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RADIATION-INDUCED INTERFACE TRAPS IN POWER MOSFETSt
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Abstract

Methods for estimating radiation-induced interface trap den-
sity from the current-voltage (I-V) characteristics ofMOSFETs
are described and applied to commercially available power
MOSFETs. The power MOSFETs show severe degradation on
radiation exposure with the effects of positive oxide trapped
charge dominating; however, interface trap buildup is signifi-
cant. The results are compared to experimental measurements
available on other technologies.

1. Introduction

There are a number of applications which require that large
currents or voltages be controlled or switched efficiently over
a wide range of frequencies. Power MOSFETs (metal-oxide-
semiconductor field-effect transistors) offer an excellent choice
over power bipolar transistors as far as current-handling capa-
bility, switching speed, thermal stability, and breakdown volt-
age are concerned. However, their electrical characteristics are
deleteriously altered if exposed to ionizing radiation. The ra,
diation susceptibility of these devices depends on a number
of factors including device design, processing details, litho-
graphic steps, and metallization procedure. This is a multi-
faceted problem and its every aspect needs to be investigated
before the full potential of power MOSFETs in radiation envi-
ronments can be realized.

The effect of radiation exposure on the operating character-
istics of power MOSFETs has been studied by a number of
workers over the past few years.1-10 The dominant effect due
to ionizing radiation exposure is the shift in the threshold volt-
age. Degradation in transconductance, leakage current, and
breakdown voltage has also been observed. Drain-source re-
sistance increase has been observed for high-voltage devices
exposed to neutrons.3
In general, ionizing radiation exposure of MOSFETs results
in a buildup of positive trapped charge in the oxide and an
increase in the interface trap density at the Si-SiO2 interface.
The effects of positive trapped charge (Not) buildup has so
dominated the measurements of ionizing radiation effects on
power MOSFETs that the effects of interface trapped charge
(Nit) have been ignored. However, any effort to reduce the
sensitivity of this class of device to ionizing radiation exposure
must include measurement and control of interface trapped
charge."l

The purpose of this paper is to inlestigate radiation-induced in-
terface trap density in commercial state-of-the-art power MOS-
FETs and to compare this response to measurements of inter-
face trap density for both commercial and radiation-hardened
integrated circuit MOSFETs. Devices from different manufac-
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turers were examined to illustrate the spread in interface trap
density that might be expected from a variety of commercial
fabrication techniques. Section 2 describes the analysis tech-
niques used in this work. Section 3 presents the experimen-
tal data and estimates of the values of interface trap density.
Section 4 discusses these results in view of experimental data
available on other technologies.

2. Methods for Estimating Interface Trap Density

Two methods for estimating the radiation-induced interface
trap density from the current-voltage characteristics of power
MOSFETs have been applied. The methods are: 1) the slope
of the subthreshold technique introduced by Van Overstraeten
et al.3; and 2) the "simple model" approach for the effect of
interface and oxide charge on the linear region characteristics
of MOSFETs described by Galloway et al.'2
Shifts in device subthreshold electrical characteristics have
been used by several workers to extract values for the radiation-
induced oxide trapped charge and the radiation-induced inter-
face traps. Recent work by Winokur et al.,4 Benedetto and
Boesch,'5 and Gaitan and Russell'6 has discussed the measure-
ment of radiation-induced interface traps using methods based
on changes in MOSFET subthreshold current characteristics.
[Winokur et al.'4 also present a technique for separating MOS-
FET threshold voltage shifts into components due to interface
traps and to trapped oxide charge.]
Another approach to determining the radiation-induced oxide
and interface charges was described by Galloway et al.'2 This
paper'2 makes assumptions as to the effects of the radiation-
induced charge on channel mobility and channel charge and
uses these assumptions with the gradual channel approxima-
tion. Expressions are derived which relate the radiation-
induced interface charge to changes in device transconduc-
tance, while changes in both interface and oxide charge are re-
lated to threshold voltage shifts. The expressions developed are
only valid in the linear region of MOSFET operation. It is as-
sumed that the change in effective mobility due to a radiation-
induced increase in interface traps, 6Nit [Number.cm-21, can
be parameterized as:

