate), horizontally 

through the channel region, and vertically out of the source 

terminal (see Figure 2). 
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2.2 Radiation Environments 

There are four main types of radiation environments: 

neutrons, energetic heavy ionized particles, total-dose 

ionizing radiation, and dose-rate (gamma dot) ionizing 

radiation. The first is a non-ionizing radiation which 

results in atomic displacement damage while the last three can 

be grouped together as ionizing radiation (photons and charged 

particles). Both neutron and ionizing radiation environments 

can result in displacement damage, but the dominant effect for 

the ionizing radiation environment is usually the creation of 

electron-hole pairs. 

The primary effect of a neutron environment on 

semiconductor devices is the displacement of atoms from their 

lattice positions resulting in defects which disturb the 

lattice periodicity [6] . Secondary effects include nuclear 

reactions and ionization due to the motion of the displaced 

atoms, but these secondary effects are strongly dominated by 

the atomic displacement effect. The disturbed lattice causes 

localized discrete energy levels within the forbidden band gap 

which enhance generation, recombination, trapping, 

compensation, and tunneling. These defects also act as 

scattering centers which reduce bulk carrier mobility and 

subsequently increase drain-source resistance [1]. 



22 

Ionizing radiation produces electron-hole pairs through 

such mechanisms as the photoelectric effect, Compton 

scattering, pair production, and Rutherford (Coulombic) 

scattering [6]. For MOS devices the principal areas affected 

by these radiation-generated electron-hole pairs are the 

insulating silicon dioxide gate dielectric and the field 

oxide. Assuming a positive gate bias, within picoseconds of 

the ionizing radiation exposure some of the electron-hole 

pairs will recombine and the remaining high mobility electrons 

will be collected at the gate. Then the low mobility holes 

begin a slow hopping transport through localized states in the 

silicon dioxide bulk towards the silicon-silicon dioxide (Si — 

Si02) interface. Some of these holes will become trapped near 

the interface and the others will be collected at the 

substrate. In addition, radiation-induced interface traps are 

created in a complex time dependent process. Figure 3 

schematically depicts these processes. 

High dose-rate effects (gamma dot) and single event 

upsets (SEU) are due primarily to radiation-induced 

photocurrents [6] . These photocurrents can result from either 

high-intensity pulsed irradiation (gamma dot) or a single 

energetic heavy ion (SEU). The short-term, but large-

amplitude, photocurrents can result in a transient upset such 

as latch-up or the unwanted switching of a memory element. 
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Figure 3. Schematic energy band diagram of a Si02 MOS device 
with a positive gate bias. Shown are the major physical 
processes after ionizing radiation exposure. (After McLean 
and Oldham [6]). 
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The device could even be permanently damaged when the bulk 

ionization occurs in the region of a reverse biased junction 

resulting in a runaway condition through turning on the 

parasitic transistor [7][8]. 

Total-dose ionizing radiation exposure of power MOSFETs 

causes degradation in transconductance, leakage current, and 

breakdown voltage, but the dominant effect is the large shift 

in threshold-voltage [9] . The net threshold-voltage shift can 

be attributed to three primary components: 

5Vt = 5Vst + 5Vot + 5Vit, (2.1) 

where 5Vst is due to the short-term radiation-generated mobile 

holes, 5V0t is due to the oxide traps, and 5Vit is due to the 

interface traps [6] . All three of these components are in 

general time dependent. Figure 4 gives a schematic of the 

time response of a typical n-channel MOSFET following 

irradiation. The threshold-voltages of irradiated enhancement 

mode nonhardened n-channel power MOSFETs have been found to 

exhibit a net negative shift due to the build-up of positive 

trapped charge in the gate oxide [10]. This positive oxide 

trapped charge is only partially compensated by the build-up 

of negative interface trapped charge at the Si-Si02 interface. 

In the past, the effects of positive trapped charge have 
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Figure 4. Typical threshold-voltage response of a nonhardened 
n-channel MOS.FET following pulsed irradiation. (After McLean 
and Oldham [6]). 
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dominated the measurements of ionizing radiation effects on 

power MOSFETs. However, recent studies have shown that the 

buildup of interface trapped charge in nonhardened and 

hardened power MOSFETs exposed to ionizing radiation is quite 

significant and plays an important role in the device 

threshold-voltage shift [10]-[15],[17], [18], [36]-[38]. 

2.3 Rebound 

Spacebased and other remote systems are impractical to 

service in a timely manner should they be exposed to 

radiation. Therefore an understanding of the post-radiation 

response is important. Will the devices recover or will they 

continue to degrade? The bias and thermal conditions under 

which recovery occurs need to be explored. 

In a recent study by G. Singh, et al., [10] enhancement 

mode n-channel power MOSFETs were given a 300 krad(Si) gamma 

dose under positive gate bias with source and drain grounded. 

Through thermal annealing under a positive bias after 

irradiation the devices exhibited a "rebound" effect where the 

threshold-voltages recovered from their original net negative 

shift (see Figure 5) . The saturation rebound threshold-

voltage was found to be dependent on the gate-source bias, 

while the time required to reach the rebound threshold-voltage 
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was dependent on the post-irradiation annealing temperature. 

The exact mechanism causing rebound could not be established 

due to considerable variability of the detailed behavior among 

device types. But, since the rebound phenomenon was found to 

be a voltage-dependent process rather than a temperature-

dependent process, it was suggested that rebound is caused by 

a charge compensation mechanism rather than a defect-removal 

mechanism. 

2.4 Influence Of Operating Conditions 

Experimenters in the past have found that for irradiated 

n-channel MOSFETs alternately biased on and off, the 

threshold-voltage shift did not correspond to the average of 

the shifts observed for the continuously on or off bias 

conditions [11][12][13]. In fact, the shift was observed to 

be more positive than the shift for either the continuously 

on or off bias condition (see Figure 6) . Research has 

suggested that the source of this anomalous alternating bias 

effect on MOS devices is reduced hole trapping and increased 

interface state buildup in n-channel MOS devices [12] . Since 

interface-state buildup has been shown to be the cause of 

failure in low dose-rate environments [12], alternating bias 

testing may give the worst case results for devices to be used 
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Figure 6. N-channel threshold voltage versus dose for 
transistors biased 'on,' or 'off,' or switched between ' on' 
and 'off' at 100 KHz during irradiation. (After Stanley 
[12]) . 
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in space systems. 

The levels of normal background radiation in space that 

can be expected are on the order of 1 to 10 rad(Si)/hr (0.024 

to 0.24 krad(Si)/day) [12]. Testing at these very low dose-

rates is very time consuming and impractical for most 

commercial ventures. At 10 rad(Si)/hr, it would take over 

thirteen months to reach a total-dose of only 100 krad(Si). 

Because of this, little research has been done in this area. 

However, some studies have been conducted that approach space 

dose-rates within two orders of magnitude [12] . A long-term 

dedicated experimental setup is needed to perform experiments 

within one order of magnitude or better of the space radiation 

levels. The experiment discussed in this report is perhaps 

the first to approach low-dose-rate space radiation 

environments so closely. 

2.5 Apparent Dose-Rate Dependence 

The apparent dose-rate effect on device response is the 

observed variance in that response for identical devices 

irradiated to a common total-dose but at different dose-rates 

[6] . A dramatic example of an apparent dose-rate response is 

shown in Figure 7 which shows the dose necessary for failure 

of a MOS device versus dose-rate. The peak in Figure 7 is the 
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Figure 7. Dependence of circuit total-dose failure level on 
dose-rate, indicating failure due to positive threshold 
voltage change at low dose-rate and to negative threshold 
voltage change at high dose-rate. (After Johnston [14]). 
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dose-rate at which the effects due to the hole trapping are 

exactly compensated by the hole anneal and negative interface 

charge buildup [14]. From this example, it is obvious that 

the specification of a total-dose hardness for a given device 

is meaningless without also specifying the corresponding dose-

rate . 

