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I. INTRODUCTION

HE idea of controlling the turn-ON and the turn-OFF of

a thyristor by the field-effect exerted by insulated gate
contacts has been largely exploited in the past for high-power
applications [1], [2]. However, only more recently has this idea
been explored to develop next-generation nanoscale solid-state
volatile memory cells [3]-[12]. In particular, the exploitation
of the bistability of a nanoscale gated-thyristor to achieve
dynamic RAM (DRAM)-like operation relies on the possibility
of creating a transient condition in the device affecting its
turn-ON when a specific gate voltage (V) waveform is
applied [7], [11]. This transient condition is typically
obtained by changing the carrier density in some of the
device regions [7], [11], [13]-[15], thus triggering the
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generation/recombination processes trying to restore the
stationary concentration profiles.

T-RAM cells represent one of the most promising
exploitations of nanoscale gated-thyristors for DRAM-like
applications [7], [11]. Device operation relies on the possibility
of leading the thyristor either to its ON or to its OFF state
during dynamic sensing operations depending on the hole
concentration in the p-base [16]. Dynamic sensing consists in
the fast increase of Vi from a low (VgL ) to a high (Vgp) value
in the presence of an anode bias (Vy4) lower than the static
forward-breakover voltage (Vgp) and results in device turn-ON
during the rise front of Vi only if a high enough amount of
holes is present in the p-base [17]. This makes the hole con-
centration in the p-base the physical element determining the
memory effect, with the possibility of having a stable 1 state in
the presence of the stationary hole concentration at Vg1, and a
transient O state corresponding to a depleted p-base [16]. For
best technology performance, prolonging the maximum stretch
of time allowing the thyristor to remain in its OFF state during
dynamic sensing after a write-0 operation, representing the
cell data retention time, is of utmost importance and requires
a careful investigation of the applied voltage waveforms.

In this paper, enhancing the preliminary work reported
in [18], we present the first experimental investigation of
the dynamic turn-ON of T-RAM cells under the transient
conditions given by a depleted p-base, as a function of the
voltage waveforms used for device operation. The results
reveal that the stretch of time along which dynamic turn-ON
is precluded after a write-0 operation depends on the gate and
anode bias during the hold phase (VgL and VaL, respectively)
and on Vgg, i.e., the high gate voltage used for dynamic
sensing. This is explained considering the rate of electron—hole
pair generation in the device and the p-base potential required
to turn the device on during dynamic sensing as a function
of the hold and sensing voltages. The design guidelines
coming from these results are a significant contribution to the
development of next-generation nanoscale T-RAM cells.

II. EXPERIMENTAL RESULTS
A. Main Evidence

Figs. 1(a) and 1(b) show the schematics of the nanoscale
T-RAM cell investigated in this paper and its corresponding
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Fig. 1. (a) Schematics for the nanoscale gated-thyristor investigated
in this paper (the n- and p-base are nearly 100 nm long, the silicon
thickness is 30 x 30 nmz, and the gate oxide thickness is 5 nm).
(b) Corresponding 14—V 4 characteristics as obtained from a slow forward and
backward sweep of V4 at constant Vg (static 14—V 4 curves). A protection
resistance of 5.5 MQ was put in series to the anode of the device in this
measurement, aiming at limiting /4 when the gated-thyristor is ON [17].

anode current versus anode voltage (/4—Vy4) characteristics as
obtained from a slow forward and backward sweep of V4 at
constant Vi, ranging between —2 and O V. Thanks to the
low ramp rate of V4 (in the tens-of-seconds timescale), the
curves reported in Fig. 1(b) correspond to the static electrical
characteristics of the device, allowing the definition of its
bistability window as the region of V4 between the sudden
increase of I4 during the forward sweep (static V) and
the sudden drop of I4 during the backward sweep (static
hold voltage, Vg ). As clearly appearing from Fig. 1(b), this
window is barely dependent on Vg when this voltage increases
from —2 to —0.25 V, while a significant reduction of its
width appears for V¢ = 0 V, due to a reduction of the
static Vgg [4], [18].

