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VDMOS POWER TRANSISTOR DRAIN-SOURCE RESISTANCE
RADIATION DEPENDENCE*

D. L. Blackburn,t T. C. Robbins,§ and K. F. Gallowayl

Abstract

Data on the effects of neutron and gamma radiation on
the drain-source resistance characteristics of power
VDMOS transistors are presented. The change in resis-
tance with neutron exposure is related to the resistiv-
ity of the drain material, which in turn can be related
to the drain-source breakdown voltage. A device with a
450-V rating experienced a factor of 13 increase in
resistance on exposure to a neutron fluence of 1014/cm2
whereas one with a breakdown voltage of 150 V experi-
ences no increase in resistance. Threshold voltage
shifts of about 2 V occurred at a gamma dose of 105
rad(Si) without bias and was accelerated by positive
gate bias. All of these data are consistent with the
predictions of a simple model for the dependence of
drain-source resistance on gate voltage and drain re-
sistivity. This model illustrates a general separabil-
ity of neutron and gamma effects on power VDMOS de-
vices. The systems implications for using this type
device in a radiation environment are briefly ad-
dressed.

Introduction

Recent advances in power MOSFET technology have opened
new application areas and have increased interest in
using power MOS transistors.l'2 As majority-carrier
devices without the minority-carrier charge storage
effects of bipolar transistors, power MOSFETs are gen-
erally capable of faster switching speeds than power
bipolar transistors. Also, a negative temperature
coefficient of carrier mobility greatly decreases the
potential for thermal runaway, second breakdown, and
current hogging in power MOSFETs as compared to bipolar
devices.

The effects of radiation on power MOSFETs and the ef-
fects of device design on radiation susceptibility
require investigation as the application possibiLities
of these devices expand. Previously, data have been
presented on the effects of gamma irradiation on the
threshold voltage3 and on the effects of a mixed gamma-
neutron environment on the drain-source breakdown volt-
age.4 This paper concentrates on the effects of radia-
tion on power MOSFET drain-source resistance (RDS).
Data on the effects of both gamma and neutron environ-
ments on this parameter and a simple model to predict
the effects of radiation on RDS are presented.

A number of different physical structures for power
MOSFETs are currently available. For specificity, the
work reported in this paper is confined to vertical
double-diffused MOS (VDMOS) structures as schematically
illustrated in figure 1. Double-diffusion techniques
are used to achieve devices with 1- to 3-pm channel
lengths. It is expected that radiation effects wilL
primarily manifest themselves as shifts in threshold
voltage due to ionizing radiation exposure and as
changes in the drain-source resistance due to neutron
exposure.
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Figure 1.
structure.

Schematic illustration of VDMOS device

ModeL

For an n-channel device as shown in figure 1, the cur-
rent flow is from the drain contact vertically through
the drain region, then horizontally through the channel
to the source region. The drain-source resistance of a
VDMOS power device can be expressed as:5

RDS + F * pD(W/L) * C 0 - Vth]0 11 e LVG t

(1 )

where W is the channel width, L is the effective chan-
nel length, CO is the gate oxide capacitance per unit
area, Pe is the electron inversion layer mobility,
VG is the gate voltage, Vth is the threshold
voltage, PD is the resistivity of the drain region
material, and F is a geometrical factor depending only
on the device dimensions. The possible effect of the
enhancement region at the drain surface beneath the
gate5 and any effect of the source region resistance
have been neglected. Also, any dependence Of Pe on
VG has been negLected.

The first term in equation 1 is the resistance of the
channel region, and the second term is the resistance
of the drain region. A plot of RDS versus gate
voltage for a typicaL VDMOS device as predicted by
equation 1 is shown in figure 2.

After exposure of the device to a mixed gamma and neu-
tron radiation environment, the RDS versus VG
relationship shifts both vertically and laterally as
indicated by the arrows in figure 2. It is well known
that the principal effect of gamma irradiation is to
lower the value of Vth by the introduction of gate-
oxide charge. This causes the RDS versus VG
curve to shift laterally to the left to smaller values
of VG. The effect of ionizing radiation on Pe has
been ignored, and it is not expected that ionizing
irradiation should affect the other parameters in equa-
tion 1.
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Figure 3. Curve tracer display of ID versus VDS
as a function of VG. VG is offset by -3.6 V.

Figure 2. Plot of RDS versus VG as predicted by
equation 1. The effects of ionizing and neutron irra-
diation on the relationship are indicated.

The principal effect of neutrons is on PD, the drain
region material resistivity. The resistivity increases
due to the introduction of damage by the neutrons in
the drain region. An empirical expression has been
developed by Buehler relating the increase in resistiv-
ity to the neutron fluence.6 For n-type silicon:

4
Pn = PO exp 0.77 (2)

444 * n
0

where Pn is the resistivity after exposure, po is
the starting resistivity, is the neutron fluence, and
no is the starting dopant density.