A comparison of the effects of gamma radiation at 

different dose-rates for hardened and nonhardened static CMOS 

RAMs was presented at the 1987 IEEE Nuclear and Space 

Radiation Conference [15]. The authors, Winokur, et al., 

monitored both discrete devices and CMOS RAMS exposed to 

ionizing radiation at dose-rates from 0.02 rad(Si)/s to 200 

rad(Si)/s. Their study demonstrated that the dominant failure 

mechanisms of the tested discrete devices in space radiation 

environments are often quite different than those observed at 

higher laboratory dose-rates specified by DoD test guidelines 

(i.e., 100 to 300 rad(Si)/s [16]). 

For hardened technologies, Winokur, et al. [15], have 

observed an apparent dose-rate dependence in the buildup of 

radiation-induced interface states. For a given total-dose, 

as the dose-rate decreased the number of interface states 

increased. Also as the dose-rate decreased, the oxide trapped 

charge component decreased in magnitude. For an n-channel 

device, these two dose-rate effects add up to a greater 
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positive shift (or lesser negative shift) in threshold-voltage 

at a given total-dose for the lower dose-rate irradiations. 

Winokur, et al., proposed two explanations for the dose-

rate dependence of radiation-induced interface-state buildup 

for the hardened devices. One has to do with the much longer 

time associated with the lower dose-rate, allowing for a very 

long-term buildup of interface states [17] [18]. The other is 

the possibility of a dose-rate dependence of radiation-induced 

interface states. 

Regardless of the reasons for the dose-rate effects, it 

is apparent that hardness can not be assured for devices 

operated in the very low dose-rate space radiation environment 

when they are tested at relatively high laboratory dose-rates. 

In addition, the radiation response for devices under 

simulated loads needs to be explored and compared to the above 

results. This was one of the goals of this work. 

2.6 Radiation Hardening Techniques 

For devices that must be employed in radiation 

environments and where shielding would be too expensive (e.g., 

payload weight) or simply impossible, hardening techniques 

must be used. One technique for MOS device hardening is 

thinning the gate oxide thickness [19]. Experiments have 
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shown that thinning the oxide by a factor of approximately 2.5 

leads to better than an order of magnitude reduction in the 

threshold-voltage shifts both during and after ionizing 

radiation exposure. Other methods of hardening include 

carefully controlled gate oxide processes and specialized 

device geometries [1] . As the concern about radiation 

susceptibility of the gate oxides is reduced, hardening 

efforts will move toward field and passivation oxides. 
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III. EXPERIMENTAL TECHNIQUES 

3.1 Radiation Sources 

The experiments discussed in this report were performed 

using three different radiation dose-rates. In addition, an 

annealing experiment was performed at a higher dose-rate. 

Table 1 lists the dose-rates with the facilities used: 

Table 1: Experimental Dose-Rates. 

NAME Dose-Rate Facility 

LOW 0 .  012 rad(Si)/s ' LDR' 

MEDIUM 0 .  83 rad(Si)/s 'Pit' 

HIGH 3. 3 rad(Si)/s 'Pit' 

X-HIGH 6. 7 rad(Si)/s 'Pit' 

The descriptions of the irradiation facilities follow in the 

next sections, where 'LDR' refers to the low dose-rate 

facility and 'pit' refers to the high dose-rate facility. 

3.1.1 Cobalt-60 Isotope 

All irradiations were done using one of two Cor60 

sources. Details of the construction of these two sources are 



discussed in the next two sections. Co-60 is a man-made 

isotope of the naturally occurring Co-59 [20]. Co-60 emits 

gamma rays with energies and intensities as shown in Table 2, 

where the values for the gamma-ray intensities are given in 

percent of decays for a given gamma-ray transition. 

Table 2: Co-60 Gamma Ray Energies and Intensities. 

Gamma Energies TKeVI Gamma Intensities 

1173.226 ±0.040 99.88% 

1332.483 ±0.046 100% 

2158 0.001% 

Co-60 has a half-life of 5.26 (±0.01) years. At this rate, 

after one year (the life of the low dose-rate experiment) the 

dose-rate would be reduced to 87.7% of its starting value. 

For a source strength of 100 Ci, with one Curi (Ci) 

corresponding to 3.7xi010 disintegrations of the source isotope 

per second (each disintegration emitting one of the gamma rays 

above), at about 30 cm from the source, dose-rates of 0.5 to 

1.0 rad(air) per second can be obtained [1]. 
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Gamma radiation exposure is commonly measured in units 

of Radiation Absorbed Dose (rad). The rad represents the 

amount of energy deposited per unit mass of absorbing 

material. The rad is defined as follows: 

1 rad = 0.01 J/Kg, (3.1) 

where the absorbing material must be specified. 

3.1.2 Cobalt-60 Irradiation Facility 

Most of the experiments were done in the Co-60 

irradiation facility operated by the Department of Nuclear and 

Energy Engineering at the University of Arizona (see Figure 

8). The Co-60 source activity was about 200 Ci and the source 

was mounted to provide a beam of gamma radiation into the 

experiment chamber. Maximum dose-rate from this Co-60 source 

was 6.7 rad(Si) per second when the experiment was physically 

located as close as possible to the Co-60 source. With this 

facility, the dose-rate could be varied over two orders of 

magnitude by varying the source-to-sample distance. 
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Figure 8. The Cobalt-60 irradiation facility operated by the 
Department of Nuclear and Energy Engineering at the University 
of Arizona. The reference point for dose-rate calculations 
is indicated. 
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The dose-rate was calculated using the following formula which 

has been specifically derived for this irradiation facility 

[21] : 

D = Dcal (7.28 cm)2 / (X + 13.03 cm)2, (3.2) 

where X is the distance behind a specified reference point 

(as indicated on Figure 8) and Dcal was the current dose-rate 

at -5.75 cm. from that reference point (calibration chart 

posted at irradiation facility). The source calibration is 

traceable to the National Bureau of Standards utilizing 

FWT-60-00 radiochromic film dosimeters [21], The film was 

placed between two aluminum plates to obtain a dose equivalent 

to that received in silicon. The longest exposure with this 

facility was under two weeks corresponding to less than 0.5% 

decay of the Co-60 source, thus the decay rate did not need 

to be taken into account. 

The experiment was positioned in the desired location and 

held in place by the use of lead weights. The required wiring 

was fed through the access holes provided in the floor and 

back of the experiment chamber and connected to the 

experiment. A fan was positioned to provide a constant flow 

of air over the test MOSFETs. Care was taken so that there 

was nothing blocking the path from the source to the 
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experiment. Once the experiment was completely positioned and 

all connections were verified/ the protective lead cover was 

positioned over the experiment chamber via the lower winch 

system until the source block hook was revealed. To start the 

exposure, the upper winch system was then connected and 

activated to raise the source. Radiation exposure was stopped 

by lowering the source. All measurements were done in situ 

with the source lowered (i.e., radiation off). 

3.1.3 The Low Dose-Rate Source 

Space ionizing radiation levels are expected to be 

relatively low. The lowest dose-rate chosen for this 

experiment was 1.0 krad(Si) per day (0.012 rad(Si)/sec.). 

Experiments at this low dose-rate required the construction 

of a special source that was dedicated to this experiment for 

its duration. The design of this source is shown in Figure 

9. The Co-60 source activity was about 1.41 Ci at the start 

of the experiment. Due to the year long duration of this part 

of the experiment, the known decay rate of the Co-60 source 

was taken into account for total-dose calculations. 

