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A Consistent Model for Polarity Dependence of Threshold Voltage Shift
in Fowler-Nordheim Stressed CMOS Transistors

* ^ 
Tomasz BROZEK* #, Chand R. VISWANATHAN*

'Department of Electrical Engineering, University of California,
405 Hilgard Avenue, Los Angeles, CA 90024, tel. (310) 825 5214, fax. (310) 206 8495.
# Institute of Microelectronics and Optoelecronics, Warsaw University of Technology,
Koszykowa75,00-662 Warsaw, Poland, tel. (48-22) 21007534, fax. (48-2) 6288740.

The paper discusses the threshold voltage degradation of CMOS devices due to high field oxide
stressing. It is shown, that monitoring of stress voltage transients during constant-current
electron injection into the device gate oxide may be very helpful in understanding degradation
phen-omena,. A qualitative model is proposed to explain diffeient behavior and suscepiibility of
the threshold voltage of CMOS devices to F-N stress-induced degradation. The modbl is based
on differences in charge trapping and detrapping in different regions of very thin gate oxides
under different stress conditions in PMOS and NMOS transistors.
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generation was characterized by charge pumping
measurements.

3. RESULTS AND DISCUSSION

Fig. 1. shows typical dependencies of the threshold
voltage (Vf) shifts due to F-N electron injection in
CMOS devices with very thin gate oxides. It can be
clearly seen that after negative F-N stress (electrons
injected from the gate) the threshold shift is much more
negative, indicating larger positive effective charge.
Moreover, PMOS transistors show more negative
threshold shift, when compared to NMOS devices,
regardless of the stress polarity.
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Fig. l. Threshold voltage shift due to the F-N elecrron
injection depends on transistor type and stress polarity.

While developing the model, the following general
assumptions were made: i) oxide properties are the same
in PMOS and NMOS devices and trapping and
detrapping properties of bulk states in the oxide and

I. INTRODUCTION

The Fowler-Nordheim (F-N) electron injection into
the gate oxide has been a technique extensively used for
characterization of degradation effects in MOS
capacitors and transistors 1' 2). It also often serves to
evaluate technology-related reliability issues of
MOSFETs via analysis of stress-induced damage in
devices manufactured with various process recipes 3).

Such an approach, however, may result in erroneous
interpretation, since PMOS and NMOS transistors
behave differently during F-N stress of different
polarities. In most cases, instead of expected positive
shift due to electron trapping in the oxide, the negative
shift, indicating an effective positive charge build-up
can be observed. This behavior makes an analysis of
reliability issues and process-induced damage in CMOS
transistors difficult, unless the physical mechanisms
responsible for degradation are understood. The trade-
off between positive (hole trapping) and negative
(electron trapping) charge build-up as well as the
influence of interface states generation should be
carefully analyzed.

2. EXPERIMENTAL

In order to establish the degradation merhanisms and
create a consistent model, a set of measurements was
performed on n+poly gate CMOS devices with 9 nm
thermal oxides. Long channel (20 trm) transistors with
total gate area of 400 pm2 were chosen instead of short
channel LDD devices to avoid possible spatial
nonuniformity of degradation. The devices were
stressed with a constant-current high field injection with
drain, source and substrate shorted together. Stress
voltage (Vpt{) transients were monitored during F-N
stress and the threshold voltage degradation was
measured in stressed devices. The interface state
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electron trap generation do not depend on the stress
polarity; ii) during the F-N electron injection hot holes
are produced in the anode and injected into the oxide 4);
iii) the initial decrease of the voltage during the stress
corre,lponds to a positive charge build-up (hole
trapping) and later, when this effect starts to saturate, an
electron trapping on existing and newly generated sites
becomes a dominant mechanism respohsible for the
increase of the stress voltage 5).

