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Abstract— This paper discusses the discrete channel dopant
effects on the threshold voltage shift by random telegraph signal
(RTS) in MOSFETs. Appropriate grid spacing to incorporate
discrete dopant effects in three dimensional device simulation
is addressed to obtain consistent results with continuum limit.
Considering discrete dopant effects, the threshold voltage shift
of MOSFETs by RTS follows the log-normal distribution, while
the threshold voltage itself follows the normal distribution. An
analytical model for the distribution of the threshold voltage shift
is also presented. The threshold voltage shift by RTS will become
a serious concern in 50nm flash memories and beyond.

I. INTRODUCTION

The random telegraph signal (RTS)[1] caused by trapping
of a single carrier at the Si/SiO» interface will becoming a
serious issue for MOSFETs with sub 100nm dimensions as
a source of, not only low-frequency noise in analog circuits,
but also functional error in digital logic circuits and memories.
Flash memories, for example, are susceptible to RTS[2] owing
to thick gate dielectrics.

The threshold voltage shift AV;y which is related to the cur-
rent change Aly by RTS as —Al4/gm is sometimes anoma-
lously larger than the value estimated by the conventional
formula q/CoxWeg Leg[3], where gr, is the transconductance,
q is the elementary charge, Cox is the capacitance of the gate
dielectric per unit area, and Weg and L.g are the effective
channel width and the effective channel length, respectively.
A probable explanation is that the strategically located traps in
the inhomogeneous channel influence the magnitude and the
spreading of the RTS amplitudes[1][3][4].

In this paper, the threshold voltage shift by RTS is ana-
lyzed using three dimensional device simulation considering
inhomogeneous carrier concentration in the channel caused
by random discrete dopant[5]. An analytical model for the
distribution of the threshold voltage shift is also presented.

II. MODELING

Before simulation of the threshold voltage of MOSFETs
is done, a grid spacing dependence of conduction current
is investigated to assess consistency between continuous and
discrete cases. The conduction current in p-type silicon with
the average acceptor concentration N is simulated. Uniform
rectangular grid with spacing d and constant mobility are used
throughout this work. In the discrete case, discrete random
variables following the Poisson distribution with the average
Nad? are used for the number of dopant atoms associated
with each nodes.
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Majority catrier current in the discrete case decreases as the
erid spacing decreases as shown in Fig. 1, because the depth
of the potential wells which originate in ionized dopant atoms
becomes deeper and more majority carriers are trapped in
the potential wells[7]. Minority carrier current shows opposite
dependence on the grid spacing because of the mass action
law. If the rectangular region with constant charge density
is represented by a sphere of the radius riy,p with the same
volume of a grid as shown in Fig. 2, the depth of the potential
wells is given by Eg = (3/2)(g/4merimp). The radius rimp is
obtained by solving (4/3)7ri,, = d°.

The depth Ep of the potential wells is regarded as the
ionization energy of dopant atoms. The simulation result in
the continuous case using the energy E'g given by the above
formula for the ionization energy Epp agrees with the average
value of the simulation results in the discrete case as shown
in Fig. 1. In order to obtain consistent simulation results
between continuous and discrete cases, the width d of the
rectangular region in the discrete case should be determined so
that the energy F'p is equal to the ionization energy of dopant
atoms in the continuous case. When B is used as acceptors
in silicon, the width d = 6.6nm should be used to match
the ionization energy with the measured value 45meV[8]. If
finer grid spacing is necessary to express spacial variation, the
dopant atom is expanded so that the energy Ep is equal to the
ionization energy.

III. RESULTS AND DISCUSSION

Discrete dopant effects on the threshold voltage of
nMOSFETs and its shift by RTS are analyzed using three
dimensional device simulation. The threshold voltage shift is
defined as the difference between threshold voltages with and
without an electron captured in an interface trap located at the
center of the channel as shown in Fig. 3.

The threshold voltage Vi in the discrete case fluctuates
around the value in the continuous case as shown in Fig. 4,
and follows the normal distribution as shown in Fig. 5 (a).
The standard deviation is well described by the analytical
model[9]. The threshold voltage shift AV;y in the discrete
case also fluctuates around the value in the continuous case
and follows the log-normal distribution as shown in Fig. 5 (b).

