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A detailed model is proposed of the leakage current due to tunnelling through defect traps in thin insulating layers.
Such leakage currenis are a major concern for the reliability of semiconductor devices hased on the insulating
properties of diclectric layers, such as metal —oxide—semiconductor transistors and memories, and of nanoscale
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addressing of both de and noise properties of trap assisted currents. Results from a numerical implementation of
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Introduction

The operation of several nanoscale electron devices is based
on controlled tunnelling through thin insulating and quasi-
insulating barriers: among them are single electron tran-
sistors, resonant tunnelling devices, and quantum ceilular
automata.! In addition, the operation of several conven-
tional electron devices, such as metal -~ oxide—semiconductor
{MOS) transistors and memories, reliss on the nsulating
properties of silicon oxide layers whose thickness is in the
range 210 nm. For this reason, the degradation of silicon
oxide has always been a major concern for researchers in the
field of semiconductor devices.?

The presence of electron traps in the insulator can lead to an
intolerable increase of the leakage current, since trap assisted
tunnelling can take place, ie. electrons can tunnel through
the dielectric in a two step process, first from one electrode
to the trap, and then from the trap 1o the other electrode.

In particular, the observed non-repeatability of the /- ¥
characteristics of a device structure consisting of a dielectric
layer stacked between two electrodes is often due to the
presence of traps induced in the diefectric by a large applied
electric field. Such traps degrade the insulating properties of
the dielectric and Jead to an increase of the leakage current
by a few orders of magnitude.

This phenomenon was first observed in the context of
MOS capacitors in the eighties,* and was widely studied
thereafter, for its relevance to the reliability of non-volatile
semiconductor memories and transistors.*~’

It is therefore very important to fully understand trans-
port in the trap assisted tunneiling regime. In this paper, the
author presents a model for de properties and noise through
an insulating layer in which traps are present with a known
distribution in velume and energy. Noise, in particular, can
provide deep insights into the transport mechanisms of such
devices, since, as is well known, it is extremely sensitive to
the presence of defects.

The paper is organised thus: in the next section the
proposed model is described and in the subsequent section
some results obtained from its numerical implementation
are examined and discussed. Although MOS structures are
often referred to, since they are the most relevant from an
industrial point of view, the theory can be applied to any
conductor —insulator —conductor structure.

Model

For the sake of generalily, let us consider the semiconductor -
insulator —semiconductor structure whose conduction and

valence bands are sketched in Fig. 1. In the case of metal
contacts the situation is simpler, since only one band per
electrode can be considered. In addition, let us consider a
trap in the oxide, consisting of a localised electron state at
position x* in the oxide (0<x' <d) and at energy E..

We will assume that the traps behave as acceptors (i.e.,
neutral when uncecupied) and, because of the Coulomb
blockade, can practically be occupied by only one electron.
Only a single energy level is considered with two possible
states (spin up and down). This greatly simplifies the model,
and hLas no significant effect from a quantitative point of
view, since when one electron cccupies a trap, the energy
levels of other eleciron states in the same trap are so raised
by the Coulomb energy that a second electron has only a
vanishing probability of entering the trap.

The notation used in the case of generation - recombina-
tion processes®? is followed: the ‘generation’ rate from this
point of view is the transition rate from an electrode to the
unoccupied trap, and the ‘recombination’ rate the transition
rate from the occupied trap to one electrode. As can be seen
in Fig. 1, four different generation rates are considered on
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1 Band profile of a semiconductor-insulator-semicon-
ductor structure, with a trap of energy E. at depth X'
and sketch of the eight transition rates considered
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the basis of the location of the initial state: generation rate
from the conduction band of electrode | (gz1), from the
valence band of electrode 1 {gy1), from the conduction band
of electrode 2 (g.,) from the walence band of electrode 2
(g.2). The four recombination rates are defined analogously,
on the basis of the location of the final state (the same
subscript notation is used). Let us call [} the electron state
in the trap, and let us consider a state |8 in the conduction
band of region 1. According to the Fermi ‘golden rule’ the
transition rate from |8} to &> would be

v ﬁ.,=%IM(cz,,lezlzr(Ez—EB) ¢ )

where % is the reduced Planck’s constant, M(w,f)} is the
transition matrix element between state |2) and |8, and E,
and Eg are the energies of states |« and [f, respectively. the
function /i is a Lorentian curve of halfwidth T’

