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ABSTRACT 

In this work, we present a study on the charge trapping 

and charge decay in nc-Si embedded in SiO2 by 

electrostatic force microscopy (EFM). The influence of 

silicon nanocrystals (nc-Si) distribution in the SiO2 matrix 

on charge injection (charge spot size) and charge decay 

(characteristic decay time and decay mechanism) are 

investigated. The charge decay is found to be affected by 

the neighboring charge and charge sign for different nc-Si 

distributions in the SiO2 matrix. Different dissipation 

mechanisms of the charges stored in the nc-Si with different 

distributions inside the SiO2 matrix are discussed. 

Keywords: silicon nanocrystal, charge trapping, charge 

decay, EFM 

1 INTRODUCTION 

When the dimensions of a silicon nanocrystal based 

memory device are scaled down, various quantum effect as 

well as single electron effects start to play a fundamental 

role and could affect the memory operation and reliability. 

In fact, when the area of the memory cell is sufficiently 

small, small charge fluctuation will change the electrical 

properties (i.e., flatband voltage) tremendously. For 

memory device applications, it is necessary to understand 

the charging and discharging behaviors of the nanocrystals. 

The distribution of nanocrystal inside the dielectric film 

will affect the charging and discharging characteristic. As 

such, it is important to evaluate the charging and 

discharging characteristics of different nanocrystal 

distributions inside the dielectric film.  

Commonly, monitoring the charging effect for different 

nanocrystal distributions is done by determining the 

flatband voltage shift from capacitance-voltage (C-V) 

measurement [1-3]. However, this technique provides only 

macroscopic device information as C-V measurement 

responses to only an average variation over a large area. 

With the electrostatic force microscopy (EFM) technique, 

local electrical properties of the dielectric films and the 

distributions of trapped charges can be obtained in sub-

micrometric resolution. In this work, we present a study on 

the charge trapping and charge decay characteristics and 

mechanisms of silicon nanocrystal (nc-Si) with different 

nanocrystal distributions using EFM technique. 

2 EXPERIMENTAL SETUP 

SiO2 films were thermally grown to 750 nm on either P-

type or N-type (100) oriented Si wafers in dry oxygen at 

950 oC. The doping of the Si substrates does not play a role 

in this study as the substrates are just used for supporting 

the SiO2 films.  Si+ ions with a dose of 3 1016 cm-2 were 

then implanted to the SiO2 thin films at 14 keV (sample A) 

and 10 keV (sample X). Thermal annealing was carried out 

at 1000 C in N2 ambient for 1 hour to induce nc-Si 

formation. After annealing, about 17 nm SiO2 was removed 

in diluted HF solution for sample A. The peak 

concentration of nc-Si is located very close to the SiO2

surface for sample A and at the depth of ~ 10 nm 

underneath the surface for sample X. Transmission electron 

microscopy (TEM) measurement indicates that the mean 

size of nc-Si for both samples is ~ 4 nm. EFM studies were 

performed at room temperature in air with a Veeco/Digital 

Instrument Dimension 3000 Scanning Probe Microscope.  

By using EFM technique, the amount of charge trapped 

in the nc-Si can be deduced based on the force arising from 

the Coulomb interactions between the charge of the sample 

and the charge on the tip. The total charge in nc-Si 

embedded in SiO2 dielectric films during charge decay can 

be mapped with the EFM based on the total force given 

below [4,5] 
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where d is the SiO2 film thickness, A is the area of the 

charge region,  is dielectric constant of SiO2, z is the 

distance between the tip and the sample, and V is the EFM 

DC bias. The force is measured from the shift of the 

resonance frequency of the EFM tip with respect to its 

nominal frequency. This shift reflects the coulomb force 

gradient detected by the EFM tip and is written as: 
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where fo is the nominal frequency, k is the cantilever spring 

constant estimated from the lever geometry, and f is the 

shift of resonance frequency. From the measured force, the 

total charge Q is determined with Eq. (1) and (2). Charge 

was injected to the sample via the contact-mode EFM, 

while the tapping-mode EFM was used to monitor the 

discharging of nc-Si.  
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3 RESULTS AND DISCUSSION 

Figure 1 shows the 3D EFM images of initial charge 

spot for the nc-Si distributing at the SiO2 surface region 

(sample A) (a) and nc-Si distributing deep inside the SiO2

film (sample X) (b) after a charge injection at -4V for 10 s 

respectively. A wider charge spot is observed for sample A, 

indicating different charging behaviors between sample X 

and sample A. For the former, negative charge can be 

directly trapped in the nc-Si due to the direct contact 

between EFM tip and nc-Si, while for the latter, negative 

charge needs to overcome a potential barrier of SiO2 before 

charge can be trapped in the nc-Si. 

