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Recent progress in understanding hot-carrier degradation: new
assignments for modeling investigations?
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ABSTRACT

This paper describes the
understanding hot-carrier effects. This
understanding is applied in the real operating
environment, where the stability of a technology in
general or of a specific product must be assured.
From this, conclusions concerning lifetime criteria
and related characterization methods are drawn and
new modeling assignments outlined.

present  status

I. Introduction

Alter the relevance ol the hot-carrier problem for
MOS products had been discovered in the late
seventies, a major world-wide cflort was initiated (o
understand  the  phenomcena  relating to the
destructive properties of hot-carrier clfects. In the
meantime we  have achicved a rough, if largely only
qualitative  understanding  of  the  phenomena
cncountered  in n-  and  p-MOSFETs.  This
understanding will now be  described. We  also
demonstrate  its  applications  in the  circuil
cnvironment and show that it is nceded for a proper
treatment of the obvious reliability problems. We
cmphasize  (hat  important  open questions  sull
remain, {irstly concerning a guantitative deseription
and sccondly in cxplaining the apparent dynamic
stress-related phenomena. For these, we hope to
obtain considcrable aid from the simulation side.

I1. The physical understanding

The picture deseribed below has been developed
mainly on the basis of inhomogencous stresses of
MQOSFETs monitored by  clectrical  current
characterization [1,2], charge pumping invesligations
[3] and device simulation [4]. However, gated diode
currents [5] and homogencous stress |6] have also
contributed important detailed information.

In both channcl-types, the degradation is dominated
by drain-side cffects as the highest lateral clectric
ficlds occur there, in the vicinity of the channel 1o the
drain pn-junction (cxtending about 0.1wm |5]). Thesc
arc largely a function of the drain voltage and the
degradation consequently increascs by more than an
order of magnitude per volt increase in drain voliage.
For constant drain voltage, the degradation peaks at
low to medium gate voltages where the drain current
has achieved a considerably high value (going from
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) and the lateral clectrice field is still
high [7]. In the afore-mentioned maximum stress
condition, the vertical ficld at the highest field
location in the silicon and the oxide ficld both
favorize hole injection in the n-channel and clectron
injection in the p-channel MOSFET. The situation
can be altered at high gate voltages as the vertical
clectric field attains a lower value or cven gocs Lo the
reverse direetion. Furthermore, there is an important
asymmelry in the barriers of oxide injcclion of
clectrons and holes, the second being much higher
than the first. These considerations lead to holes and
clectrons being injected in the n-channel MOSFET,
the number of injected holes decreasing much faster
with increasing gate voltage than that of clectrons.

As far as the clectrons are concerned (wo different
degradation modes can be  distinguished by an

low o high VS~

cxamination of the time dependence of the
degradation. (Fig. 1). For medium gate voltages
injected clectrons  are  thought to  trigger the

generation of interface states [3], while the change of
the slope at high gate voltages was ascribed to
clectron-trapping [13]. The latter cffect is strongly
dependent on the processing line and often much
weaker than shown in Fig. 1.

Degradation by hole injection is observable following
stress at low gate voltages. It can be cvidenced by a
change in the slope of the lifetime vs. substrate
current plot |3), when a definition based on charge-
pumping is uscd, and by a shoulder in the charge-
pumping current (Fig. 2) (for a description of the
method see [8]). The shoulder is causcd by the
trapping of holcs forming fixed positive charge. It
causcs the local threshold voltage Lo decreasce,
leading to a drain current incrcase and an clectric
ficld decrease. Another {eature can be observed in
Fig. 2: the density of interface states increases by a
considerable amount [3]. Thesc arc of acceplor-type,
leading 10 negative charge if cnergetically below the
electron Fermi level; however, their cffcat s
concealed by that of the positive charge and they
were thus not recognized for a long time. They
immediately become evident as soon as the holes arc
neutralized, which can be accomplished by a short
hot-clectron injection at high V. This process of
positive charge ncutralization by ¢lectron caplure is
very efficient. It Ieads to a further, but small increasc
of the interface state density. But most of the
interface states arce still formed during the low- Vo
stress, at the hot-hole injection condition.



