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Relating random telegraph signal noise in metal-oxide-semiconductor
transistors to interface trap energy distribution
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In this work, we study random telegraph signal (RTS) noise in metal-oxide-semiconductor field
effect transistors when the device is periodically and rapidly cycled between an “on” and an “off”
bias state. We derive the effective RTS time constants for this case using Shockley—Read—Hall
statistics applied under transient conditions. In this way, we show that the oft-observed reduction in
RTS noise under such bias conditions can be explained by a nonuniform (e.g., U-shaped)
distribution in energy of interface traps. © 2005 American Institute of Physics.

[DOL: 10.1063/1.2128056]

Low-frequency (LF) noise in metal-oxide-semiconductor
field effect transistors (MOSFETS) is a topic of growing con-
cern. In newer processes with smaller devices, LF noise of
MOSFETs continues to play an important role." LF noise is
not only significant in LF circuits, but also of crucial impor-
tance in high-frequency circuits where LF noise is upcon-
verted to dominate noise performance of many common cir-
cuit blocks such as oscillators and mixers. LF noise in
MOSFETs has been studied at length: Already in 1969,
Hooge showed that homogenous semiconductor samples suf-
fer from a bulk 1/f noise. Though MOSFETS probably suffer
from bulk 1/f noise in the same way, it has since become
clear that the dominant mechanism in MOSFETs is random
telegraph signal (RTS) noise caused by traps at the Si—SiO,
interface. ™ In 1991, it was observed’ that cycling a
MOSFET from inversion to accumulation reduces its LF
noise. This was later linked to the emptying of traps that
generate RTS noise.” Several authors have since used this
technique to reduce LF noise in analog circuits.®”

In this letter, we use Shockley—Read—Hall statistics ap-
plied under transient conditions to explain why RTS noise in
MOSFETs decreases™ when the device is periodically and
rapidly switched between an “on” and an “off” state. We
show that the effective time constants of the RTS noise
change in such a way that traps closer to the center of the
band gap become the dominant contributors to the LF noise
of the device. If the distribution of traps in energy is
U-shaped as is often reported in literature,'® this can
explain the observed reduction in LF noise.

A trap is a localized energy state in the band gap with an
energy level between E, (conduction-band energy level) and
E, (valence-band energy level) [Fig. 1(a)]. Traps occur at the
Si—Si0, interface or in the oxide and are attributed to dan-
gling bonds or impurities. In n-channel MOSFETSs, traps
close in energy to the conductance band edge interact with
the conductance-band. A trap can capture or release an elec-
tron, which causes RTS noise in two ways: First, the cap-
tured electron takes no further part in the conduction process;
this is known as the AN effect. Second, electron capture will
make the trap more negatively charged. This modulates the
position of the channel and is known as “Coulomb scatter-
ing” or as a Ay effect caused by and correlated to the capture
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of an electron (AN). This second effect'' often causes a
much larger drain current fluctuation than the simple AN
effect.

The parameters of the RTS are its amplitude and the
mean time before capture (7,) and emission (7,) of an elec-
tron.l 2On the basis of Fermi—Dirac statistics, it can be shown
that:

T = [O-(E»x)vthn]_l B

7, =[o(E,x)vy,N, exp(— E/KT)]™! (1)

The capture cross section of the trap is o(E,x), which de-
pends on the energy level of the trap (E=E.—E7) and its
depth in the oxide (x). vy, is the thermal velocity of the
electrons, n is the electron density in the conduction band,
and N, is the effective density of states in the conduction
band.

From Eq. (1), 7, is bias dependent via the bias depen-
dency of n. 7, may also be bias dependent because if the trap
is situated some distance in the oxide, E depends on Vis.
This is consistent with measurements of the bias dependency
of RTS time constants in n-channel MOSFETs.>'*"!* In all
cases, 7, increases with decreasing Vg, and 7, decreases
with decreasing Vgg. Assuming that 7, and 7, are instanta-
neous functions of the bias of the device,'5 the effective RTS
time constants when the device is periodically switched
between two bias states may now be derived.

The occupancy of a trap at any given moment is: "2
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FIG. 1. (a) In n-channel MOSFETs, traps near the conduction-band edge
cause RTS noise. (b) Occupancy of trap when device is cycled on and off.
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flr)=—=

T, + T,

+Kexp—(l+l)t, (2)

Te Te

where K depends on the initial condition. We treat the case
where the bias voltage alternates abruptly and periodically
between two states; reference is made to Fig. 1(b). The duty
cycle is dc; the fraction of the period in which the device is
on. From t=0...Tdc, the device is on. During this time, RTS
behavior is governed by 7,,, and 7., and from ¢
=Tdc...T, the device is off, and RTS behavior is governed
by 7, and 7. .. The occupancy is given by Eq. (2) at all
times; the final occupancy fj,, is never reached because the
switching frequency is high. Instead, the occupancy varies
between f,;, and f... Since there are two states, there are a

total of four time constants: 7, on, T offs Te.ons aNd T, ofy-
Substituting

1 1| 1 1|
Teffon=| _ + and Ty =| T+

Te,on Tc,on 7-e,off Tc,off

(3)
and equating f(0) and f(T), we may derive:'®
Tooft (1 = T(1 - dc) )
—exp
Te.off + Te.off Teff,off
. — T — ’0 > >
fmm f( ) | _ Tdec —T(l—dC)
—exp exp
Teff,on Teff,off
Teon o T(1 —dc) (1 ~exp - Tdc)
+ Te,on + 1-c,on 7-eff,off 7-eff,on
| —Tdc - T(1 —dc) ’
—exp exp
Teff,on Teff,off
4)

where f,.x can be found in a similar way. If the switching
frequency is made very high compared to the RTS corner
frequency (7 much smaller than 7, and 7.), fiin and fiax
converge to the same value; f.g, and the RTS becomes sta-
tionary. This equivalent stationary RTS has time constants
T, or and 7, o Which can be found by first deriving feg