The low dose-rate source (LDR facility) was specifically 

set up for this experiment. The heavy lead plug was first 

lifted using the over head winch. The required wiring was 
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carefully fed through the four half-inch access holes 

provided. This required that one end of the wires be left 

without the connectors attached until after being fed through 

the access holes. With the plug hanging and away from the 

source, the experiment was attached to the wires. After 

testing all of the connections for proper operation, the 

experiment was lowered into the LDR facility. Radiation 

exposure started when the experiment was lowered into the LDR 

facility and stopped when removed. Care was taken as the plug 

was lowered into the LDR facility to prevent the wires from 

getting pinched between the plug and side of the hole. All 

measurements were done in situ, but with the irradiation 'on.' 

Preliminary characterization measurements (see section 3.6) 

of all experimental devices were performed both before and 

just after the experiment was lowered into the LDR facility. 

No noticeable differences were found between these two sets 

of measurements. 
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3.2 Test Devices 

The power MOSFETs used in this experiment are listed in 

Table 3. 

Table 3: Test Devices. 

GROUP PART NO. DIE DESCRIPTION 

A IRH-254 Standard Rad-Hard 250 V [22] 

B IRF-150 Standard Nonhardened 100 V [5] 

C IRF-440 Standard Nonhardened 500 V [23] 

The IRH-254 and IRF-150 devices were manufactured and supplied 

by International Rectifier and the IRF-440 devices were 

manufactured and supplied by Motorola. All devices were in 

TO-3 packages. For all of the device types the nominal oxide 

thickness was 100 nm and the nominal effective channel length 

was 1 micron. 
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3.3 Biasing 

For this experiment, five bias conditions were used for 

each set of Devices Under Test (DUT) : one with the gate 

driven by a ±9 V 100 kHz square wave with the drain and source 

in series with a high voltage power supply and resistive load; 

another in series with the first device and with the gate 

biased at +9 V; and three devices with the drain and source 

terminals grounded and the gate biases at +9 V, -9 V, or 0 V 

(see Table 4 and Figure 10). 

Table 4: Gate Bias And Drain Load Conditions. 

DVT# Sias. Load? 

Q1 ±9 V Yes 

Q2 +9 V Yes 

Q3 +9 V No 

Q4 -9 V No 

Q5 ZERO No 

This same biasing arrangement was used in both the irradiation 

pit high dose-rate irradiations and the irradiation low dose 

rate source low dose-rate irradiations for all of the devices 

at all dose-rates. 
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3.5 Loading Conditions 

Two devices from each group of five were under simulated 

loaded conditions (see Table 4 and Figure 10). The loads used 

for this experiment were standard 120 V incandescent spot

lights in series with the drains of the devices. Power was 

supplied through isolation transformers and rectified. The 

rectified power was then either passed directly to large high 

voltage electrolytic capacitors (for IRF-150 and IRH-254 

experiments) or to a voltage doubler circuit (for IRF-440 

experiments). Output voltage levels were adjusted to 60% of 

the rated drain-source breakdown voltage (BVDS) using variacs. 

Table 5 tabulates these values. 

Table 5: Applied Drain-Source Voltage. 

GROUP PART NO. RATED BVDS APPLIED VPS BULB RATING 

A IRH-254 250 V 150 V 150 W 

B IRF-150 100 V 60 V 300 W 

C IRF-440 500 V 300 V (2)150 W 

The power ratings of the spot-lights were chosen to provide 

two amps peak current through the MOSFETs. 
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3.5 Test Fixtures 

Performing the measurements in situ required a technique 

for isolating one transistor at a time and simultaneously 

connecting its three terminals to a Hewlett-Packard 4145B 

(HP4145B) semiconductor parameter analyzer. Since the 

irradiation box and measurement box were one and the same, 

care had to be taken in the choice of materials used. An 

array of electromechanical relays was used to select one 

device at a time for the measurements. The effects of the 

gamma radiation on the metal relay contacts was negligible. 

Uniformity of exposure for all the different devices 

under test was perhaps more important than the exact dose-

rate. To help achieve uniformity of exposure, the devices 

were arranged symmetrically in two dimensions and centered on 

the location of the gamma source (see Figures 11 and 12). The 

devices were far enough away from the gamma source that the 

worst case angle of incidence was only about 15 degrees. This 

amounted to less than a 7% decrease in dose-rate from the 

center. In addition, a study by R. W. Tallon, et al. has 

shown that for MOS transistors there is no angular dependence 

with Co-60 photons [24]. 
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Figure 11. Bottom and side views of the high dose-rate test 
fixture and the relative positioning of the Co-60 source for 
a dose-rate of 3.3 rad(Si)/s. 
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3.6 Measurements 

The relay network mentioned above allowed for selective 

access to all three terminals of each of the devices under 

test. Through coaxial cables, these terminals were connected 

to an HP4145B parameter analyzer. Subthreshold and threshold 

measurements were programmed into the parameter analyzer (see 

appendix for programs) and the measurements resulting from 

those programs were stored on magnetic disks for later 

analysis. The configuration used with the parameter analyzer 

for an n-channel MOSFET is shown in Figure 13. In addition, 

resistance measurements were taken of calibrated thermistors 

located on the test fixtures. 
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Figure 13. Schematic of parameter analyzer configuration for 
an n-channel power MOSFET. 
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3.6.1 Temperature Measurements 

The first measurement taken in a measurement session was 

the resistance of the thermistors located on the test fixture 

next to the MOSFETs under test. Through a separate relay, the 

thermistors were connected to the leads of the parameter 

analyzer. The parameter analyzer applied a small voltage (100 

mV) to the thermistor and measured the resulting current. The 

resistance calculated was then compared to temperature-versus-

resistance calibration curves experimentally derived earlier. 

Recalibration of the thermistors was done to verify that the 

gamma radiation did not cause significant change in their 

characteristics. 

3.6.2 Threshold Measurements 

The threshold-voltage is one of the most important 

parameters for characterizing the radiation hardness of 

MOSFETs. The transistor is in saturation when the drain-

source voltage is greater than the gate-source voltage minus 

the threshold-voltage (VD > VG - VT) . When in saturation, the 

MOSFET drain current is proportional to the square of the 

difference between the gate-source voltage and threshold-

/ 
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voltage: 

lo = MVC - VT)2. (3 .3) 

When plotted,, the s<j\iare-root of the drain current versus the 

gate-source -voltage should yield a straight line. When this 

line is extrapolated to zero drain current, the gate-source 

voltage intercept will he the threshold-voltage. 

Thresh old-voltage measurements were easily made with the 

parameter analyzer. The drain source voltage vas heLd 

constant at +5 V, while the gate voltage was stepped ia 50 raV 

steps . Ihe range of the gate-source voltage was adjusted for 

each measurement to cover the threshold region- The drain 

current -was monitored and its square root was plotted versus 

the gate-source voltage- Using the slope-intercept abilities 

of the HE4145B parameter analyzer, it was easy to extract the 

threshold—voltage (see Figure 14) . 

3.6.3 Soith-iashold Measurements 

Eecently, advanced processing techniques have ieen 

developed which reduce the number of hole trapping sites in 

the gate oxide . Thus, the contribution of interface trapped 

charge in power MOSFETs exposed to ionizing radiation has heen 
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taking on greater importance. To study the threshold-voltage 

sh-lft contribution of interface states required some means of 

separating it from the total threshold-voltage shift. One 

such method ia-vol~ves using the subthreshold characteristics 

[31] (theory explained in Section 3.7). 

SubttireshoLd measurements made with the HP4145B parameter 

analyzer are-similar in method to the threshold measurements. 

For the subthreshold measurements, the drain-source voltage 

was held at 100 iriV while the gate voltage was stepped from 

below midgap through, strong inversion (100 mV steps were 

used) . The drain current was plotted on a log scale versus 

the gate-source -voltage (see Figure 15) . The lower limit of 

the current in Figure 15 is due to leakage current. 