Figure 1: 3D EFM images taken straight after the charge 

injection for sample A and sample X. 

To understand the charge trapping and charge decay in 

nc-Si, charge decay from the dielectric film is monitored 

with a series of snap shots of EFM images recorded in real 

time after constant voltage injection of -4 V for 10 s. Figure 

2 shows the charge decay characteristics for the two 

samples. The initial charges (Q0) of the stored charges in 

nc-Si and the characteristic decay time ( ) can be estimated 

from the curve fitting to the experiment data with 

)exp()(
t

QtQ o . The initial charge is 1103 electrons 

for sample A and 84 electrons for sample X.  The initial 

charge of sample A is much larger than that of sample X, 

indicating that the charge injection into sample A is easier 

and more efficient. For sample A with most of the 

nanocrystals distributing in the surface region, lateral 

charge diffusion occurs easily during the charge injection, 

leading to a larger charge spot area and larger number of 

charge. For sample X with most of the nanocrystals 

distributing in the region at least ~ 5 nm away from the 

surface, the charge injection is relatively difficult, and thus 

the charge spot is smaller and the number of trapped charge 

is less than sample A. A different characteristic decay time 

 is observed, indicating a different dissipation mechanism 

between sample A and sample X. Besides obtaining the 

initial charge of the two samples, the characteristic decay 

time is 155 s for sample A and 310 s for sample X. The 

for sample X is 2 times larger than that of sample A is 

mainly due to the easy charge dissipation on the surface of 

sample A. At film surface, the charge can easily interact 

with the surface air and charge can easily dissipate via the 

air humidity. For sample X, the trapped charge has to 

overcome a large barrier height of SiO2 before the charge 

can either dissipate to the film surface or to the SiO2 / Si 

interface. As such, the dominant charge decay mechanism 

may be due to the trapped charge dissipates to the 

surrounding uncharged nc-Si. 
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Figure 2: Charge decay characteristics for sample A and 

sample X. 

The influence of neighboring charges is studied with the 

creation of additional charge spot close to the charge spot 

under test. To study the influence of neighboring charges 

on the charge decay, we have created one charged spot, two 

charged spots. For the cases of 2 charged spots, the charge 

in one spot has the sign (positive or negative) either the 

same as or opposite to that of another spot. Such an 

experimental design can give us a clear picture of the 

influence of neighboring charges on the charge diffusion. 
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Figure 3: Influence of neighboring charge on the charge 

decay in sample A [6]. 

Figure 3 shows the characteristic decay time under the 

influence of neighboring charge spots on sample A. For the 

case of 2 spots (-4V) and 2 spots (-4V & +4V), the center 

of the 2nd charge spot is located ~ 1 m away from the 

center of the 1st spot. The time interval between the end of 

1st spot charge injection and the start of the 2nd spot charge 

injection is ~ 2 s. With the existence of neighboring 

charges, an almost constant  for sample A is observed. 

Specially, the surrounding charges with the same charge 

sign or opposite sign do not lead to a significant change in 

the decay time. This indicates that lateral charge diffusion 

is insignificant for sample A. The trapped charge can easily 

dissipates to the film surface as no lateral charge diffusion 

and no influence on the neighboring charge sign as well as 

neighboring charge spot.  
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Figure 4: Influence of neighboring charge on the charge 

decay in sample X [6]. 

