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I. INTRODUCTION

HE miniaturization of cell dimensions following the

uninterrupted scaling of the Flash technology since its
introduction in the 80’s [1], [2] has largely increased the
impact that single electrons in the gate stack have on device
threshold voltage (Vr) [3]. This, first, opened the possibility
to clearly detect the capture and release of single electrons
in the cell tunnel-oxide giving rise to random telegraph
noise (RTN) [4]-[7] and post-cycling charge detrap-
ping [8]-[10]. The closest proximity of electrons in the
tunnel oxide to the channel surface along with their localized
nature in the presence of a percolative source-to-drain current
conduction [11], [12] allowed, in fact, to easily identify cells
in the array where a very high Vr shift (AVr) occurs after
a single capture/release event. This was not possible, instead,
for electrons stored in the cell floating gate, as the farther
and well-defined distance of the electronic charge from the
channel surface and, more important, its uniform distribution
over the channel area in this case preclude any significant
statistical boosting of the AV7 arising from single electrons.
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Fig. 1. (V) of the cells in a page of our NAND array as a function of the
number of programming pulses applied during ISPP.

As a consequence, despite a few attempts on unoptimized
and exotic cell structures [13], the discrete nature of elec-
tron storage in the floating gate of mainstream Flash cells
could be detected, so far, only indirectly by monitoring the
statistical spread of the AVr resulting from a programming
pulse [14]-[16].

In this letter, we prove that experimentally detecting single-
electron charging of the floating gate of mainstream Flash cells
can be easily accomplished on state-of-the-art technologies.
This reveals that the discrete process of electron storage taking
place during cell programming can be directly monitored
today, allowing a more in-depth investigation of the program-
ming accuracy of future technology generations.

II. EXPERIMENTAL RESULTS
A. Single Read

We investigated the A Vr arising from the storage of single
electrons in the floating gate on our 16 nm planar NAND
Flash technology [17]. To this aim and following our previ-
ous works [14]-[16], we adopted the incremental step pulse
programming (ISPP) algorithm [18] to make the cells reach
a stationary programming regime where their average AVr
per pulse is nearly equal to the ISPP step amplitude V [16].
This leads to the almost linear increase of the average
Vr ((Vr)) of the cells in a page of the memory array with
the number of applied pulses shown in Fig. 1, representing a
mandatory condition for accurate program operations [15].
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Fig. 2. Statistical distribution of the A Vy per pulse among the cells in a page
of the NAND array, for increasing number of read operations Ng averaged
after each ISPP pulse. On the x axis of (c), the scale shows the number of
electrons injected into the floating gate during the programming pulse. The
separation of the vertical dashed lines in (c) is in quite good agreement with
the calculated AV7 corresponding to single-electron storage in the floating
gate.
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Fig. 3. Same as in Fig. 2, but with statistical results gathered on a single

memory cell by repeating many times (100 times) the ISPP operation. On the
x axis of (c), the scale shows the number of electrons injected into the floating
gate during the programming pulse.

Although the ISPP algorithm minimizes the impact of the
unavoidable physical differences among the cells on their
Vr shift, Fig. 2a shows that a relevant statistical variability
of the AVr per pulse still exists. This variability is the
result, first of all, of the statistical nature of the process
leading to electron injection into the floating gate during each
ISPP pulse (program noise) [14]-[16], [19] and, in addition,
of fluctuations of Vr due to read noise, mainly in the form
of RTN and gaussian noise from the sensing circuitry (note
that the read noise contribution to A V7 is the main reason for
the negative tail appearing in Fig. 2a). A similar spread of the
AV per pulse is clearly evident also when gathering statistical
results on a single memory cell by repeating many times the
ISPP operation, as shown in Fig. 3a. This further confirms that
the major component to the A V7 spread is not related to cell-
to-cell variability but to the intrinsic statistical dispersion of the
electron injection process into the cell floating gate [14]-[16]
and to read noise. As a final remark, note that both the AVp
distribution in Fig. 2a and that in Fig. 3a display a staircase
behavior arising from Vr discretization during read. The read
operation involves, in fact, increasing the word-line bias by a
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Fig. 4. Vr of a single memory cell resulting from many subsequent
read operations after each ISPP pulse. The application of the ISPP pulses
is highlighted by the vertical dashed lines. Red line is the result of read
averaging.

constant step and defining cell Vr as the first value making
cell current greater than a reference level in the tens-of-nA
range.