Once the midg'ap current was calculated (explained in next 

section) then it -was a simple procedure to find the midgap 

voltage. The midgap voltage was found graphically as shown 

in Figure 15 by extrapolating the log(ID) versus VG 

characteristic in the subthreshold region down to the 

calculated midgap current. The voltage corresponding to that 

midg-ap current -was the midgap voltage. Alternately, the 

change in midgap voltage can be calculated from the pre-

irradiation and post-irradiation log(ID)/VG slopes. 
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Figure 15. HP4145B parameter analyzer plot of the log of the 
drain current versus the gate voltage in the linear region of 
operation. The midgap voltage is found by extrapolation to 
the midgap current. 
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3.7 Charge Separation Techniques 

The radiation-induced threshold-voltage shift is 

generally attributed to two sources of trapped charge: oxide 

trapped charge and interface trapped charge [25].. These 

trapped charges contribute to the threshold-voltage shift as 

follows: 

5Vt = 5Vot + 5Vit, (3.4) 

(Assuming sufficiently late times for the short term 

contribution from the radiation-generated mobile holes 

transporting in the oxide bulk to be over [6]) . 

At least two techniques have been developed to extract 

both radiation-induced trapped hole density, 8Not, and 

interface state density, SNit, from MOSFET electrical data. 

Both techniques to be discussed here were published in 

December 1984 [26] [27] . One technique utilizes inversion 

characteristics [26] and the other utilizes subthreshold 

characteristics [27] . The technique utilizing inversion 

characteristics [26] [28] uses the Brews charge-sheet model 

[29] to fit experimental data with the flatband voltage and 

mobility as adjustable parameters [30] . Utilization of this 

technique requires knowledge of an empirical coefficient a, 
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the channel -width, both the as-drawn and effective channel 

length, the interface substrate doping, and the oxide 

capacitance [30]. Since this method is so involved and 

requires actual physical dimensions and other process 

specifications which may not be readily available, the simpler 

subthreshold technique was used for this experiment and the 

inversion technique will not be discussed further. 

The technique utilizing subthreshold characteristics 

[27] [31] is based on an analysis by Brews [32] and Sze [33]. 

Utilization of this technique only requires knowledge of the 

oxide thickness, tox, and the substrate interface doping 

density, N, as parameters. If actual values of these 

parameters axe not available, reasonable estimates can be 

made. 

3.7.1 Theory of the Subthreshold Charge Separation 

Technique 

The subthreshold charge separation technique is based on 

two assumptions: 1) the trapped hole density is a sheet of 

charge at the interface; and 2) the net charge of the 

interface states at midgap is zero. Using a number of 

indirect techniques the spacial distribution of the trapped 

holes for relatively thin gate oxides (20-100 nm) has been 



determined and they have been found to be located within 

5-15 nm of the interface [34]. This justifies the first 

assumption because the trapped hole density within this region 

can be best approximated by a double exponential peaking near 

5 nm of the interface [30] . A convenient model which is 

consistent with a number of experiments is that radiation-

induced interface states in the upper half of the band gap are 

generally believed to be acceptor-like while those in the 

lower half are donor-like [35] . This is the basis for the 

assumption of interface-state charge neutrality at midgap. 

With the assumption of interface-state charge neutrality 

at midgap, the radiation-induced change in midgap voltage, 

8Vmg/ is due to the net oxide trapped charge: 

5Vmg = 5Vot (3.5) 

Thus the threshold-voltage shift due to interface states can 

be found from the total threshold-voltage shift: 

5Vit - 5Vt - 5Vot = 5Vt - 5Vmg. (3.6) 

The drain current at midgap is much smaller than the 

leakage current which occurs in typical power MOSFETs. 

Because of this, an extrapolation technique is required to 
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determine the midgap voltage from the drain current, I , 

versus the gate voltage, VG, in the subthreshold region. Sze 

gives the following expression for drain current in 

subthreshold [33] : 

where |i is the channel mobility, Z/L is the channel width to 

effective length ratio, Cox is the gate oxide capacitance per 

unit area, B = q/kT, nL is the intrinsic carrier density, N is 

the channel doping, VD is the drain-source voltage, and (& is 

the surface potential. The constant a is defined as follows: 

where e, is the silicon dielectric constant and LD is the Debye 

length. 

To find the drain current at midgap, I , the surface 

potential, , is set equal to the bulk potential: 

ZaCox n? exp(frh,) 
(3.7) 

(3.8) 

(3.9) 

The midgap voltage, Vmg/ is the gate voltage found by 

extrapolating the measured subthreshold characteristic to the 
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midgap current, I . 

The above equation set can be reduced by realizing that 

[1 - exp (-fi>VD) ] is approximately 1 for VD much greater than 

kT/q. Also, it can be further reduced by using the peaJ< 

transconductance, GM/ which can be determined from the 

subthreshold plot, where GM is defined by the following 

relation: 

= jufc0XVD. (3 .10 ) 
VD L 

Then, using only the experimental data, tox, and N, the midgap 

current can be found as follows: 

T =GM a n? exp(W 
m8 v~ 2 M / ' (J • 11 J 

Vd 2(3 N VPcfe - 1 

The midgap current is proportional to tox and inversely 

proportional to the square root of N. Errors in the values 

of these parameters would result in a much smaller error in 

determining the midgap voltage due to the log-linear nature 

of the graph. 

The pre-irradiation value of the midgap voltage, Vmgo/ is 

found from the pre-irradiation value of the midgap current, 

Imgo. The error will be small if the post-irradiation value of 

the midgap current is set equal to the pre-irradiation value. 
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This allows the post-irradiation midgap voltage to be 

determined by extrapolating the post-irradiation drain current 

versus gate-source voltage curve to the pre-irradiation midgap 

current, I 
' mgo 

3.7.2 The Peak Transconductance 

The peak transconductance, GM, needed above, can be found 

from the subthreshold measurements. The HP4145B parameter 

analyzer provides a delta function which returns the 

incremental change of a given parameter. The transconductance 

can be defined as the incremental change in drain current 

divided by the incremental change in gate-source voltage: 

GM[Siemens] = delta (ID)/delta (VG) . (3.12) 

First the Y-axis of the parameter analyzer is redefined 

to be the transconductance in units of Siemens on a linear 

scale. This is plotted versus the gate-source voltage (also 

on a linear scale). This will result in a plot like that in 

Figure 16. The 'peak' transconductance can then be found by 

using the 'marker' soft key to locate the largest 

transconductance value (as shown in Figure 16). 
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Figure 16. HP4145B parameter analyzer plot of the 
transconductance vs. gate voltage- The pea3c transconductance 
is found with the 'marker' soft key. 
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3.7.3 Midgap Current Calculation 

To summarize section 3.7, the calculation of the midgap 

current follows. First, reasonable assumptions are made for 

the gate oxide thickness, tox, substrate interface doping 

density, N, ambient temperature, T, and intrinsic carrier 

concentration at ambient temperature, ni (see Table 6): 

Table 6; Assumptions For Midgap Current Calculation. 

