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ABSTRACT

The effects of ionizing-radiation-induced oxide-trapped and interface-trapped charges
on gate-charge measurements of power Metal-Oxide-Semiconductor Field-EffectTransistors (MOSFETs) are investigated. Both radiation-hardened and commercial (nonhardened) DMOS power transistors are tested in this study. Experimental results show
that: (1) the changes in the plateau length (gate-to-drain charge) are related to radiationinduced interface-trapped charge, and (2) the radiation-induced charges at threshold can be
directly measured from the changes in the gate-to-source charge. A new approach to
charge separation based on the gate-charge measurement is developed. This new charge
separation technique may be useful even at high total-dose levels when the subthreshold
curve is significantly distorted. Moreover, the radiation-induced changes in the gate-charge
curve provide information on the shift in threshold voltage, the increase in the plateau
length, the effective changes in gate-to-source capacitance and charge, and the increase in
the energy to turn on a power MOSFET. This information should be used by the powersupply designers to compensate for radiation-induced changes in the power-MOSFET
characteristics.
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CHAPTER 1 INTRODUCTION

Semiconductors are the backbone of most of today's high-tech systems for
commercial, industrial, and defense applications. Various types of radiation such as
Gamma Rays, X-Rays, and neutron bombardment, occurring either in nature or the result
of man-made sources, present critical environmental problems. In fact, it has been known
for years that radiation can change the electrical properties of solid-state devices, leading to
possible system failure.

Because of the rapidly increasing use of MOSFETs,

understanding the effects of radiation on MOSFETs is a matter of vital importance to hightechnology systems.

1.1 Distinct Advantages of Power MOSFETs

The power transistor plays an indispensable role in regulated switching applications
such as power supplies and variable speed motor controllers. Power MOSFETs are
different from bipolar power transistors, especially in their switching speeds and input
characteristics. Power MOSFETs are unipolar devices operating primarily by the drift of
majority carriers; therefore their switching speeds are inherently faster. Without the
minority carrier stored base charge common in bipolar transistors, storage time is
eliminated. The high switching speeds allow efficient switching at higher frequencies,
which reduces the cost, size, and weight. MOSFET switching speeds are primarily
dependent on the charging and discharging of the device capacitances and are essentially
independent of operating temperature. The gate of a power MOSFET is electrically isolated
from the source by an oxide layer so the input impedance is very high. Because of the high
input impedance, the gate requires a very low drive current, and the drive requirement is
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nearly independent of the load current. This reduces the complexity of the drive circuit and
results in overall system cost reduction. In addition, power MOSFETs also have a negative
carrier mobility temperature coefficient which reduces the potential for thermal runaway,
second breakdown, and power hogging in parallel devices as compared to bipolar
transistors [1].

1.2 Power MOSFET Structures

A device structure suitable for high voltage and high current applications is the DMOS
(Double-diffused Metal-Oxide-Semiconductor) power transistor. A schematic of the crosssectional structure of an n-channel DMOS is shown in Figure 1.1. Only two adjoining
cells are shown; depending on the current rating, a typical power MOSFET may have
several hundred to several thousand cells in parallel. The two diffusion steps are used to
create the n+ and p regions which define the channel. A thin insulating 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 metal by an additional oxide layer.

Driving a DMOS power transistor is tantamount to driving a capacitive reactance
network. Depending on the region of operation, the input "sees" either the common-source
input capacitance (Ciss), or the common-source reverse transfer capacitance (Crss) [2],
Ciss is the sum of the gate-to-source capacitance (Cgs) and the gate-to-drain capacitance
(Cg(1), but CgS is the dominant component. Crss is the "Miller" capacitance between gate
and drain, and it is also defined as Cgd. Figure 1.2 illustrates a schematic of the gate
capacitance of an n-channel DMOS transistor. Cgs consists of the parallel combination of
the source metallization capacitance Cm, the gate oxide capacitance of the source overlap
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C oxs , and the gate-to-channel capacitance C gc which is the series combination of the gate
oxide capacitance of the p-type body overlap Coxc and the gate-to-body overlap depletion
capacitance Cgcj. Both Cm and Coxs are the dominant components of the Cgs. On the
other hand, Cgd is the gate oxide capacitance of the drain overlap ^oxd (when gate-todrain region is in accumulation), or the series combination of Coxd and the gate-to-drain
overlap depletion capacitance Cgdj (when gate-to-drain region is in depletion or inversion).
Both Cgcj and Cgdj are voltage dependent due to the voltage dependency of the depletion
width. The DMOS power transistor functions on the same principles of operation as the
conventional MOSFET.
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Figure 1.1. The cross-sectional structure of a DMOS power transistor.
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Figure 1.2. DMOS device gate capacitances.
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1.3 Power MOSFETs in an Ionizing Radiation Environment