Equation 2 predicts that the second term in equation 1

should increase exponentially with neutron fluence and
that the magnitude of the increase should be greater
the higher the starting resistivity (the smaller no).
Thus, the RDS versus VG relationship shifts ver-

tically as a result of neutron irradiation (see figure
2).

Experimental Procedure

In order to illustrate the influence of radiation expo-

sure (particularly neutrons) on the value of RDS
for VDMOS transistors, n-channel enhancement-mode de-
vices with three different values of drain region mate-
rial resistivity were used in this study. Approximate-
ly eight devices of each type were used in the study.
The drain-source breakdown voltages of the devices
which approximately reflect the value of PD were used
as a selection criteria for these devices. Table I
lists the manufacturer's specified drain-source break-
down voltage and approximate dopant density (no) and

Table I

Device Type BVDS(V)* PD(Q-cm)**

A

B

C

450

350

-21

no(cm-3)**

-2 x 1014

-11 - 21 -2 - 4 x 1014

150 - 1.6 x3X 1015

* Manufacturer's specified drain-source breakdown
voltage.

** Estimated from spreading resistance measurements.

PD as estimated from spreading resistance measure-
ments for each type.

The White Sands Missile Range Fast Burst Reactor was
used for neutron irradiation tests. Devices were ex-

posed to nominal neutron fluences of 5 x 1012, 1 x

1013, 5 x 1013, and 1 x 1014 neutrons/cm2 (En > 10
keV). The neutron fluence was determined from measure-
ments of sulfur pellets and a plutonium-sulphur ratio
supplied by the facility. Calcium fluoride thermolumi-
nescent dosimeters were utilized for dosimetry measure-
ments of the ionizing radiation exposure accompanying
the neutron fluence. For each neutron fluence level,
the associated gamma irradiation was nominally 1 x 103,
2.4 x 103, 1 x 104, and 2.2 x 104 rad(Si), respective-
ly. In order to isolate the influence of gamma ir-
radiation on the RDS versus VG relationship, the
NBS Gamma Facility Co, Source7 was used for supple-
mentary ionizing radiation tests.

All of the neutron irradiations were done with the
gate, drain, and source leads shorted to one another
(i.e., the device was not under bias). Some gamma
irradiation data were taken with a bias of +10 V be-
tween the gate and shorted source and drain leads.

Determinations of RDS versus VG were made using a
curve tracer by measuring the drain current, ID,
versus VG for a drain-source voltage of 50 mV. The
value of RDS for each VG was thus, RDS(VG)
= 50 mV/ID(VG). A photograph of a typical curve
tracer CRT display is shown in figure 3. The value of
Vth was estimated from plots of ID versus VG by
extrapolating the most nearly linear region on the I
versus VG relationship to the ID = 0 intercept.
An example of this is shown in figure 4. One obtains
only an estimate of Vth because of the existence of
subthreshold current (current for VG < Vth) and
because of the influence of the drain region resistance
(F-PD) on the ID versus VG relationship. The
value of the estimated Vth is less than the true
threshold voltage by about 0.05 to 0.10 V for the unir-
radiated devices, but is estimated to be as much as 0.3
V less after the devices experienced the highest neu-

tron fluence.

Experimental Results and Discussion

Plots of RDS versus VG after successive levels of
ionizing radiation exposure for a single device are

shown in figure 5. The result is representative for
all devices. As expected, for increasing levels of
gamma irradiation, the RDS versus VG curves shift
laterally to lower values of VG. The shape of the
relationship is essentially unchanged. Plots of the
measured average change in Vth versus gamma irradi-
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ation dose are shown in figure 6 for each device type
with no bias applied and for type A with a bias of +10
V between their gate and shorted source-drain. For
doses less than about 104 rad(Si), there is no differ-
ence between the shifts in Vth for the biased and
unbiased devices. For larger doses a significantly
greater shift occurs for the biased devices. These
results are consistent with those presented by Beding-
field and Webster.9 Because the gamma dose associated
with the neutron fluence is usually less than 104
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Figure 4. Plot of
as determined from a
extrapolation of most
Vth is demonstrated.

ID versus VG at VDS = 50 mV
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Figure 5. Example of effects of ionizing radiation on
the RDS versus VG relationship.
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Figure 6. Measured average change in threshold voltage
versus ionizing radiation dose.
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Figure 7. Example of effects of neutron irradiation on

the RDS versus VG - Vth relationship. a),
b), and c) are for a single device of types A, B, and

C, respectively.

rad(Si), it is not expected that the presence of a gate
bias would significantly affect the measured threshold

shift after the neutron irradiation.