Parameter Value Units 

t OX 100 nm 

N 3*1016 cm -3 

T 300 °K 

n i 1.45*1010 cm -3 

Using the value of transconductance derived from Figure 16, 

GM = 0.1 Siemens, with VD = 0.1 V, then the midgap current can 

be calculated as shown on the next page. 
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IV. EXPERIMENTAL RESULTS 

4.1 Sub-threshold Response [36] 

The subthreshold response of the nonhardened devices was 

found to be distinctly different at all dose-rates from that 

of the hardened devices. Figure 17 and Figure 18 show typical 

subthreshold curves obtained for positively biased nonhardened 

and hardened devices, respectively. Both figures show the 

subthreshold curves obtained for the respective devices before 

radiation exposure, after 50 krad(Si), and after 100 krad(Si) 

(with a dose-rate of 0.012 rad(Si)/s). The nonhardened device 

in Eigure 17 shows a large lateral spreading between the 

subthreshold curves with little change in slope while the 

hardened device in Figure 18 shows little lateral spreading 

and a large change in slope. The lateral spreading was due 

to the buildup of oxide traps while the change in slope was 

due to interface-charge buildup. This indicates that the 

oxide charge density dominated in the nonhardened devices and 

is of nearly equal importance to the interface charge density 

in the hardened devices. This equalization of interface 

trapped charge and oxide trapped charge is a design goal for 

some hardened devices where the net effect is to balance the 

positive oxide trapped charge with negative interface trapped 
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charge (n-channel devices). 

4.2 Results For The IRH-254 Hardened MOSFETs 

Figure 19 shows the threshold-voltage shift versus total-

dose for the radiation hardened IRH-254 transistors for the 

low dose-rate experiment. This plot shows that for an 

accumulated total-dose of up to about 300 k.rad(Si) there was 

a strong bias dependence of the threshold-voltage shift. The 

devices with the greatest positive shifts were the two devices 

with positive gate-source bias (one in series with a load and 

the other with its drain and source shorted). The positively 

biased devices in series with the load had more of a positive 

shift than the positively biased devices with drain and source 

shorted. The fact that the devices in series with the load 

were running slightly hotter than the other devices might 

explain this difference. From the paper by Singh, et al. 

[10], higher temperatures accelerate the oxide trapped hole 

annealing, thus giving less negative shift as the annealing 

progresses. This indicates that annealing ma/ be taking place 

simultaneously with the irradiation or perhaps there was a 

dose-rate dependence in the interface-state buildup. 

The total-dose threshold-voltage response of the 

positively biased IRH-254 hardened parts was found to be 
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apparently strongly dose-rate dependent (see Figure 20) . 

Figure 20 shows the average of two devices with the same 

positive gate bias irradiated at dose-rates of 200, 3.3, 0.83, 

and 0.012 rad(Si)/s. The curve for the highest dose-rate was 

obtained from the International Rectifier data sheet [22] . 

For all of the curves of Figure 20, an initial decrease 

in threshold-voltage was observed, followed by an increase to 

values above the pre-irradiation value which is indicative of 

a strong super-recovery effect [14]. The lowest dose-rate 

threshold-voltage data (0.012 rad(Si)/s) decreased only 

slightly, then recovered to higher than its pre-irradiation 

value within a total-dose of 10 krad(Si). In contrast, the 

data sheet threshold-voltage data (100-300 rad(Si)/s) 

decreased to within 1.5 volts of depletion, then recovered 

only after a total-dose of 80 0 krad(Si) had been accumulated. 

Both the amount of initial decrease in threshold-voltage and 

the total accumulated dose was apparently highly dose-rate 

dependent. 

Figure 21 gives another view of the apparent dose-rate 

response. This figure shows the threshold-voltage shift as 

a function of dose-rate for total-doses of 10, 20, 50, and 100 

krad(Si). It is interesting to note that the area where the 

curves meet in Figure 21 correlates to the peak found by 

Johnston in Figure 7. For a dose-rate of about 0.5 rad(Si)/s, 
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the positive charge buildup due to hole trapping is 

compensated by hole anneal and negative interface charge 

buildup. At this dose-rate, the net threshold voltage shift 

would be nearly zero. 

An separate annealing experiment was conducted to give 

more insight into the mechanism. Positively biased IRH-254 

hardened devices exposed to a dose-rate of about 6.7 

rad(Si)/sec. for a total-dose of 50 krad(Si) were monitored 

post-rad to observe their annealing effects. After 

irradiation, the devices underwent room-temperature annealing. 

Post-irradiation measurements were done at intervals 

corresponding to the time it would have taken to accumulate 

a total-dose of 50 krad(Si) at dose-rates of 0.83 and 0.012 

rad(Si)/s. The post-anneal threshold-voltage shift data are 

compared with the data from the 0.012 rad(Si)/s and 0.83 

rad(Si)/s experiments for identically biased devices (see 

Figure 22) . This figure shows that the threshold-voltage 

shifts of these positively biased devices at a total-dose of 

50 krad(Si) fall between the values of the two annealed 

devices. Thus, the dose-rate effect seen in Figure 20 is only 

apparent. 

Replotting the data of Figure 20 with the threshold 

components due to interface trapped charge and oxide trapped 

charge gives additional insight into the mechanisms involved 
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(see Figure 23) . From Figure 23, it can be seen that the 

influence of the oxide trapped charge was approximately the 

same for all three dose-rates while the influence of the 

interface trapped charge was distinctly dose-rate dependent. 

This shows that the difference in threshold-voltage shift was 

primarily due to the dose-rate dependence of interface trap 

buildup. This also indicates that the observed rebound may 

be related to the buildup of interface trapped charge 

simultaneously with irradiation rather than the annealing of 

oxide trapped charge as mentioned earlier. 

The total-dose threshold-voltage responses of the 

negatively biased and zero biased IRH-254 hardened parts were 

not found to be significantly dose-rate dependent (see Figure 

24 and Figure 25) . Figure 24 shows the negatively biased data 

and Figure 25 shows the zero biased data obtained for these 

devices irradiated at dose-rates of 3.3, 0.83, and 0.012 

rad(Si)/s. The very small difference between the curves at 

all dose-rates indicates that time-dependent effects were 

negligible. This is consistent with F. B. McLean's suggestion 

that positive bias is required to complete interface trap 

formation [18]. 
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4.3 Results For The IRF-440 Nonhardened MOSFETs 

In numerous earlier studies [1][6][25], it has been found 

that the threshold-voltage of nonhardened MOSFETs exposed to 

ionizing radiation has a net negative shift (before annealing 

takes place). All of the nonhardened devices tested in this 

experiment are in agreement with those studies. A typical 

sample of the subthreshold characteristics observed were shown 

in Figure 17. This particular figure was compiled from 

measurements made on an IRF-440 transistor with a positive 

gate bias and exposed to a dose-rate of 1 krad(Si)/day. The 

subthreshold curves shown are for total-doses of (from right 

to left) pre-rad, 50, and 100 krad(Si). This figure shows a 

large negative shift with very little change in slope, 

indicating a large oxide trapped charge buildup and a 

relatively small interface trapped charge buildup. 

Figure 2 6 shows the threshold-voltage shift versus total-

dose for the nonradiation-hardened IRF-440 transistors for the 

low dose-rate experiment. This plot shows that for a total-

dose of up to about 300 krad (Si) there was a strong bias 

dependence of the threshold-voltage shift, but it is 

qualitatively different from the hardened IRH-254 devices 

(compare to Figure 19) . The devices with the greatest 

negative shifts were the two devices with positive gate-source 
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bias (one in series with a load and the other with its drain 

and source shorted). The positively biased devices in series 

with the load had less of a negative shift than the positively 

biased devices with drain and source shorted. As with the 

hardened devices, the fact that the devices in series with the 

load were running slightly hotter than the other devices might 

explain this difference. From the paper by Singh, et al. 

[10], higher temperatures accelerate the oxide trapped hole 

annealing, thus giving less negative shift as the annealing 

progresses. Again, this indicates that annealing may be 

taking place simultaneously with the irradiation or perhaps 

there was an apparent dose-rate dependence in the interface-

state buildup. The bias dependence for the IRF-440 devices 

was found to be qualitatively similar to that of the IRF-150 

devices (see Figure 27). 
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The total-dose threshold-voltage response of the 

positively biased IRF-440 nonhardened parts was found to be 

only slightly dependent on the dose-rate (see Figure 28) . 