Ionizing radiation possesses enough energy to break atomic bonds and create
electron-hole pairs in the materials of interest, which in the case of power MOSFETs are
primarily silicon-dioxide (Si02) and silicon (Si). The effects of ionizing radiation on
power MOSFETs are categorized into two groups, namely the effects of total dose and high
dose rate (>107 rad(Si)/sec). The primary total-dose effect is trapping of radiation-induced
charges in the gate oxide which causes the degradation of the electrical characteristics of the
power MOSFETs. The major effect of high dose rate is to induce a complex transient
response in the power MOSFET that might end up in breakdown and thermal runaway of
the device [3]. This thesis is focused on the degradation of power MOSFETs due to total
dose ionizing radiation.

The most commonly observed and reported ionizing-radiation effects on MOS
devices are a shift in threshold voltage, a decrease in mobility, an increase in leakage
current, and reduction of breakdown voltage [4]. The radiation damage in the silicon
dioxide layer consists of three components: the buildup of trapped charge in the oxide, an
increase in the number of interface traps, and an increase in the number of bulk oxide traps
[5]. Electrons and holes are created within the silicon dioxide by the ionizing radiation.
These carriers can recombine within the oxide or transport through the oxide under the
influence of the applied fields. In a gate oxide with positive bias on the gate, electrons are
very mobile in Si02 and quickly move to the gate and are collected. In contrast, holes have
a very low effective mobility and transport via a complicated trap-hopping process to the
oxide-silicon interface, leading to oxide-trapped charges and interface-traps. Figure 1.3
shows the physical mechanism involved in the production of radiation-induced charges.
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Figure 1.3. Schematic of ionizing-radiation-induced charges in MOS structures (after
McLean et al. [5]).
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1.4 Gate-Charge Curves For Power MOSFETs

The nonlinearity of the MOSFET capacitances, and the often incomplete data on their
variation over the full range of relevant voltages, make gate-circuit design by conventional
methods exceedingly difficult. To overcome this problem, it has become standard practice
to provide a gate-charge curve which is a plot of the gate-to-source voltage (V ) versus
charges on the gate with a non-zero drain-to-source voltage (Vds) applied [6]. Figure 1.4
shows a typical gate-charge curve. Five useful pieces of information are contained in a
gate-charge curve: (1) the common-source input capacitance (Ciss)-, (2) the common-source
reverse transfer capacitance (Crss); (3) the amount of charge that must be supplied to the
gate to fully turn on a power MOSFET; (4) the gate current required to obtain a desired
switching speed; and (5) the energy lost during both turn-on and turn-off. Power-supply
circuit designers use this information to provide the necessary gate-drive current. This
thesis illustrates the changes in the gate-charge curve due to total-dose ionizing radiation,
and explains these changes in terms of the oxide-trapped and interface-trapped charges.
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Figure 1.4. A typical gate-charge curve.
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CHAPTER 2 GATE-CHARGE CHARACTERIZATION

The gate-charge curve relates the gate voltage to the gate charge via the gate input
capacitance. A gate-charge test circuit is discussed in order to interpret the gate-charge
curve. For a MOSFET exposed to ionizing radiation, the gate oxide will contain oxidetrapped charge, which is normally positive, and interface-trapped charge. The effects of
oxide-trapped and interface-trapped charges are also discussed in terms of the changes in
the gate-charge curve.

2.1 Gate-Charge Test Circuit

Understanding the gate-charge test circuit aids in the interpretation of the gate-charge
curve. All gate-charge test circuits, such as the one shown in Figure 2.1, employ a
constant current source to charge the input capacitance of the MOSFET. A constant /
ensures that Ciss is charged at a fixed rate (/ = Q /1). The V
representation of Vgs versus gate charge (Qg) as well as V

waveform, then, is a

versus time. In the circuit

of Figure 2.1, a device of the same type as the Device Under Test (DUT) is used as a
current regulator to set the desired drain current (I0).

