Charging and Discharging Characteristics of Stacked Floating Gates of
Silicon Quantum Dots

Taku Shibaguchi Mitsuhisalkeda Hideki Murakami and Seiichi Miyazaki

Department of Electrical Engineering, Graduate School of Advanced Science and Matter,
Hiroshima University, Kagamiyama 1-3-1, Higasi-hiroshima 739-8530, Japan
Phone: +81-824-24-7648, FAX: +81-824-24-7038, E-mail: semicon@hiroshima-u.ac.jp

1. Introduction

Implementation of silicon-quantum-dots (Si-QDs) as afloating
gate in metal-oxide-semiconductor field-effect transistors
(MOSFETS) has received increasing attention because of its
potential advantage for multivalued memories operating reliably
even at room temperature and above [1-3].

In this work, we focused on electron storage in Si-QDs stack
structures and studied electron charging, discharging and retention
characteristics of the stack structures as floating gate in MOS
capacitors in comparison to those of a single Si-QDs floating gate.

2. Experimental

Hemispherical and single-crystalline Si-QDs were self-
assembled on 2.8nm-thick SiO, layer by controlling the early
stages of LPCVD of pure SiH, at 570°C under a pressure of 0.2
Torr[4,5]. The surface of the first Si-QDs layer was oxidized at
850°C in Dry O, to be uniformly covered with ~1nm-thick SiO,.
Double-stacked or triple-stacked structures consisting of Si-QDs
and ~1nm-thick SiO, were also fabricated by repeating the formation
of Si-QDs and their surface oxidation. The average dot height and
the total dot density for each single Si-QDs layer evaluated by
atomic force microscopy (AFM) were ~6.0nm and 1.6x10%cm?,
respectively. To form a 7.5nm-thick control oxide conformally
on the Si-QDs layer(s), a 3.3nm-thick amorphous Si layer was
first grown over the 1nm-thich SiO, layer on dots by LPCVD of
10% Si,H, diluted with He at 440°C, and fully oxidized indry O,
at 1000°C and Al gates were fabricated. Finally, the MOS
capacitors were annealed in H, at 400°C.

3. Results and Discussion

The capacitance-voltage (C-V) curves of Si-QDs floating gate
M OS capacitors show hysteresis characteristics being attributable
to charging and discharging of Si-QDs floating gates as shown in
Fig. 1. In contrast, no hysteresis was observable in the C-V curve
of the MOS capacitor fabricated without the dot formation and
the flat band voltage was quite reasonable. In each case with the
Si-QDs floating gate, when the gate voltage was swept from +2V
toward the negative bias side, the positive flat-band voltage shift
were first measured until the capacitance peak appears around
the flat-band condition and then AVfb became negative reflecting
the holeinjection presumably to the floating gate. Asfor positive
AVTb measured firstly, the increase of AVfb becomes small with
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Fig. 1 Capacitance-voltage characteristics of Si-QDs floating gate
MOS capacitors measured at room temperature and at 100kHz. The
number of dots was changed in the range of 1.6-4.8x10"cm2in areal
density.

an increase of the number of dot stack, which suggests that the
Coulomb interaction among the neighboring charged Si-QDs
becomes significant with increasing total number of dots. From
the observed reduction in the accumulation capacitance with
increasing number of dot stack, each Si-QDs layer was estimated
to be equivalent to 4nm-thick single Si layer, reasonably. Notice
that, in the negative bias region beyond the flat-band condition,
the slop becomes small with increasing number of dot stack
although the C-V curves show no hysteresis. Thisindicates that
numbers of holes can injection to the SiQDs floating gate but can
not retain stably in the SiQDs floating gate, presumably because
holes generated in the Si-QDs by the emission of valence electrons
from the Si-QDs can smoothly recombine with el ectrons tunneling
through the 2.8nm-thick bottom SiO, in sweeping the gate voltage
toward the positive bias side.

Retention characteristics of charged and discharged states were
evaluated after fully electron charged at +3V and discharged at
-3V. Figure 2 shows the results for the case with the triple-stack
Si-QDs floating gate. The temporal changes in flat-band voltage
at +0.2 and +0.8V show that charged and discharged states are
stably obtained after just alapse of 500s, respectively, because of



S o8 . . . .
|_
& 06_ .
ij:) . after Charged Vg=0.2V
w 04
2
~ 0.2
0
S O
o
Z -0.2
N fter Discharged
IG—J _0.4 |~ after Discharge i
<
d -0.6 ! ! ! !
200 400 600 800 1000
TIME (s)

Fig. 2 Charge retention characteristics of the MOS capacitor with the
triple-stack Si-QDs floating gate, where the temporal changesin the
flat-band voltage were measured at +0.2, -0.4 and -0.8V after fully
electron charged at +3V and discharged at -3V.

the bottom tunnel oxide as thin as 2.8nm. When the gate voltage
is set at -0.4V, two metastable states separated by ~0.2V in the
flat-band voltage can be still observable after alapse of 1000s.

Figure 3 summarize the flat-band voltage shifts after a lapse of
500 or 1000s since the triple-stack Si-QDs floating gate was fully
charged or discharged as a function of the gate voltage. In the
depletion region, especially in the range from -0.2 to -0.4V, a
relatively long retention for both charged and discharged states
was obtainable. To compare the retention characteristics of the
single, double-stack and triple-stack Si-QDs floating gates, we
defined AV as the differencein the flat-band voltage shift between
the two states as seen in the gate voltage range from -0.8 to 0.2V
of Fig. 4as AV, and plotted theratio of AV, after alapse of 1000s
toinitial value (AV ) asafunction of the gate voltage asindicated
in Fig. 4. Obviously, the charge retention was improved by
increasing number of dot stack, suggesting that the electron
tunneling between different energy states among neighboring Si-
QDs plays arolein progress of charging and discharging for the
stacked dots floating gate.

4. Conclusions

For MOS capacitors with the Si-QDs floating gates, the hole
injection to Si-QDs was observed in the negative bias region
beyond the flat-band condition accompanied with no C-V
hysteresis and symmetric |-V characteristics. This suggests that
holes generated in Si-QDs can smoothly recombine with electrons
tunneling through the 2.8nm-thick bottom SiO,. In addition, the
retention characteristics are improved by the use of stacked Si-
QDsfloating gatesin MOS capacitors. It islikely that the electron
tunneling between different energy states among neighboring Si-
QDs involves the improvement of retention characteristics.
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Fig. 3 Flat-band voltage shifts versus gate voltage for charged and
discharged states after alapse of 500 or 1000s as seen in Fig. 3.
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Fig. 4 Gate voltage dependence of theratio of AV, after alapse of
1000stotheinitia value (AV ) for each of the single, double-staked
and triple-stack Si-QDs floating gates.
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© As for the positive flat band voltage shift, an increment of AVfb becomes small
with an increase of the number of dot stack.
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