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1. Research Background

Si-based nanostructure are attracting much attention
because of their potential application to charge transfer
devices, memories and light emitting devices. Especially,
the implementation of silicon-quantum-dots (Si-QDs) as a
floating gate in MOSFETS has been intensively studied not
only from the viewpoints of their superior retention and
endurance characteristics to conventional floating gate
structures but also their feasible advantage for
multi-valued memory operations [1,2]. To achieve clear
multi-valued operations at room temperature and above,
discrete charged states in the Si-QDs floating gate with
with an areal density comparable to the channel electron
density have to be realized and controlled as precise as
possible. In our previous work, we have demonstrated
spontaneous formation of Si-QDs on thermally-grown SiO,
with a fairly uniform size distribution and a high areal
density (>10%cm™@) by controlling the early stage of
low-pressure chemical-vapor deposition (LPCVD) from
SiH, [3], and demonstrated unique multiple-step electron
charging in the Si-QDs floating gate even at room
temperature [4, 5]. To establish a guideline of device
design and fabrication, a clear insight into the charging and
discharging characteristics of the Si-QDs is imperative.

In this paper, our resent results on the characterization
of electronic charged states of undoped and p-doped Si
QDs, multistep electron charging characteristics to the Si
QDs floating gate in n-MOSFETs are reviewed with
emphasis on discrete charged states in Si-QDs. The
preliminary results on the application of multiple-stacked
Si-QDs with ultrathin SiO, interlayers to light emitting
diodes are reported.

2. Results and Discussion
2.2 Temporal Decay Characteristics of Electronic

Charged States of Si Quantum Dots [6]

We have evaluated the stability of changed states of
high density Si-QDs formed on ultrathin SiO,. By
controlling the early stages of LPCVD using SiH,,
hemispherical Si-QDs with an areal dot density of 8 x
10"cm? were prepared on ~3nm-thick SiO, and the dot
surface was covered with ~2nm-thick thermally grown
SiO, by 900°C in 2% dry O, diluted with N,. The
temporal changes in the surface potential induced by
electron charging to and discharging from Si-QDs so
prepared were measured by AFM/Kelvin probe force
microscopy. In electron charging and discharging at
Si-QDs, a Rh-coated AFM tip was electrically-biased in the
range of -5 to 5V and scanned on the sample surface in a
tapping mode. Using a non-contact AFM/Kelvin probe
technique, the surface potential changes on Si-QDs by
electron injection and extraction are observable, while no
potential change was detected elsewhere. The surface

potential of changed Si-QDs decays with time at rates
depending on change injection conditions. The observed
decay characteristics can be interpreted in terms of
discharging of stored electrons in Si-QDs due to electron
tunneling through the bottom oxide to the substrate and
neutralization of stored holes due to recombination with
electrons tunneling from the substrates. In the case of
electron extraction by the tip bias as high as +4.8V with
respect to p-Si(100), the defect generation in oxide is likely
to be responsible for a fairly slow decay as observed.

2.3 Characterization of Electronic Charged States

of Individual Si QD [7,8]

Previously, we have demonstrated that, for each of Si
dots with core heights in the range from 6 to 12nm on
~4nm-thick SiO,/p-Si(100), the potential changes caused
by single electron injection and emission can be detected by
the non-contact AFM/Kelvin probe technique[9]. We have
extended our research to characterize electronic charged
states of Si dots stored in a few electrons or holes [7].
After electron injection to and extraction from Si dots
larger than 20nm in height, a unique surface potential
image being torus-shape was observable in each of dots,
namely the surface potential change caused by charging is
smaller in the Si dot center than that in the periphery.
Considering the capacitance between the Si dot and the
substrate, it is found from the observed surface potential
change that a few electrons or holes are retained in the dot
of interest. Thus, the observed torus-shape potential
image is attributable to columbic repulsion force among
charges in the Si dot. In fact, the torus-shaped surface
potential change diminishes with time due to the
progressive emission of retained electrons to the Si
substrate. ~ We have also studied the influence of
phosphorous doping to Si QDs on their electron charging
and discharging characteristics [8]. P-doped Si-QDs were
prepared by a pulse injection of 1% PHj; diluted with He
during the dot formation on thermally-grown SiO, from
thermal decomposition of pure SiH,. The potential
change corresponding to the extraction of one electron from
each of P-doped Si dots was observed after applying a tip
bias as low as +0.2V while for undoped Si dots with almost
the same size as P-doped Si dots a similarly amount of the
potential change was detectable only when a tip bias is
increased to ~1V. The result indicates that, for P-doped Si
dots, the electron extraction occurs from the conduction
band and results in a positively-charged state with ionized P
donor. There is no difference in the threshold voltage for
electron injection between undoped and p-doped Si dots.