I'fx
(B, —Egy +T7?

and represents the simplest way to account for inelastic
transitions. As can be noticed, /ir- tends to a delta function
as T' approaches 0, i.e. when only elastic transitions are
considered. The larger I', the larger degree of inelastic tran-
sitions is allowed. .
The transition rate can also be related to the probability
current density J (f,x") of state |8 on the plane »’ where the
trap is focated through the so called capture cross section

6141?
Wr=oapl(BX)= 0 g TEME) - . . . . . (3)

where ) is the energy in the x direction of state {8, T\(E) is
the transmission probability of the one-dimensional barrier
from x" to o, and v, is the so calted attempt frequency of the
state of longitudinal energy F. The trap cross-section can
depend of course on the trap state and on the initial state in
a non-trivial way. However, given our lack of knowledge
on the nature of traps, the simplest assumption is made
that agrees with equation (1): 0y 5 =khr(E,—Eg), where k
is a constant. The cross-section has therefore a Lorentian
behaviour as a function of the difference between the initial
and final energy: elastic transitions are favoured (zero
difference}, and the higher the difference between the initial
and final energies, the less likely the transition.

The state |B) is defined by its longitudinal energy &, its
energy in the transverse plane Er (Ep=F+ Ep), and its
spin. The generation rate g is obtained by integrating
equation (3) over alt occupied states in the conduction band
of electrode 1

ga—2 J dElJ dBrkh (B + Br — E)TEn (E)
Fy li]

SAEAEDpE)pr . . . . . L (@)

The factor 2 takes into account spin conservation, prand pr
are the densities of states in the longitudinal direction and
in the transversal plane respectively, and f,(% + Ey) and Ea
are the Fermi— Dirac occupation factor and the conduction
band edge in the first electrode respectively.

The recombination rate r,) has an expression very similar
to equation (4), with the difference that the integral has to
be performed over unoccupied states in the conduction
band of electrode | with the same spin of the trapped
electron

e (E,— Ep)= @)

o0 w
Pe=s J dE f AErkh(Ei + Fr — E)Ty (B (B
Es 1]

X [L=flE+EDp(Edpr - . . . . .. (5)

At this point, the expressions of the other transition rates
can be derived straightforwardly, and they will not be

written in detail. Transition rates can be grotiped as follows

S1=gat+g H=rgtrn } (6)
B1=gatgu ri=ra+tr,) :
The occupation factor f of the trap in the steady state

regime can be readily obtained by imposing the detailed
balance of generation and reconibination

’ ’ gitgs
1— + =f'(r +r)sf=—
(=1 +g2)=F"(ny 2)=f it g it

The average current I through the trap can therefore be
written as

F=ga(~f=grf'=qf . . . . . . . . (@&
while the noise spectral density of the noise current at zero
frequency is readily obtained using a procedure very close to
that used for obtaining generation —recombination noise
and noise in resonant tunneliing structures!?

§'=2g1" (1 f-ﬁg‘“—_@) =2y L
(Brtn+g+r)

The shot noise suppression factor ¥, or Fano factor, is
defined as y' = S'/2¢/": as can be seen from equation (9), its
value is between 0-5 and 1.9

Let us assume that iraps are distributed with a density
} per unit volume per unit energy. The total trap assisted
current density Jrar and the associated noise spectral
density Star can be obtained by integrating I and S over
E, in the insulator gap, and x', in the longitudinal direction
from 0 to 4, i.e.

