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ABSTRACT 

In this work, the static dielectric constant of silicon 

nanocrystal (nc-Si) embedded in SiO2 matrix has been 

determined from the Maxwell-Garnett effective medium 

approximation (EMA) and the stopping range of ions in 

matter simulation. From the capacitance-voltage 

measurements, slight increment in the total capacitance at 

strong accumulation is observed, indicating that the 

dielectric constant of the SiO2 film embedded with nc-Si is 

no longer a constant value of 3.9. The mean size of nc-Si as 

determined from the TEM measurement corresponds to a 

dielectric constant of ~9.6, being consistent with other 

theoretical predictions. The suppression of this value is due 

to the surface effect. The information obtained from this 

study is useful to future modeling of nc-Si based memory 

devices. 
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dioxide 

1 INTRODUCTION 

Utilizing nanocrystals or quantum dots embedded in 

SiO2 matrix as charge storage elements has drawn many 

researchers’ interest in the field of optical properties [1], 

memory characteristics [2-3] as well as current transport 

[4]. One of the promising techniques to incorporate nc-Si 

into SiO2 is Si ion implantation followed by high 

temperature annealing. With this technique the fabrication 

is fully compatible with the mainstream CMOS process and 

the distribution of nc-Si in the gate oxide can be easily 

controlled. When the nc-Si is embedded in the SiO2 film, 

the dielectric constant of the film will be different from that 

of pure SiO2 film. Therefore, for flash memory devices with 

the nc-Si embedded in the gate oxide, the inclusion of the 

nc-Si will definitely affect the gate capacitance. In despite 

of the importance in design and modeling of the memory 

devices, a quantitative study on the influence of nc-Si on 

the gate capacitance is still lacking. In this work, we present 

an approach to calculate the static dielectric constant of 

isolated nc-Si embedded in the SiO2 matrix. The nc-Si is 

implanted into the SiO2 and subsequently annealed at high 

temperature. Moreover, the influence of different nc-Si 

distributions in the SiO2 on the total gate capacitance will 

also be discussed. Our approach is proven to be reliable by 

comparison with the results of other theoretical 

calculations. 

2 APPROACH 

It is observed that the total gate capacitance of a SiO2

embedded with nc-Si is slightly higher than that of a pure 

SiO2 film. This shows that the introduction of nc-Si inside 

the SiO2 will definitely change the properties of the 

material. Besides, the nc-Si is an isolated nanoscale 

structure with a size of less than 5 nm embedded in the 

SiO2 matrix, its physical properties should be different from 

that of bulk crystalline Si. Other than the increase in the 

capacitance, Fig. 1 also shows that the inclusion of the nc-

Si leads to a flatband voltage shift. The shift is due to the 

charge trapping in the nc-Si during the C-V measurement 

and the difference in the work function between the nc-Si 

and the SiO2.
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Figure 1: Capacitance-Voltage (C-V) measurements on the 

samples with and without nc-Si. 

The depth profile of the implanted nc-Si in the SiO2 film 

can be obtained from the Secondary Ion Mass Spectroscopy 

(SIMS) measurements or the stopping and range of ions in 

matter (SRIM) simulation. Both of these methods can 

produce quite an accurate nc-Si profile. When this profile is 

obtained, the volume fraction of the nc-Si in the SiO2 can 

be calculated based on below equation  
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where Q is the dosage of implanted Si ions, dmax is the 

maximum depth of the Si implantation profile, NSi is the 

silicon density and I(x) is the Si SRIM / SIMS intensity. 

To model the effective dielectric constant of the thin 

film embedded with nc-Si, the SiO2 with thickness of Toxide

can be divided into m sub-layers. Thus, each sub-layer has 

an equivalent thickness of Toxide/m, as shown in Fig. 2a. The 

effective dielectric constant, i (i = 1,2,…,m) for each of 

the ith sub-layer can be calculated with the Maxwell-Garnett 

effective medium approximation (EMA), as given by 
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where vi (i = 1,2,…, m) is the volume fraction of the nc-Si 

in the ith sub-layer, nc-Si is the static dielectric constant of 

nc-Si, and SiO2 is the dielectric constant of pure SiO2. The 

MOS capacitance (C) per unit area can be expressed as 
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where 0 is the permittivity in vacuum. 

If the Si-ions is only implanted into portion of the SiO2,

there will be a layer of SiO2 without nc-Si. Eq. (3) is no 

longer valid. The modeling of such structure is shown in 

Fig. 2b and the total MOS capacitance of this structure can 

be expressed as 
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Figure 2: Model used for the EMA calculation for a full 

distribution (a) and partial distribution (b) of nc-Si in the 

SiO2 film. 