2.4 Characterization of Multistep Charging to
Si-QDs Floating Gate in n-MOSFETs [10,11]
We have fabricated n-MOSFETs with a doubly-stacked



Si-QDs floating gate and confirmed the multi-step electron
charging to the Si-QDs floating gate associated with
Coulomb blockade effect from distinct bumps in drain
current-gate voltage characteristics observed in ramping up
the gate voltage after complete discharging at room
temperature [4, 12]. We have also found that, in the
temporal change in the drain current at a constant gate bias,
the electron injection to the Si-QDs floating gate proceeds
stepwise through a fairly long metastable state prior to the
next charging and is accelerated by temperature and visible
light irradiation as well as gate bias [11-13] It is likely
that, during the metastable state, injected electrons are
redistributed in the Si-QDs floating gate to trigger further
electron injection. To gain a better understanding of the
charging characteristics of the Si-QDs floating gate, the
temporal change in the drain current after applying positive
pulsed gate biases have been measured systematically as
functions of pulse voltage height and width [10]. The
electron charging with pulsed gate biases below certain
height and width can not create a metastable state. As
shown in Figs. 1 and 2, the drain current measured at zero
gate bias, after the positive gate pulse below 1.25V in Fig.
1 or below 0.95s in Fig. 2, increases temporarily to some
current level reflecting the electron emission from the
Si-QDs floating gate and in a little while decreases
significantly down to the current level for the metastable
charged state. Note that an increase in the pulse height
only by 10mV from 1.24V or in the pulse width by
50ms from 0.9 can generate a metastable charged state.
The results indicate that the pulse height and width are
crucial factors to realize the charge distribution for a stable
charged state.

2.4 The Application of Multiple-Stacked Si QDs to

Light Emitting Diodes [14-16]

The multiple-stacked structures of Si-QDs with
ultrathin SiO, interlayers have been fabricated by repeating
a process sequence of Si dot formation from thermal
decomposition of SiH; on SiO,, surface oxidation by
remote O,-plasma and subsequent surface modification by
remote Ar- and H,-plasmas, and applied to as active layers
of light emitting diodes (LEDs) with semitransparent Au
gate. Under forward bias conditions over a threshold bias
as low as -10V for LEDs with 6-periodic dot stack, stable
light emission in the visible and near-infrared regions was
observed at room temperature as a result of the injection of
electrons from semitransparent Au top electrode and
simultaneously holes from the p-Si(100) substrate to the dot
stack. The light intensity was linearly increased with
forward current but no emission was detected under
backward conditions. In addition, we have found that
phosphorus &-doping to Si-QDs causes a significant
enhancement in the emission efficiency and a decrease in
the threshold voltage presumably because of an
improvement of hole injection rate.

Acknowledgements

The author wishes to thank Dr. H. Murakami and Assoc. Prof.
S. Higashi for their assistance and M. lkeda, K. Makihara, T.
Nagai and J. Nishitani for their valuable contribution. This work
was supported in part by Grant-in Aids for the 21st Century COE
Program “Nanoelectronics for Tera-bit Information Processing”
and for scientific research of priority area (A) from the Ministry of
Education, Science, Sports and Culture of Japan.

References

1. S. Tiwari, et al., Appl. Phys. Lett.68 (1996) 1377. ; Appl.

Phys. Lett. 69 (1996) 1232.

