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Abstract. This paper deals with new stochastic modeling of very low
tunneling currents in Non-Volatile Memories. For this purpose, we first
develop current measurement method based on Floating Gate technique. In
order to reach the long time behavior of electrical dynamic, we aim at using
very basic tools (power supply, multimeter...) but still having a very good
current resolution. Also, our measurement is led in a very particular low-
noise environment (underground laboratory) allowing to keep the electrical
contacts on the device under test as long as possible. After showing the
feasibility of such measurements, we present a modeling approach of the
charge loss process inside the Non-volatile Memories by using mathematical
tool involving long memory effect. The model is based on stochastic
counting process with memory effect yielding to a fractional relaxation
equation for the charge loss over time. The main interest of the present model
lies in the fact that the corresponding inversion problem involves only two
parameters that can be carried out efficiently.

1. Introduction

Flash memory cells are based on the floating gate technology principle [1]. The most
widespread solution to enable semiconductor memories to be non-volatile, that is to say able
to keep information without any power supply, is to use MOS transistors whose threshold
voltage is shifted by a charge stored in an isolated gate above the channel. Floating gate
technologies consist in adding a second gate between the gate and the channel of a classical
MOS transistor. This second gate can isolate charges to make the transistor threshold voltage
variable. Most of the time, charges are injected through a dielectric, in general Silicon
dioxide SiO,, placed between the floating gate and the transistor channel, as presented in
Fig. 1. Lastly, the two gates of this “transistor” are separated by another dielectric, most
commonly a tri-layer stack oxide “Oxide/Nitride/Oxide” (ONO). Thus, the Flash elementary
cell, constituted by a floating gate transistor called “state transistor”, can be seen as a classical
MOS transistor whose gate would be in series with a capacitor Cp,. This gate, called “Floating
Gate” (FG), can now store a charge while the second electrode of the capacitor becomes the
“Control Gate” (CG) of the cell.

Barrier transparency in the tunnel oxide, which can be electrically modeled by a current
source I, allows the injection of charges in the floating gate, shifting the MOS transistor

© The Authors, published by EDP Sciences. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).
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Figure 1. Schematic of a floating gate structure (left) and its electrical scheme (right).

threshold voltage V7 according to (1):
Vr=Vr— — ey

where Vry is the natural threshold voltage of the cell, Qpg the charge amount in the floating
gate and C,, the capacitance between the control gate and the floating gate.

A quantity of charge Qgg is injected into the floating gate by using an adequate set of
biases, depending on technology (Flash or EEPROM) [2-5]. Memory cell reliability, defined
as the capability of said device to function over time, is a major issue for manufacturers and
can be related to many parameters such as process and using conditions. Indeed, unceasing
device scaling, decrease of dielectric thicknesses around the floating gate and high voltages
applied on cells are many parameters altering memory reliability [6].

Thus, dielectrics’ quality is a major issue due to their antagonistic roles: avoiding
electric charge leakage currents during retention phase while being transparent enough during
programming steps. A better understanding of these leakage currents is crucial to improve the
whole quality of our memory cells, that’s why we have to develop powerful methods to reach
very low current levels.

The “Floating-Gate Technique” (FGT) is generally used and will be detailed in the
next section [7, 8]. Using this method requires i) protecting the wafer from mechanical
perturbations (vibrations) and ii) (very) long time acquisition. In a classical laboratory
environment, those two constraints are generally not easy to deal with. Indeed, they lead
to use, for a very long time, huge, heavy and very expensive probers (mechanically insulated
by air shocks), which is often economically not possible. The main idea of our experimental
platform consists in developing a “cheap” platform. The mechanical insulation is “naturally”
done by the very peculiar environment of the underground LSBB Laboratory located in Apt
(South of France), presented in Sect. 3.