Plots of RDS versus VG - Vth after each level

of neutron irradiation for a single device of each type
studied are shown in figure 7. As expected, for in-

creasing neutron dose, the curves shift vertically

upward to larger values of RDS. The shift is only
verticaL because the effect of the associated gamma
irradiation, a lowering of Vth, is subtracted from

VG on the horizontal axis. Also, the relative in-

crease in RDS with neutron dose is larger, for

larger values of PD. For device type C, with the

lowest value of PD, no change in RDS with neutron
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Figure 8. Plot of RDS(on) versus
level for each device type.

neut

fluence level is observed. According to equation 2, no
measurable change in RDS should occur for device
type C on exposure to the neutron levels used in this
study.

A plot of the average RDS values measured at VG =
10 V, RDS(on), for each device type for each level
of neutron fluence is shown in figure 8.

Figures 5 to 8 indicate good qualitative agreement with
the model previously discussed. There is, though, a
large spread in measured RDS values between devices
of a given device type after the devices experienced
the two highest neutron fluence levels. The data
points in figure 9 represent the average value of
RDS and the error bars represent one standard devi-
ation about the average for device types A and B. Data
are shown for the two highest neutron fluence levels.
Investigation of the quantitative agreement of the
experimental results with the theoretical model is
difficult because of the observed spread as well as a
number of uncertainties. The major problems are:

1. The neutron fluence in the reactor is not spa-
tially uniform. For each neutron dose level,
each device does not experience the exact same
level of irradiation. The sulfur pellets de-
termine the irradiation level at the pellet
location in the reactor and not at the loca-
tion of each device. The neutron nonuniform-
ity is greatest for the largest neutron dose.

2. For a given device type, the starting resis-
tivity po, is not necessarily the same from
device to device. The largest spread in po
was found for device type B.

3. Spreading resistance measurements can be used
only to estimate no(PD).

4. The theory relating p after neutron irradia-
tion to po (equation 2) is empirical and is
not expected to hold exactly for all values of
PD or all levels of neutron fluence.

There is evidence that the primary factor causing the
large RDS spread for device type A is the nonuni-
formity of neutron dose experienced by the devices and
not variations in PD. The value of RDS measured
at VG = 10 V (RDS(on)) is dominated by the second
term in equation 1, so a measure of the variation in
RDS(on) should be an indicator of variations in

PD- The average value measured was 1.47 Q with a
standard deviation of ±0.04 a (-3X). This suggests
PD was relatively constant from device to device.
ALso, spreading resistance measurements made on two
devices indicated identical values of PD. Variations
of the neutron fluence should be reflected in the gamma
irradiation levels; i.e., a high neutron fluence would
be accompanied by a high gamma dose and conversely.
Thus, the devices with the largest relative shifts in
RDS should also show the highest shifts in thresh-
old voltage if variations in the neutron fluence caused
the observed RDS spread. A plot of the ratio of
RDS(on) after the highest neutron fluence level to
the unirradiated RDS(on) versus threshold voltage
shift between the irradiated and unirradiated devices
is shown in figure 10. There appears to be a correla-

________ tion between the relative increase in RDS(on) with
5.1o;3 1014 the shift in threshold voltage for these devices. Thus

the spread in RDS for device type A at the highest
neutron fluence can be attributed primarily to the

ron fttience variation in neutron fluence.

The results for device type B are complicated by an ap-
parently large spread between devices in the unirradi-
ated PD values. The measured average RDS(on) was
0.99 Q with a standard deviation of ±0.16 a (-16X) for
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Figure 9. Experimental RDS versus VG - Vth
results for two highest levels of neutron irradiation
for device types A and B. The theoretical results are

shown as a band superposed on the experimental re-

sults.
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Table II

TYPE A

Neut ron Dose
(neut./cm2)

Pre-Rad

Measured Range
(neut ./cm2)

F*PD(S) F.PD/F*po

0.99 ± 0.04 1.00

5 x 1012 4.99 - 5.46 x 1012 1.17 ± 0.04 1.18

1 x 1013 1.19 - 1.22 x 1013 1.25 ± 0.03 1.26

5 x 1013 4.63 - 5.79 x 1013 2.83 ± 0.24 2.86

1 x 1014 0.98 - 1.17 x 1014 13.30 ± 3.70 13.43

Pe *CO * L = 0 744 + 0.025
L

Figure 10. Plot of relative increase in RDS(on)
after highest neutron irradiation level versus change
in threshold voltage for device type A.

the unirradiated devices. Two devices with a large

difference in unirradiated RDS(on) (1.10 and 0.81
Q) showed a 50-percent difference in their spreading
resistance results. The degree of correlation between
the relative RDS(on) values and shift in Vth

for this device was not nearly as strong as for device
type A. There was better correlation for this device
type between the relative RDS(on) after irradiation
and the unirradiated RDS(on). The spread in the
RDS results for the type B devices appears to be a

result of the large spread in the unirradiated PD as

well as the nonuniformity of the neutron fluence lev-

els.