Figure 28 shows the average of two devices with the same 

positive gate bias irradiated at dose-rates of 3.3, 0.83, and 

0.012 rad(Si)/s. The threshold-voltage decreased for all 

dose-rates and all total-dose levels tested. However, devices 

irradiated at the lower dose-rates resulted in smaller 

threshold-voltage shifts than devices irradiated at the higher 

dose-rates. 

Replotting the data of Figure 28 with the threshold 

components due to interface trapped charge and oxide trapped 

charge gives more insight into the mechanisms involved (see 

Figure 29). Only data for the IRF-440 devices irradiated at 

0.012 rad(Si)/s and 0.83 rad(Si)/s are shown (3.3 rad(Si)/s 

subthreshold data for the IRF-440 devices was not available). 

From Figure 29, it can be seen that the influence of the oxide 

trapped charge was approximately the same for both dose-rates 

while the influence of the interface trapped charge was 

apparently dose-rate dependent. This was also seen for the 

hardened devices in Figure 23. Figure 29 shows that the 

difference in threshold-voltage shift was due primarily to the 

apparent dose-rate dependence of interface trap buildup and 

not to the annealing of oxide trapped charge. However, the 
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density of oxide trapped charge dominates the net threshold-

voltage shift giving a nearly dose-rate independent threshold-

voltage response. All three curves of Figure 28 can be 

represented by a single curve without much loss of the overall 

radiation response of the nonhardened IRF-440 parts. 

Figure 30 gives the threshold response of the IRF-44 0 

nonhardened parts for negative and zero gate bias at dose-

rates of 3.3, 0.83, and 0.012 rad(Si)/s. The dose-rate 

dependence was insignificant for these devices, indicating 

that there were no significant time-dependent effects on the 

threshold-voltage shift for these devices. As with the 

hardened parts, the lack of positive bias during irradiation 

minimized the time-dependent effects on threshold-voltage 

[18] . 
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Figure 30. Threshold-voltage response for negative and zero 
biased IRF-440 nonradiation-hardened n-channel power MOSFETs 
irradiated at dose-rates of 0.012, 0.83, 3.3 rad(Si)/s. The 
response is not significantly dose-rate dependent. 
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4.4 Switching Effects [37] 

The interface-state buildup of both the switched and 

positively biased hardened and nonhardened devices were found 

to be dose-rate dependent, but the positive gate bias results 

were in the opposite order (see Figure 31 and Figure 32) . The 

interface and oxide trap contributions for the switched gate 

bias nonhardened devices are given in Figure 31 and for the 

switched gate bias hardened devices in Figure 32. For a given 

total-dose, the positively biased devices had the largest 

buildup of interface states for the lowest dose-rate, while 

for the switched devices the largest buildup of interface 

states was for the highest dose-rate (compare with Figure 29 

for the nonhardened devices and Figure 23 for the hardened 

devices) . The ordering of the results for the other dose-

rates were either low-medium-high or high-medium-low. This 

behavior was seen in both hardened and nonhardened devices. 



90 

0.33 rad(Si)/s 

0.012 rad(Si)/s 

0.012 rad(Si)/a 

0.83 rad(Si)/s 

Total—Dose [krad(Si)] 

Figure 31. Threshold-voltage shift contributions due to 
oxide-trapped charge and interface-trapped charge for switched 
gate-biased IRF-440 nonradiation-hardened n-channel power 
MOSFETs irradiated at dose-rates of 0.012 and 0.83 rad(Si)/s. 
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4.5 Interface and Oxide Charge Effects on DMQS Channel 

Mobility [38] 

The channel mobility of N-channel DMOS power transistors 

biased on is primarily affected by three scattering 

mechanisms: surface phonon scattering [39], surface roughness 

scattering [40] [41], and coulomb scattering due to ionized 

impurities and interface trapped charge [39] [42]. The 

relative importance of these scattering mechanisms are all 

partially dependent on operating temperature and surface 

electric field [43]. Charge in the bulk of the oxide (> 5 nm 

from the Si/Si02 interface) will have little effect on surface 

mobility [44]. 

S.C. Sun and J. D. Plummer [43] defined an empirical 

relation for mobility as a function of surface oxide charge * 

density, Qf, and average surface impurity concentration, NA: 

n _ HQ(NA) 
Mmax 1 +• cx(NA)Qf ' (4,1) 

where juQ(Na) is the maximum mobility and cc(Na) is a factor 

which must be determined experimentally. For most non-

irradiated MOSFETs the oxide trapped charge will dominate over 

the interface trapped charge and equation (4.1) will hold, 

otherwise it was suggested that the appropriate charge density 
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to use is the sum of the two [43]. 

Figure 23 showed that it was possible for the interface 

trapped charge density to equal or exceed the oxide trapped 

charge density of devices exposed to ionizing radiation. 

Galloway, Gaitan, and Russell have presented a modified form 

of equation (4.1) which is based on the increase in interface-

trap density, 5Nic, resulting from ionizing radiation [26] : 

1 + aSNjt 

When both interface and oxide trapped charge are comparable, 

Sun and Plummer suggested that Not be replaced by the sum of 

the two types of charge [43]. 

Using the data already compiled for hardened and 

nonhardened power MOSFETs, the mobilities and charge densities 

were found. For DMOS devices the saturation current can be 

approximated by the equation, 

l D « = y-(VG-VT)2, (4.4) 

where k is a constant, VG is the gate voltage, and VT is the 

threshold-voltage. The mobility ratio, ~» was determined 
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at a fixed saturation drain current, IDsae/ from the equation: 

V> JVq.-VT.J2 

Mo (VG-VT)2 
(4.5) 

where 0̂, VGo/ and VTo are pre-irradiation values. 

The mobility ratio derived in equation (4.5) was applied 

to the IRH-254, IRF-440, and IRF-150 parts under all bias 

conditions and all experimental dose-rates. The corresponding 

subthreshold data were used to find the interface and oxide 

trapped charge density using the technique proposed by 

McWhorter and Winokur [31]. It was found that bias and dose-

rate did not have any significant effect on the relationship 

between the mobility ratio and charge density. The radiation-

hardened IRH-254 parts exhibited lower charge densities than 

the nonhardened parts for the same total-dose. 

Figure 33 shows mobility ratio versus change in interface 

trapped charge density. The responses of all of the devices 

fall close to a single curve described by equation (4.2). 

Using a least squares fit, a was found to be 5.2 6*10~12 cm2. 

An earlier study by Galloway, Gaitan, and Russell on CMOS 

devices found a to be 8*10"13 cm2 [26] . The difference in these 

values is based on the dependence of a on surface impurity 

concentration [38]. The surface impurity concentration is 

approximately constant for CMOS devices and is a function of 
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position along the channel for DMOS devices. 

Figure 34 shows mobility ratio versus change in oxide 

trapped charge density. The response of all three part types 

cannot be reasonably represented by a single curve, but tend 

to be clustered by part type. The data for the hardened 

IRH-254 devices fall below the other devices. 

Figure 35 shows change in oxide trapped charge density 

versus change in interface trapped charge density. The 

hardened IRH-254 parts had nearly equal change in oxide 

trapped charge density to change in interface trapped charge 

density. The nonhardened parts had a much higher change in 

oxide trapped charge density for a given change in interface 

trapped charge density. The data tend to be clustered in 

hardened device and nonhardened device groups, with the 

scattering due to annealing of oxide trapped charge and long-

term buildup of interface-traps [38]. 
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V. CONCLUSION 

Power MOSFET technology is important to both military and 

civilian airborne and spaceborne efforts. It has many 

advantages over bipolar technology, but it is prone to 

degradation due to ionizing radiation. Many papers have been 

written discussing the effects of radiation, modeling 

techniques for those effects, and methods of improving power 

MOSFET technology for a radiation environment. Studies of 

total-dose effects at dose-rates approaching space radiation 

levels are rare. However, much of the development in MOSFET 

hardening is aimed for the low dose-rate space environment. 