In spite of large differences in V1 behavior, we
observed much less variation in stress voltage changes
during the stress for different devices and stress
polarities (Fig. 2). One should realize, however, that
these transients are recorded during the stress (while V1
changes qre ryeas-urcd after the stress) and that they
refl9c1 only the changes in the bulk charge, through
modification of the energy barrier at the cathode and/br
changes in the oxide field distribution.

tunnelling distance; iii) energy location of hole traps in
the forbidden gap of SiOZ corresponds to the lower part
of the Si forbidden gap, close to the top of the Si
valence band; iv) newly created electron traps are
distributed more or less uniformly across the oxide
layer. The last conclusion is in full agreement with
observations of other researchers l' 2).
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Fig.2. Charge build-up in the oxide during rhe stress
causes changes of the voltage needed to sustain constant
curent injection.

During our experiments, we have found that the
first voltage transient may differ significantly from all
the.subseqqelt ones (Fig, 3), namely the voltage drop
during the initial period is usually much largei in thb
first stress. We concluded, that part of trapped holes
(assuming that a steady-state level of-hole trap
occupation is reached during the first F-N stress) is
detrapped during the "off' time before subsequent stress
or measurement, and that the emptied traps may be
refilled again 6). The nature of these traps seems to be
similar to the "border traps" in the oxide 7) which can
exc.hange the electronic charge. with the silicon and
whlch in many cases may be rdsponsible for the so-
called anomalous positive charge.

The measured dependencies of Vl changes and the
VpN transients during the F-N stresses (the first one
and the subsequent, probing one) allowed us to draw
conclusions about mechanisms responsible for the
threshold. voltage shift in CMOS transistors. The main
conclusions are: i) the initial voltage drop during the
first stress performed on the fresh, unstresied device is
a m_easure of positive charge trapping in the oxide,
while the initial voltage drop duiing the subsequent
stress is a measure of hole detrapping during the i'off"
period between stresses; ii) hole traps are located in the
vicinity of the Si-SiOZ interface, mainly within the
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Fig. 3. Changes of the stress voltage during initial
transients for the first constant current stress (a) and
during the subsequent one (b).

These conclusions, along with the general
assumptions made initially, served as a basis for the
model proposed to explain the polarity dependence of
V1 degradation during F-N stress. The idea of the
model is schematically presented in Fig. 4, and it relies
on charge build-up during the stress and partial
detrapping of holes during the "off' state afier the
stress, preceding V1 measurements. The model takes
into account the effect coming from the doping
difference (band bending, work function differehce)
and the effect of the rapped positive charge on the
potential distribution in the oxide. It can be.found from
Fig.4, that for the positive gate voltagc stress a lowor
steady state level of hole trap occupation can be
achieved, especially in the case of the NMOS transistor.
Moreover, in NMOS devices significant number of
holes may be detrapped during the post-stress "off'
state. An additional effect of the bias applied during
post-stress V1 measurements, which in the case of
NMOS transistors enhances hole detrapping, as well as
the effect of charge stored at interface states (positive
for PMOS and negative for NMOS devices)- on V1
should also be taken into account during analysis of the
threshold voltage degradation. In our work we
observed much stronger interface state generation in the
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Fig. 4. Band diagram of the MOS structur€ showing charge trapping during F-N stless perfonned on NMOS and
PMOS transistors, as well as detrapping of holes during the "ofP period after stress,

case of NMOS devices than PMOS (Table l), and for
NMOS transistors this generation was found
independent on the stress polarity. On the other hand,
stress-induced increase in the interface state density in
PMOS devices was higher by a factor of two for the
gate electron injection than for the substrate injection.

Table l. F-N stress-induced generation of interface
states (after injection of 2Clcmz).

This observation can explain additional differences
between observed threshold voltage shifis. For NMOS
transistors increase of the interface state density
increases the number of electrons contributing to the
effective oxide charge, while for PMOS transistors it
increases the number of positively ionized donor-like
centerc contributing to the effective oxide charge.

4. CONCLUSIONS

A qualitative model is prnposed to explain different
behavior and susceptibility of the threshold voltage of
CMOS devices to F-N stress-induced degradation. The
model is based on differences in charge trapping and
detrapping in different regions of very thin gate oxides
under different stress conditions in PMOS and NMOS

transistors. The behavior of the charge trapped in the
oxide has been deduced from the voltage transients
during constant-current stress as well as transients
during subsequent stresses. In addition to differences in
the charge trapped in the oxide, interface state
generation during stress make the difference between
PMOS and NMOS devices more pronounced.
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