The process of interface state gencration by holes is
scveral thousand times more  clficient than by
clectrons forming interface states dircctly without
the help of holes [3,6]. However, as the numbcer of
injected holes decrcases much faster than that of
clectrons for increasing Vs, above Vi, =3-6 V the
mterface state gencration by clectrons dominates
and can, in somc technologics, also lead (o the
creation of fixed negative charges. The subsequent
injection ol holes and clectrons described above s
not of purcly academic interest; it plays an important
role in real circuil operation, as discussed below.

For decrcasing drain voltages the clectric ficld
decreases and we  expect the hole cffects to
disappcar compictely. However, measurements down
to V=06V show the above-mentioned  cffect of
interface  state  concealment in conventional  n-
MOSFETs which we count as an indication of holc
trapping. The situation is, however, relaxed  in
modern LDD  (low doped  drain) devices where
lower cleetric ficlds oceur. Furthermore, a scrics
resistance effect arises duc to the clectric ficld
reduction by negatively charged interface states in
the spacer oxide, which are not controlled by the
gale. The time dependences are changed somewhat,
lcading to a tendency to  saturation, but the
mechanism desceribed above holds.

On the basis of hot-cleciron injection alone C. Hu [9]
developed a simple formula which is of great help for
practical purposes and will be used later. [t was
shown |7} that its dependence on the specific model
is weak, It can thus be used at least in somce
important limiting cascs il it is written in the form 7
= C lsubm/IDm-]’ where 7 is the liletime, C is a
technology constant and m is a fitting parameter with
a valuc of about 3.

The sitwation encountered in p-MOSFET is much
casicr 10 understand. Duc to an opposing clectric
ficld for most stressing  conditions, holes have
practically no chance of being injected into the
oxide. Only clectrons arc injected and cause the
formation of ncgative fixed charge and interface
states, the latter being invisible again, for similar
rcasons o those deseribed in the n-channcel casc.
Under the influence of external clectric ficlds, the
negative charges show detrapping clfects [14] which
may lead (o conscquences in circuit applications.

1. Application for the case of real device operation

Iiver since the beginning of investigations  inlo
device-related hot-carrier clfects, the rcliability of
the product was the central concern and now that we
have achicved a basic understanding we return to the
demand for Jong-term operation under well-defined
operating conditions. Before going into the details of
this investigation, we have to check whether new
physical  phenomena  coupled  with the  time
dependence o the applicd  voltages need  be
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considered. Firstly, the question of the inherent time
constant of the device is raised. An cstimation of the
transition time, assuming typical values for the
mobility w, the voltage drop Vg, and the junction
depth x., yiclds x/uVpy — 20-30 ps. This valuc
means that the device is able to follow an cxternal
voltage change within 20-30 ps. For voltage changes
in this timce regime, the switching-off of the gate
voltage would lead to a certain number of carricrs in
the high-ficld vone whercas no such carriers are
expected  during stationary state. These carriers
could then be heated in the field, be injected, and
causc  an additional dcgradation. The fastest
applications, howcever, have a delay per stage of the
order of a hundred picoscconds and arc thus
probably not alfected significantly by this effect. This
is cven morce so for most experiments performed o
date on externally fed devices and stages where
transicnts of down to 3 ns arc achicved. We cannot,
thercfore expect to observe intrinsic transicent effccts
in these experiments. This was confirmed by work in
which transicnt device simulation and  substrate
currcnt measurements on  pulsed devices were
comparced | 10].

While the inherent time constant of devices will not
represent the major problem, interface state related
phenomena, with time-constants of the order of
nanoscconds to milliscconds appear possible. They
should show up in a similar way as the above-
deseribed cffect, however, for longer times. Results
by Igura ct al. [11] and Weber [12] have been
interpreted in this sensc. Howcever, investigations
during recent years of well-developed LDD devices
with low interface-state-densities and fields reduced
by weak drain doping profiles have not shown any
obvious enhancement cffects, whereby the error bars
of these experiments had sull factors of ncarly onc
order of magnitude in their bletimes {12].

Evidence shows that charge-detrapping cffects of
elcctrons  and  holes  can  also play a rolc.
Furthermore, the hopping conduction of holes in
gate oxides could present a problem. All these
effects arc still under investigation, with results being
expected tn the near future.