B. Averaging Many Reads

In order to reduce the impact of read noise on AVr and
better highlight the contribution given by the increase of
the number of electrons stored in the floating gate during
programming, we evaluated Vr as the average of Np read
operations after each ISPP pulse, as shown in Fig. 4 on a
single memory cell. In this figure, the relevant fluctuation of
the single read operations clearly appears (symbols), which,
for the selected Vi, is almost comparable to the Vr increase
arising from the application of the ISPP pulses. The effect of
averaging Ng = 10 and 100 reads on the statistical distribution
of the AVr per pulse is shown, respectively, in Figs. 2b and 2c,
in the case the statistics is gathered by a single ISPP operation
on all the cells in a page. Results highlight that the distribution
assumes a staircase behavior for increasing Npg, with the
staircase steps equally spaced on the horizontal axis. This
is even more evident in Figs. 3b and 3c, where the results
achieved with many ISPP operations on a single cell are
shown in the case of Ng = 10 and 20. In particular, Fig. 3c
allows to easily and accurately extract the width of the steps
of the AV staircase (see the vertical dashed lines, reported
also in Fig. 2c¢), which is constant and much larger than
that determined by Vr discretization in Figs. 2a and 3a (this
represents a mandatory condition setting the precision required
of the V7 measurement).

III. DISCUSSION

The staircase behavior of the AVy distribution
in Figs. 2c and 3c represents the first direct experimental
detection of single-electron charging of the floating gate
of mainstream Flash cells. Note, in fact, that the width of
the steps in the figures is in very good agreement with
the calculated Vr shift corresponding to the storage of a
single electron in the cell floating gate, equal to q/Cpp,
where ¢ is the electronic charge and Cp, is the floating



gate to control-gate capacitance (extracted from program
noise analyses [16] and numerical simulations [20]). The
discretization of AVr giving rise to the staircase behavior of
the distributions of Figs. 2c and 3c is, therefore, set by the
discrete number of electrons that can be injected in the cell
floating gate during ISPP pulses, with the first step above 0
corresponding to 1 electron added to the floating gate, the
next one to 2 electrons added to the floating gate and so on.
As a remark, note that the smoothing of the distribution that
appears at high AVr in Fig. 2c is the result of gathering
statistics on many microscopically different cells, with the
possibility of a higher RTN in some of them and of small
variability in the value of their Cp, coming into play.

Finally, it is important to point out that the average number
of electrons injected into the cell floating gate during the
ISPP pulses is, from Figs. 2¢ and 3c, nearly equal to 1. This
comes from the rather low value of V; that we used in our
experiments, which is lower than those typically adopted even
for accurate programming of multi-level devices. However,
the result reveals that the number of electrons added to the
floating gate of modern Flash cells during each ISPP pulse
is quite low and this represents a major spread source for
AV as appearing from Figs. 2c and 3c. To this regard, note
that, owing to the very high electric fields in the tunnel oxide
during programming, Coulomb-blockade effects [13] are not
effective in controlling the number of stored electrons in the
floating gate.

IV. CONCLUSIONS

In this letter, we have presented the first experimental
evidence of single-electron charging of the floating gate of
mainstream Flash cells. Results clearly reveal the discretiza-
tion of the number of electrons that are stored in the cell
floating gate during a program pulse, opening the possibility
for further studies on the electron injection process.
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