Initially, the DUT is off with the full line voltage (Vapplied across drain and
source. At time zero, the gate current (/ ) is switched into the DUT. With / maintained
o
o
constant, V gs rises as C gs and C gd are charged at a constant rate during the first phase,
d Vss

dt

=

il
C gs +C 8d '

(? i)
'

where C gs is the parallel combination of C m , C oxs , and C gc :
C S s'C m *C oxs + C sc ,

(2.2)
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and C gd is the series combination of C gd j and C oxd :

<2-3>

oxd

where C oxd = A g d e o x / t ox , and C gdj

s4i
= A gd £ si / w gdj . A gd is the gate-drain area;

tox is the oxide thickness; and wgdj is the width of the gate-to-drain depletion region,
which is defined as:

where V ds =

wgdj=y 2e**y*> -v* +i!M),
(2.4)
q Nd
and |
< 21 -K^TIq In{No / «»)|. Since w gd j is at its maximum

width in this part of the curve, Cgdj is at its smallest capacitance as well as Cgd .
Therefore, Cgs is much greater than Cgd' and this initial phase is essentially characteristic
of Cgs. Vfo remains at

while Vgs is less than Vt (threshold voltage).

Once V gs exceeds V t , the DUT enters its saturation region and its drain current
increases as V a . continues to rise:
5^
V.\2
I d ^^3.
i V(\7
g s -. V
t)2

(2.5)

where the device transconductance parameter K n is defined as:
K n = Hn^C ox ,

(2.6)

where (in is the mobility of the electrons in the induced n channel, C ox is the capacitance
per unit area of the gate-to-channel capacitor for which the oxide layer serves as a dielectric,
L is the length of the channel, and W is its width.

Both V gs and I d continue to rise until I d = I Q , the value set by the control
MOSFET. At this point, the gate-charge curve is in the plateau region (the second phase),
and Vgs remains relatively constant at
v""v,+V?

•

(2-7)
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Because V gs stays constant, the gate current (I g ) begins to discharge the "Miller"
capacitance C gd ,
2
^
-8>
U t77<

so V ds starts to decrease as well as w gdj. As w gd j decreases, C gdj increases as well as
Cgd • Once

has fallen to the point where the gate-to-drain overlap depletion region

vanishes (V^ < V gs ), C gd j disappears and C gd increases dramatically to C oxd .

As V ds continues to fall to its ON-state value (Vds =V gs -V t), the DUT enters the
linear region and the l-V characteristic becomes
h = ^[%Vgs- Wfc-VjO .

(2.9)

Because the drain current remains relatively constant (/0) and V ds continues to fall slowly,
Vgs begins to rise again:

v^v-+\vtr +Y?Y
n

(210)

The gate-charge curve now is in the phase 3. The rate of rise is lower than it was in the
first phase because of the higher value of C gd .

The effects of different drain current (I 0 ) and initial drain-to-source voltage (V dd ) are
shown in Figure 2.2, where it can be seen that changes in I0 affect Qgs and changes in
V dd influence Q gd . From equation (2.7), it is obvious that the smaller l 0 , the less Q gs
is needed to charge Cgs to the constant Vgs. On the other hand, for larger Vdd, the gateto-drain depletion region becomes wider (see equation (2.4)). This gives more charges in
the gate-to-drain overlap region, and it takes longer time to convert this region from
depletion to accumulation. Therefore, the initial value of Vds determines the length of the
plateau (Q gd ).
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Figure 2.1. A typical gate-charge test circuit.
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Gate Charge (Time)
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o
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Gate Charge (Time)
(b)

Figure 2.2. Variation of gate-to-source voltage with gate-charge (time), (a) Effects of drain
current (70); (b) effects of initial drain-to-source voltage (Vdd) (after Grant and Gowar

[6]).
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2.2

Gate-Charge Extraction Techniques

Previous section describes the formation of a gate-charge curve. Some extraction
techniques of MOSFET dynamic parameters using the gate-charge curve are described in
this section. There are three phases in the gate-charge curve (see Figure 1.4). Phase 1
represents a linear increase in Vgs with gate-to-source charge (Qgs)- Qgs defines the
charge needed during turn-on. Moreover, Cgs can be extracted from the reciprocal of the
slope.