On the other hand, figure 4 shows the characteristic 

decay time under the influence of neighboring charge spots 

on sample X. For the case of 2 spots (-4V) and 2 spots (-4V 

& +4V), the center of the 2nd charge spot is located ~ 0.3 

m away from the center of the 1st spot. With the existence 

of neighboring charges, a different  for sample X is 

observed. For sample X, a positive or negative neighboring 

charge leads to a shorter or longer characteristic decay time, 

respectively. During decay, the negative neighboring 

charge resists the charge dissipation of the negative charge 

spot under test while the positive neighboring charge 

accelerates the charge dissipation. The trapped charge will 

dissipate to the surrounding uncharged nc-Si. This shows 

that the charge decay is affected by the neighboring charges 

in sample X while it is not affected in sample A. The 

difference between the two samples is consistent with the 

early discussions on the influence of the nc-Si distribution 

on the charge diffusion. For sample A, as mentioned early 

there is no lateral charge diffusion during the decay period 

because the injected charges can easily dissipate on the 

surface, and therefore the neighboring charges have no 

significant influence on the charge decay. For sample X, 

there is a strong lateral charge diffusion during decay. As 

the neighboring charges can either accelerate or resist the 

lateral charge diffusion, they have a significant influence on 

the charge decay. 
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Figure 5: Charge-spot size as a function of decay time for 

sample A and sample X. 

The influence of the nc-Si distribution on the size of 

charge spot can be clearly seen in Figure 5. The size of 

charge spot is obtained from pseudo-voigt fitting to the 

EFM resonance frequency. For sample A, the size of the 

charge spot doesn’t change with the decay time and is ~ 

1.25 m for decay time longer than 3 minutes. For sample 

X, the size of charge spot increases with the decay time 

linearly. The linear relationship indicates that the speed of 

the lateral charge diffusion is constant. The size for sample 

X is smaller than that for sample A. However, it increases 

with decay time linearly. In contrast, the size for sample A 

doesn’t change with decay time. For the latter case, there is 

no lateral charge diffusion as the trapped charges can easily 

dissipate on the surface. For sample X with most of the 
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nanocrystals distributing in the region away from the SiO2

surface, the charge injection is relatively difficult, and thus 

the charge spot is smaller; after the injection, the injected 

charges diffuse in all directions, leading to the increase in 

the size of the charge spot with decay time. 

4 CONCLUSION 

The charge trapping and charge decay in nc-Si 

embedded in SiO2 have been studied with electrostatic force 

microscopy (EFM). The influence of silicon nanocrystals 

(nc-Si) distribution in the SiO2 matrix on charge injection 

and charge decay are investigated and discussed. For nc-Si 

distributed near the SiO2 film surface, large charge spot 

(during charge injection) and shorter characteristic decay 

time (during charge decay) are observed. In contrast, for nc-

Si distributed inside the SiO2 matrix, smaller charge spot 

(during charge injection) and longer characteristic decay 

time (during charge decay) are observed. The observed 

phenomena are discussed in details.  

ACKNOWLEDGEMENTS 

This work has been financially supported by the 

Ministry of Education Singapore under project No. ARC 

1/04. The author would like to thank Y. Liu, H.C. Ho and 

K.H. Lee for sample fabrications. 

REFERENCES 
[1] C.Y. Ng, T.P. Chen, Y. Liu, M.S. Tse, and D. Gui, 

Electrochemical and Solid-State Lett. 8, G8, 2005. 

[2] C.Y. Ng, T.P. Chen, and M.S. Tse, presented at the 

10th International Symposium on Integrated 

Circuits, Devices and Systems (ISIC-2004), 8-10 

September 2004 Singapore, 2004. 

[3] Y. Liu, T.P. Chen, C.Y. Ng, and L. Ding, to appear 

in Proc. Nanotech 2005. 

[4] C.Y. Ng, T.P. Chen, H.W. Lau, Y. Liu, M.S. Tse, 

O.K. Tan, and V.S.W. Lim, Appl. Phys. Lett. 85, 

2941, 2004. 

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

Proc. ICSE 2004, 160, 2004. 

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

presented at the 10th International Symposium on 

Integrated Circuits, Devices and Systems (ISIC-

2004), 8-10 September 2004 Singapore, 2004. 

NSTI-Nanotech 2005, www.nsti.org, ISBN 0-9767985-1-4 	Vol. 2, 2005 53


	Book2 (incomplete).pdf
	510.pdf
	510.pdf
	AMORPHOUS DIAMOND THERMAL
	GENERATOR
	CONCLUSION
	REFERENCES