Testing at the much higher laboratory dose-rates has been 

shown to overestimate the hardness of a given device in a low 

dose-rate environment [36]. To further complicate the 

problem, most radiation testing is done without a load. To 

best understand the effects of radiation on power MOSFETs in 

space requires that the devices be tested under simulated 

operating conditions. This includes dose-rates approaching 

those of space and with the devices simultaneously under a 

simulated load. This experiment was one of the first to 

explore both low -^ose-rate and loaded operating conditions. 

The lowest dose-rate used, 0.012 rad(Si)/s, approaches that 

of the earth orbital space environment and is the lowest 
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reported to date. 

One of the dominant effects of ionizing radiation on 

power MOSFETs is the shift in threshold-voltage. The 

threshold-voltage shift was found to be highly bias dependent. 

The threshold-voltage shift of the nonhardened parts was 

approximately dose-rate independent, while the hardened parts 

exhibited significant apparent dose-rate dependence. The 

threshold-voltages of some devices were found to "rebound" 

back in the direction of the pre-rad value or beyond. 

A pre-anneal dose-rate dependence was found for the 

interface-state buildup of the switched and positively biased 

devices, but the results for the switched devices were 

qualitatively different than those for the positively biased 

devices. The buildup of interface trapped charge was found 

to be the primary contributor to mobility degradation. Both 

mobility and threshold-voltage degradation result in reduced 

drive capability and slower operation of the devices. This 

would adversely effect the performance of switching power 

supplies using these devices. 

The results of this experiment indicate that for both the 

hardened and nonhardened power MOSFETs tested, the interface 

trapped charge was larger for lower dose-rates at a given 

total-dose. This was not observed for the oxide trapped 

charge which seemed to be approximately dose-rate independent. 
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For the nonhardened devices, the oxide trapped charge 

dominated the threshold response and the devices overall were 

not significantly dose-rate dependent. The hardened devices, 

however, had nearly equal oxide trapped charge and interface 

state components. The overall effect for the hardened parts 

was an increased threshold-voltage shift for lower dose-rates. 

Possible explanations are a long-term delayed buildup of 

interface traps that may take place at low dose-rates or a 

dose-rate dependence of interface trap generation. 

While the high dose-rates typically used in laboratory 

testing may be adequate for determining the space radiation 

hardness of nonhardened power MOSFETs, this is not true for 

hardened parts. Clearly, the testing methods must be 

reevaluated for hardened power MOSFETs destined for space 

radiation environments. The most accurate method of testing 

would involve running the system under irradiation at the 

expected space dose-rate, but this would be very time 

consuming. An alternate method would be to perform the 

testing at a more practical higher dose-rate irradiation while 

under simulated load. The devices could then be annealed at 

elevated temperatures to get an estimate of the extremes of 

operation. Additional experiments applied to correlation 

theory may yield an empirical method of estimating device 

performance at low dose-rates based on the results of two or 

three experiments at different higher dose-rates. 



102 

APPENDIX 

*** CHANNEL DEFINITION *** 

CHAN 
NAME SOU ACE 

CHAN V I  MODE FCTN 
SMU1 VS IS COM CONST 
SMU2 VDS ID V CONST 
SMU3 VG IG V VAR 1 
SMU4 
Vs 1 V 
Vs 2 V 
Vm 1 
Vm 2 

USER 
FCTN NAME (UNIT) - EXPRESSION 
1 I ua) - no 

2 ( ) -

****** SOURCE SET UP ****** 

VAR 1 VAR2 
NAME 
SWEEP MODE 

STOP 
START 

STEP 
NO. OF STEP 

LINEAR 
VG 

10.OOOV 
.OOOOV 

.0500V 
201 

LINEAR 

VS 
VOS 

CONSTANT 
COM 

SOURCE 

5.OOOOV 
.  OOOOV 

COMPLIANCE 
105.OmA 
100.OmA 

COMPLIANCE 1.OOOuA 

Threshold voltage measurement channel definition and source 
set up programs for the HP4145B parameter analyzer. 
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*** CHANNEL DEFINITION *** 

CHAN 
NAME SOU RCE 

CHAN V I  MODE FCTN 
SMU1 VS IS COM CONST 
SMU2 VDS ID V CONST 
SMU3 VG IG V V A R l  
SMU4 
Vs 1 V 
Vs 2 V 
Vm 1 
Vm 2 

USER 
FCTN NAME (UNIT)- EXPRESSION 
1 ( ) -

2 ( ) -

****** SOURCE SET UP ****** 

VARl VAR2 
NAME 
SWEEP MODE 
START 
STOP 
STEP 
NO. OF STEP 

LINEAR 
VG 

-5.OOOOV 
5 .  OOOOV 
. lOOOV 

101 

LINEAR 

VS 
VDS 

CONSTANT 
COM 

SOURCE 
.  OOOOV 
.  lOOOV 

COMPLIANCE 
105.OmA 
100.OmA 

COMPLIANCE 1 .  OOOuA 

Subthreshold measurement channel definition and source set up 
programs for the HP4145B parameter analyzer. 



REFERENCES 

104 

1. G. C. Messenger and M. S. Ash, The Effects of Radiation 
on Electronic Systems. New York: Van Nostrand Reinhold 
Company Inc., (1986). 

2. R. Severns, "MOSFETs Rise to New Levels of Power," 
Electronics. 53, no. 12, pp. 143, (1980). 

3. P. L. Hower, "A Comparison of Bipolar and Field-Effect 
Transistors as Power Switches," Power Conversion 
International. 7, No. 1, pp. 45, (1981) . 

4. J. R. Hoffman, W. E. Hall, and Douglas E. Dunn, "Modeling 
Transient Radiation Effects In Power MOSFETs," IEEE 
Trans. Nucl. Sci.. NS-34, pp. 1381-1385, (1987). 

5. International Rectifier HEXFET Databook. International 
Rectifier, El Segundo, California, (1981). 

6. F. B. McLean and T. R. Oldham, Basic Mechanisms of 
Radiation Effects in Electronic Materials and Devices. 
U.S. Army Laboratory Command, Harry Diamond Laboratories, 
HDL-TR-2129, (1987) . 

7. J. H. Hohl and K. F. Galloway, "Analytical Model for 
Single Event Burnout of Power MOSFETs, "IEEE Trans. Nucl. 
Sci.. NS-34, pp. 1275-1280, (1987) . 

8. J. H. Hohl and G. H. Johnson, "Parameters of the 
Triggering Mechanism for Single Event Burnout of Power 
MOSFETs," to be published, (1989). 



105 

9. D. L. Blackburn, D. W. Berning, and K. F. Galloway, 
"Power MOSFET Radiation Survivability," 1983 EIA Space 
Electronics Conference, Los Angeles, California. 

10. G. Singh, K. F. Galloway, and T. J. Russell, 
"Temperature-Induced Rebound In Power MOSFETs," IEEE 
Trans. Nucl. Sci.. NS-34, pp. 1366-1369, (1987) . 

11. P. V. Dressendorfer, J. M. Soden, J. J. Harrington, and 
T. V. Nordstrom. "The Effects of Test Conditions on MOS 
Radiation-Hardness Results." IEEE Trans. Nucl. Sci.. 
NS-28, pp. 4281-4287, (1981) . 

