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Abstract—In this letter, through experimental evidence
collected at room temperature and in the deep-cryogenic
regime, we demonstrate that the so-called vertical charge
loss from the gate stack of 3-D charge-trap NAND Flash
memories is a process featuring widely distributed time
constants. Results reveal that the turn-on of these time
constants depends on the temperature at which the pro-
gram operation is carried out. This, combined with the
dependence of the time constants on the temperature at
which vertical charge loss is monitored, gives rise to an
apparent activation energy of the cell threshold-voltage
transient during data retention that is close to zero when
data retention and program occur at the same temperature.
This phenomenology must be carefully taken into account
when trying to extend the working temperature of NAND
Flash memories down to the deep-cryogenic regime.

Index Terms—NAND flash memory, cryogenic tempera-
ture regime, semiconductor device reliability.

[. INTRODUCTION

HANKS to its cost effectiveness, storing charge in a

dielectric layer with a high density of microscopic defects
has become the elective solution for 3-D NAND Flash memo-
ries [1], [2], [3]. This so-called charge-trap storage approach,
however, brought in some relevant changes in the reliability
physics of the technology with respect to floating-gate stor-
age. The possibility for the charge stored in a memory cell
to laterally migrate along the charge-trap layer during data
retention [4], [5], [6] and nonuniform charge storage over cell
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Fig. 1. Igp — V. trans-characteristic of the 3-D NAND Flash test
element investigated in this work, at different T. The inset shows a
schematic description of the test element and of the Read conditions.
A log scale was used for Ig; .

channel [7] are just examples of physical phenomena which
play a specific key role in the reliability of charge-trap cells.

In this letter, we experimentally address the charge loss from
the gate stack to the channel, commonly referred to as vertical
charge loss [8], [9], [10], [11], of 3-D charge-trap NAND
Flash memory cells at temperature (7)) equal to 300K and
15K. Data provide clear evidence that this process features
a broad spectrum of time constants. The 7 dependence of
these time constants and of their turn-on gives rise to a nearly
zero apparent activation energy for the threshold-voltage (Vr)
transients during data retention when both Program and data
retention occur at the same 7. These results are of utmost
importance to extend the working 7 of 3-D NAND Flash
memories down to the deep-cryogenic regime.

[I. EXPERIMENTAL SAMPLES, TESTS AND RESULTS

The samples investigated in this work are test elements
for 3-D charge-trap NAND Flash memory arrays featuring
vertical polysilicon channels and 10 stacked wordlines (WLs).
Cell dimensions correspond to the state-of-the-art for the 3-D
NAND Flash technology. A few thousands of bitlines (BLs) in
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Fig. 2. Schematic description of the first experimental test used to 10 10 10— 10 10 10
address cell data retention (E=Erase, P=Program, R=Read) and AVt Time [s]
transients obtained from it at T = 300K and 15K. All the voltages s
reported in this letter are normalized to the same arbitrary constant. T 71O—0O Test of Fig. 3(a) w/out Phase 2

OfF----«c---- O Test of Fig. 2 at T=300K

the test element are short-circuited to monitor data retention on
a large number of cells in parallel. To this aim, all the cells in
the strings were, first, uniformly subjected to an Erase and Pro-
gram operation. After increasing delay times since Program,
then, the BL current (/pr) was collected during a sweep of
the voltage applied to a selected WL (Vi 1), with all the other
WLs under pass condition. Fig. 1 shows a schematic for the
voltages applied to collect the /g vs. V1, trans-characteristic
along with a representative example of the curve obtained at
different 7 from 300K to 15K (see [12] for a description of
the setup used to carry out cryogenic measurements). Cell
data retention was addressed by extracting an equivalent V7
as the Vy value leading to a constant /p; and monitoring
its shift (AVr) from the first Read operation as a function of
time elapsed since Program. Fig. 2 schematically shows the
data retention test and the results obtained when all of its
phases are carried out at the same T equal to either 300K or
15K (note that nothing was changed in the Program operation
at the two T, achieving approximately the same amount of
stored charge in the cells thanks to the weak T activation of
Fowler-Nordheim tunneling [13]). Very similar A V7 transients
appear from the test, suggesting a negligible 7 activation of
cell data retention, i.e., an apparent activation energy close to
zero. Similar results were obtained at intermediate 7.

To delve further into the T dependence of the cell data
retention phenomenology, a second experimental test was
devised. This is schematically shown in Fig. 3(a). After setting
T to 300K and performing the Erase and Program operations,
data retention was monitored over three phases. During the
first (Phase 1), T remains at 300K and AVr follows the
same trend observed in Fig. 2. Then, T is reduced down to
15K (Phase 2), leading to a freeze of AV7. Finally, T is
brought back to 300K (Phase 3), making A Vr display a rapid
drop and approach the extrapolation of the trendline observed
during Phase 1. From these results, the AV7 transient seems
to display a significant 7' activation, in striking contrast with
what observed in Fig. 2. In particular, the 7' activation of the
AVr transient is strong enough to make Phase 2 completely
negligible. This is confirmed by the fact that, when the part of
the transient corresponding to Phase 3 is replotted neglecting

Fig. 3. (a) Schematic description of the second experimental test used
to address cell data retention and A V7 transient obtained from it. Note
that the value of AVt at instant t3 was set to match that at instant
t> to compensate for the T dependence of the V1 Read operation,
as highlighted in Fig. 1. The shaded bars highlight the stretches of
time needed for the change of T from 300K to 15K and vice versa.
(b) Comparison between the transient corresponding to T = 300K in
Fig. 2 (black curve) and the transient obtained from the data reported in
part (a) when neglecting all the blue points of Phase 2 and substrating
the duration of Phase 2 from the time associated with the red points of
Phase 3 (red curve).

the time spent at T = 15K, the very same curve resulting from
a single test at T = 300K is obtained, as shown in Fig. 3(b).

