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One-to-three-period multilayers (MLs) of Ge nanodots (NDs) for nonvolatile memories (NVMs)
have been self-assembled at room temperature by using ion beam sputtering deposition of 5monolayer Ge between SiO2 layers. Using the structure of 4-nm tunnel oxide/Ge-ND MLs (middle
oxide: 2 nm)/15-nm control oxide, were fabricated NVM metal-oxide-semiconductor (MOS) fieldeffect-transistor devices based on the 0.6-µm CMOS standard processes. The size and the distribution of the Ge NDs remained almost unchanged after the device-fabrication processes. The memory
window and the program speed increased from 1.1 to 1.7 V and from 10 ms to 500 µs at +18 V,
respectively, with increasing number of periods from 1 to 3. The programmed threshold voltages in
the cycling behaviors were almost constant within about 0.05 V up to ∼104 program/erase cycles for
the two- and the three-period devices. In contrast, the erased threshold voltages showed a drift-up
for all devices, with the drift-up being decelerated in larger-period devices. The charge-loss rate
was also reduced for larger-period devices.
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distribution of Ge NCs with respect to the SiO2 /Si interface are very important [10]. Various methods, such
as ion implantation [10], chemical vapor deposition [11],
pulsed laser deposition [12], and RF sputtering [13] have
been employed to fabricate Ge NCs or NDs within an insulating matrix, but each has its own advantages or disadvantages in view of size/depth distributions and density.
We previously reported NVMs with MOS structures
containing Ge NDs self-assembled at room temperature
(RT) by using ion beam sputtering deposition (IBSD) of
ultra-small amount Ge [14,15]. In this paper, we employ
0.6-µm CMOS standard processes for nMOSFET NVM
devices containing singly- to triply-stacked Ge NDs selfassembled at RT by using IBSD. We present the NVM
characteristics, such as program/erase (P/E) speeds, endurance, and retention time, especially as functions of
the number of Ge-ND layers.

I. INTRODUCTION

During the last several decades, nonvolatile memories (NVMs) using discrete-trap-type storage materials
such as Si and Ge nanocrystals (NCs)/nanodots (NDs)
have attracted much interest because they have several
advantages, including fast program/erase (P/E) speeds
and long data-retention times, compared to conventional
floating-gate structures [1–3]. Ge NCs can be more useful than Si NCs for improving the NVM function because
of their smaller energy band gap [4] and larger size effect
in the nanometer range [5]. In particular, Ge-NC NVMs
provide high-mobility channels with high transfer speeds
and show a charge retention time that is three to five
times longer than that of Si-NC NVMs [6,7]. Additionally, owing to the low effective carrier mass, the quasiballistic transport in Ge NC metal-oxide-semiconductor
field-effect transistor (MOSFET) may lead to a device
performance that is better than the performance in Si
MOSFETs. For enhancing the charge storage in Ge NCs,
reducing defect states at the Ge NCs/SiO2 and SiO2 /Si
substrate interface [8,9] and accurately controlling the
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II. EXPERIMENTAL
The sample fabrication was performed at RT using an
Ar+ beam with an ion energy of 750 eV at 25 mA in a
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Fig. 1. Cross-sectional-view HRTEM image of a singlelayer Ge-ND NVM device.

reactive IBSD system with a Kaufman-type DC ion gun
and Si/Ge targets. The deposition chamber was evacuated to a pressure of 5.0 × 10−9 Torr before introducing
the argon gas into the system. After introduction to the
vacuum chamber, the targets were ion-cleaned in situ
prior to deposition by exposing them to the ion beam
for 10 min. SiO2 layers were deposited by sputtering
Si in an oxygen ambient at a partial pressure of 2 ×
10−4 Torr. The film thicknesses were controlled from
the growth rate calibrated by using transmission electron
microscopy (TEM) measurements of typical Ge or SiO2
thin films grown within a given time. Details of the system are described elsewhere [14,16]. The stoichiometry
of the SiO2 films was checked and controlled with insitu X-ray photoelectron spectroscopy (XPS) using the
Al Kα line at 1486.6 eV.
For NVM MOSFET devices containing Ge-ND chargetrap layers, a 4-nm tunneling SiO2 layer was first grown
on a n-type (100) Si wafer at RT. Subsequently, 1–3 period Ge NDs/2-nm SiO2 multilayer thin films were deposited on top of the tunneling layer, where the last SiO2
layer was 15 nm-thick for use as a control oxide. The Ge
amount in each Ge-ND layer was fixed to 5 monolayers
(ML). The density and the size of Ge NDs were analyzed by using high-resolution transmission electron microscopy (HRTEM). An electrical characterization was
performed on the devices by using an Agilent 4156C
semiconductor parameter analyzer. The programming
and the erasing operations were carried out with an Agilent 16440A pulse generator selector, together with an
Agilent 4156C analyzer and a 41501B pulse generator.

