Proceed. Intem. AMSE Conf. "Modelling & Simulation", New Delhi (India), O ct. 29-31, 1987
Vol. A, p. 13-24

Two-Dimensional Transient Simulation of
the Turn-On Behavior of a
planar MOS Transistor

W.KAUSEL, G.NANZ, S SELBERHERR, H.POETZL

Institut fir Allgemeine Elektrotechnik und Elektronik
Dept. for CAE

Technical University of Vienna

GuBhausstrafie 27-29, A-1040 Vienna, AUSTRIA

Abstract - The paper presents results of a fully two-dimensional transient analysis of
the behavior of a MOS Transistor with 5V applied to the Drain, if the gate is pulsed from
-0.3V to 7V within 50ps. With four selected snapshots the development of all interesting
quantities (i.e.: electrons, holes, electrostatic potential, electric field, electron current
density, and hole current density) is shown. Finally the calculated contact currents are
plotted as a function of time describing the development of the negative channel-charge

and the charge pumping effect, caused by the rapid gate-voltage ramp.

1. Intoduction

The switching behavior of MOS transistors is of considerable interest because of a

wealth of work airned at the increase of integrated circuit switching speeds.

In addition there have been successful attempts to use MOS transistors as special emitler
shorts in thyristors, the so called MCT (MOS Coantrolled Thyristor)(1,2]. This technol-
ogy makes it possible to drive the gate of that power device with a voltage pulse, which
is more easy to handle than the long current pulse necessary for switching traditional
thyristors and GTO thyristors. As the properties of all these applications are mainly
defined by the switching MOS transistor, the switching behavior of that device is of
great interest for designers of above mentioned structures.

Therefore many transient analyses and analytical models have been published, that de-
scribe and explain what happens during the switching process of MOS transistors.|3,4,5)
These publications deal with transistors with long channel lengths or work out one di-

mensional models which loose validity for channel length shorter than 3um.
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Fig. 1

Our simulations have been performed by the two- dimensional transient device simulator
BAMBI|7|, which solves the three basic semiconductor equations utilizing a 'Finite

Boxes’ discretization|8]. The results are based on a totally selfconsistent solution.

2. Channel Charge

In Fig.2-9 the history of the electrons and the holes in the channel region is shown. The
four selected snapshots are Ops (steady-state), 30ps, 50ps and TOps at which it should be
mentioned that the gate-voltage ramp starts to rise after 20ps. At the steady-state bias-
point with -0.3V both electrons (Fig. 2) and holes (Fig. 3) have nearly their equilibrium
distribution. By the rise of the electron- and the decrease of the hole concentration in
x-direction, the space-charge region on the drain side, caused by the high drainvoltage,
can nicely be seen. As the concentration of the acceptors decreases deeper in the bulk,
the space-charge region becomes wider. Directly under the gate a small accumulation

of holes can be recognized near drain in the space-charge region.
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Not more than 10ps later (at 30ps simulation time) the electron concentration has risen
significantly, the inversion layer has already started building up {rom source(Fig. 4) and
the holes slowly flow back into the bulk(Fig. 5). On the drain side the pn junction is still
reverse biased so that neither electrons nor holes can pass. On the source side the junc-
tion barrier has been significantly reduced and the enhancement in hole concentration

indicates weak injection.
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This process continues and another 20ps later (at 50ps simulation time) the channel is
nearly completely built up, besides a small pinch-off region, under which the field, still

showing in negative x-direction, causes a slight increase of electrons near drain (Fig. 6).

The hole depletion under the surface advances slowly(Fig. 7).
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The gate voltage has reached its final value of 7V after 50ps (at 70ps simulation time)
and Fig. 8 shows thai the electrons have already reached their final distribuation. As
the gate voltage is high enough for the device operating in the ohmic region of the
current-voltage characteristic, the pinch ofl has completely vanished, although the level
of the inversion layer is lower near drain what can be explaind by the lower inversion
field on this side (Fig. 15,16). The area under the surface is completely depleted from
holes(Fig. 9) but the holes have not yel reached their steady state distribution. Deeper
in the bulk the depletion procedure carries on after the switching of the gate voltage.

This is verified by the behavior of the current out of the bulk contact.

3. Potential

The potential distribution of the steady-state bias point is determined by the two
space-charge regions (Fig. 10),because a curvature of potential distribution can only
occure in regions with existing charge. Again it can be recognized that on drain side
the space-charge region expands deeper into the bulk. As the electrons accumulate the
‘potential continously rises with time, especially at the oxide interface, until its final
value is reached(Fig. 11). Due to the high negative charge (electrons and acceptors) the

potential now is positively bent in x- and y-direction in the whole channel region.
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4. Electric Field
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Since the device is still in pinch-off
condition the field has a strong com-
ponent in the positive y-direction
near the drain (Fig. 14). Fig. 15
shows the high  inversion field
directly at the silicon surface alter
50ps (at 70ps simulation time) with
its rmaximum near source due to the
high potential difference between
gate- and source contact. In Fig. 16
we see that the field shows into nega-
tive y-direction over the whole
length of the oxide interface and the
x-component on the drain side is
significantly reduced compared to

earlier instants of time (Fig. 16).
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5. Current Density of Electrons
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6. Current Density of Holes

The hole current density flows from the silicon surface back into the bulk to the bulk
contact due to the growth of the depletion region under the oxide (Fig. 21). The direc-
tion of the current density is similar to that of the electric field in the region between
source and drain (Fig. 16). Evidently the current density shifts back deeper into the
bulk since the extension of the depletion region increases (Fig. 22), until a small current,
path results, that slowly depletes the hole region between source and drain(Fig. 23).
As the space-charge region on the drain side is already depleted from holes, all figures
show thatl the current only flows in that part of the region being closer to source.
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7. Contact Currents

The curves of the contact currents (Fig. 24) show the predicted transient behavior
[3,5]. Source and bulk current flow out of the device, whereas drain current starts flow-
ing out of the device too but changes sign after a delay of 74=18ps due to the transit
time of the channel charge. The transient difference between source- and drain current

is caused by the erection of the storage charge in the channel region.
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Fhe bulk current strongly rises due Lo its capacitive behavior, reaches its maximum
:;rmrtl_v before the gate voltage reaches its final value and decreases then slowly until

the holes reach their steady-state distribution.
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8. Coneclusions

Our simulation showed that the channel charge casily can follow the steep gate-voltage
ramp whereas the reaction of the holes and the response of the bulk current has a signif-
icantly higher time constant. Furthermore it should be pointed out that the amount of
negative charge stored in the region under the inversion layer between source and gate
is not negligible and the prediction is justified that the turn off behavior will be dom-
inated by its destruction by recombination. This fact has already been proved by our
two-dimensional transient simulation of the turn-off behavior the results of which will
be published soon. The switching behavior of short channel devices is a two dimensional

phenomenon which cannot, be sufficiently described by one-dimensional models.
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