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Based on percolation theory and random telegraph signal (RTS) noise generation mechanism, a numerical model

for RTS in deep submicron metal-oxide-semiconductor field-effect transistor (MOSFET) was presented, with which the

dependence of 7./7e (where Tc=capture time, 7e=emission period ) on energy levels and trap depth with respect to the

interface of traps can be simulated. Compared with experimental results, the simulated ones showed a good qualitative

agreement.
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1. Introduction

In a sub-micron MOSFET, the channel area is
less than 1xm?2, and the number of active traps above
the channel becomes smaller. As a result, 1/f noise is
degraded to random telegraph signal (RTS) noise.!]
Figure 1 shows a schematic diagram of the RTS noise

in a submicron n-MOSFET.
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Fig.1. Schematic diagram of the RTS noise in a sub-
micron n-MOSFET. During The capture timer., the
interface trap is in a more positive charge state than

during the emission period 7e.

For RTS noise, there are two important param-
eters, i.e. RTS amplitude and 7./7., where 7. is the

capture time, 7, the emission period. The magnitude

of 7. /7e is closely related to the trapping and detrap-
ping probabilities of current carriers by the trap lo-
cated near the Si—SiOs interface, which are influenced
by both the bias conditions of the devices and the en-
ergy levels, depths and locations of the traps.?! As we
know, most of the reported models are analytical, and
the result obtained is statistical;®~?! as a typical ran-
dom process, the randomicity of RTS noise cannot be

effectively depicted.

Based on the generation mechanism of RTS noise
and percolation theory, a numerical model for RTS
noise in sub-micron MOSFETsSs is presented. Further-
more, by using a program written with MATLAB lan-
guage, the dependences of 7./7. on the energy levels
and depth of the traps are simulated. The simulated
results are analysed and compared with the experi-

mental data.
2.Mechanism of RTS noise gener-

ation
In a sub-micron MOSFET, RTS noise is derived

from the interactions between traps near the inter-

face of Si-SiO5 and the current carriers in the chan-
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nel. These interactions can lead to two effects: the
number and the mobility fluctuations of the channel
carriers.?] Both effects can result in an fluctuation in
drain current I,.

There are two different mechanisms for trapping
and detrapping of channel carriers: one is due to the
tunnel effect, the other due to the thermal activation
effect. Both of these effects arise from trapping and
detrapping of the carriers, so they are correlated with
each other.l®! Due to the different importance of the
two effects in different devices, usually only the vital
one are considered in a special case.

The channel carriers are different from the traps
both in energies and locations, so we take the trapping
process as a composite one, which includes both ther-
Therefore,
when computing the probabilities of trapping and de-

mal activation and tunnelling processes.

trapping, both processes must be taken into account.
As a result, the probability of trapping an electron

becomes!®!
Pe = Noveogexp|—(Fa/kT + 02)], (1)

where ng is the density of electrons in the channel, v,
is the thermal movement velocity of electrons, oy is a
constant for one type of traps, F, is the activation en-
ergy for the trapping processes which is defined as the
energy consumed by emitted phonons, with a typical
value between 0.19-0.65e¢V, k is the Boltzmann con-
stant, T is absolute temperature, 6 is the penetrating
coefficient, and z is the depth of the trap with respect
to the interface of Si—-SiO5. The trapped electron may

be released back to the channel after
Te = T0exp[(Ea /KT + 6z)], (2)

where 7 is a constant.

Once an electron is trapped, a charged centre will
form, which modulates the conducting carriers’ mo-
bility by Coulombic scattering!® in the channel. The
Coulombic potential is

V(r) = — (3)

" 4qegr’

where r is the distance from the charged centre, and
g is the permittivity of silicon. The effective range of

Coulombic scattering is a disc with a radius ofl”]

ry = /1?2 — 22 (4)
that’s to say, the deeper the charged centre is, the

smaller the r; will be. Based on Eq.(4), the induced

fluctuation of the channel resistance is
AR 2Tt

_— = ; 5

R, )

where R is the total resistance of the channel, AR is

the resistance change modulated by Coulombic scat-

tering, L is the channel length, and «, is the relative

change in resistance induced by charge trapping.
3. Percolation model

According to the percolation theory, the channel
of a MOSFET can be divided into a network of L x W,
as shown in Fig.2. So in this network the total num-
ber of small areas is 2x L x W, and each small area in
the network can be modelled as a resistor with a resis-
tance rq. According to the geometrical connectivity of
these resistors, the above network can be modelled to
a random resistors network. Either interface or oxide
defect may have a coordination as Cy (I,m, z, F), in
which [ is the coordination along channel length, m
the width, and E; the energy level of defects.