12. T. D. Stanley, "The Effect Of Operating Frequency In 
The Radiation Induced Buildup Of Trapped Holes And 
Interface States in MOS Devices," Ph.D. Thesis, 
University of New Mexico, Albuquerque, New Mexico, 
(1986) . 

13. D. L. Blackburn, D. W. Berning, J. M. Benedetto, and 
K. F. Galloway, "Ionizing Radiation Effects on Power 
MOSFETs During High Speed Switching," IEEE Trans. Nucl. 
Sci.. NS-29, pp. 1555-1558, (1982). 

14. A. H". Johnston, "Super Recovery of Total Dose Damage in 
MOS Devices," IEEE Trans. Nucl. Sci.. NS-31, pp. 1427-
1433, (1984). 

15. P. S. Winokur, F. W. Sexton, G. L. Hash, and D. C. 
Turpin, "Total-Dose Failure Mechanisms of Integrated 
Circuits in Laboratory and Space Environments," IEEE 
Trans. Nucl. Sci.. NS-34, pp. 1448-1454, (1987). 

16. The DoD test guideline for total-dose testing is 
MIL-STD-883C, Method 1019.2. 



106 

17. P. S. Winokur, H. E. Boesch, Jr., J. M. McGarrity, and 
F. B. McLean, "Field- and Time-Dependent Radiation 
Effects at the Si02/Si Interface of Hardened MOS 
Capacitors," IEEE Trans. Nucl. Sci.. NS-24, pp. 2113-
2118, (1977) . 

18. F. B. McLean, "A Framework for Understanding Radiation-
Induced Interface States in Si02 MOS Structures," IEEE 
Trans. Nucl. Sci.. NS-27, pp. 1651-1657, (1980). 

19. H. E. Boesch, Jr., F. B. McLean, J. M. McGarrity, and P. 
S. Winokur, "Enhanced Flatband Voltage Recovery in 
Hardened Thin MOS Capacitors," IEEE Trans. Nuc!. Sci.. 
NS-25, pp. 1239-1245, (1978). 

20. R.C. Weast and M.J. Astle, eds. CRC Handbook of 
Chemistry and Phvsics. 59th edition. Boca Raton, 
Florida: CRC Press, Inc., (1979). 

21. Formula provided by Harry Doane of the University of 
Arizona's irradiation facility. 

22. International Rectifier Preliminary Data Sheet No. 
PD-9.477A, IRH-254 N-Channel Rad Hard HEXFET, El Segundo, 
CA (1987). 

23. Power MOSFET Transistor Data, part no. DL 135, rev. 1, 
Motorola Inc., Phoenix, Arizona, (1986). 

24. R. W. Tallon, W. T. Kemp, M. R. Ackermann, M. H. Owen, 
and A. H. Hoffland, "Radiation Damage in MOS Transistors 
as a Function of the Angle Between an Applied Electric 
Field and Various Incident Radiations (Protons, 
Electrons, and Co-60 Gamma Rays)," IEEE Trans. Nucl. 
Sci.. NS-34, pp. 1208-1219, (1987). 



107 

25. F. B. McLean and T. R. Oldham, "Basic Mechanisms of 
Radiation Effects in Electronic Materials and Devices," 
1987 IEEE Nuclear and Space Radiation Effects Conference 
Short Course, Snowmass, Colorado. 

26. K. F. Galloway, M. Gaitan, and T. J. Russell, "A Simple 
Model for Separating Interface and Oxide Charge Effects 
in MOS Device Characteristics," IEEE Trans. Nucl. Sci., 
NS-31, pp. 1497-1507, (1984). 

27. P. S. Winokur, J. R. Schwank, P. J. McWhorter, P. V. 
Dressendorfer, and D. C. Turpin, "Correlating the 
Radiation Response of MOS Capacitors and Transistors," 
IEEE Trans. Nucl. Sci.. NS-31, pp. 1453-1460, (1984). 

28. K. F. Galloway, C. L. Wilson, and L. C. Witte, "Charge-
Sheet Model Fitting to Extract Radiation-Induced Oxide 
and Interface Charge," IEEE Trans. Nucl. Sci.. NS-32, 
(1985) . 

29. J. R. Brews, "A Charge-Sheet Model of the MOSFET, " Solid 
State Electronics. 21, pp. 345-355, (1978) . 

30. R. L. Pease and E. W. Enlow, "A Recommended Guideline 
for the Separation of Radiation Induced Threshold Voltage 
Shifts into Components due to Oxide Trapped Charge and 
Interface States for 'Near-Ideal' MOSFETs," Mission 
Research Corporation, (1987). 

31. P. J. McWhorter and P. S. Winokur, "Simple Technique 
for Separating the Effects of Interface Traps and 
Trapped-Oxide Charge in Metal-Oxide- Semiconductor 
Transistors," Applied Phvsics Letters. 48 (2), pp. 133-
135, (1986). 

32. J. R. Brews, "Subthreshold Behavior of Uniformly and 
Nonuniformly Doped Long-Channel MOSFET," IEEE 
Transactions On Electron Devices. ED-26, No. 9, pp. 1282-
1291, (1979) . 



108 

33. S. M. Sze, Phvsics of Semiconductor Devices. 2nd Edition, 
New York: John Wiley & Sons, (1981). 

34. T. R. Oldham, A. J. Lelis, and F. B. McLean, "Spatial 
Distribution of Trapped Holes Determined from Tunneling 
Analysis and Measured Annealing, " IEEE Trans. Nucl. Sci.. 
NS-33, pp. 1203, (1986). 

35. P. M. Lenahan and P. V. Dressendorfer, "Hole Traps and 
Trivalent Silicon Centers in Metal/Oxide/Silicon 
Devices," Journal of Applied Phvsics, 55, pp. 3495-3499, 
(1984) . 

36. R. D. Schrimpf, P. J. Wahle, R. C. Andrews, D. B. Cooper, 
and K. F. Galloway, "Dose-Rate Effects on the Total-Dose 
Threshold^Voltage Shift of Power MOSFETs," IEEE Trans. 
Nucl. Sci.. 35, pp. 1536-1540, (1988). 

37. P. J. Wahle, R. D. Schrimpf, and K. F. Galloway, 
"Simulated Space Radiation Effects on Power MOSFETs in 
Switching Power Supplies," to be published, (1989). 

38. R. D. Schrimpf, K. F. Galloway, and P. J. Wahle, 
"Interface and Oxide Charge Effects on DMOS Channel 
Mobility," to be published, (1989). 

39. C. T. Sah, T. H. Ning, and L. L. Tschopp, "The Scattering 
of Electrons by Surface Oxide Charges and by Lattice 
Vibrations at the Silicon-Silicon Dioxide Interface, 11 
Surface Science. 32, pp. 561-575, (1972). 

40. Y. C. Cheng and E. A. Sullivan, "On the Role of 
Scattering by Surface Roughness in Silicon Inversion 
Layers," Surface Science. 34, pp. 717-731, (1973). 



109 

41. A. Hartstein, T. H. Ning, and A. B. Fowler, "Electron 
Scattering in Silicon Inversion Layers by Oxide and 
Surface Roughness," Surface Science. 58, pp. 178-181, 
(1976) . 

42. Y. C. Cheng and E. A. Sullivan, "Effect of Coulomb 
Scattering on Silicon Surface Mobility," Journal of 
Applied Phvsics, 45, pp. 187-192, (1974) . 

43. S. C. Sun and J. D. Plummer, "Electron Mobility in 
Inversion and Accumulation Layers on Thermally Oxidized 
Silicon Surfaces," IEEE Transactions On Electron Devices. 
ED-27, pp. 1497-1508, (1980). 

44. T. I. Kamins and N. C. MacDonald, "Measurements of the 
Scattering of Conduction Electrons by Localized Surface 
Charges," Physical Review. 167, pp. 754-758, (1968). 