3 RESULTS AND DISCUSSIONS 

For the sample shown in Fig. 1, Eq. (3) is used to 

calculate the total MOS capacitance due to the full nc-Si 

distribution in the entire SiO2 matrix. Fig. 3 shows the 

calculated MOS capacitance as a function of nc-Si which 

varies from 3.9 (dielectric constant of SiO2) to 11.9 

(dielectric constant of bulk crystalline silicon). The 

measured capacitance is plotted together in Fig. 3. From the 

curve of the capacitance versus the nc-Si shown in Fig. 3, 

we can find the value of nc-Si corresponding to the 

measured MOS capacitance of the structure with the nc-Si 

distributed in the oxide. The value obtained is ~9.6, and it is 

actually the dielectric constant of the nc-Si embedded in the 

oxide. This value is significantly smaller than that of bulk 

crystalline silicon but larger than that of a SiO2.

To verify the accuracy of our approach, the obtained 

static dielectric constant is compared with other theoretical 

calculations. The screening dielectric constant of nc-Si can 

be theoretically calculated with the formula below [5]: 
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where b is the dielectric constant of bulk crystalline silicon 

and D is the diameter of nc-Si in the unit of nm. By fitting 
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the nc-Si as 9.6, the diameter of the nc-Si is ~4.3 nm. This 

dielectric constant of nc-Si is consistent with others 

theoretical calculations for the nc-Si with a mean size of 

~4.5 nm. 
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Figure 3: Determination of dielectric constant of nc-Si 

based on the comparison of the calculation with the 

experiment. 

Fig. 4 shows the high resolution transmission electron 

microscopy (TEM) measurements for the sample with nc-

Si. The size of the nc-Si is ~4.4 nm. By setting the D equals 

to 4.4 nm, the static dielectric constant of nc-Si based on 

Eq. (4) is found to be 9.6, again being consistent with the 

measurements as shown in Fig. 3. 

Figure 4: Cross section TEM measurements of the sample. 

In order to further verify the accuracy of our approach, 

the influence of different nc-Si distributions on the total 

MOS capacitance is being studied. Figure 5 shows the 

influence of implantation energy on the MOS capacitance. 

The capacitance is calculated at various implantation 

energies ranging from 1 keV to 11 keV and the gate oxide 

thickness of 30 nm. According to the SRIM output, for a 30 

nm gate oxide, the partial distribution as shown in Fig. 2a 

corresponds to implantation energies lower than 7 keV, 

while the full distribution as shown in Fig 2b is achieved 

with implantation energies higher than 7 keV. The overall 

effect of the implantation energy on the MOS capacitance 

for the partial distribution is that the MOS capacitance first 

decreases as the implantation energy increases and then it 

increases slowly when the energy is larger than ~2 keV, as 

shown in Fig. 5. For the full distribution, when the 

implantation energy is larger than 7 keV, some of the Si 

ions are implanted into the Si substrate. Therefore, as the 

implantation energy increases, the effective dielectric 

constant i decreases as a result of the decreasing nc-Si 

volume fraction (vi). The experimental measured 

capacitance is plotted together in Fig. 5. Good agreement 

between the measured and the simulation capacitance 

proves that our approach is valid for different distribution 

of nc-Si in SiO2. Besides, the simulation of the capacitance 

based on the dielectric constant of crystalline bulk Si (11.9) 

is also plotted together. This graph clearly shows that the 

nc-Si embedded inside the SiO2 matrix should not be the 

same as the bulk Si. 
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Figure 5: Influence of Si+ implantation energy on the MOS 

capacitance. 

The influence of SiO2 thickness on the MOS 

capacitance with and without nc-Si is shown in Fig. 6. The 

nc-Si is fixed at 9.7 assuming the size of the nc-Si is always 

a constant value of ~4.5 nm. The volume fraction of the nc-

Si is also assumed to be a constant. When the SiO2

thickness is 16 nm, it is observed that there is a difference 

of 2.13 10-4 F/m2 between the capacitance of pure SiO2 and 

the capacitance of SiO2 embedded with nc-Si. As the SiO2

thickness increases, the difference in the MOS capacitances 

reduces. This is mainly due to the increase of Toxide but no 

changes in the capacitance of the nc-Si + SiO2 layer. Even 

though the variation in MOS capacitance is small, this 

effect cannot be neglected. For example, when the SiO2

thickness is 30 nm, there is still 5.7 10-5 F/m2 difference 

between the SiO2 and the SiO2 with nc-Si. Such differences 

nc-Si
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will become more significant when the nc-Si dosage 

increases. 
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Figure 6: Total MOS capacitance of SiO2 film with and 

without nc-Si as a function of different SiO2 thickness. As 

the SiO2 thickness increases, the capacitance difference 

between SiO2 with and without nc-Si reduces. 

4 CONCLUSION 

The static dielectric constant of nc-Si embedded in SiO2

matrix has been determined based on C-V measurements 

and Maxwell-Garnett EMA. For the nc-Si with a mean size 

of ~4.4 nm, the dielectric constant so determined is 9.6, 

being consistent with a theoretical prediction. This value is 

significantly lower than the static dielectric constant (11.9) 

of bulk crystalline Si. This result indicates the significance 

of nc-Si size effect. On the other hand, the influences of nc-

Si distribution and the SiO2 thickness on the MOS 

capacitance are also being presented. These results are 

important for future design and modeling of nc-Si-based 

memory devices 

5 ACKNOWLEDGEMENT 

This work has been financially supported by the 

Ministry of Education Singapore under project No. ARC 

1/04 and also supported by the Singapore Millennium 

Foundation (SMF). The authors wish to thank Dr. Y. Liu 

for assistance in sample fabrications. 

