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A novel 2 T P-channel nano-crystal memory for low power/high speed embedded
NVM applications�
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Abstract: We introduce a novel 2 T P-channel nano-crystal memory structure for low power and high speed
embedded non-volatile memory (NVM) applications. By using the band-to-band tunneling-induced hot-electron
(BTBTIHE) injection scheme, both high-speed and low power programming can be achieved at the same time.
Due to the use of a select transistor, the “erased states” can be set to below 0 V, so that the periphery HV circuit
(high-voltage generating and management) and read-out circuit can be simplified. Good memory cell performance
has also been achieved, including a fast program/erase (P/E) speed (a 1.15 Vmemory window under 10�s program
pulse), an excellent data retention (only 20% charge loss for 10 years). The data shows that the device has strong
potential for future embedded NVM applications.
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1. Introduction

Embedded non-volatile flash memory is becoming one of
the key components in system-on-chip (SOC) products due to
its data storage capability without a power supply. High speed
and low power are required to meet the increasing demand for
high performance SOC applications such as in mobile units. P-
channel flash memory, introduced by Hsu et al. in 1992, was
proposed as an alternative for producing high-density and high-
speed flash memoryŒ1�.

Compared to the conventional N-channel flash memory,
the P-channel flash memory can achieve a large programming
gate current at low power consumption and provides high-
speed programmingŒ2�. As very large scale integration (VLSI)
technologies progress and battery-powered electronics prod-
ucts prevail, the advantages of P-channel flash memory be-
come more and more important. During the past two decades,
several solutions have been proposed, such as P-channel float-
ing gate (FG) flash memories with different P/E methodsŒ3�5�

and array architecturesŒ6�, and single-poly P-channel SONOS
cellsŒ7�9� for high-density and low cost. However, there is still
quite a lot of work required to further optimizememory devices
for future advanced NVM applications.

In this paper, for the first time, we introduced a 2 T P-
channel nano-crystal (NC) memory for high density and low
power nonvolatile memory application. By inserting a select
transistor between the memory cell and the source connection,
zero standby current and an enhanced read speed of the mem-
ory core can be achievedŒ10; 11�. It is shown that this type of
NVM has advantages of process simplicity and can reduce the
periphery circuit complexity.

2. Experimental setup

Figure 1 illustrates the schematic cross-section of the 2 T p-
channel NC memory structure. The two P-channel transistors
are formed in the N-well (NW) and connected in series; the
one which has an inserting nano-crystal trapping layer is the
memory transistor while the other with a thick gate-oxide is
the select transistor.

Such 2 T NC memory devices are fabricated by using 1-
poly/4-metal 0.13 �m CMOS technology. The fabrication of
the 2 TNCmemory followed a conventional logic process. The
integration of the nano-crystal charge storage layer into con-
ventional CMOS flow can be accomplished with the addition
of only four non-critical masks over the baseline logic process.
After trench isolation and well implantation, a charge storage
stack is formed consisting of a 3-nm-thick thermal grown tun-
neling oxide (bottom oxide), a nano-crystal charge trapping

Fig. 1. Schematic of the embedded SONOS memory cell.
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Fig. 2. SEM cross-sectional view of Si-NCs: (a) 5 nm (1 min growth
time); (b) 10 nm (3 min growth time); (c) 20 nm (5 min growth time).

layer and 11-nm-thick high-temperature oxidation (HTO) as
the top blocking oxide (top oxide). A two-step low pressure
chemical vapor deposition (LPCVD) process was adopted for
Si-NCs growth: nucleation at high temperatures (580–600 ıC)
for 1–3 s, and growth at low temperatures (550 ıC) for 1–5min.
By adjusting the growth time from 1 min, 3 min, and 5 min,
different nano-crystal sizes of 5 nm, 10, and 20 nm can be
achieved, separately. Figures 2(a)–2(c) give scanning electron
microscope (SEM) images of Si-NCs with different diameters
of 5 nm, 10 nm and 20 nm.

Next, a mask is used to define the NC-transistor area and
the three stacked layers in other places are etched away. Af-
ter cleaning, the select transistor gate oxide is grown. Then,
a 180-nm-thick gate poly-silicon layer is deposited and fol-

Table 1. Operation conditions for the NC memory cell.
Parameter Sub (V) SL (V) BL (V) SG (V) CG (V)
Program 0 0 �6 FL 6
Erase 0 0 0 FL �11

Read 0 0 �0:2 �2:5 Vread

lowed by a dry etch to form the whole transistor gate stack.
Finally, spacer formation and source/drain implantation were
performed to complete the device. The size of our 2 T mem-
ory cell is: W=L D 0.32 �m/0.17 �m (selector transistor) and
0.32 �m/0.24 �m (memory transistor). The total area of the 2
T nano-crystal memory cell is 0.475 �m2.

3. Results and discussion

For conventional N-channel flash memories, the program
schemes are usually channel hot electron injection (CHEI)
or Fowler–Nordheim (FN) tunneling. By using the CHEI
method, a high programming speed (typically 5–10 �s) can
be guaranteed, but the power consumption is very large. For
the FN tunneling, the program current is small but the pro-
gram time would be several micro-seconds. In this work,
we introduce P-channel technology, which adopts a band-
to-band tunneling-induced hot-electron (BTBTIHE) injection
programming scheme to solve this problem.

