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Single-crystal nanoparticles of silicon may be suitable 
as building blocks for single-nanoparticle electronic 
devices. To assess their potential for future nanoelectronic 
devices, we have fabricated silicon nanoparticle Field 
Effect Transistors (FETs) using the nanoparticles as the 
active layer. The goal of this study is to show the 
semiconducting nature of the nanoparticles and to 
characterize the performance of nanoparticle FETs. The 
electrical characteristic measurements of these devices 
show that changing the voltage applied to the gate can vary 
the current flowing through the transistor. The source-drain 
current decreases with increasing gate voltage, which 
demonstrates that the device operates as p-channel FET. 
Based on the transfer characteristics obtained for different 
source-drain voltages, the carrier transport in the 
nanoparticle devices appears to be diffusive. The devices 
fabricated show good performance characteristics 
indicating potential for application in nanoelectronics.
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Silicon nanoparticles due to their unique properties that 
display size-dependent quantum effects are widely 
considered a promising material for a wide range of 
applications and novel devices. The quantum size effects 
and the coulombs blockade phenomenon make the 
nanoparticles extremely attractive to use in functional 
devices such as single electron transistors [1], vertical 
transistors [2], resonant tunneling devices [3-4] and floating 
gate memory devices [5-8]. Nanoparticles have been 
produced by plasma enhanced chemical vapor deposition 
(PECVD), low-pressure chemical vapor deposition 
(LPCVD), and laser ablation [9]. However, there is little 
research in the way of the particle electrical characteristics. 
In general, this has involved building a composite structure 
of nanoparticles embedded in an insulating matrix [10] or 
measuring the electrical properties of freestanding 
nanoparticles by making two direct electrical contacts using 
scanning tunneling microscopy [11-12] or atomic force 
microscopy [3].  

Due to the strong carrier confinement in a silicon 
nanoparticle it is reasonable to assume that the electrical 
properties of these particles will be different from their thin 

film equivalents. For example, the current through a 
nanoparticle can vary by several orders of magnitude when 
the addition or removal of a single electron changes the 
charge on a nanoparticle. Since the location of 
nanoparticles is random, a critical step is nanoparticle 
device fabrication that allows for the exploration of 
electrical properties of nanoparticles. In our approach we 
have used a three-dimensionally confined nanoparticle 
embedded in a simple bottom gate field effect transistor 
device.  In this paper we review the process to synthesize 
single-crystal silicon nanoparticles in an LPCVD chamber 
and characterize the electrical properties of these 
nanoparticles and examine their carrier transport 
mechanism. 

The silicon nanoparticles used in this study were 
deposited on SiO2 substrate by thermal decomposition of 
silane using Low Pressure Chemical Vapor Deposition 
(LPCVD) [13-17]. Varying the time, temperature and 
partial pressure of silane gas can change the average 
diameter and height of the hemispherical nanoparticles 
formed. This route offers an excellent control over particle 
size and size distribution and particle density. The 
nanoparticles were imaged using Atomic Force Microscopy 
(AFM) in the tapping mode, Figure 1. The nanoparticle 
diameter was in the range of 20-30 nm while the height was 
in the range 15-25 nm. This approach, also allows the 
fabrication of both n-type as well as p-type devices by 
doping the nanoparticles during deposition. Nakajima etal. 
used Transmission Electron Microscopy (TEM) to show 
that the core of the silicon nanoparticles deposited using the 
above method is crystalline with a diamond structure [14]. 

Figure 1: Atomic Force Micrographs (scale - nm) of silicon 
nanoparticles grown on HF treated silicon dioxide substrate 
for LPCVD deposition times of (a) 1, (b) 2, and (c) 6 min.  
The growth parameters are at 625ºC and 0.25 Torr 
deposition pressure
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Field Effect Transistors were fabricated with silicon 
nanoparticles as the active layer. A schematic cross section 
of the nanoparticle field effect transistor (N-FET) device is 
shown in Figure 2. The N-FET consists of layer of 
nanoparticles bridging two electrodes deposited on a 200
nm thick gate oxide film on a highly doped silicon wafer, 
which is used as a back gate. The 200 nm thick aluminum 
electrodes were deposited using conventional 
photolithography. For electrical characterization, the 
current-voltage (I-V) and transfer characteristics through 
the nanoparticles were measured at room temperature as a 
function of bias voltage VSD and gate voltage VG.

Figure 2: Schematic cross-section of bottom gate device 
showing the gate and source and drain electrodes.

Electrical measurements were performed on the sample 
devices using the substrate at the bottom gate. Figure 3 
shows the output characteristics for the bottom gate device 
with a gate oxide of 200 nm. Figure 3(a) shows the IV 
characteristics of the N-FET device with gate voltage being 
swept from 2.0 V to –5.0 V. The maximum 
transconductance is 7.05 nS. The transfer characteristics 
(Figure 3(b) I-VG of our N-FET device shows a behavior 
similar to that of a p-channel metal-oxide-semiconductor 
FET. The source-drain current decreases strongly with 
increasing gate voltage, which demonstrates that the 
nanoparticles device operates as a field effect transistor but 
also that the charge transport is due to positive carriers. The 
linearly extrapolated threshold voltage is 0.9 V. However 
for VG<0, the I-VG curves do not saturate; instead the drain 
current (ID) decreases exponentially with VG. Because when 
the gate voltage is below the threshold voltage and the 
semiconductor surface is only weakly inverted, the drain 
current is probably dominated by diffusion instead of drift. 
This is called the subthreshold region [18]. This shows that 
the N-FET device can be used as a low-voltage, low-power 
device, such as a switch in digital logic and memory 
applications.