In agreement with what has been reported in [17],
Fig. 2(a) shows that a fast transition of Vg from a low
value Vg, = —2 V to a high value Vgg = —0.25 V allows
a dynamic turn-ON of the gated-thyristor for whatever V4 in
the bistability region highlighted in Fig. 1(b) (Vau = 1.5V
was used in the example, with the rise of V4 preceding that
of V). This results from a reduction of Vgg from the static
value when the device is dynamically operated, thanks to a
higher p-base potential and, in turn, electron current from the
cathode to the n-base triggering device turn-ON, when the Vg
increase is so fast to limit the hole discharge of the p-base
(a rise time of the Vg pulse equal to 50 ns was used in the
experiment, limited by our setup). Note, in this regard, that
device turn-ON happens on the rise front of the Vs pulse and
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Fig. 2. (a) Example of the V5 and V4 waveforms applied for dynamic

sensing of the T-RAM cell state and resulting /4 (obtained as Vout/Ry in
the setup of Fig. 1, where no protection resistance Rp was used and
R; = 100 kQ): thanks to the fast V( transition (~50 ns, limited by
our experimental setup), device turns ON even with a Vay lower than its
static Vgg (1.5 V in this case). (b) Dynamic turn-ON is inhibited when a
highly positive Vi pulse is applied prior to dynamic sensing. All the main
experimental parameters have been highlighted in the figures.

does not depend on the duration of the pulse plateau. This
latter duration was set to 100 us in the experiment to clearly
observe the 14 waveform in the presence of the load resistance
Ry = 100 kQ in the setup of Fig. 1(a).

Starting from these preliminary results, highlighting the
strong differences between the static and the dynamic oper-
ations of T-RAM cells, Fig. 2(b) shows that the dynamic
turn-ON of the gated-thyristor can be avoided if a highly
positive gate pulse (Vg = +2 V was used in the example)
is applied prior to dynamic sensing of I4, thanks to the
consequent depletion of the p-base of holes which makes the
dynamic Vgp of the device increase up to the static value.
This paves the way for the exploitation of the T-RAM cell
as a DRAM device, with holes in the p-base representing
the physical parameter determining the memory state of the
cell [16]. When the V4 and Vi waveforms shown in Fig. 2(a)
are applied to read the cell current, in fact, the possibility to
turn the cell on depends only on the p-base potential and,
in turn, on the amount of holes in the p-base, determining
the electron current flowing from the cathode to the n-base.
The positive Vg pulse applied prior to read in Fig. 2(b)
acts, therefore, as a write-0 operation on the cell, removing
holes from the p-base and then affecting the possibility for
cell turn-ON during the next dynamic sensing operations.
Note, however, that the consequences of the pulse on the
dynamic turn-ON of the T-RAM cell are just transient, due to
carrier generation taking place in the hold time (rf) between
pulse and sensing, and bringing the device back to its stable
state 1 [19]-[21].

To address the transient nature of p-base depletion and
its consequences on the dynamic turn-ON of T-RAM cells,
we repeated the experiment of Fig. 2(b) 10% times to statis-
tically evaluate the probability to turn the device on when
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Fig. 3. Pon dependence on ¢ty when changing (a) VgL (Vgyg = —0.25 V,
VaL =0V, and Vaog =1.5V) and (b) Vgg (VgL = -2 V, VoL =0V, and
Valg = 1.5 V) in the experimental test of Fig. 2.