Phase 2 is a plateau in which K

remains relatively constant and the gate-to-drain

charge ( Q g d ) is the length of the plateau. Since Q g d is the charge required to switch V d s
from Vdd to its ON-state value, the gate current needed to obtain a desired switching speed
is simply Qgd divided by the desired transition time. In the plateau, the constant Vgs is
equal to V,+V2/o/ Kn (see equation (2.7)). Therefore, the threshold voltage (Vt) can be
extracted as the plateau voltage if I0 is small.

Phase 3 is similar to phase 1 except the slope is smaller due to a larger capacitance
(Cgs+Cgd). Obviously, Cgd (Coxd) can be extracted from the reciprocal of the slope

difference between the first phase and the third phase. Agd can then be calculated from
Coxd tox / £ox •

Moreover, Cgd is defined as Crss, and the sum of Cgs and Cgd is

Ciss. Furthermore, the total energy consumed by the gate drive as it delivers the required

gate charge is VggQgg [7] where Vgg and Qgg are defined in Figure 1.4. The energy lost
during turn-off is obtained by integration of the gate-charge curve between zero and V g s .
This integration is equivalent to finding the area under the gate-charge curve. On the other
hand, the energy lost during turn-on is obtained by integration of the gate-charge curve
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between V gs and V gg , that is, finding the area above the gate-charge curve [2].
Multiplication of the energies by the switching frequency gives the associated power
losses.

2.3

Effects of Ionizing-Radiation-Induced Charges in Gate-Charge Curves

The oxide-trapped and interface-trapped charges introduced into MOSFET dielectrics
by ionizing radiation lead directly to degradation of device and circuit characteristics. The
oxide-trapped charge is normally positive. In an n-channel enhancement-mode MOSFET
with gate bias above threshold, interface-trapped charge is negative. The shift in threshold
voltage for an n-channel MOSFET can be expressed as [5]:
(2.11)

where q is the electron charge, C ox is the gate oxide capacitance per unit area, AN^ is a
radiation-induced increase in the number of interface-trapped charge per unit area, and
ANot is a radiation-induced increase in the number of oxide-trapped charge per unit area.

Placing positive charge on the gate produces negative charge in the channel. This
causes a decrease in threshold voltage. The negative shift in threshold voltage corresponds
to a downward shift of the plateau in the gate-charge curve. On the other hand, the
negative interface-trapped charge causes a positive shift in threshold voltage. This
corresponds to an upward shift of the plateau in the gate-charge curve. The shift of the
plateau results in the changes of gate-to-source charge (AQgs). Therefore, AQgs results
from radiation-induced changes in both oxide-trapped charge (AQot) and interface-trapped
charge (AQ it ):
AQgs = AQil + 420,-

(2.12)
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In the plateau, the channel is conducting and the drain current is maintained at I0.
Because Vgs remains constant, the gate current (Ig) discharges Cgd, so Vds falls. As
Vds becomes smaller than V, the gate-to-drain overlap region converts from depletion

to accumulation. The larger Vds* the wider the gate-to-drain depletion region (see
equation (2.4)). This gives more charges in the gate-to-drain overlap region. Therefore,
the initial value of Vds determines the length of the plateau (Qgd)- During irradiation,
interface traps are generated at the oxide-silicon interface of the gate-to-drain overlap
region. The interface-trapped charge acts like a capacitor. This capacitance Citd is defined
by:
Citd = ^-,
(2.13)
Ay/sd
where AQitd is the radiation-induced change of interface-trapped charge in the gate-to-drain
overlap region, and A\ffsd is the change in surface potential in the same region. Clld adds
to Cgdj in parallel. An equivalent capacitance Cgdj can be defined by:
c' gdj = C itd + C gdj = ^4 M ± ,
w

(2.14)

8dj

where the new gate-to-drain depletion width is defined by
_ „ / 2£ji {Vds' Vgs +|VM
•"»«#-7
-qtfD

+

A\{f sd )

1 c\
•

<Z-13)

w h e r =
a n d 0 S | i f a | £ 2 | -KBT/q ta(WD/»,)|.
at
Cgd
/

This larger capacitance C gd j increases C g d , which slows the rate of discharge for V d s .
The interface-trapped charge will increase the length of the plateau (Qgd). Therefore, the
change in gate-to-drain charge (AQ gd ) is AQ itd .

Similarly, interface traps are also generated at the oxide-silicon interface of the
channel region. The capacitance Cit due to the interface-trapped charge is defined by
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(2.16)

C it adds to C gcj in parallel, which increases C gc j as well as C gc . If the increased
capacitance becomes comparable to (Cm+Coxs), Cgs will increase and flattened slopes in
the gate-charge curve can be observed.

