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This paper presents an accurate analytical model of the random telegraph signal (RTS) noise time-constant ratio

(Tc/7e) for RTS noise in nano-MOSFETS, in which the Coulomb-blockade effect on trapping and detrapping processes

was taken into account. Based on this new model, the depth of the trap responsible for RT'S noise in a sample n-type
nano-MOSFET is extracted. The results show that large errors will be introduced to the calculated trap depth when

the Coulomb-blockade effect is neglected.
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1. Introduction

The random telegraph signal (RTS) noise ob-
served in the drain current of MOSFETs with channel
areas smaller than 1 yum? was taken as a viable way of
extracting the parameters of active traps in the gate
oxide,=4 such as energy level Er, depth into the
oxide zT with respect to the Si/SiO; interface and
transverse location along channel length yr, because
the ratio of mean capture and emission time-constants
(7c/Te) bears information on the trap energy level and
changes with the bias conditons of the device. Figure
1 shows the energy diagram of an nMOSFET. Based
on Shockley-Read-Hall (SRH) statistics,!*>=4 the de-
pendence of (7./7.) on both the parameters of the trap
and the bias conditions and device geometry can be
expressed as

Te 1

mf: = —17 | (Bco = Ex) = (Ec — Er) — ¢o
T
+q7/}s + QF(VGS - VFB - ws - wp) ) (1)

where Ec , is the conduction band edge of the gate
oxide, E¢ is the conduction band edge of the silicon
substrate, Fr is the Fermi level of the substrate, ¢g
is the difference between the electron affinities of Si
and SiOg, 19 is the surface potential of the channel,
Ve is the flat-band voltage, 1), is the band bending
of gate poly-silicon due to depletion, Ty is the oxide
thickness, Vs is the gate-source voltage, and ¢ is the
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prime electron charge. From Eq. (1), we can obtainl®]

T (k’len(TC/Te) N d)g )
q dVgs dVas

TT = , 2
" T, i (2)

where (7./7.) is the ratio of mean capture and emis-

sion time of RTS noise at different gate biases.
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Fig. 1. A schematic energy band diagram of an nMOS-
FET perpendicular to the Si-SiO2 interface.

Equation (2) shows good accuracy for submi-
cron MOSFETs with thick gate oxide.2~4 In nano-
MOSFETS, because of the quantization effect, the ef-
fective band-gap of the inversion channel increases and
the inversion carrier centroid shifts into deeper sub-
strate; the Coulomb-blockade effect becomes more sig-
nificant during the trapping and detrapping processes,
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which leads to a severe deviation in the dependence
of In(7./7.) versus Vs described by the conventional
SRH model,>=7 in which 7. is expected to increase
linearly with 1/14,.1%

In this work, an accurate model for In(7./7,) of
RTS noise in nano-MOSFETs is presented, in which
the Coulomb-blockade effect during an inversion elec-
tron trapped by a neutral oxide trap is taken into ac-
count. Using this new model, the depth of the trap
responsible for RTS noise in nano-MOSFETSs is ex-
tracted.

2. (Te/Te) Model

Once the Coulomb-blockade effect was consid-

ered, the ratio of mean capture and emission time-

constants can be written as(43:9]

Te 1
hl;e = —kT[(Ecox — Et) — (Eco — Er) — ¢o + qi)s
T
+qT (VGS — Ve — "/}s - z/}p) —AFE ) (3)

where Eqg is the lowest subband in the conduction
band of the inversion layer according to the quantiza-
tion effect, Coulomb-energy AFE is the energy needed
to create image charges on both the gate electrode
and the inversion layer of the substrate during charg-
ing of a neutral oxide trap, which plays a more and
more significant role in the capture kinetics of nano-
MOSFETS, especially with ultra-thin gate oxide. In
nano-MOSFETs AE can be expressed as,10

AFE ~ QcVas

xT(Cinv + C(dep> + C(oxTvox
= Ve , 4
I (Con & Cony + Cag) 05 )

the oxide, inversion and depletion layers, respectively.
From Eq. (4) we can see that the value of AE, which
is usually several hundreds of milli-eV, is decided by
the trap position, oxide thickness and device bias con-
ditions. From Eq. (3) T can be deduced as

T <’de1n(Tc/Te) LA d(AE))

- qg dVgs dVas dVas
dipp n dyps
dVgs  dVas

(5)
From the device-physics of MOSFETSs, we have

2kT . Cox (Vas — Vs — 2¢B)
s = —1
7/} ij + q n 2€SikTNA

) (6)

di)p
dVas

_ o, dis
_<1 dVGs>

X {1— |:1+Oi)(VGS_VFB_¢s):|_é}v (7)

dy, 2T 1
dVas qg Vi’