The second part of the paper is devoted to the presentation of a fractional relaxation
modeling to describe the time evolution of the charge loss through the dielectric. As we will
see, the main reason to need to model charge loss dynamic lies into the fact that the direct
numeral derivation of this latter yields to an unusable leakage current. In the other hand,
classical electrical models namely the Fowler-Nordheim and Poole-Franckel are inoperative
to model data at the very low range value of leakage current encountered in this work.

2. Floating Gate Technique (FGT)

Most of the electrical measurements developed to characterize semiconductor devices and
especially Non-Volatile Memories are based on current measurements. Indeed, to study a
major reliability aspect of these NVM we have to evaluate the very low-level leakage currents
responsible for the charge loss during the retention phase. Nevertheless, these currents are
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Figure 3. The five key points of Floating-Gate Technique methodology to extract leakage current.

not accessible through direct measurements, even with high-performance analyzers [9], so
we have to use some indirect measurement techniques to reach lower level currents. One of
the most widely used technique is the “Floating-Gate Technique” (FGT), based on the use of
a MOS capacitor and a MOS transistor in parallel [7, 8].

A. Floating-Gate test structure

The Floating-Gate test structure, presented in Fig. 2, consists in a large High-Voltage
transistor whose gate is common with the Top Electrode of a large tunnel capacitor, denoted
Cun. This common gate plays the role of the Floating-Gate in a memory cell but is directly
accessible to apply biases. Tunnel capacitor represents the injection zone of the memory cell.
Indeed it has exactly the same process conditions as the injection region (oxide thickness,
doping conditions. . .).

B. Floating-Gate Technique methodology

The Floating-Gate Technique (FGT) is based on the voltage measurement of an initially
charged gate of a MOS capacitor, which is then disconnected from the external circuit
during the experiment. The measurement of this slowly decreasing gate voltage is performed
indirectly through the measurement of the drain current of the transistor sharing its gate with
the capacitor. This transistor “converts” the charge of the capacitor, and thus the gate voltage,
in a measurable drain current. The temporal variation of this drain current is directly linked to
the variation of the gate voltage and thus to its gate charge which is the same as the capacitor
charge. Figure 3 depicts the full methodology allowing to obtain the leakage current Ije, as a
function of the Floating-Gate voltage Vgg.

The extraction methodology requires two preliminary characteristics, the Ips(Vgg)
characteristics of the transistor and the C-V curve of the tunnel capacitor, presented in Fig. 4.
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Figure 4. Preliminary characteristics required in the leakage current extraction: Ips(Vgg) (left) and
Cun—Vrg (right).

The Floating-gate voltage is the image of the Floating-Gate charge Qgg, extracted from
the Cyn(Vrg) characteristics, presented in Fig. 4, using (2):

Qrc = Ctun X VrG. ()
The leakage current Iy, is then the variation of this Floating-gate charge Qgg over time (3):
dQ
Tun = == = - 3)

To reach very low-level currents, we have to acquire the drift of the transistor drain current
over very long time, keeping applied biases on the transistor (except on the Floating Gate)
during the whole experiment. The main difficulty is to keep the electrical contacts on the
device under test for days, weeks or even months, knowing the longer the measurement,
the lower the extracted current. When using classical probe stations, it is difficult to
keep electrical contacts for more than a few days due to the ambient vibrations [10].
Electromagnetic perturbations also disturb the experiment due to the very slow drift of the
drain current we have to measure. All the existing solutions to enable a long drain current
acquisition lead to very heavy and expensive test bench that we propose to avoid in our study.
The improvement consists in developing a cheap but very sensitive test bench, embedded in
a particular environment.

3. Low-noise environment

To reach very low levels of electrical and mechanical noises, we have first chosen a specific
test environment with a very low electromagnetic noise and a very low vibration level,
allowing to use a very simple test bench.