dynamically sensing its /4 (Pon), as a function of rg.
Pon represents the probability of a memory cell failure after
storing bit-0 and grows for longer g due to hole generation
in the device. The results are shown in Fig. 3(a) and (b) for
different VgL (Vga = —0.25V, Vo, =0V, and Vag = 1.5V)
and different Vgg (Vg = -2 V, Va. = 0 V, and
Van = 1.5 V). First of all, the curves display a very strong
sensitivity of Poy on tgy, revealing a negligible impact of
the statistical nature of the carrier generation process on the
results. Moreover, the curves exhibit a shift toward longer
ty for higher Vgr, [Fig. 3(a)] and lower Vgp [Fig. 3(b)].
To quantify more in detail these dependences, Fig. 4 reports
the median data retention time 7z (i.e., the ¢ty corresponding
to Pox = 0.5) as a function of Vgy, with VgL as a parameter
(VaL = 0V, Vag = 1.5 V): an increase of more than
a factor 60 and 20 appears, respectively, in the retention
time when increasing Vg from —2.25 to —1.5 V with
Vou = —0.25 V and when decreasing Vgg from 0 to —0.75 V
with VgL = =2 V.

In addition to the Vs dependence, Fig. 5(a) shows that the
Pon curves display a significant dependence on Var, i.e., the
anode bias during the hold phase, while are mostly unaffected
by Vag [Fig. 5(b)], i.e., the anode bias during dynamic
sensing. In particular, Fig. 5(a) shows that the reduction
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Fig. 5. Same as in Fig. 3, but for different (a) Va1, and (b) Vay and fixed
VgL =—2 Vand Vgy = —0.25 V.

of Var moves the Poy curves toward longer tg, positively
impacting, in turn, cell data retention. This is also better
quantified by the 7y trend in Fig. 6, revealing an increase of
more than a factor 40 in data retention when Va1, is reduced
from 0.5 to —0.3.

As a final remark, note that the test of Fig. 2(a) (no pulse
prior to dynamic sensing) was also repeated 10° times for
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Fig. 7. (a) Vg and V4 waveforms used to investigate the effect of the fall
time 7f of the write-0 pulse on the Pon versus tg curve. (b) Corresponding
results obtained with Vg, = =2 V, Vgg = —025 V, VoL = 0 V, and
Vau=15V.

the same VgL, VgH, VAL, and Vag considered in Figs. 3-5
and device turn-ON was observed in 100% of the cases. This
confirms, first of all, that state 1 is stable for the explored
operating voltage levels [18] and, then, that the inhibition of
cell turn-ON and, in turn, the resulting Poy curves obtained
from the experiment of Fig. 2(b) are only the consequence
of the write-0 pulse and not of any parasitic experimental
effect. Exploring higher values of VgL or lower values of
Vou than those considered in Figs. 3 and 4 may result,
however, in the possibility that the cell does not turn ON in
the experiment of Fig. 2(a) [18], representing a nonsuitable
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Fig. 8. (a) Vg and V4 waveforms used to investigate the effect of
the amplitude of the write-O pulse Vi on the Pon versus fy curve.
(b) Corresponding results obtained with Vg, = =2 V, Vgg = —0.25 V,
VAL =0V, and VAH =15V

operating condition. Moreover, even increasing Vgy above 0 V
may be unsuitable for cell operation, as this may lead to the
closure of the bistability window shown in Fig. 1(b) and,
therefore, to cell turn-ON even after a write-0 pulse.

B. Further Control Experiments

To investigate more in depth the origin of the dependence of
cell turn-ON inhibition after a write-0 pulse on the operating
voltage waveforms, we modified some of the parameters
of the experimental test of Fig. 2(b). First of all, we explored
the possibility that a different number of holes remains in
the p-base after the write-O pulse when a different Vi, is
adopted, due to transient parasitic hole injections during the
falling edge of the pulse. To this aim, we measured the Poy
versus fy curve increasing the duration of the falling edge
of the write-0 pulse (¢r) from 50 ns up to 100 us, with
fixed Vi and V4 levels, according to the experimental scheme
of Fig. 7(a). The results are shown in Fig. 7(b) (VgL = -2 V,
Vou = —025V, Var = 0V, and Vag = 1.5 V) and
do not display any significant change with the reduction of
the steepness of the falling edge of the write-O pulse. This
confirms that the dependence of the Poy versus ¢ty curve on
VoL appearing in Fig. 3(a) is not the result of a different
effectiveness of the write-0 pulse in depleting the p-base but
only of changes in the physical processes taking place during
the hold phase. This is further confirmed in Fig. 8(b), where
the Poy versus fy curve appears unaffected by the reduction of
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Fig. 9. (a) Vg and V4 waveforms used to investigate the effect of the duration
of the write-0 pulse ty on the Pon versus ty curve. (b) Corresponding results
obtained with Vg, = =2V, Vgg = —0.25 V, VoL, =0 V,and Vo = 1.5 V.