In figure 9, a "band" of RDS values as predicted by
equations 1 and 2 are superposed on the experimental
results. The spread in predicted values is a result of
the spread in neutron fluence levels. To obtain the
predicted curve, an estimated average value for
lle*Co*W/L for these devices was determined. The
estimated value was found from the slope of the linear
portion of the ID versus VG relations used to esti-
mate Vth- The value of PeCCo-W/L i s as.sumed
not to be affected by the irradiation, so the results
from the unirradiated devices were used to determine
this quantity. Next, the average values of RDS
versus VG - Vth relationship for the unirradiated
devices was curve fit to equation 1 to determine
F*PD. The curve fit was accomplished by equating the
measured average curve to the predicted curve at VG
Vth = 1 V. The fit was arbitrariLy performed for
VG Vth = 1 V because for smaller values of VG
- Vth errors in the estimated Vth created a

poor overall fit, and for larger values of VG -

Vth the dependence Of Pe on VG in the channel
region, an effect not considered in this study, caused
the experimental data to deviate from the predicted
values. Equation 2 was then used to estimate the in-
crease in F*PD after each neutron fluence level, and
the increased value was used in equation 1 to determine
the predicted RDS values. The measured neutron
fluence variation and the estimated average F-PD val-

ues after each neutron fluence level are listed in
TabLe II.

To eliminate the effect of the spread in unirradiated
PD values for device type B, a group of four devices
with nearly equal values of unirradiated RDS(on)
was chosen for the comparison. All of these devices
had unirradiated RDS(on) values in the range 0.81
to 0.84 Q. A comparison of the measured average

TYPE B

Pre-Rad

5 x 1012 4.99 - 5.46 x 1012

1 x 1013 1.19 - 1.22 x 1013

5 x 1013 4.63 - 5.79 x 1013

1 x 1014 0.98 - 1.17 x 1014

0.37 ± 0.06 1.00

0.40 ± 0.08 1.08

0.46 ± 0.08 1.24

0.90 ± 0.14 2.43

2.11 ± 0.46 5.70

Pe * COo
W

= 1-186 + 0.180

RDS for these four devices and the predicted
RDS spread is shown for the two highest levels of
neutron fluence in figure 9b.

Considering the experimental uncertainties, the agree-
ment of the experimental results and theoretical model
is good. The experimental results indicate that
RDS saturates to a constant value for VG -

Vth > 1 V, whereas the model predicts that RDS
should continue to decrease. The saturation of RDS
is probably because of the reduction of P1e in the
inverted channel region at large values of VG.

Summary and Systems Implications

The experimental data presented here on the drain-
source resistance characteristics of power VDMOS tran-
sistors demonstrate that the change in RDS with
neutron exposure is related to the resistivity of the
drain material, which in turn is related to the drain-
source breakdown voltage. RDS(on) increased by a

factor of 13 for a 450-V device exposed to a neutron
fluence of 1014/cm2, while RDS(on) for a 150-V
device did not change at the same fluence. Ionizing
radiation exposure resulted in threshold voltage shifts
of about 2 V at 105 rad(Si) for the device types exam-
ined without bias, while positive bias during exposure
accelerated the shift. The simple model for the depen-
dence of drain-source resistance on gate voltage which
can explicitly incorporate the effects of neutron expo-
sure is in reasonable agreement with the experimental
data.

The increase in RDS(on) with exposure to high neu-

tron fLuence levels can have severe impLications on the
systems operation of VDMOS transistors. Because power
dissipation increases in the on-state proportionally
with RDS(on), the operating temperature of the
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device wi ll increase after neutron exposure. For a
system which may experience a neutron environment, the
heat-removal capabilities for the power MOSFET must be
capable of handling the increased power dissipation.
Also, the voltage and power capabilities of the drain
power suppLy must be made large enough to properly bias
the device with an increase in RDS(on).

The primary effect of the gamma irradiation is to shift
Vth to lower values. In some instances, the
Vth of these n-channel enhancement-mode devices can
be shifted to negative values. In these instances, to
turn the device off, a negative gate-source voltage
must be applied to the device. The gate drive circuit
must include the capability to supply a sufficient
negative voltage to make sure the device can be turned
off if the system is to be operated in an ionizing
radiation environment.

The results of this study indicate that Lot sampling
would be appropriate for hardness assurance and surviv-
ability analysis if the lot has a tightly grouped
RDS(on) distribution. Otherwise, devic es should be
selected to yield such an RDS(on) distribution. In
addition one may conclude that the lower the unirradi-
ated value of RDS(on) for a device of a particular
type, the harder that device is to neutron exposure.
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