Comparing equation (2.13) with (2.16), a relation between AQ it and AQ i(d can be
shown as follows:
AQ it = kAQ itd = kAQ gd .

(2.17)

Because AQ gd and AQ it are sampling interface states at different locations, the scale
constant k depends not only on the area ratio (channel area/gate-to-drain overlap area), but
also on the distribution of states within the band gap. The changes in oxide-trapped charge
(AQol) can then be estimated:
AQ-ot ~ AQgs' AQit ~ AQgs " kAQgd •

(2.18)
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CHARTER 3 EXPERIMENTAL TECHNIQUES

Radiation experiments were performed on n-channel hardened and non-hardened
DMOS power transistors. The techniques used in the experiment were the saturation and
subthreshold Id versus Vgs characteristics, the mid-gap method, and the gate-charge
measurements. The threshold voltage was extracted from the saturation I d versus V g s
characteristics for comparison with the gate-charge measurement. Moreover, the data
obtained from the saturation and subthreshold Id versus Vgs characteristics were used for
the mid-gap method to separate the relative contributions of the densities of oxide-trapped
and interface-trapped charges to the shift in threshold voltage for comparison with gatecharge measurements.

3.1

Experimental Set-Up

N-channel power DMOS devices, IRF-150s and IRH-150s, were irradiated in a 60 Co
source at a dose rate of 60 rad(Si)/min with the gate bias held at + 9 V and the other
terminals grounded. The IRF-150s are designed for commercial use; while the IRH-150s
are designed to be used in a radiation environment. The positive bias was used to create an
electric field in the oxide which caused the radiation-generated holes to drift toward the
Si/Si02 interface. After irradiation, the devices were annealed at room temperature with the
gate bias at + 9 V to allow formation of interface-trapped charge.

The gate-charge measurements were taken with a Tektronix 2221 100 MHz digital
oscilloscope, and all data points were then transferred to a computer for plotting gatecharge curves. The saturation and subthreshold Id versus Vgs characteristics were
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measured with a Hewlett Packard 4 MSB semiconductor parameter analyzer.

3.2 Gate-Charge Measurements

The experimental circuit set-up for the gate-charge measurements is shown in Figure
3.1. Vdd is set to 20 V, the constant gate current is 1 mA, and the drain current (I0) is
regulated to 20 mA. Because the gate current (Ig) is constant, a plot of gate-to-source
voltage (Vgs) versus time (r) measured on the oscilloscope can be converted directly to a
plot of gate-to-source voltage versus gate charge, Qg-Ig t •

The constant current source, I g , is constructed using a pnp transistor, a 3.3 V
Zener diode, and two resistors with resistances 10 kQ and 2.7 k£2. The current source
supplies 1 mA to charge the input capacitance of the power MOSFET (DUT). The Zener
diode acts as a voltage regulator which provides a constant dc voltage to the 2.7 kf2 emitter
resistor, in spite of possible changes in the 18 V power supply that feeds the regulator
circuit. Two npn transistors, two resistors with resistances 47 k£2, and one 100 k Q
resistor are used for switching the constant current source. The input square waveform is
provided by a Tektronix TM504 40 MHz function generator at a frequency of 5 kHz.

A device of the same type as the DUT and a load resistor of 1 k£2 are used to regulate
the drain current of 20 mA (I0). The 1 ki2 load resistor limits the drain current to 20
mA. From equation (2.7), the plateau voltage is approximately equal to threshold voltage
(V t ), because I 0 (= 20 mA) is about one order of magnitude smaller than K n .
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Figure 3.1. The experimental circuit set-up for gate-charge measurements.
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3.3 Mid-Gap Method

The mid-gap method introduced by McWhorter and Winokur [7] is the most
frequently used technique to separate the relative contributions of oxide-trapped-charge
density, Not, and interface-trapped-charge density, Nit, to the shift in threshold voltage
(AV(). The mid-gap method utilizes subthreshold Id versus V characteristics to find the
voltage shift due to oxide-trapped charge; and utilizes saturation I d versus V g s
characteristics to obtain the net threshold voltage shift due to the total interface and oxide
charge produced by ionizing radiation. The voltage shift due to interface-trapped charge is
then separated from the total threshold-voltage shift.