Fig.2. MOSFET channel divided into a network.

The trapping and detrapping of an electron by
a trap can be modelled as the trapping and detrap-
ping of a normal unit resistor by a trap. According to
the number fluctuation theory, once a normal unit re-
sistor is trapped with a probability P, its resistance
may increase to Ry. The relative magnitude of Ry
with respect to rg is determined by both the opera-
tional condition of the channel and the dimensions of
the network. At the same time, the trapped electron
may be emitted back to the channel after 7.. The re-
sistance of the trapped unit resistor will kept at Ry
until 7, is out. Then its resistance drop to ry. During
7. the trapped charge may modulate the channel resis-
tance through Coulombic scattering. The modulated
area in the channel is a disc, with a centre of the pro-
jection of the trap in the channel, and a radius of r;.
So, all the unit resistors in this area may be affected
during 7.. Their resistances increase to Ry, while after

T, g0 back to ro. Thus, along with the trapping and
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detrapping of channel electrons, Coulombic scattering
may appear or disappear. As a result, the channel

resistance fluctuates.
4. Monte Carlo simulation

By using a Monte Carol simulation method, the
trapping, detrapping and Coulombic scattering pro-
cess of the channel electron is simulated. Firstly, the
total resistance of the random resistor network is com-
puted by a transfer-matrix approach.!8! Secondly, if
the trap is empty, then after every 7y, it may trap
electron with the probability of p.. Once a normal
unit resistor is trapped, its resistance becomes Rjy. At
the same time, Coulombic scattering effect may oc-
cur, and the resistances of the influenced resistors will
not go back to rg until (7. + 79) is out. Then, the
trapped unit resistors are emitted and everything re-
turns to its starting point. The total resistance of the
channel is computed for every 79. After many times
of repetition, a series of 7. and 7, can be obtained. So
the dependences of 7. /7. of RTS noise on the energy,
depth of the trap and the channel area of the device
can be simulated.

Some of the parameters used in simulation are
L x W=100x100, rq =19, Ry=1.00012, R;=1.005%2,
To = 1071%, and E;=0.26eV.

The simulated dependence of 7./7. on activation
energy of trap is shown in Fig.3. During simulation,
the depth of the trap and the size of the network keep
unchanged, and the magnitude of 7. /7, increases with

the activation energy of the trap exponentially.
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Fig.3. The simulated dependence of /7. on activa-

tion energy of the trap.

The simulated dependence of 7. /7, on the depth
of the trap is shown in Fig.4. During simulation, the
energy of the trap and the size of the network keep un-

changed, and the magnitudes of 7. /7, have a negative

exponential relation with the depth of the trap.
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Fig.4. The simulated dependence of 7./7e on the
depths of the trap.

5. Discussion and conclusions

In our experimental work, RTS is used to extract
information about the trap. And based on experimen-
tal results, there is a putative relation between 7./7,
and all the other factors related to the trap and bias

conditions/?!

Te 1
In—=—-—|(Ecox — F1)— (Ec — FE
n = o7 | (Bc T) — (Ec — EF)
TT
*¢0+Q¢s+q (VgsvaBfl/}s) 7(6)

TOX

where E7 is the energy level of the trap, Eg is the
energy level of current carriers in the channel, F¢ox is
the band edge energy of the conduction band of oxide
layer, E¢ is the band edge energy of the conduction
band of silicon underlayer, ¢ is the work function dif-
ference between Si and SiOs, 15 is the bending of the
energy band, Vgp is the flat-band energy, x7 is the
depth of trap with respect to the interface of Si-SiO»,
Tox is the thickness of oxide layer, and Vg is the volt-

age across the gate and source. According to E(l.(ﬁ),

7
we can deduce the differential coefficients of In — to

Te
Er and zT,
d(In7./7.) 1
dET - ﬁa (7)
d(lnfc/f'e) _ _i (Vgs — Ve — ws) (8)
d:ET kT TOX )

So, it is obviously that there is an exponential depen-
dence of 7./7. of RTS noise on the energy levels of
traps, which is consistent with the simulated results
shown in Fig.3. On the other hand, 7./7.of RTS noise
decreases exponentially with trap depth, also consis-

tent with the simulated results shown in Fig.4.



No.4 A percolation study of RTS noise in deep sub-micron ... 811

However, neither the electric field distribution
along the channel length nor the screening effect of

Coulombic scattering is taken into account, so the re-

lations between RTS noise and biased conditions of

devices and trap’s location with respect to the drain

and source cannot be simulated.
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