The evidence provided by Fig. 2 and Fig. 3 reveals that
AVr follows a quite different behavior at 7 = 15K in the two
tests, steadily decreasing over time in the former and staying
freeze over Phase 2 in the latter. This is clearly shown in
Fig. 4 and may appear far more puzzling when considering
that the Ip; vs. Vy curves corresponding to the first Read
operation during Phase 2 in the test of Fig. 3 and to the first
Read operation in the test of Fig. 2 are almost matched (see the
inset of Fig. 4). This excludes that the different AVr behavior
observed at 7 = 15K in the two tests arises from a different
cell placement over the Vr axis.

[1l. DiscussIiON

To explain the experimental evidence provided in Sect. II it
is worth noting, first of all, that the detected AVr transients
arise from vertical charge loss. The impact of lateral charge
migration during data retention is, in fact, minimized by the
uniform programming pattern of the cells along the NAND
string [5], [8]. This is further confirmed by the fact that
the same results were obtained over subsequent repetitions
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Fig. 5. Evolution of the spectrum of the emission time constants of

Fig. 4. Comparison of the A Vrtransient obtained from the test in Fig. 2
at T = 15K with that obtained during Phase 2 of the test in Fig. 3(a) (in
the latter case, AVt and time are here evaluated with respect to the
first Read operation carried out during Phase 2). The inset shows the
Igr — Vi curve at the first Read operation carried out at 15K in the tests
(the two curves are almost matched because the AV occurring during
Phase 1 of the test in Fig. 3(a) is quantitatively similar to the discrepancy
in the outcome of the Program operation arising from the T activation of
Fowler-Nordheim tunneling).

of the tests in Figs. 2-3(a) (not shown). This also excludes
any possible impact on the test results of the annealing of
charged microscopic defects in the tunnel dielectric stack,
a phenomenology commonly referred to as charge detrapping
by the NAND Flash community [14], [15], [16].

With vertical charge loss being the dominant process giving
rise to AVr in our experiments, the results obtained from the
test in Fig. 3(a) can be explained through a physical picture
based on the statistical distribution of the time constants for
electron emission from the microscopic traps in the cell gate
stack. This statistical distribution can be traced back to the
wide spread in the spatial and energetic position of traps
in charge-trap layers and, for the sake of simplicity, can be
considered as uniform along the logarithmic time axis. This
is schematically shown in Fig. 5(a), where the distribution of
the emission time constants of electrons is reported at the time
(t1) corresponding to the first Read operation in the test of
Fig. 3(a). At that instant, all the electrons with time constant
shorter than #; have already been emitted. As time elapses,
then, some other electrons are emitted from the gate stack of
the memory cells, emptying the spectrum of time constants
from left to right. This results in a certain AVr and in the
distribution of time constants shown in Fig. 5(b) when the end
of Phase 1 is reached (time #,). With the following reduction
of T down to 15K (time #3), the spectrum of time constants
shifts rightwards, as shown in Fig. 5(c). This is due to the T
activation of the time constants [17] and its outcome is that
no electron has now a time constant within the observation
window of data retention. As time elapses and the end of Phase
2 is reached (time t4), therefore, AVy remains flat and no
change takes place in the spectrum of time constants, as shown
in Fig. 5(d). However, when Phase 3 of the test begins and
T is moved back to 300K (time #s5), the spectrum of time
constants shifts back to short times, as depicted in Fig. 5(e).
As a consequence, some electrons have now an emission time
constant so short to be emitted from the gate stack and make
AV7 increase in magnitude. Finally, at the end of Phase 3

electrons over the test in Fig. 3(a).
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Fig. 6. Spectrum of the emission time constants of electrons at the first
read operation of the test in Fig. 2 at (a) T= 300K and (b) T= 15K.

(time #), all the spectrum of time constants has been emptied
up to the total observation time, as shown in Fig. 5(f).
Within the same physical picture, Fig. 6 shows that the
similar AV transients obtained at 7 = 300K and 15K in
the test of Fig. 2 can be attributed to a similar distribution
of emission time constants at the two 7' when the first read
operation is carried out. This can be explained by assuming
that the Program operation stores electrons in microscopic
traps with different spatial and energetic position at 7 = 300K
and 15K, with the final outcome that those traps capturing
electrons during a Program operation at either 7 have com-
parable emission time constants falling within the observation
window of data retention. This, in turn, means that vertical
charge loss displays widely distributed time constants, whose
turn-on depends on the T at which Program is carried out.

V. CONGLUSION
In this letter, we proved that vertical charge loss in 3-D
charge-trap NAND Flash cells is a process featuring widely
distributed time constants, whose turn-on depends on the 7" at
which the program operation is carried out. This has relevant
consequences on the data retention transient of the cells and
on technology operation in the deep cryogenic regime.
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