III. RESULTS AND DISCUSSION
Figure 1 shows a cross-sectional HRTEM micrograph
of the device with singly-stacked Ge NDs, which demonstrates the existence of almost one layer of high-density
Ge NDs. The size and the distribution of the Ge
NDs self-assembled on top of the tunneling layer at
room temperature [14,15] were almost not changed despite the high-temperature annealing during the devicefabrication processes. The average size and density of

Fig. 2. (Color online) (a) P/E characteristics of a triplystacked device for various applied voltages. (b) P/E characteristics at applied voltages of +18 V/-15 V for various
periods.

the NDs are estimated to be about 5 nm and 2.3 × 1012
cm−2 , respectively, from the HRTEM image.
Figure 2 (a) shows the P/E characteristics of the device with triply-stacked Ge NDs for various pulse widths
from 1 µs to 1 s under different applied voltages, which
were measured based on the Fowler-Nordheim (FN) tunneling regime. During programming, the electrons directly tunnel from the Si substrate through the tunnel
oxide and are trapped in the Ge NDs. During erasing,
the holes tunnel from the valence band of the Si substrate and recombine with the electrons trapped in the
Ge NDs. The fully-programmed and fully-erased states
are defined as what were programmed by a pulse of (+16
V, 1 s) and erased by a pulse of (-15 V, 1 s), respectively.
The Id - Vg (drain current - gate voltage) characteristics
of the devices were measured at a fixed Vds (source-drain
voltage) of 100 mV by varying Vg in steps of 100 mV.
The threshold voltage (Vth ) is defined as the value of
Vg at a drain current of 1 nA. With increasing applied
voltage, the P/E speeds are enhanced, and the saturation time is reduced. The Vth shifts in P/E states reach
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Fig. 3. (Color online) Effect of period on the P/E endurance characteristics.

1.7/1.5 V for full-time (1 s) pulses at +18/-15 V, respectively. Saturation of the Vth shift is reached during 100
∼ 1 ms at programming voltages of 16 ∼ 18 V, as shown
in Fig. 2(a). Saturation is reached when currents from
the channel to the Ge NDs and from the Ge NDs to the
metal gate are in balance.
Figure 2(b) shows the P/E characteristics as a function of period. Voltages of +18/-15 V were applied to the
gate electrode for the P/E operation, respectively. The
memory window and the program speed are enhanced
from 1.1 to 1.7 V and from 10 ms to 500 µs at +18 V,
respectively by increasing the period from 1 to 3, resulting from an increase in the number of charge traps (NDs)
for storing electrons. However, the erase speeds are very
low up to about ∼1 ms, almost independent of period,
but above 1 ms, they sharply increase in all samples, and
the larger-period device shows a little faster erase speed.
Figure 3 shows the P/E cycling characteristics of the
one- to three-period devices. Biases of +18/-15 V during 1 ms/300 ms, 1 ms/100 ms, and 500 µs/50 ms were
applied to evaluate the endurance characteristics for the
P/E operations of the devices with singly-, doubly- and
triply-stacked NDs, respectively. The erasing was to
be done for such a long time because it was relatively
difficult to erase the programmed devices, as shown in
Figs. 2 (a) and (b). The programmed/erased Vth ’s of
the singly-stacked device show gradual drift-up behaviors, and its endurance characteristics are greatly degraded after ∼103 P/E cycles. The programmed Vth ’s
of doubly- and triply-stacked devices are almost constant
within about 0.1 V up to ∼104 P/E cycles. The erased
Vth ’s of all devices show a drift-up, but the drift-up is
decelerated in larger-period devices. This phenomenon
can be attributed to the electron trapping in the control
oxide. The Ge NDs have a smaller capture cross section
than the polysilicon floating-gates that capture all hot
electrons injected towards the gate [17], therefore, only

Fig. 4. (Color online) Effect of period on the retention
characteristics.

a portion of the injected electrons are captured by the
NDs while the rest are either trapped in the control oxide or reach the gate. During the erasing, an incomplete
removal of the trapped electrons from the control oxide
leads to a drift-up in the Vth [18]. More electrons will
be stored in the NDs of multiply-stacked devices, thereby
reducing the drift-up during the erasing, as shown in Fig.
3.
Figure 4 shows the retention characteristics at RT as
a function of period. The P/E operation conditions are
the same as those for the endurance behaviors. Almost
100% charge losses are expected for the singly-stacked
device by extrapolating the retention data up to 10
years. However, the charge losses of doubly- and triplystacked devices are expected to be ∼ 45% and ∼39%,
respectively, at RT after 10 years. The probability
for electron tunneling out of the Ge NDs to the Si
substrate during the retention period should be much
smaller for multiply-stacked devices because multiple
energy barriers for the electrons to overcome exist. In
the multiply-staked devices, electrons in one ND layer
pass through multiple tunnel junctions separated by
the other ND layers based on the quantum confinement
and coulomb blockade effects while they pass through
a single tunnel junction in the singly-stacked ND
memory. This means that the charge loss is much less in
multiply-stacked devices; thus, a longer retention time
is expected in larger-period memory, consistent with the
results in Fig. 4.

IV. CONCLUSION
NVM MOSFET devices containing self-assembled Ge
NDs were fabricated using IBSD in UHV and 0.6-µm
CMOS standard processes. The HRTEM results demon-
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strated that almost one layer of Ge NDs of 5 nm in size
and 2.3 × 1012 cm−2 in density existed in a typical sample with a Ge amount of 5 ML and was well defined with
respect to the SiO2 /Si interface even after the devicefabrication processes. The P/E speeds and the memory window were proportional to the period, and the
saturation time decreased with increasing applied voltage. The programmed state in the cycling behaviors of
doubly- and triply-stacked devices was almost constant
up to ∼104 P/E cycles. The charge-loss rate was slower
for the devices with larger periods. These results were
discussed with reference to possible physical mechanisms.
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