An analytical model for the fluctuation of AV;y, is derived
to explain the origin of the log-normal distribution. Moderate
inversion is assumed because threshold voltage is discussed
in the following. Using the total number of carriers in the
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channel N, the drain current of MOSFETS is expressed as
Iq = quNVyas /L2101, where p is the carrier mobility and
Vs 1s the drain-source voltage. Suppose the channel is divided
into small cells[6] with the area A, = =2, in which the
conductivity is affected by trapping of a single catrier as
shown in Fig. 6. The local threshold voltage Vin; of the
cell ¢ is defined so that the number of carriers in the cell
is expressed as IN; = Nyexp(q(Vgs — Vini)/nkT), where
Ves is the gate-source voltage, n(= 1 4+ Caep/Cox) is the
subthreshold factor, Cgep is the depletion layer capacitance
per unit area under the channel, & is the Boltzmann constant,
T is the temperature, and Ny is a constant. By trapping of
a single carrier at the trapping site in the cell j, the local
threshold voltage of the cell increases by AVin; = q/CoxAs,
and the current change is Alq = (quVasNo/L2g) exp(q(Ves —
Ving)/nkT)(exp(—gAVin; /nkT) — 1). The -correspond-
ing threshold voltage shift is AVy, = —Aly/gm ~
(q/CoxWeffLeff)Ntotal/ Zz eXp(q(‘/‘chj - ‘/‘chz)/nkT)7 where
Niotal = Weg Legt /Ay is the total number of the cells. The
logarithm of the AVyy is, therefore,

log(AVin) ~ log (C I/qufl} H) kT(Vthg Vihave), (1)

where Vinave is the average of the local threshold voltage.

The derived model Eq. (1) suggests that the threshold volt-
age shift AV, becomes larger than the conventional formula
q/CoxWeg Leg if the local threshold voltage Vin; of the cell
that has a trapping site is lower than the average local threshold
voltage, and vise versa. The strategically located trap at the site
that has lower local threshold voltage and higher local carrier
concentration enlarges the threshold voltage shift by RTS.
The model Eq. (1) also suggests that AV;, obeys not normal
but log-normal distribution if the local threshold voltage Vip;
fluctuates in normal distribution. The standard deviation of
the local threshold voltage fluctuation is related to the surface
potential fluctuation as oy, = nog, . The standard deviation
of log(AVyy) is, therefore, expressed as

q

The power spectrum of the surface potential fluctuation by
random discrete dopant is calculated using the approximate
Green’s function for the electrostatic potential in the depletion
layer[11]. The standard deviation of the surface potential is
obtained by integrating the power spectrum as

NA /qmax 1 —e—qw
g =
P 6ox + 681 q Q2 + 2

min

- o N @
& ArQs \ €ox T €si

X \/arctan (qzzx > — arctan <q515n > , 4)

where Ny is the dopant concentration, w is the depletion layer
width, and Qs = (Cox + Caep)/(€ox + €si). The minimum
wavenumber, gmin, 18 determined by the longer of the channel

Olog(AVin) —

dq (3)
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width and the channel length as shown in Fig. 7. The max-
imum wavenumber, ¢max, 1S determined by the diameter of
the area in which the conductivity is affected by trapping of
a single carrier as shown in Fig. 6. The term 1 — e %% was
replaced with a constant cs, in order to integrate the power
spectrum analytically. The constant cy_ is treated as a fitting
parameter and set to 0.2 in this work.

The proposed analytical model defined by Egs. (2), (4) well
describes not only the numerical simulation results as shown
in Fig. 5 (b), but also the measured results as shown in Fig. 8.
Substrate doping concentration dependence of oyg(avs,) 18
also expressed by the proposed model. Note that oi(aAvsy,)
is proportional to N V2 4s shown in Fig. 9 (b), while oy, is
proportional to N A [9] as shown in Fig. 9 (a).

Finally, an impact of the threshold voltage shift on flash
memories and SRAMs is estimated by the proposed model as
shown in Fig. 10. The coupling coefficient of flash memories
is assumed to be ag = 0.6. As the dimension shrinks, both
50 percentile and 99.9 percentile increase in proportional to
1/Wegt Legr. For 50nm-flash, 99.9 percentile exceeds 100mV,
which suggests that the threshold voltage shift by RTS should
be considered in flash memory design because the margin
for the threshold voltage is only several hundreds mV in
multi-level-cell flash[2][12]. In contrast, 99.9 percentile for
50nm-SRAM is far below 10mV and little attention would be
necessary for SRAMs.

IV. CONCLUSION

The discrete dopant effects on the threshold voltage shift of
MOSFETs by RTS have been discussed. Considering discrete
dopant effects, the threshold voltage shift by RTS follows the
log-normal distribution. An analytical model for the distri-
bution of the threshold voltage shift has been presented and
confirmed by using numerical simulation results and measured
results. The proposed model predicts that the threshold voltage
shift by RTS should be considered in the design of flash
memories of 50nm and beyond.
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Fig. 5. The Cumulative distribution function of the simulated (a) threshold
voltage V;}, and (b) threshold voltage shift AVyy, by RTS for 30 distinct
samples. A trap is located at the center of the channel. The parameter ¢y =
0.2 is used in the analytical model for AVyy,.
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Fig. 3. Definition of the threshold voltage shift AV, by RTS.
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Fig. 9. The simulated standard deviation of (a) the threshold voltage V;},, and
(b) the logarithm of the threshold voltage shift AViy, by RTS as a function of
substrate doping concentration. Error bars indicate 99% confidence intervals.
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Fig. 10. The 50 and 99.9 percentiles of the simulated threshold voltage shift
caused by single electron RTS.
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