Po
l+= -Il+afit (1)

where the mobility, p,, is determined to reflect the device I-V
curves before radiation exposure, and a is a constant. This
leads to an expression for the change in transconductance in
the linear region:

AGM ~GM -mo = - 1+6Nit )MOG (2)

where Gisois the transconductance before radiation exposure
and Gm is the transconductance following exposure. The ef-
fective radiation-induced density of interface traps (averaged
across the channel), 6Nit, can be calculated if a value for a is
known. A value of (8 ± 2) x 10-'&cm2 for a can be used to fit
the data presented by Sexton and Schwank'7 and by Galloway
et al.'2 In this work, the assumption is made that this value
of a can be used to estimate the radiation-induced change in
interface traps in power MOSFETs.
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The presence of interface traps causes the surface potential,
O., to be less sensitive to changes in the gate voltage. This
decreases the slope of the ln (Id)-Vg characteristics of a MOS-
FET operating in weak inversion (i.e., the region where the
gate voltage is between the flatband voltage and the threshold
voltage).13 The average value of the interface trap density Dit
[Number.eV-'.cm-2] is related to the slope of the ln (Id)-Vg: 6

(3)

where C,, is the gate oxide per unit area, and CD is the de-
pletion layer capacitance per unit area at 0. = 30f. Here Of
is the Fermi potential under the gate. Dit represents an aver-
age value of the interface trap density, Dit, around the surface
potential 8 = 1f. The depletion layer capacitance and the
Fermi potential are evaluated by the equations:

q__si __kT FNB1
CD = 20,9+ kT) and Of = -ln [ni] (4)

q~~~q n

NB is the dopant density under the gate of the MOSFET, and
ni is the intrinsic carrier concentration.

In this work, the interface trap density was determined from
the slope of the ln(Id)-Vg characteristics of the devices operat-
ing in weak inversion using equation (3). Unlike the "simple
model"'2 which yields the change in the effective number of
charged interface traps, 6Nit , the weak inversion measure-
ment gives the density of interface traps, Die, at a fixed value
of surface potential -qV For an n-channel transistor with a
p-type silicon substrate, Dit will represent the density of in-
terface traps per unit energy at an energy slightly above the
center of the bandgap.

3. Experimental Details

Commercially available nonradiation-hardened power VDMOS-
FETs (vertical double-diffused MOSFETs) were used. N-
channel enhancement-mode devices were obtained from four
different manufacturers - devices A, B, C, and D. All de-
vices had equivalent nominal electrical characteristics and were
packaged in a TO-204AA style case. These devices are in-
tended as replacement parts for one another with industry part
number IRF440 (rated at 500 V). Figure 1 shows a cross section
typical of these devices.

The pre-rad current-voltage characteristics from the subthresh-
old to the saturation region were examined for 12 devices from
each manufacturer. Four devices from each manufacturer were
selected on the basis of comparable electrical characteristics for
radiation testing. The pre-rad observed threshold voltage and
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Figure 1: Schematic of a planar vertical double-diffused n-
channel power MOSFET.

transconductance values averaged over the set of four devices
are given in Table I.

Test devices were irradiated in a water-shielded Cobalt-60
cylindrically symmetrical gamma source at the National Bu-
reau of Standards. Dose rate at the time of this experiment
was 0.1203 krad(Si)/sec.

Test devices were biased during radiation exposure by applying
+9 V to the gate and grounding all other terminals. The bias
voltage was disconnected after the test fixture was removed
from the radiation enclosure. Prior to irradiation and after cu-
mulative doses of 25 to 600 krad(Si), the Id -Vg characteristics
were measured at Vd8 = 0.05 V within one hour of radiation
exposure.

The threshold voltage was determined by extrapolating the
maximum-slope line of the Id - Vg characteristics in the linear
region of device operation to Id = 0, and the transconductance
was obtained from the maximum slope.

4. Experimental Results

The Id - Vg characteristics shown in Figure 2a are typical of
the effects of ionizing radiation on the linear region of all of
the devices studied. There is a marked shift in the threshold
voltage and considerable degradation in the transconductance.
The ln(Id) -Vg plot shown in Figure 2b allows the effect of ra-
diation on the subthreshold region to be observed. At very low
drain currents (t 10-12A), the measurement of ln(Id) versus
Vg is limited by instrumentation, fixturing and device leakage.