(8)

where Cox = €ox/Tox, 0y = qesiNp/C2, and V; =
Vas — Vie — 2¢B.
We can separate the expression of zt in Eq. (5)
into two parts
rr = 2% — 3, (9)

where 2§ is the calculated trap depth when the

Coulomb-energy is ignored, which is the trap depth
value we get from the traditional model,* and x% is
the error of the traditional model when the Coulomb-

where Q¢ is the normalised image charges induced on  blockade effect is taken into account. Combining
the gate, Cox, Ciny and Cyep are the capacitance of‘ Egs. (5) and (9), we have
KT dln(ro/7.)  dabs KT [dln (Te/7e) 2] 203, ( _2kT Cox V1 )
o_ Tox (q di/(;é )+ dVGs> B Tox q dVas +V1 \/1+q58in " q " V2e5ikT'Na
T = <d7vbp +dws1) = %_1 )
dVGS dVGS qu
(10)
q(Tox—) 202, 2kT CoxVi
T (d(AE>> R e e <Vl_ ¢ " VIS hTNA )
1‘%2 dVGS ~ Tox w/2€Si/k‘T . (11)
(dwp + ds _1> E—l
dVes  dVas Vi
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Using the new model described by Egs. (10)
and (11), the accurate value of trap depth in nano-
MOSFETSs responsible for RT'S noise can be extracted.

3. Experiment and analysis

The nMOSFETS used were fabricated with 45 nm
CMOS technology, with W x L = 45 x 250 nm?,
nt poly-silicon gate doping concentration N, = 1 x
10%° cm 3, p-type channel doping concentration Ny =
1 x 10" e¢m™3, gate oxide thickness T,y = 2 nm.
The operating conditions at room temperature were
Vps = 10 mV, and Vg ranging from 0 to 0.6 V. Fig-
ure 2 shows the RT'S noise time trace in drain current
Ipg, in which the capture time 7. is associated with
the lower level of RTS current and the emission time
Te is associated with the upper current level. The
dependence of (7./7.) of the RTS noise for a sample
device on gate voltage Vg is given in Fig. 3, which
apparently behaves nonlinearly.
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Fig. 2. The RTS noise in Ipg with Vpg = 10 mV and Vg
(a) =200, (b) = 400 and (c) = 600 mV, respectively.
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Fig. 3. Measured (7./7e) versus gate voltage Vgg for two
identical sample devices.

Figure 4 presents the calculated value of
Coulumb-energy AFE versus gate voltage Vgg, in
which the Coulomb-energy of an electron trapped by
a neutral trap increases rapidly in the smaller gate
voltage range and tends to saturate at larger gate bi-
ases. The value of Coulomb-energy varies between
130 meV to 280 meV when the gate voltage changes
from 0.15 V to 0.6 V, which are relatively large values
in comparison with the energy difference between the
trap energy level and the first sub-conduction-level of
the substrate; as a result, it can have a vital impact

on the trapping and detrapping events.
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Fig. 4. Calculated AFE versus Vgs.

Figure 5 shows the extracted values of xr, x4
and x§ obtained by Eq. (9), (10) and (11) based on
the dependence of (7./7.) versus Vgg shown in Fig. 3.
Clearly, the extracted value of trap depth according
to the traditional theory x9% is not a constant, but
changes with the gate voltages from 0.8 nm to 0.6 nm,
and the errors of the traditional model 2§ induced
by Coulomb-blockade effect also change with gate bi-
ases from 0.2 nm to 0.01 nm as well. The accurate
value of trap depth zr obtained by the new model
of Eq. (10) remains constant when gate voltage Vas
increases. From the results shown in Fig. 5 we can
conclude that the Coulomb-blockade energy does have
a significant influence on the time-constants of RTS
noise in nano-MOSFETs.

errors would be induced to the trap’s parameters ex-

If it was omitted, larger

tracted based on the RTS noise measurement tech-
nique, such as trap depth zr. In our case a relative
error (z$/27) of about 33% was induced in low gate
voltage ranges when the traditional model was used,

in which no Coulomb-blockade effect was considered.
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Fig. 5. Extracted x%, :r:% and x for different Vg.

4. Conclusion

The Coulomb-blockade effect has an important
impact on the trapping and detrapping processes of
channel electrons by oxide traps, which leads to a large
deviation in the time-constant ratio of RTS noise from
traditonal SRH theory.l*~7] Based on the mechanism
of nano-MOSFETs and the expression of Coulomb
energy AFE, a new model for the time-constant ra-
tio (7./7T.) was developed, based on which the accu-
rate value of x1 was extracted from an experimental
In(7./7e) versus Vas dependence. From the results we
can see that, if Coulomb-blockade effect was omitted,
large errors will be introduced, especially for nano-
MOSFETSs with ultra-thin gate oxide.
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