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The use of VDMOS transistor under certain functional stress conditions produces a modification of its physical and
electrical properties. This paper explores the physical analysis and SPICE simulation of the degradation effects
related to the component micronic structure, and points out the degraded parameters following this stress.

INTRODUCTION

The use of VDMOS transistor in the field of power electronics has increased widely due to its
high input impedance, ease of isolated-grid control and negative temperature coefficient of
the drain current that prevents thermal racing.

The use of power VDMOS under certain stress conditions may lead to a modification of its
physical and electrical properties. There are many types of stress: stress by irradiation for
which the component operation is altered following the action of the radiation on the material
[1-4]; thermal stress where the temperature effect is a dominant factor in degradation; and
electrical stress which can arise from the application of a power surge or intense current
peaks on the component grid. In an industrial circuit, the coercive use of the component
satisfying a functional need often produces degradations of complicated origins. Degrada-
tions corresponding to a functional stress in an inverter circuit are the subject of this commu-
nication. The study explores the analysis and the simulation of the degradations effect related
to the component micronic structure and points out the sensitive parameters. The alteration of
these parameters modifies the VDMOS operation and their value changes give a measure of
their electrical properties degradation degree and identifies the degradation mechanisms.

STRESS STUDY IN VDMOS

The considered power VDMOS transistor has a vertical structure. Drain is located on the back
of the plate, grid and source are on the upper surface (Fig. 1). The current flows vertically [5].
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FIGURE 1 Structure of VDMOS transistor.

The thousands of cells that constitute the component behave so that their currents are in par-
allel. The VDMOS has two operating states: the first, called “conduction” state, is character-
ized by the formation of an inversion channel under the effect of positive grid—source voltage
and, hence, by the flow of a drain current whose value depends on the physical and techno-
logical structure parameters, and the applied voltages; the second called “blocked” state, is
characterized by a grid—source voltage smaller than a threshold value for which there is no
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FIGURE 2 Inverter used to generate and study functional stress. Drain current is 10 A. Operating temperature is
maintained below 35 °C. Transistors are HARRIS RFP70N03.
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current flow; the quasi totality of the applied grid—drain voltage is then carried out by the
transistor drift region.

In order to control the functional stress conditions, we have designed an experimental
device to simulate the “normal” conditions of the coercive use of the VDMOS within an
inverter circuit (Fig. 2). The control circuit permits variation of the frequency, of the cyclic
ratio, and of the grid driving-bias.

For this study, we have used a group of VDMOS components RFP70N03 manufactured by
HARRIS Inc. Our procedure involves running the VDMOS in the inverter circuit while
maintaining their temperature at room temperature or close to it, below 35 °C. Stress operat-
ing conditions correspond to a 10 A drain current value with bias varying from 14V to 24 V
according to the circuit load. Initial stress duration was 4 hours. For every component of the
batch under study, electrical characteristics determination is done before and after stress. Full
stress analysis involves measuring the electrical properties and comparing them with those
obtained from SPICE simulation.

ANALYSIS OF THE OPERATIONAL STRESS EFFECT

After subjecting the VDMOS transistor to stress, comparing the electrical properties with
those obtained before the stress proves that:

I, =1t(Vgs)

On the characteristics curve Ip = f (Vgg), we observe a shift in the transistor threshold voltage
due to the applied stress (Fig. 3). In fact, the threshold voltage corresponds to a particular
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FIGURE 3 Variation of drain current versus grid voltage before and after stress.
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value of the grid voltage, beyond which the transistor begins to conduct [6]. This voltage can
be written in the form:

0
Vp=— CSS + s + 201 +V20rPp (1)
oxX
2qNA max * €o€ox
— A rAmax  Bo7ox 2
¢B ng ( )
where ¢ is the substrate internal potential, ¢ is the Fermi potential given by:
N max
bp = UTLn<—An_a ) 3)

N max 18 the maximal value of the substrate doping (region P), and Qg represents the total
interface states charge.

The trapped charge in the oxide due to electrical stress arises from the action of the hot
carriers produced in the channel or at its extremities when pulses are applied on the grid.
The electrons have a great mobility in the oxide and do not remain trapped. Only positive
charge persists in the oxide due to their low mobility. In the actual experimental conditions,
the produced charge levels are shallow and they are considered here as interface states. Their
presence affects the conduction in the channel. Because of the increase in the threshold
voltage (Fig. 3) we deduce that the interface charge produced by this functional stress is
negative. These interface states are related to acceptor levels located in the first third of
the forbidden band, taken from the valence band [7].