/ { de 1- dc}
1 —+
feff — Te,on Te off )
dc 1-dc dc 1-dc
1 —+ +1 — +
Te,on Te off Te,on Te off
(5)

This describes the effective occupancy of the equivalent sta-
tionary RTS and equals:

7.
Jefi= —eell (6)

Te eff + Te eff

It follows that:
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FIG. 2. Parameters of RTS as a function of 7,, and 7, ,.

de 1-dc
Teeft =1 - + ;
e,on e,off
X Tc,eff . (7)
/ { de l—dc}
1 —+
Te,on 7-c,off

In the limit for dc—1, 7,4 must obviously equal 7, ,,
which is only satisfied in Eq. (7) if

de 1-dc|™ de 1-dc|™
Tc,eff = + and Te,eff = + .
Tc,on Tc,off Te,on 7-e,off
(8)

In summary, a cyclostationary RTS with a constant am-
plitude and two states, an on state from 7=0...Tdc, (time
constants 7,,, and 7.,,), and an off state from r=Tdc...T
(time constants 7, and 7. .q), can, if the switching fre-
quency is sufficiently large, be described by an equivalent
stationary RTS with parameters 7, ¢ and 7, ., expressions
for which are given above.

We now investigate how this influences MOSFET RTS
noise and relate it to the trap distribution. The power spectral
density (PSD) of a unit amplitude RTS is:"’

B 1 1
S =2
rrs() (1+B)* worrs o’
I+——
WoRTS
with
7, I 1
B:_and wORTS:_+_. (9)
Te Te TC

This also holds for the effective stationary RTS, the time
constants of which were derived above (and verified experi-
mentally in Ref. 15). For simplicity, we treat the case for
dc=0.5.

In Fig. 2, the RTS parameters ., and wy ,, are plotted as
a function of 7,,, and 7., 7., and 7., are plotted loga-
rithmically along the x and y axes, and contour lines for each
factor of 10 difference in B, and wy ,, are plotted. A decade
change in 7, at constant 7, corresponds to a change in trap
energy of approximately 60 meV. To illustrate which RTS
are the dominant contributors to LF noise at the output, the
PSD of the RTS at a particular frequency (in this example,
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FIG. 3. Contribution to PSD at w=1 rad/s for different RTSs.

w=1 rad/s) is plotted in Fig. 3 as a function of 7, ,, and 7,
Contour lines denote the 7°s of traps with a relative noise
power contribution of 80 and 60% compared to the dominant
RTS. The RTSs with B, and wy ,, close to 1 give the domi-
nant noise contribution to the PSD at w=1 rad/s. The traps
with large or small S, are mostly empty or full, respectively,
and do not contribute significantly to the noise. If the RTS
corner frequency is too low or too high (compared to
1 rad/s), the contribution of the RTS is insignificant as
well."®

We now examine RTS behavior when the device is pe-
riodically turned on and off. For this, bias dependence of 7,
and 7, is modeled in a very simple and insightful way:
Ty oft=Teon! M, and T, =T, oM, respectively. From this
and from Eq. (8), it follows that 7, .=(2/(m,+1))7,,, and
Teefr=(2m./ (m.+1))7, .. This changes the effective time
constants of all RTSs in the device. In Fig. 3, it is shown for
m,=m,=10 that [Fig. 3(a)] 7. has decreased by a factor of
1.8 and [Fig. 3(b)] that 7, has increased by a factor of 5.5
compared to the steady-state situation. The main contribution
to the PSD is therefore now from different RTSs. Traps that
were mostly full in the steady-state case now have an occu-
pancy closer to 50%, and they dominate output noise.

The shape of the noise contribution curve in Fig. 3 does
not change; it has only been shifted along the log 7, and
log 7, axes. Hence, the noise PSD will not change at all if the
distribution of 7s is uniform in log . Such a uniform distri-
bution in log ¢ results if two conditions are satisfied. First, the
distribution of trap depth in the oxide, x, should be uniform.
(This is the basis of McWhorter’s model' and responsible
for the emergence of a 1/f spectrum.)20 Second, if the trap
energy level E is uniformly distributed throughout the band
gap, a uniform distribution of traps in log 7, and log 7,
results.

However, in measurements, it is often seen that turning a
device on and off periodically leads to a decrease in the LF
noise PSD.*>%? Logically, then, the distribution of traps is
not uniform in log 7. (This can be the distribution of 7s in a
large device with very many traps, but it can also be the
distribution of 7s over an ensemble of small devices, each
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with a limited number of traps.)21 One likely scenario'” is
that the trap density near the center of the band gap is
lower.* Figures 2 and 3 show that traps closer to the center
of the band gap are the ones contributing LF noise when the
device is periodically turned on and off, and if there are
fewer traps, this explains why turning the device on and off
lowers the LF noise.

In conclusion, we have shown that when a MOSFET is
periodically and rapidly23 turned on and off, its time-variant
RTS (with time constants 7, o, Teons Teofs and 7, ,) can be
modeled by an equivalent stationary RTS with time constants
T,er and 7. . Using Shockley—Read-Hall statistics applied
under transient conditions, we have derived expressions for
these equivalent RTS time constants. Making use of the con-
cept of an equivalent time constant, we demonstrate that un-
der these conditions, which are similar to what MOSFETs
encounter in many circuits, traps closer to the center of the
band gap dominate the LF noise performance of the device.
This links two important previous observations, namely on
the one hand that trap densities in MOSFETs are commonly
U-shaped in energy,lo and on the other hand that LF noise in
MOSFETs decreases when the device is periodically turned
on and off.*>%?
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