The mid-gap method 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 mid-gap is
zero. Since interface traps at mid-gap are neutral, changes observed in the Id versus V
characteristic at mid-gap are due to ionizing-radiation-induced charge in the oxide. Thus
the voltage shift due to oxide-trapped charge (AVot) is equivalent to the ionizing-radiationinduced change in the mid-gap voltage (AV mg ):
AV ot = AV mg

(3.1)

The drain current in the subthreshold region is given by [8]:
<3-2)

where a = fl{eJLo^C ox , Ld = VzJfiqN A , £s is the silicon permittivity, q is the electron
charge, f3 = qlKnT, KB is the Boltzmann constant, T is the absolute temperature,

is the

intrinsic carrier concentration, NA is the acceptor dopant density in the channel, and y/s is
the surface potential. Equation (3.2) shows that the subthreshold current is an exponential
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function of the surface potential, and also an exponential function of the gate voltage
because yrs and V

have a linear relation in this region. To find the mid-gap current, the

surface potential, yrs, is set equal to the Fermi potential of the silicon bulk, y//r:
\ISF = (KBT/q)ln{NAlni).

(3.3)

In calculating the mid-gap current, the values of N A = 3xl016/cm3 and t ox = 0.1 (im are
assumed. Since the mid-gap current is proportional to tox and inversely proportional to the
square root of NA, errors from the assumed values would result in a much smaller error in
determining the mid-gap voltage from the graph of log(/d) versus V.

Subthreshold measurements are made with the Hewlett Packard 4145B
semiconductor parameter analyzer. The drain-to-source voltage is held at 100 mV while
the gate voltage is stepped in 100 mV steps. The drain current is plotted on a log scale
versus the gate-to-source voltage (see Figure 3.2). Once the mid-gap current is calculated,
the mid-gap voltage can then be found by extrapolating the log(Id) versus

curve.

Alternatively, the change in mid-gap voltage can be calculated from the pre-irradiation and
post-irradiation log(Id)/Vgs slopes.

In saturation (V ds > V - V t ), the MOSFET acts as a voltage-controlled current
source having the square-law control characteristics:
Id = ^f-{Vgs-Vtf,

(3.4)

Vd=<fif{V g s -V t ).

(3.5)

which can be rewritten as

The equation in (3.5) shows a linear relation between the square-root of the drain current
and the gate-to-source voltage. The threshold voltage can be obtained by extrapolating the
line to zero drain current (see Figure 3.3). Saturation measurements are also made with the
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parameter analyzer. The drain-to-source voltage is held at + 5 V, while the gate voltage is
stepped in 50 mV steps. The change in threshold voltage can be calculated from the preirradiation and post-irradiation gate-to-source voltage intercept in the saturation fid versus
Vgs curve. Therefore, the threshold-voltage shift due to interface traps can be found from
the total threshold-voltage shift:
AV it = AV t - AV ot = AV t - AV mg .

(3.6)
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Figure 3.2. HP4145B parameter analyzer plot of log(I d ) versus V gs . The mid-gap
voltage is found by extrapolation to the mid-gap current.

Gate-to-Source Voltage (V)

Figure 3.3. HP4145B parameter analyzer plot of fid versus V

in the saturation

operation. The threshold voltage is found by extrapolating to zero drain current.
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CHARTER 4 EXPERIMENTAL RESULTS

The gate oxides of IRF-150 (commercial) and IRH-150 (radiation-hardened) power
MOSFETs respond differently to ionizing radiation. The IRH-150s produce a larger
amount of interface traps compared to the IRF-150s. The experimental results show that
changes in the value of the plateau voltage (Vt), the length of the plateau {Qgd), and the
gate-to-source charge (Qgs) correlate to the densities of ionizing-radiation-induced charge.

4.1 Results For the IRF-150 Non-hardened MOSFETs

The shifts in threshold voltage due to irradiation for IRF-150 power MOSFET are
shown in Figure 4.1. These shifts were extracted from the saturation I d versus V gs
characteristics. The changes in the plateau voltage are also plotted in this figure, and they
agree with the threshold voltage obtained from the saturation Id versus V characteristics.

Figure 4.2 shows the radiation-induced threshold voltage shifts (AV t ) and the
components due to oxide-trapped charge (AV ot ) and interface-trapped charge (AV it )
versus total dose for IRF-150s. The AV t is found from saturation I d versus V g s
characteristics, while the AVot and the AVit are obtained from the mid-gap method. It is
apparent that the oxide-trapped charge is dominant during irradiation, but significant
interface-trapped charge forms during anneal.

