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Dynamic random access memories (DRAMs) based on a
transistor/capacitor cell are used as main memories in computers
because of their high capacity and high speed. Since there is no gain
in the present DRAM cell, it requires a large cell-capacitor to
produce an adequate sense signal. In each new memory generation,
structure and fabrication have become more complicated to main-
tain a large capacitor while miniaturizing the cell.

This phase-state low electron-number drive memory (PLEDM) gain
cell uses a stacked tunnel transistor (PLEDTR) [1]. Since this cell
has gain, a large capacitor is not necessary. The cell size is 5F 2 where
F is the minimum feature size. Its read and write times are
simulated as 20ns and 5ns, respectively. In principle, it is possible
with PLEDM to have a retention time longer than 10 years, enabling
a non-volatile memory to be realised [2].

PLEDTR is a vertical fully depleted double-gate SOI-MOSFET with
barriers in the channel region (Figure 7.4.1). Gate voltage modu-
lates the internal potential in the intrinsic silicon region and the
central shutter barrier or barriers (CSB) move up and down ener-
getically following the internal potential. The CSB reduce OFF
current substantially, while keeping device ON current high. The
device may be regarded as a three-terminal version of the
heterostructure hot-electron diode (H2ED) based on transition from
a tunneling current to a thermoionic emision current at a semicon-
ductor heterojunction [3]. The role of the source and drain barriers
is (1) to increase the weighting of the high-energy part of the injected
electrons (2) to act as impurity diffusion barriers which ensure a low
impurity level within the channel, and (3) to reduce leakage current
such as gate-induced drain leakage current at the drain side.

PLEDTRs with triple tunnel barriers are fabricated on silicon
dioxide using a standard silicon process, as shown in Figure 7.4.2.
All transistor regions, source, drain, channel, and gate, are poly-
crystalline-silicon films. The thin tunnel junctions are formed by
thermal nitridation of silicon at 900oC. Source and drain regions are
heavily phosphorous doped to 2x1020cm-3, while the channel region
is maintained at impurity level <1017cm-3 as confirmed by SIMS
analysis. The gate is boron doped to 5x1019cm-3. The channel length
is 60nm and the gate insulator is formed by 6nm of silicon dioxide.
The gate separation width is 45nm, and the gate width, perpendicu-
lar dimension to the plane of Figure 7.4.2a, is 0.4µm.

Drain current measurements shown in Figure 7.4.2b demonstrate
<1fA leakage. The threshold voltage is ~1V, and sub-threshold
voltage slope S is 96mV/decade. This sub-threshold voltage slope is
explained well by the scaling theory for a double-gate SOI MOSFET
[4], and the same slope S is obtained for PLEDTR with the 0.2µm
gate separation and 350nm channel length [5].

PLEDTR enables construction of high-density memory because
each memory cell occupies the area of one transistor, as shown in
Figure 7.4.3. A PLEDTR is stacked onto the gate of a conventional
MOSFET with a built-in coupling capacitor to realize a memory cell.
High-speed write is possible by transferring electrons from the top

electrode (data line) onto the memory node through the ON-state
PLEDTR. Since the OFF-state PLEDTR effectively confines elec-
trons, the stored information can be kept for a long time without
refresh. Since the information is read via the current in a MOSFET,
this cell has gain and a large S/N ratio.

Storage, read, and write cycles are all controlled by voltage Vw on the
word line, VW

(S) (-2V), VW
(R) (0.5V), and VW

(W) (3V). (Figure 7.4.4) The
generation of negative word line voltage is described in reference [6].
In the storage cycle the built-in coupling capacitor CC causes the
memory node voltage VN to be lower than the threshold voltage Vth
of the sense MOSFET. In the read cycle VN becomes higher than Vth
when the memory state is high and lower than Vth when the memory
state is low. In the write cycle the PLEDTR is opened, and VN
becomes the data line voltage, 1.5V for the high memory state and
0V for the low memory state. Figures 7.4.4(b) and (c) show the
results of mixed-level device and circuit simulation of two memory
cells using 0.13µm rules. A sequence of writing high state (WH),
storage (S), read (R), refresh (r), S, R, writing low state (WL), S, R,
r, S, R, with 10ns/20ns/5ns storage (pre-charge) /read/write time is
simulated. VDD =1.5V. Vw2 is kept at -2V (unselected) after writing
high or low state. The refresh inverts the memory state. The
inverting cell concept is described in reference [7]. Although the
drain-source current in the ON state of a PLEDTR is ~1µA, write is
fast because of the reduced stored charge, which is determined by
the gate capacitance of the sense MOSFET and estimated as 0.2 to
0.3fC. On the other hand a high ON current is available from the
sense MOSFET to drive the data-line capacitance, 200fF in this
simulation.

The memory node voltage VN in the storage and read cycles is
calculated as a function of the coupling capacitance CC in Figure
7.4.5. VH

(R) and VL
(R) are in the read cycle in high and low memory

states, respectively. VH
(S) and VL

(S) are in the storage cycle. The
voltage difference on the memory node between high and low
memory states, VH-VL, can be larger than the writing voltage
difference, 1.5V in this case, because of the change of memory node
capacitance between inversion and depletion states of the sense
MOSFET. Random read access in a cell array is possible when Vth is
set in the hatched area, for example, between 0.5V and –0.5V at
0.04fF coupling capacitance. This coupling capacitance can be real-
ized for a 50nm thick memory node (tN), without needing to form an
additional capacitor.

The 5F 2 memory cell layout is shown in Figure 7.4.6a. The schematic
of memory device is shown in Figure 7.4.6b. The refresh circuit
consists of one transistor per column with the same pitch as the
memory cell, without sense amplifiers, so the cell area occupancy
ratio increases substantially. An experimental memory cell array is
in fabrication.
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Figure 7.4.6: Memory device (a) cell layout,
   (b) schematic diagram.Figure 7.4.5: Simulated memory node voltages.

Figure 7.4.4: Simulation of memory cells.
   (a) circuit diagram,
   (b) transistor characteristics, (c) waveforms.

Figure 7.4.3: PLEDM cell (a) cross-section,
   (b) equivalent circuit diagram.

Figure 7.4.2: Fabricated PLEDTR. (a) Transmission
  electron micrograph, (b) measured drain current.

Figure 7.4.1: PLEDTR. (a) Schematic cross-section,
(b) conduction-band energy diagram.
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Figure 7.4.1: PLEDTR. (a) Schematic cross-section,
(b) conduction-band energy diagram.
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Figure 7.4.2: Fabricated PLEDTR. (a) Transmission
electron micrograph, (b) measured drain current.
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Figure 7.4.3: PLEDM cell (a) cross-section,
(b) equivalent circuit diagram.
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Figure 7.4.4: Simulation of memory cells.
(a) circuit diagram,
(b) transistor characteristics, (c) waveforms.
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Figure 7.4.5: Simulated memory node voltages.
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Figure 7.4.6: Memory device (a) cell layout,
(b) schematic diagram.
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