As for BTBTIHE programming, the programming is per-
formed by: (1) floating the source voltage to shut off the chan-
nel current; (2) applying a high drain voltage (e.g., –5 to –6V to
form a strong-enough electrical-field near the drain junction);
and (3) setting a suitable gate voltage to pull the generated-
electrons into the stack dielectric. A typical operation table is
shown in Table 1.

The cross section of BTBTIHE programming is shown in
Fig. 3(a). Due to the high voltage applied at drain side, the
band-to-band tunneling at the drain/gate overlap regions gen-
erate electron–hole pairs, so-called gate-induced drain leakage
(GIDL). The generated electrons flow through the large elec-
tric field at the drain–gate overlap region and some of the elec-
trons gain sufficient energy (i.e., 3.2 eV) to inject into the nano-
crystal trapping layers (Fig. 3(b)).

During the program operation, the source side is float-
ing, so there is no channel current, which can limit the pro-
gram power, and since a higher gate current can be obtainedŒ3�,
the programming time can be improved to around 5–20 �sŒ5�,
which is comparable with the CHE programming scheme.

Figure 4 shows the initial/program/erase states of the 2T P-
channel NC memory cell. This drain current–gate voltage (Id–
Vg/ curve is extracted at Vd D 0.2 V. For the device with 20 nm
NCs, the initial threshold voltage (Vt/ is about –0.6 V, after a
10 �s programming pulse, the programmed Vt shifts to 0.65 V,
then a 10 ms –11 V pulse was applied to the memory transistor
control gate to form the FN erase, the erased Vt is close to initial
one, amemorywindow of about 1.3Vwas achieved. Themem-
ory window (MW) of devices with different-diameter-NCs are
compared in the inset picture, at the same program/erase con-
dition, the device with larger NCs shows bigger MW due to an
increased capture cross-sectionŒ12�.

Such well-designed P/E states can reduce the complexity
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Fig. 3. Band-to-band tunnel-induced hot-electron (BTBTIHE) pro-
gramming. (a) Cross section. (b) Band diagram.

Fig. 4. Id–Vg curve of NC memory. Inset shows the memory window
of devices with nanocrystals of different diameters.

of peripheral circuit design. In a conventional design, both the
erase and program Vt were set to be above 0 V, and usually a
high word-line voltage (above VDD) needed to be maintained

Fig. 5. P/E speed characteristics of NC memory cell.

during read access. To ensure the high voltage, a boosting cir-
cuit is needed, which consumes more power and introduces
access latency. By using this design (programmed Vt > 0 V,
erased Vt < 0 V), the word-line read voltage (i.e. 0 V) without
boosting can be employed while producing a high-enough cell
current to tip the balance of the sense amplifier in the specified
access time budget.

Of course, to allow reliable and expedient sensing of a se-
lected bit, all other unselected bits sharing the same bit-line
must be shut off. This is achieved by the select transistor be-
tween the NC memory transistor and the source connection.
This also ensures zero standby current from the memory core.

The program speed is compared in Fig. 5(a). The Vg is set
to 4 V and the Vd changed from �4 to �6 V. With the increase
of drain voltage, the program speed was also improved due to
the increasing amount of generated electron-hole pairs and the
higher vertical electric field. While Vd D �6 V, a larger gate
voltage increased the program voltage. It is found that at the
condition Vd D �6 V & Vg D 6 V, a 1.15 V Vt shift can be ob-
tained under a 10 �s program pulse, which can meet the high-
speed NVM requirement. The erase characteristics are shown
in Fig. 5(b), FN tunneling is used for the cell erase operation,
so with the higher gate voltage, faster erasing can be gained.
When the Vg D �11 V and pulse width D 1 ms, a 1.12 V Vt
shift is achieved, which shows a good agreement with the pro-
gram condition.

Data retention characteristics at room temperature for the
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Fig. 6. Memory cell retention characteristics at room temperature.

NC memory cells are shown in Fig. 6. As is known, one of the
main advantages of NC NVM is the potential good data reten-
tion. Due to discrete charge storage, it is expected that a current
leakage path in the tunneling oxide of one NC does not cause
the charges in other NCs to leak. Thus, an NCmemory cell can
still maintain good retention even when the tunnel oxide thick-
ness is very thin. We can find that a 20 nm-NCs-device has
only 20% charge lost for ten years retention time, which guar-
antees the high performance of NVM applications. Effect of
nano-crystal size on data retention is also shown in Fig. 6, the
devices with smaller NCs show a worse retention characteristic
because of the more serious quantum confinement effectŒ13�.

4. Conclusion

In summary, a 2 T P-channel NC memory structure is
demonstrated in this work. The device process is simple and
fully compatible with conventional CMOS technology. The
BTBTIHE injection programming scheme is adopted to real-
ize high-speed and low power programming. As a select tran-
sistor has been employed, high read speed can be achieved by
using a simplified periphery circuit design. This device shows
good performance in terms of program/erase speed and data
retention, and also with an acceptable storage widow of more
than 1.5 V, which make the 2 T P-channel nanocrystal memory

a good candidate for the next generation of high performance
embedded NVM applications.
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