Figure 3 shows the average shift in the threshold voltage nor-
malized to the pre-rad value for the four device types. The
error bars represent one standard deviation about the average
shift and show the combined effect of experimental errors and
variations from transistor to transistor. Error bars on all of
the plots in this paper have a similar meaning. Note that for
these n-channel enhancement-mode devices, the threshold shift
is as large as 40 V at 500 krad(Si). For hardened n-channel

rable I

Average Pre-Rad Vth & Gm Values

Device Type
Parameter

A B C D

Threshold Voltage
(V)

Transconductance
(mho)

3.90 ± 0.10 3.18 ± 0.53

(31.68 ± 0.87) (41.23 ± 1.95)
x io-3 X 10-3

3.19 ± 0.16 3.56 ± 0.21

(40.09 ± 0.97) (31.75 ± 2.36)
X 10-3 X 10-3

1 q

Dit = -
-kT I Cox CD i

q Oln(Id)
L avg .1
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Figure 2: Drain current versus gate voltage at gamma dose of
0 and 100 krad(Si), (Vd, = 0.05V). Figure 2a is a linear plot
emphasizing the linear region of operation. Figure 2b is a log
plot illustrating the subthreshold region.
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Figure 3: Normalized threshold voltage shift versus total gamma
dose for the four device types: A, B, C, and D.

MOSFETs, the threshold shift can be less than 1 V at 500
krad(Si).16 The data in Figure 3 show no recovery that can be
attributed to the generation of interface traps at dose levels up
to 600 krad(Si).

Normalized changes in transconductance versus total dose are

shown in Figure 4. The normalized change is a useful pa-

rameter since it is independent of the resistance due to the
drain material. This independence is very important; other-
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Figure 4: Normalized variation in the transconductance versus
total dose for the four device types.

160

B
140-

c, 120
E

100
Device Type D

E
z 80

0
60 -A

10 40-

0
0 100 200 300 400 500 600

TOTAL DOSE (krad (Si))

Figure 5: Buildup in the effective interface trap density (6Nit
number.cm2) versus total dose.

wise, equation (2) cannot be used to estimate the interface trap
density (6Ni). This point is discussed further in Appendix A.

Figure 5 illustrates the buildup of effective interface trap den-
sity (6Nit) with increasing radiation dose. The interface trap
density was calculated using equation (2) and the linear char-
acteristics taking a = 8 x 10"-' cm2. All device types studied
show considerable buildup of interface traps. The variation
seen among devices indicates that this buildup depends on the
specifics of the commercial fabrication process used by each
manufacturer for the gate oxide. Also, note that the value of a
selected may not be optimum for the power MOSFET process.
However, this estimate is expected to be good within an order
of magnitude.
The interface trap density per unit energy (Dit) at 30f was
estimated using equation (3) and the subthreshold characteris-
tics. Here, NB was assumed to be 1 x 1015 cm-3 and the oxide
thickness was taken as 100 am. These values are expected
to be typical for the commercially available power MOSFETs
used in this experiment. Change in the interface trap density
(ATiej) with total dose estimated by this technique is shown in
Figure 6. Again, all device types show a considerable buildup
of interface traps using this estimation technique.

>
:E

>E



1457

-_I:u
Iv

E

i 100

L-

> 80

0

E 60
z

0 40
x

a 20

200 300 400

TOTAL DOSE (krad (Si))

Figure 6: Variation in the average interface trap density (ADth
number.eV-' cmM2) versus total dose.
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Figure 7: ln(Id)-Vg characteristics in the subthreshold region at

different total dose levels illustrate increasing leakage current
with dose, and distortions in the characteristics at high dose
levels.
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Figure 8: A comparison of the interface trap density (Dite
number.eV-' * -2) as a function of total dose for the three
technologies: silicon foundry MOS IC technology, a previous
generation hardened MOS IC technology, and the commercial
state-of-the-art power MOSFET technology.

The distortion of device characteristics in the subthreshold re-
gion leads to large uncertainties in applying the subthreshold
slope technique and may totally invalidate the procedure. For
example, the large errors for device type D arise from such
distorted characteristics (see Fig. 7). At high dose, either a
spatial variation of Nit within the many transistor cells of the
power MOSFET or a very nonuniform Dit within the silicon
bandgap leads to this kind of distortion. Also, Figure 7 illus-
trates the increase of leakage currents with dose typically seen
in all device types studied.