3.1 Specific test environment: The Low Noise Underground Laboratory
of Rustrel

The Low Noise Underground Laboratory in Rustrel Pays d’Apt (South of France) is a
set of horizontal galleries dug in the bedrock of Big Mountain, bordering South Albion
plateau. It was dedicated to be the former cockpit shooting # 1 of the French nuclear
deterrent force, from 1973 to 1998. It was built to resist a nuclear weapon assault. It
allows access to different rooms (for a total of 14,000 m?) along 3.7 km, in a rock cover
varying from 30 to 519 m under the Surface topography. Rooms and galleries are shielded
(electromagnetic waves), by concrete and massive steel shields. This peculiar environment
is now used by the National Institute of Universe (INSU) as a hydrogeological, geophysical
(net of seismographs) and astronomical (muons detectors) observatory since few years. It
also allows to test microelectronic devices in a non radiative environment. For our purpose,

4
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Figure 5. Picture of the proposed test bench, embedded in the low-noise environment.
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Figure 6. Acquisition of the drain current of the NMOS transistor for an initially positively charged
tunnel capacitor.

this laboratory is the “perfect environment” since it allows to avoid electromagnetic and
mechanical perturbations during a very long time range. Our platform has been installed
at the end of the gallery, where the perturbations are supposed to be the smallest.

3.2 Proposed test bench

Our experimental platform is based on a classical probe station with 5 manipulators and
needles, an Agilent E3631A triple output DC power supply and a Tektronix DMM4050
digital multimeter, as illustrated in Fig. 5. To avoid as much as possible any movement around
the test bench, a fully remote controlled experiment has been performed. The complete
description of the test bench is given in [11] and improvements in the robustness of the
technique can be found in [12].

3.3 Instance of experimental results

The experiment exposed here has been successively performed on a NMOS Floating-Gate
test structure. The drain current drift acquisition over time (up to almost three months) is
shown in Fig. 6.

By applying the methodology detailed in Section II.LB and using preliminary
characteristics from Fig. 4, we can obtain from the evolution of the capacitor charge Qgg
(Fig. 7a) and the extracted leakage current (Fig. 7b) over time.

As a first comment from Fig. 7a, we note that at time around t = 2.5e6 sec. a slope
break on the charge behavior appears clearly. This suggests the presence of two schemes of
the charge decrease. As observed in Fig. 7b, the curve of the leakage current from direct

5
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Figure 8. Charges trapped in the dielectric may be seen as a sample of moving particles inside a box
with an opening to the outside.

derivative of charge evolution is found to be highly noisy and is not suitable to define a clear
trend for current leakage. More precisely, this means that the charge loss curve does not
possess the required mathematical derivability properties. This is related to a more deeply
reason involving the fact that process causing charge particle to come out the dielectric
medium is probabilistic. As a consequence, it is necessary to model the charge evolution
curve as a relaxation law of random process.

4. Modeling electric charge dynamic
4.1 Relaxation model

The simplest model of relaxation phenomenon is given by the exponential law. To illustrate
it, let us consider that electrons (charges) may be seen as a sample of moving particles inside
a box with an opening to the outside.

Then, measuring charge evolution inside the dielectric is equivalent to counting number of
remaining particles. Let q(t) the probability that one particle will come out of the box during
time interval [0,t[. In addition,one can make the assumption that the output probability q (t)
do not change with the number ofremaining particles. In other words, there is no memory
effect on the random process. This is the Poisson process for which, the probability to have
N particles at time t is given by

(kt)"
(N,1) = exp(—=Cv). “)
N!
In this case, it is well-known that the survival probability q(t) writes as:
q(®) = 1 — exp(—Cy). )

The parameter C is the probability that a given particle is instantaneously out side the box.
Also, the number of particles inside the box will be a random process N(t) following a
binomial law and then the mean value n at time t follows ordinary differential equation

%n )+ Cn(t)=0. (6)
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Obviously, the solution is given by an exponential law
n(t) = ng exp(—Ct) @)

where ny is the initial number of particles. It is a memory less relaxation law, known also as
the desintegration law.