Having demonstrated FET operation for silicon 
nanoparticles, we move on to explore whether the electrical 
properties of the N-FET are affected by the change in 
nanoparticle density. Figure 4 shows a comparison of the 
output characteristics for a N-FET device with two different 
nanoparticles densities and sizes. The lower density of 

Figure 3: (a) I-V characteristics of bottom gate p-type N-
FET with Al gate and gate oxide of 200 nm. The gate 
voltages range from 2.0 to –5.0 V. (b) Transfer 
characteristic of N-FET for VDS of –2.0 V and Leakage
current for gate voltage from 2.0 to –5.0 V.

nanoparticles also indicates larger size both in height and 
diameter. Although the N-FET device with high 
nanoparticle density shows higher drain current for lower 
gate voltages, at higher gate voltages it appears that the 
density of the nanoparticles does not affect the performance 
of the device. This also indicates that fundamentally the 
conduction properties of the nanoparticles do not depend on 
the size or density of the particles.

Figure 4: Output characteristics of p-type N-FET with 
different nanoparticle densities
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In conclusion, we have fabricated silicon nanoparticle-
based FET that act as p-type semiconductors. These devices 
can be used in the sub threshold region as low-voltage and 
low-power devices. Although there are many challenges 
ahead before N-FETs can be used for real technological 
applications, our results indicate that nanoparticle based 
devices are promising in the future.

The authors would like to thank the Nano Core Facility 
(NCF) at University of Illinois – Chicago and the Center for 
Microanalysis of Materials (CMM) at University of Illinois 
– Urbana Champaign. The AFM measurements were 
carried out in the Center for Microanalysis of Materials, 
University of Illinois, which is partially supported by the 
U.S. Department of Energy under grant DEFG02-91-
ER45439. The LPCVD depositions were done in the NCF 
facility. We also thank the Motorola Advanced Technology 
center for funding the project and for the IV measurements

1. Fu Y, Willander M, Dutta A and Oda S, Superlatt. 
Microstruc. 28 (2000) 177

2. Nishiguchi K and Oda S, J. Appl. Phys. 88 (2000)  
4186

3. Fakuda M, Nakagawa K,Miyazaki K, Hirose M, Appl. 
Phys. Lett. 70 (1997) 2291

4. Takahashi Y, Fujiwara A, Yamazaki K, Namatsu H, 
Kurihara K, Murase K, Abs. Int. Conf. Solid State 
Devices Mater. (1998) 176

5. Tiwari S, Rana E, Hanafi H, Hartstein H. Crabb E E, 
Chan E, Appl. Phys. Lett. 68 (1997) 1377

6. 1. Banerjee S, Huang S, Yamanaka T and Oda S, J. 
Vac. Sci. Technol. B 20 (2002) 1135

7. Ostraat M L, De Blauwe J W, Green M L, Bell L D, 
Brongersma M L, Casperson J, Flagan R C and 
Atwater H A,  Appl. Phys. Lett. 79 (2001) 433

8. Tiwari S, Rana F, Chan K, Shi L and Hanafi H, Appl. 
Phys. Lett. 69 (1996) 1232

9. Gu G, Burghard M, Kim G T, Dusberg G S, Chiu P W, 
Krstic V, Roth S, and Han W Q, J. Appl. Phys. 90, 
(2001) 5747

10. Rassel R M, Kim T, Shen Z, Campbell S A, McMurry 
P H, J. Vac. Sci. Techn. B, 21,6, (2003) 2441

11. Campbell S A, Kortshagen U, Bapat A, Dong Y, 
Hilchie S and Shen Z, J. of Mat. Oct (2004) 26

12. Furukawa S, Kagawa T and Matsumoto N, Solid State 
Commun. 44 (1982) 927

13. Gopireddy D, Takoudis C G, Gamota D, Zhang J and 
Brazis P W, NSTI Nanotech 2005, NSTI 
Nanotechnology Conference and Trade Show,2, (2005) 
515.

14. Nakajima A, Sugita Y, Kawamura K, Tomita H, 
Yokoyama N, Jpn. J. Appl. Phys. 35 (1996) L189.

15. Nakagawa K, Fukuda M, Miyazaki S, Hirose M, MRS 
Symp. Proc. 452 (1997) 243.

16. Mayazaki S, Hamamoto Y, Yoshida E, Ikeda M, 
Hirose M, Thin Solid Films (2000) 55

17. Mazen F, Baron T, Hartmann J M, Semeria M N, 
Bremond G, MRS Symp. Proc. 737 (2003) F1.9.1

18. Sze S M, Semiconductor Devices – Physics and 
Technology, 2nd Edition.

310 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