Jrar= [[I'y(E.x} dE, dx’
STaT= ﬂS'J](Ez,.Y') dE, dy'
Jrat i8 proportional fo the product of the capture €ross-
section and the trap density, while the Fano factor

STAT ﬂ}”]' d,\'l dEg
YTaT= = T
2g5var [T dx' dE,

is again between 0-5 and 1, and is independent of any
constant factors in equations (4) and (10).

o

)

(11}

Numerical results and discussion

A numerical simulation has been performed of the model
for the trap assisted tunnelling just described. First, the non-
linear Poisson equation was solved in order to obiain the
electron density and the band profiles; then the tunnelling
current density and the trap assisted current density were
computed for an arbitrary value of ky. Melal-oxide
semiconductor capacitors realised on {100) oriented n
silicon substrates with 5x10'® em™ phosphor doping
were considered. The oxide thickness is 6 nm and the top
gate is made of polysilicon with [0?° ¢m ™ donor doping.

Figure 2 shows I I characteristics for a fresh oxide (with
no traps), and for increasing values of 4y in steps of one
decade. A trap density per unit volume per unit energy was
considered which is uniform in the oxide volume and in an
energy range of 1-3 eV below the oxide conduction band,
We also consider I'=10 meV. Results exhibit good qua-
litative agreement with the experimental measurement {see,
for example, Figs. | -5 in Ref. 4, Fig. [ in Ref, 5, Fig. 4in
Ref. 7, and Fig. { in Ref, [1).‘The lack of knowledge of the
nature and the energy distribution of the traps does not
allew quantitative reproduction of the experimental 7— ¥
curves,

However, the details of the trap density have a strong
influence on the de properties and of noise in trap assisted
tunnelling. For example, Fig. 3 is a plot of the 7- ¥ char-
acteristics obtained with three different energy distributions
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2 Computed current density as function of applied vol-
tage for fresh oxide with thickness of 6 nm (thick line)
and for increasing values of &y in steps of one decade
{thin finesk a uniform trap density was considered
with a constant value between 1 and 3 eV below the
oxide conduction band, and a value of I'" of 10 meV
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3 Computed current density as function of applied voltage
for fresh oxide with thickness of 6 nm (thick solid line)
and for a uniform trap density with a constant value
bhetween E* and 3 eV below the oxide conduction band,
where E*=0 (thin solid line}, 1 {dotted line}, and 2 eV
{dashed line}

of 4. The thick solid curve is the current of the fresh oxide,
while the other curves are obtained assuming a uniform 5
between E* and 3 eV below the oxide conduction band,
where £*=0 eV for the thin solid line, E*=1 eV for the
dotted line, £¥=2 eV for the dashed line (£* is the energy
gap between the oxide conduction band and the highest
energy iraps considered) (E* is the energy gap between the
oxide conduction band and the highest energy traps con-
sidered). It can clearly be seen that higher energy iraps
participate in transport at larger gate voltage. At low
voltages only the low energy traps contribute.

For the same cases, in Fig. 4 the shot noise suppression
factor y is plotted. As expected, it is in the range 0-5~1,
pretty close to 0-8, and in good agreement with the few
experimental rtesults available.'! The large differences
among the noise suppression factor in the three cases
considered need to be studied systematically, by considering
the contribution of each energy bin. Maximum suppression
of shot noise {y=0-3) and maximum current through the
trap is obtained when g and r, are equal while other
transistion rates are negligible. Away from this condition, y

i . : .
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0.8

0.75 : : :
2 2.5 3 3.5

applied voltage (V)

noise suppression factor

Computed noise suppression factor as a function of
the applied voltage for a uniform trap density with a
constant value between E* and 3 eV below the oxide
conduction hand, where E*=0 (thin solid line}, 1
{dotted line}, and 2 eV (dashed line}

o

quickly approaches 1 and the current decreases, For this
reason, a slight variation of trap density in energy can have
a significant effect on y.

In conchusion, the simple model allows the dc and noise
properties of trap assisted tunneling current to be computed
and good agreement with experiment to be obtained,
considering the poor information available on the detailed
distribution of traps. Proper refinement of the model
requires accurate information on capture cross-section of
iraps, and on trap density.
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