REFERENCES 
[1] L. Ding, T.P. Chen, Y. Liu, C.Y. Ng, Y.C. Liu, and 

S. Fung, Appl. Phys. Lett. 87, 121903, 2005. 

[2] C.Y. Ng, Y. Liu, T.P. Chen, and M. S. Tse, Smart 

Mater. Struct., 15, S43-S46, 2005. 

[3] Y. Liu, T.P. Chen, C.Y. Ng, M.S. Tse, S. Li, S. 

Fung, and P. Zhao, Electrochemical and Solid-State 

Lett., 7(7), G134-G137, 2004. 

[4] C.Y. Ng, T.P. Chen, M.S. Tse, V.S.W. Lim, S. Fung, 

and A.A. Tseng, Appl. Phys. Lett 86, 152110, 

2005. 

[5] L.-W. Wang and A. Zunger, Phys. Rev. Lett., 73, 

1039, 1994. 

438 NSTI-Nanotech 2006, www.nsti.org, ISBN 0-9767985-6-5 Vol. 1, 2006


	573.pdf
	Centre de Recherche sur la Matière Condensée et Nanosciences – CNRS
	ABSTRACT
	2. COMPUTATIONAL METHODS
	The pristine and relaxed after a heat treatment structures show a spectrum with only one peak corresponding to the unit cell of the zeolite proving that the integrity of the template was conserved. Lee, Han and Hyeon shown experimentally a peak appearing at 23 (2*θ) corresponding to 1.8 Å-1. This peak could be associated to an amorphous region remainder from the experimental method. Moreover, we can see the comparison with an amorphous structure corresponding to a coke of saccharose obtain at 400 K [ ] confirming this possiblity. Recently, Hou et al [ ] have shown a new method to obtain replica with after heat treatment, they improved the texture of the replica. We calculated the Bulk modulus of the faujasite using a GULP model [ ], which is a core-shell potential, giving the Hessian matrix, and after diagonalization, we obtain a Bulk Modulus of Bo=59 GPa. Thus, the hydrostatic properties of the replica were obtain from the calculation of the energy as a function of the hydrostatic pressure, giving a Bo=700GPa for a density of 0.9cc/g. Thus, we have simulated the molecular nitrogen adsorption isotherms at 77K, using a Grand Canonical Monte-Carlo method, and with a LJ model. We obtained a good agreement with some results depending of the samples (see figure 3). However, we did not attribute why we obtained an insufficiency in the quantity of gas adsorbed compared to the best replica of Kyotani, unless an increasing of the porosity during the zeolite leaching, or a mesoporosity underestimated in their experiments or even if a resulting part of amorphous carbon is coexisting in their samples.
	Therefore, to go into the discussion, we calculated the PSD estimated with the Gelb-Gubbins method (see figure 4). Due to this topological method, we can calculate precisely the PSD of our structures and then compare to the DFT method applied to the N2 isotherms. First, the differential PSD curve show that our replica is a completely made of spherical pores with a size of 10 Ǻ diameter offering a high microporosity. Besides, we obtained an adsorbed volume around 0.7cc/g, in good agreement with experimental results.  
	4. CONCLUSION
	We have performed Grand Canonical Monte-Carlo (GCMC) simulations of Chemical Vapour Deposition of carbon faujasite zeolites based on a tight binding model for the adsorbate-adsorbate interactions that enables to account for covalent bonding along with a realistic model for adsorbate-substrate interactions. We obtain a 3D interconnected porous carbon structures from the zeolite faujasite, that is stable upon matrix removal. Beside, we characterized the textural structure of this replica, the nitrogen adsorption properties, and his pore size distribution. The hydrostatic mechanical properties of this replica has exhibited a very higher bulk modulus compared to the faujasite and is really interesting for its very low density. It is presently considered as a possible gas storage device for methane and hydrogen.

	1102.pdf
	Role of Nanoscale Topography on the Super-Hydrophobicity: 
	A Study of Fluoro-Based Polymer Film on vertically Carbon Nanotubes 

	1194.pdf
	ABSTRACT
	1.1 Materials

	1241.pdf
	3.  SUMMARY AND CONCLUSIONS

	1152.pdf
	METHODS

	894.pdf
	ABSTRACT
	CHEMICAL DECONTAMINATION
	BIOLOGICAL DECONTAMINATION


	324.pdf
	ABSTRACT
	Keywords: Polystyrene, Nanoparticles, Glass transition tempe
	INTRODUCTION
	Micron and nano-sized polymer particles have wide field of i
	EXPERIMENTAL
	Materials Preparation
	RESULTS AND DISCUSSION
	CONCLUSIONS
	ACKNOWLEDGEMENT

	REFERENCES




	489.pdf
	 
	Materials


	1576.pdf
	CRCA Cantilever Property