Ip =1(Vps)

Due to electric stress, we observe that the saturation current for a given grid voltage (Fig. 4)
undergoes a considerable drop. The explanation of this drop lies in the modulation phenom-
enon of the carrier mobility in the inversion layer. In fact, the mobility in the channel is a
function [8] of the substrate doping, the electric field, the silicium crystalline orientation,
the substrate potential, the temperature, and the fixed charge in the oxide. Many studies
have shown the electron local variations in the inversion layer [9-11]. A simplified expres-
sion of the carrier mobility in the channel has been established [12]:

Ho Ho
Hett = [ (E/IEDIL + (B, 1/1EoD] ~ (1 + (Vs — 60/ (Tox - EONL + (dh,/(dv - E,))]
4)
with
Vs = Vas + Ver
where
Ve = g:: Drns

MU, is the weak field mobility, £, and E), represent the transversal and longitudinal components
of the electric field respectively, £, is the amount of the longitudinal critical field, beyond it the
electron velocity becomes saturated, E, is the transverse electric field, V(g is the rms voltage
applied to the grid, Vzp is the flat-band voltage, ¢, is the electrostatic potential on the semi-
conductor surface, y is the coordinate along the longitudinal source-drain direction, ¢ is the
total charge in the thin grid oxide and at the Si—SiO, interface, 7, is the thickness of the grid
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FIGURE 4 Drain current characteristics before and after stress for V5 =3.8 V.

oxide, Cox = €y60x/ Tox 18 the thin oxide capacitance per unit area, and ¢, is the difference in
the extraction works between the metal of the grid electrode and the semiconductor.

The saturation of the carrier velocity in the channel is intrinsically taken into consideration
in this relationship when the field d¢,/dy becomes much greater than the critical field E,,.

For a given grid voltage, the value of the saturation velocity determines the level of the
saturation current.

The electrical stress introduces charges to the Si—SiO, interface whose effect is to increase
the probability of collisions between the inversed layer carriers and the fixed ones. The carrier
velocity decreases resulting in a reduction of the carrier mobility value. Consequently, a drop
in the saturation current is observed.

In order to complete our analysis, we put many components under stress for a long period
of time (multiple 24 hours operation times). The characterization that followed these
experiments did not give any additional information to those obtained from the initial tests
i.e. the degraded parameters reach a steady state value as no further variation is observed.
Consequently the stress duration seems to have no direct effect on the functional stress
phenomenon.

VDMOS MODEL AND SIMULATION OF THE PHENOMENON

In order to confirm our analysis, we performed SPICE simulations of the VDMOS before and
after the stress. For this purpose, many models for the power VDMOS transistor, compatible
with the SPICE software, have been suggested recently [13—16]. We use a model [17] which
describes the active part (inversion channel) of the transistor by the SPICEMOS transistor
model adding other elements to this software (Fig. 5) in order to have a macro model able
to interpret the electrical behavior of the device (Fig. 6).
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section of VDMOS cell showing steady and transient elements included in the simulation model.
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FIGURE 6 SPICE macro model of VDMOS transistor.

physical and electrical analysis of the VDMOS structure, the steady operation
is obtained by representing the conduction channel by a MOS transistor (MI) acting only by
its current generator J,; to which an access resistor R, and a drift region resistor R; are added
externally in series with the drain electrode. The level 3 of SPICE MOS transistor model is

— W\ ———0
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taken for this MOS MI. This level is selected because its expression for the active carriers
mobility is similar to that established for the drain current of a VDMOS transistor.

In dynamic operation, the inter-electrode capacitors Cy, Cgq and Cgys are taken into con-
sideration. The grid-source capacitor Cy is considered, as a first approximation, independent
of the bias voltage; the drain-source capacitor Cy, is a real diode transition capacitor and is
modeled by a SPICE diode Dpg; the grid-drain capacitor Cyq is modeled by an oxide capa-
citor Cygmax in parallel with a diode Dgp. Another diode Dyqqy is added to take into account
the reverse conduction and the charge-storing effect during its overlay setting. The configura-
tion is completed by noise elements (the grid polysilicium resistor R,, the resistor R,, and the
source inductor L;).

Model parameters are obtained by this characterization process before and after stress. The
same experimental conditions have been reproduced for the SPICE simulation.

RESULTS OF SPICE SIMULATION

Ip(Vps)

As seen above, the carrier velocity determines the level of saturation current. SPICE takes this
effect into consideration [18] through the carrier limit velocity V.. Its value is determined
case by case depending on the device, and by comparing the results obtained by simulation to
those obtained from experiment (for the static saturated characteristics). It appears here that
the value Vi =4950 cm?/(V -s) before stress is reduced after stress to 4100 cm?®/(V -s)
(Fig. 7). This does confirm the analysis performed on experiment which relates the degra-
dation characteristics to the problem of the mobility modulation inside the channel.
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FIGURE 7 Simulation of the drain current characteristics before and after stress for Vg =3.8 V.
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FIGURE 8 Simulation of the drain current versus grid voltage characteristics: before and after the functional
stress.

Ip(Vps)

The fact that the fixed charge at the interface in SPICE simulation is taken into consideration
confirms the analysis of the threshold voltage shift. In fact, we obtain the same shift in the
threshold voltage before and after the stress (Fig. 8) as the experimentally determined value.

CONCLUSION

In this paper, we have studied the functional stress effect in VDMOS power transistors oper-
ating in an inverter circuit. Analysis of this effect related to the degradation of the electrical
transistor characteristics of the transistor has been presented. The analysis and the simulation
provide an explanation to this effect through the modification of the density of the trapped
charge at the Si—SiO, interface. The applied functional stress results in the creation of shal-
low negative charge that can be considered as interface states. Their presence affects the con-
duction phenomenon in the channel. The density variation of the trapped charge produces a
shift in the threshold voltage and causes degradation of the carrier mobility in the component
channel, and thus leading to a reduction in saturation current.
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