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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 SiO2 
with a fairly uniform size distribution and a high areal 
density (>1011cm-2) by controlling the early stage of 
low-pressure chemical-vapor deposition (LPCVD) from 
SiH4 [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 SiO2 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 SiO2.  By 
controlling the early stages of LPCVD using SiH4,  
hemispherical Si-QDs with an areal dot density of 8 × 
1011cm-2 were prepared on ~3nm-thick SiO2 and the dot 
surface was covered with ~2nm-thick thermally grown 
SiO2 by 900ºC in 2% dry O2 diluted with N2.  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 SiO2/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% PH3 diluted with He 
during the dot formation on thermally-grown SiO2 from 
thermal decomposition of pure SiH4.  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 SiO2 interlayers have been fabricated by repeating 
a process sequence of Si dot formation from thermal 
decomposition of SiH4 on SiO2, surface oxidation by 
remote O2-plasma and subsequent surface modification by 
remote Ar- and H2-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 δ-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. 
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Fig. 1 Temporal changes in the drain current measured at Vg = 0V
and Vd = 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. 

Fig. 2 Temporal changes in the drain current measured at Vg = 0V
and Vd = 50mV after applying pulsed gate biases with different
pulse widths.  The pulse height was fixted at 1.3V. 
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