4.2 Relaxation with Memory Effect

If memory effect is taken in account i.e. the probability of particle to come out is now
depending on the number of remaining particles, then we have a Fractional Poisson Process
[16] and the probability P(N,t) is given by

N

P(N,t)= 5 E,i(z
(N.1) A )
P(N =0,1) = E;1(— (Cr)*)
Where E, g(z) is the Mittag-Leffler function [18] defined as:
o0 Zm
E,;5(z) = —— oa>0andfeC 9
up (2) ;F(“m‘l'ﬁ) B ©

with T(t) = [ x“"Pe™dx is the Gamma function. The Mittag-Leffler function is a
generalization of the exponential function with £, (z) = exp (z) . The real « is the fractional
order of the process. The mean value n of number of particles at time t follows the fractional
relaxation equation

o

dt*

n(t)+Cn()=0. (10)

d* f _
ﬁ( = )/(—) —df 0<a=<l

Equation (10) is known to have analytic solution in term of Mittag-Leffler function [17]. In
which follows, we will use solutions of the model Egs. (6) and (10).

5. First result
5.1 Curve fitting

In the Fig. 6, we present the result of fitting procedure of the data experiment with the two
relaxation models as presented in former section. The fitting method was carried out by
optimization of a cost function measuring the distance between experimental data and models
defined as:

F=|ln— Qrclla- (1)

The Levenberg-Marquard algorithm is used in order to produce the parameter C for the
exponential model and the parameters («,C) for the fractional relaxation. In this case, two fits
results are proposed. The first corresponds to the upper part of the data experiment decreasing
while the second fits the lower part of the data corresponding to long time behavior.
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Figure 9. Different Relaxation models of charge loss (Dashed line indicates part of the M.F. approaches
which does not fit the data dynamic).

5.2 Comments and discussions

Firstly, we note that the regime change observed in the section appears as the threshold region
of the two schemes of fractional relaxation. We remark also that the exponential model used to
fit the whole range of data does not match with this latter around this region. In the other hand,
similar behavior is found for both fractional relaxation laws. These results suggest that two
separate schemes may exist at two different time scales. Such conclusion has to be confirmed
by the analysis of other datasets. If the result holds, we believe that an unified model is essen-
tial to depict the dynamic evolution of the charge loss over time. This may be reached by use
of more complex random physical models such as anomalous diffusion process which takes
account of possible long time trapping of particles inside the medium. Among, the possible
candidates, we think that fractional Mobile Immobile model could be a suitable candidate.

In this case the main idea is to enforce a stochastic model that uses few parameters to
describe charge transit through the oxide as a random walk. This approach to charge transport
tentatively allows, from a macroscopic point of view, to link the observed evolution laws
to dispersive (and possibly fractional) transport models [13]. This kind of models has been
successfully used for mass transit through complex porous systems [14] as wells as other
diffusive phenomena [15].

From electrical viewpoint, two complementary physical theories are known to describe
these two schemes of current leakage behavior, namely the Fowler Nordheim (F-N) and the
Poole Frankel (P-F) currents. The F-N current corresponds to a leakage process that appears
at large value of floating gate voltage (VFG>3V) while the P-F current known also as the
trap assisted tunneling current is predominant at low voltage range. As said in introduction,
owing to the fact that these electrical models cannot be reached at very low current values,
a valuable task for the future is to link our stochastic modeling that is easily available from
datasets, with these electrical models (F-N and P-F).

6. Conclusion

Using classical protocol of the Floating Gate measurement, we are developing a new model of
charge loss. Works still in progress. The main interest of our model comes from its robustness
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requiring only few parameters. In the other hand, electrical models of P-F and F-N need
efficient leakage current measurement that cannot be reached from numerical derivation of
charge loss data. In this context, our stochastic model allows one to derive the charge loss
dynamic in a statistical sense.
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