Onc dynamic cnhancement cffcet, however, the one
duc to voltage combinations, will be discussed in
more detal here, as its evidence clearly affects
opcration-related lifetimes, While under stalic stress,
at least for short stress times, only onc injection
condition of holes and clectrons occurs, a dynamic
stressing condition containg a variety of injection
conditions. Low (1V) and high (4-8V) gate vollages
occur during high drain voltage conditions (scc
insert in Fig.3) so that hole and electron injeclion
conditions appcar within one cycle. During hole
injection, interface stales and positive fixed charge
arc formed. I the stress is a static one the positive
charges reduce the clectrie field close to drain. This
lcads to a weaker time dependence than for a



dynamic stressing condition in which the holes are
neutralized by injected clectrons at high  gate
voltages (Fig. 3). This picture was tested by substrate
current measurcments. As the clectrie ficld is related
to the substrate current, we cxpeet a lower substrate
current alter stress in the case ol a static stress. This
is in facl found (Fig. 4), whereby the substrate
current decreases in both stressing cases duc Lo
LDD-related serics resistance cffeets, The decercase
15, however, more pronounced for the static case in
agreement with the above interpretation.

The  cffect  deseribed  shows  that  quasi-static
calculations . of dynamic lifctimes

m, m N o time
T~ <lggy g > [7, t1] (< > represents a ume

average) can become crroncous if uncorrected for
possible transient effects and the cffect of voltage
combinations. For this rcason, we describe below an
empirical method by which the stability of a product
can be assured under the usual dynamic operation
conditions. By performing dynamic stress iests on
various kinds of circuits such as NAND and NOR
stages, as well as inverters with big and small loads,
we found that the degradation dilfers only by a
relatively small amount (Fig. 5), in agreement with
the above dynamic  degradation-based  lifetime
formula. An cstimation of the ratio of dynamic
versus static hifctime yiclds a lactor of 100 for the
afore-mentioned  applications, whereby the  usual
design rules must be observed. This investigation
dots, however, not include specific applications like
the transfer gate which is stressed both at source and
drain, certain circuits specifically used in DRAMs
with bootstraps, and analog applications. All these
necd special altention, not only with respect o their
degradation behaviour but also with respect Lo their
lifetime criteria which arce relaxed considerably in
many cascs (static transfer gate) but are enforced in
others (analog applications). The method  of
individual mcasurement of different kinds of circuits
deseribed  above scems complicated  due 1o the
considerable  number  of  possible  applications.
Howcever, it is at present the oaly one allowing
quantitative and conclusive statements 1o be made
about the hot-carrier stability of a process.

1. Conclusion

In the first (wo scctions, a picture of operation-
related  degradation mechanisms was  developed.
However, this picture largely lacks the quantitative
verification. As  the limits of simple  analytical
calculations arc quickly rcached, 2-D simulation, and
insomc  cases circuit  simulation  within  the
framework of rate cquations for a description of
oxide degradation, is demanded. The problem is
highly two-dimensional because holes and clectrons
arc injected into the oxide very inhomogencously and
possibly at differcnt locations of the interface.
Conscquently,  different  distributions of fixed
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charges and interface states can result as a function
of position. The distribution of the damage will,
morcover, change for both different gate voltages
and drain voltages. Furthermore, in the dynamic
cascs the injection conditions change as a function of
time as the siressing voltages change. Thus there is a
demand for modeling oxide degradation with a
strictly limited number of free parameters but laking
into account all available experimental material. In
Fig. 6 an cxample for the kind of work demanded is

shown. Here, lincar-mode  and  saturation-modce
drain  currents  and  substrate  currenls  werce
characterized in forward and reverse  dircctions

before and after stress. All data were used together
to calculaie the damage induced by hot carriers [4].
With a large amount ol cxperimental data and a
small number of {ree parameters, a reliable result is
achicved this way. We nced a similar method to
check on oxide degradation mechanisms, including
the ime dependences of static and dynamic stressing
resulis,

The demand for a qualitative and  quantitative
understanding of the degradation mechanism is not
justificd merely by an interest in acquiring basic
knowledge, but it can also help 1o find suitable
lifetime criteria for a process development at a time
when a produact is not yel available although single
devices and small circuits function properly. It is
then important to take the right measures to assure
the lifetime of Jater products. In this, the approach of
optimizing the hot-carrier cffects may not be optimal
for the whole process, because other important
aspects could suffer, causing punch-through and
manufacturing cost problems (duc to an overly
complicated process). Our vltimate goal is to obtain
a precisc knowledge of the hot-carrier problem and
to weigh 1t against independent problems like oxide
breakdown or cven particle problems, in order to
achicve the highest possible yields.
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