Figure 4.3 shows the results of gate-charge measurements performed on the same
IRF-150 discussed in Figure 4.2 before irradiation, after a radiation exposure of 15
krad(Si), and following a room-temperature anneal for 500 hours. Comparing gate-
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charge curve 2 with curve 1, the plateau voltage is shifted downward by 2.09 V, and Q gs
is decreased by 5.35 nC. These changes occur primarily because the oxide-trapped
charges shield the channel region from the charge on the gate. Comparing gate-charge
curve 3 with curve 2, the plateau voltage shifts upward by 1.06 V, and Qgs is increased
by 2.6 nC.

Moreover, the length of the plateau (Qgj) remains constant during irradiation, but
increases by 2.6 nC after 500 hours of annealing. These changes occur primarily because
of formation of interface-trapped charge. Since the change in the length of the plateau
(AQg(i) is small (2.6 nC), the capacitance produced by AQgci is insignificant. Therefore,
the change in the slope of the gate-charge curve can not be seen. However, the curvature at
the knee of the gate-charge curve decreases after irradiation; the curvature at the knee
further decreases after annealing. The softening of the knee is caused by the formation of
interface-trapped charge.

C gs and C oxd (C g ( are found to be 2.6 nF and 4.3 nF, respectively, from the
reciprocal of the slope. Agd can be calculated to be 0.125 cm2, if tox is assumed to be 0.1
|xm.
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Figure 4.1. Comparison between saturation Id versus V
measurements in threshold-voltage shifts ( AV t ).
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Figure 4.2. Threshold-voltage shifts (AV t ) separated into oxide-trapped charge (AV Ql )
and interface-trapped charge (AVit) versus total dose for IRF-150.
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1: Pre-Irradiation
2 : Post-Irradiation [15krad(Si)]
3 : Post-Anneal [500hours]
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Figure 4.3. Gate-charge measurements for IRF-150 before irradiation, after irradiation at
15 krad(Si), and annealing for 500 hours.
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4.2 Results For the IRH-150 Hardened MOSFETs

Figure 4.4 shows the threshold voltage shift (AV t ) found from the saturation Irf-V gs
characteristics, and the components due to oxide charge (AV ot ) and interface traps (AV it )
separated by the mid-gap method, versus total dose for IRH-150 power MOSFET. It is
apparent that the oxide-trapped charge dominates at the beginning of irradiation, but
interface-trapped charge becomes the dominant component after 150 krad(Si). The
successful implementation of the mid-gap method depends on the linear nature of the
subthreshold log(/d) versus Vgs curve, which is used to extrapolate the mid-gap voltage
(see Figure 3.2). Because the nonlinearity of the subthreshold log(/^) versus V

curve

happened after 500 krad(Si), Figure 4.4 only shows the results of the threshold voltage
shift (AV t ) and the components due to oxide charge (AV ot ) and interface traps (AV it )
versus total dose up to 500 krad(Si).

Figure 4.5 shows the results of gate-charge measurements performed on the same
IRH-150 discussed in Figure 4.4 before irradiation, after irradiation at different total
ionizing doses up to 750 krad(Si), and following a room-temperature anneal for 300
hours. The plateau voltage initially is shifted downward, but begins to shift upward after
150 krad(Si). Moreover, the length of the plateau {Qg^ increases, corresponding to an
increase in the number of interface traps. This agrees with the results shown in Figure 4.4.

C gs and C oxd (C gd ) are found to be 3.7 nF and 4.2 nF, respectively, from the
reciprocal of the slope. Agd can be calculated to be 0.12 cm2, if tox is assumed to be 0.1
(im. A change in slope can not be observed in the gate-charge curve for the radiationhardened IRH-150s. However, interface-trapped charge causes the decrease of the
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curvature at the knee.

Figure 4.6 shows a linear relation between AV i( and AQ gd • This supports the
relationship between the plateau length and the interface-trap density. Figure 4.7 shows a
linear relation between the shifts in threshold voltage (AV() versus gate-to-source charge
(AQgs). This supports that AQgs results from radiation-induced changes in both oxidetrapped and interface-trapped charges.