5. Discussion and Summary

The threshold voltage shift observed in Figure 3 can be inter-
preted in terms of oxide and interface trapped charge. The
shift to more negative values of this threshold voltage indi-
cates that positive oxide trapped charge is the dominant ef-
fect. An earlier report7 observed that the charge trapping in
commercial power MOSFETs was higher, by approximately a
factor of 15, than the charge trapping in samples of a rad-
hard MOS IC technology. More importantly for this work, the
transconductance shift observed (Fig. 4) and the subthresh-
old behavior of the device types studied suggest a significant
buildup of interface trapped charge due to radiation exposure
(Figs. 5 and 6). In some hardened technologies, a balance
is struck between radiation-generated oxide trapped charge
and radiation-generated interface trapped charge to minimize
threshold voltage shifts."6 Even though the buildup of inter-
face trapped charge is very large in comparison to values for
other MOS technologies, it is insufficient to compensate for the
oxide trapped charge effects.

Figure 8 illustrates the variation of Dit with dose for a silicon
foundry MOS IC technology, a previous generation hardened
MOS IC technology,'6 and an average value for all the power
MOSFET devices studied here. The estimated density of in-
terface traps is found to be greatest for the power MOSFET
technology.

Typical processing sequences for the vertical double-diffused
power MOSFET structure used for the devices included in
this work can be found in the literature.'9'20 In general, no
special processing procedures are applied to minimize either
the radiation buildup of oxide trapped charge or the radiation
buildup of interface traps. A dry oxidation at 10500C is typi-
cal. The radiation susceptibility of gate oxides prepared under
these conditions is not surprising. Procedures such as reported
by Winokur et al." and by Naruke et al.2' must be applied to
the processing technology for these devices in order to develop
and control a radiation hardened product.

The data presented in this paper indicate that commercial
power MOSFETs experience a large buildup in interface trapped
charge. This observation has been masked by the dominance
of the positive charge trapping. Any effort to improve the ra-
diation resistance of power MOSFET technology to ionizing
radiation effects must account for this in the development of
appropriate hardened processes.
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Appendix A

Transconductance in equation (2) refers to the channel transcon-
ductance at a constant voltage across the channel. But the ob-
served transconductance is calculated at a fixed drain-source
voltage. The constant drain-source voltage, being the sum of
the voltage drops across the channel and the series resistance
due to the drain material, does not permit the voltage across
the channel to remain constant as the gate voltage is increased.
Consequently, the observed value of the transconductance is
not the same as the channel transconduictance. However, the
derivation given below shows that equation (2) is still valid for
the purpose of calculating the interface trap density even after
replacing the channel transconductance by the observed one.

Figure Al represents a simplified dc circuit for the power MOS-
FET. Here, R,h refers to the channel resistance and Rd, the
series resistance of the drain material. VCh denotes the voltage
across the channel and Vds, the drain-source voltage.

Using the expression for the drain current'8

Id = #(Vg -Vth)ch, (Al)

the channel and the observed transconductances can be written
as:

Gm = ( 151) (A2)

Channel Resistance

Rch

Drain Resistance-
Rd

Drain

16. M. Gaitan and T.J. Russell, Measurement of Radiation In-
duced Interface Traps Using MOSFETs, IEEE Trans. Nucl.
Sci. NS-31, 1256-1260 (1984).

Figure A-1: A simplified equivalent dc circuit for the power
MOSFET. Here Rch and Rd refer to the channel resistance
and the resistance of the drain material, respectively.
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(Gm)obs = (16Id) = Vch + (Vg th)Q( ) (A3)
\i5Vg 6g I'd

Since

VCh = Vd -IdRd, (A4)

one gets

( Vch ) = (81) Rd. (A5)

From equations (A3), (A4), and (A5), we can write

Gm = (Gm)ob [1 + ( _ ')Rd]' (A6)
L Vd - dR/ 1

which leads to

AGm
=

(AGm)obs (A7)
GMo (Gmo)obs

at any value of id in the linear region.