the amplitude of the write-0 pulse (Vyo) from +2 to 4+0.5 V
[see the experimental scheme of Fig. 8(a)], meaning that
the explored time and amplitudes of the write-0 pulse allow
a complete depletion of the p-base from holes. Finally,
Fig. 9 considers the case where the duration of the write-0
pulse (two) is reduced down to 100 ns (a), highlighting that
the Poyn versus ty curve remains mostly unaltered (b). This
clearly confirms that the T-RAM cell has the possibility to
address DRAM applications [11], requiring very fast write and
read operations.

III. PHYSICAL PICTURE

The experimental results of Section II can be explained
considering that the dynamic turn-ON of nanoscale
gated-thyristors relies on the presence of holes in the
p-base when Vg experiences its fast transition from
VoL to Vgu [17]. As a consequence, when the highly positive
write-0 pulse is applied to the device gate in Fig. 2(b) and the
p-base goes fully depleted from holes, dynamic turn-ON is
precluded over the stretch of time immediately following the
pulse application. However, this represents a nonequilibrium
condition which triggers the generation of electron—hole
pairs, with electrons rapidly leaving the p-base and holes
accumulating in it [7], [11], [13], [14], thus restoring the
possibility for a dynamic turn-ON after a certain ty. Within
this picture, the shift of the Pox curves toward longer ry
when lowering Va1, [Fig. 5(a)] or increasing Vgr, [Fig. 3(a)]
is just the direct consequence of the reduced reverse bias

of the p-base with its neighboring n regions, resulting in
the reduction of the electron/hole generation rate trying to
restore the stationary charge conditions in the device that
correspond to Vgr. This, in turn, increases the tg required
to have enough holes in the p-base to allow device turn-ON
during the next dynamic sensing operation at Vgy. More
specifically, note that the T-RAM cell of Fig. 1 turns on when
a high enough electron flow from the cathode to n-base, i.e.,
a high enough potential of the p-base, is obtained as a result
of the fast increase of Vi involved in the dynamic sensing
operation. For fixed Vgy, this means that the same amount of
holes must be present in the p-base when changing Var, and
VoL and this can be achieved only after longer ¢ty when Var
is reduced and when Vg, is increased, as a consequence of a
lower electric field. When Vg is reduced, instead, triggering
the same electron flow from the cathode to the n-base and
the same potential in the p-base requires a larger amount of
holes in this region and this requires, for fixed VgL and Var,
a longer ty, leading to the rightward shift of the Poy curves
in Fig. 3(b). Note, finally, that in the case the thyristor
remains OFF during dynamic sensing, a higher Vguy may
contribute to keep a hole depletion condition in the p-base at
the end of the sensing phase, contributing to the regeneration
of state 0 in the memory cell and achieving a similar effect
to the application of the high Vg pulse in Fig. 2 [22].

IV. CONCLUSION

In this paper, we presented a detailed experimental
investigation of the dynamic turn-ON of nanoscale
T-RAM cells after hole depletion is created in the p-base by a
write-0 operation. The results showed that hole depletion
prevents dynamic device turn-ON over a stretch of time largely
changing with VgL, VaL, and Vgu. A physical explanation
of the results was provided, based on the dependence of
the hole generation rate and of the amount of holes in the
p-base required for dynamic device turn-ON on the applied
biases. The results represent a significant contribution to the
design of the operating waveforms of next-generation
T-RAM technologies targeting DRAM-like applications.
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