Figure 4.8 shows the charge shifts versus total dose for the same IRH-150. AQ gs
and AQgd are found from the gate-charge measurements. The scale constant k can be
estimated by the following expression:
^ _ AQu _ AQ gs AVj t
AQgd

^^

AQgd AV t

where AV it and AV ( are obtained from the mid-gap method. Figure 4.9 shows a plot of
AQit versus AQgd at low total dose (<100 krad(Si)), where AQit is calculated from the
equation (4.1). k is the slope and found to be 2.56. Using equation (4.1) again to
calculate AVit, a plot of threshold-voltage shifts (AVt) due to oxide-trapped charge
(AVot) and interface-trapped charge (AVit) versus total dose from gate-charge
measurements is shown in Figure 4.10. Figure 4.11 shows a comparison of voltage shifts
between mid-gap method and gate-charge measurements.
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Dose[krad(Si)]

Figure 4.4. Threshold-voltage shifts (AV ( ) separated into oxide-trapped charge (AV ot )
and interface-trapped charge (AVit) by mid-gap method versus total dose for IRH-150.
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1: Pre-lrradiation
2: Post-Irradiation[100krad(Si)]
3: Post-Irradiation[500krad(Si)j
4: Post-Irradiation[750krad(Si)]
5: Post-Anneal[300hours]
30
Gate Charge (nC)

Figure 4.5. Gate-charge measurements for IRH-150 at different total doses and annealing
for 300 hours.
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Figure 4.6. Threshold-voltage shifts due to interface-trapped charge (AV it ) versus the
changes in the gate-to-drain charge (AQgd) for IRH-150.
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Figure 4.7. Threshold-voltage shifts (AV ( ) versus the changes in gate-to-source charge
(AQgs) for IRH-150.
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Figure 4.8. Charge shifts in gate-to-source charge (AQ g s ) separated into interface-trapped
charge (AQit=kAQsd), and AQ0[ (the difference between AQgs and kAQgd) by gatecharge measurements versus total dose for IRH-150.
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Figure 4.9. AQit versus
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Figure 4.10. Threshold-voltage shifts (AVt) due to oxide-trapped charge ( A V o t ) and
interface-trapped charge (AVit) by gate-charge measurement versus total dose for IRH150.
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Figure 4.11. A comparison of voltage shifts versus total dose between mid-gap method and
gate-charge measurement for IRH-150.
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CHAPTERS CONCLUSIONS

Power MOSFETs are indispensable devices in regulated switching applications,
which are used in many systems. In spaceborne systems, power MOSFETs are subjected
to ionizing radiation. The ionizing radiation produces electron-hole pairs in the gate oxide
of the MOSFETs. These carriers can recombine within the oxide or transport through the
oxide under the influence of the applied fields. For n-channel MOSFETs with positive bias
on the gate, electrons are very mobile in Si02 and quickly move to the gate and are
collected. In contrast, holes have a very low effective mobility and transport via a
complicated trap-hopping process to the oxide-silicon interface, leading to oxide-trapped
charge and interface traps. The oxide-trapped and interface-trapped charges cause the
degradation of the electrical characteristics of the power MOSFETs. Experimental
techniques have been proposed to extract the number of ionizing-radiation-induced oxidetrapped and interface-trapped charges from the electrical characteristics of the MOSFET.

The gate-charge measurement utilizes the input capacitances of the gate to relate the
gate voltage to the gate charge. A gate-charge curve is a plot of the gate-to-source voltage
(Vgs) versus charges on the gate with a non-zero drain-to-source voltage (V^) applied,

which contains useful information such as gate-to-source capacitance, gate-to-drain
capacitance, the amount of charge needed to turn on a power MOSFET, the gate current
required to obtain a desired switching speed, and energy loss. The experimental results
show that: (1) the changes in threshold voltage (AVt) can be accurately determined from
the shifts of the plateau in the gate-charge curve; (2) the radiation-induced charges at
threshold can be directly measured from the changes of the gate-to-source charge (AQ g s );
and (3) the changes in the plateau length (AQgd) are related to the radiation-induced
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interface-trapped charge (AQit). A new approach to charge separation based on the gatecharge measurement is developed. This new charge separation technique may be useful
even at high total-dose levels when the subthreshold log(Id) versus Vgs curve is
significantly distorted.

Furthermore, the radiation-induced changes in the gate-charge curve provide
information on the shift in threshold voltage, the effective change in Qgs and Cgs , the
increases in the plateau length (Qgid), and the increases in the energy to turn on a power
MOSFET. This information should be used by the power-supply designers to compensate
for radiation-induced changes in the power-MOSFET characteristics.
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