2. A.Kohno, etal., Jpn. J. Appl. Phys. 40 (2001) L721.

3. S. Miyazaki, et al., Thin Solid Films 369 (2000) 55.

4. M. Ikeda, et al., Jpn. J. Appl. Phys. 42 (2003) 4131.

5. T. Shibaguchi, et al., IEICE Trans. Electron Vol. E88-C

(2005) 709.

6. J. Nisitani et al., Proc. of Asia-Pasific Workshop on Fund. &
Appl. of Adv. Semicond. Devices (Seoul, 2005) pp. 177-180.

7. J. Nisitani et al., Ext. Abst. of Int. Conf. on Si Eptaxy and
Heterostructures (Awaji, 2005) pp. 294-295.

8. K. Makihara et al., Ext. Abst. of Int. Conf. on Si Eptaxy and
Heterostructures (Awaji, 2005) pp. 32-33.

9. K. Takeuchi, et al., Proc. of ECS Int. Semicond. Technol. Conf.
(Tokyo, 2003) pp. 1-8.

10. T. Nagai, et al., Ext. Abst. of Int. Conf. on Solid State Devices
an Materials (Kobe, 2005) G-2-6.

11. S. Miyazaki, Ext. Abst. of 1st Int. Workshop on New Group IV
Semicond. Nanoelectro. (Sendai, 2005) pp. 39-40 (Invited).

12. S. Miyazaki, Proc. of International Union of Materials
Research Societies-Int. Conf. in Asia (Hsinchu, Taiwan, 2004)
Paper No.208 (Invited, 9pages).

13. T. Nagai et al., Ext. Abst. of Int. Conf. on Solid State Devices
and Materials (Tokyo, 2004) pp. 126-127.

14. K. Makihara et al., Proc. of Asia-Pasific Workshop on Fund.
& Appl. of Adv. Semicond. Devices (Seoul, 2005) pp.
173-176.

15. K. Makihara et al., Ext. Abst. of 1st Int. Workshop on New
Group 1V Semicond. Nanoelectro. (Sendai, 2005) pp. 47-48.

16. K. Makihara et al., Ext. Abst. of 2005 Int. Meeting for Future
Electron Devices, Kansai (Kyoto, 2005) pp. 93-94.

10° : ; ; :
Pulse Width=1.0s Pulse Height
FBase Gate Voltage=0V a 10V 3
—~ 10% s o 1.15V
. s 12
E - %o o ¢Lst metastable state m 125V
i 10_7 stia A......... - 15V
z 1 A;Wogﬁﬁﬁéggeﬁ%gAAA O, 1
S [ Aa o o R A Without Pulsg ]
O %% °Oag &
Z 107 | 6o O anm 2 °
<
@
&) 101
F 3
10713 VdS‘ZSOmV‘ ) )
20 40 60 80 100
TIME (s)

Fig. 1 Temporal changes in the drain current measured at V,; = 0V
and V4 = 50mV after applying pulsed gate biases with different
pulse heights. The pulse width was fixted at 1.0s. Before the
measurement, the Si-QDs floating gate of an n-MOSFETs was
completely discharged at Vg = -4V.
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Fig. 2 Temporal changes in the drain current measured at V, = 0V
and Vy4 = 50mV after applying pulsed gate biases with different
pulse widths.  The pulse height was fixted at 1.3V.
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( Evaluation of Charged & Discharged States of Single Si Dot]

The surface potential changes with electron charging and discharging of
an individual Si dots were measured by an AFM/Kelvin probe technique.
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AFM Images Taken Before & After Remote O, Plasma Oxidation
and Cross-Sectional TEM Images of Fabricated Stacked Structure
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Confirmation of single electron or hole storage in individual Si-QDs
by an AFM/Kelvin probe technique.

Verification of Coulomb repulsion among charges stored in a Si-QD.

Reduction of the voltage requisite for electron extraction from Si-QDs
by phosphorus doping.

Observation of multiple step electron injection to the Si-QDs floating
gate and metastable charged states.

Implication of re-distribution of charges in the Si QDs floating gate
during the metastable states.

Light emission from multi-stacked Si-QDs structures in the visible-
near infrared region by electron and hole injection.
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