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Influence of distribution of silicon nanocrystals 共nc-Si兲 embedded in SiO2 matrix on charge injection
and charge decay of the nc-Si has been investigated with electrostatic force microscopy. For nc-Si
distributing in the surface region, the size of charge cloud does not change with decay time, and
neighboring charges have no influence on the charge decay. In contrast, for nc-Si distributing away
from the surface, the size linearly increases with decay time, and the neighboring charges can either
accelerate or resist the charge decay depending on their charge signs. In addition, the characteristic
decay time for the first distribution is much shorter than that for the second distribution. These
results provide an insight into the dissipation mechanism of the charges stored in the nc-Si. © 2005
American Institute of Physics. 关DOI: 10.1063/1.1901831兴
Silicon nanocrystals 共nc-Si兲 embedded in a SiO2 matrix
have attracted much attention due to their outstanding properties for the applications in optoelectronic and memory
devices.1–7 To utilize the nc-Si as a storage medium, a good
understanding on its charge storage and decay characteristics
is necessary. Usually, monitoring the charge decay characteristic is done by determining the flatband voltage shift from
capacitance–voltage 共C–V兲 measurement.7 However, this
technique provides only macroscopic device information as
C–V measurement responses to only an average variation
over a large area. There are few studies on the charging/
discharging behaviors of nc-Si at the level of nanometer
scale. Recently, studies on charge storage of silicon
nanocrystals,8–11 Co nanocrystals12 silver nanocrystals13 and
CdSe nanocrystals14 in SiO2 film by using atomic force microscopy 共AFM兲/electrostatic force microscopy 共EFM兲 have
been reported. In this letter, we present a study on the influence of nc-Si distribution in a SiO2 matrix on the charge
injection and charge decay characteristics of the nc-Si using
the EFM technique. Such a study should be very useful to
memory application of the nc-Si.
SiO2 films were thermally grown to 750 nm on either
p-type or n-type 共100兲 oriented Si wafers in dry oxygen at
950 °C. Si+ ions with a dose of 3 ⫻ 1016 cm−2 were then implanted to the SiO2 thin films at 10 keV 共sample X兲 and 14
keV 共sample A兲. Thermal annealing was carried out at
1000 °C in N2 ambient for 1 h to induce nc-Si formation.
After annealing, for sample A about 17 nm SiO2 was removed in diluted HF solution. The peak concentration of
nc-Si is located very close to the SiO2 surface for sample A
and at the depth of ⬃16 nm underneath the surface for
a兲
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sample X. Transmission electron microscopy 共TEM兲 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. Charge was injected
to the sample via the contact-mode EFM, while the tappingmode EFM was used to monitor the discharging of nc-Si.
The total charge stored in the nc-Si can be mapped with the
EFM based on the total force acting on the EFM tip due to
the Coulomb interaction between the sample surface and the
tip.8,12
To inject charge into the samples, the EFM tip is touching the sample surface. For sample X, most of the nanocrystals distribute in the region of ⬃5–30 nm underneath the
SiO2 surface. To inject charges into these nanocrystals, the
charges need to overcome the barrier of SiO2 with a distance
of at least 5 nm. In contrast, for sample A, most of the nanocrystals distribute from the surface to a depth of ⬃20 nm
with its peak concentration located very close to the surface,
and thus charge injection is much easier to occur. Therefore,
for a given charge injection time, the injected charge number
of sample A should be larger than that of sample X. As the
injected charges will diffuse into neighboring uncharged
nc-Si, the size of the injected charge cloud of sample A
should also be larger than that of sample X. We have measured the number of the injected charges and the size of the
charge cloud with EFM after the injection at ⫺4 V for 10 s.
Note, that it takes 3 min to complete an EFM snap shot after
the charge injection. Therefore, it is impossible to determine
the injected charge and the size of the charge cloud at the
time of the completion of the injection due to the time required for setting up the measurement. However, based on
the decay time dependence of the size of charge cloud and
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FIG. 1. 3D EFM images taken at various time after charge injection for
sample A and sample X.

the number of trapped charge, we have been able to estimate
the number of injected charge and the initial size of the
charge cloud. The numbers of injected charges are ⬃84 and
⬃1103 electrons for sample X and sample A, respectively;
and the sizes of the charge clouds are ⬃0.54 m and
⬃1.25 m for sample X and sample A, respectively. The
details on the determination of the charge number and the
charge cloud size are given below.
Figure 1 shows the 3D EFM images of samples X and A
as a function of decay time after the injection at ⫺4 V for 10
s. The size 共i.e., the diameter兲 of charge cloud can be determined from pseudo-Voigt fitting to the shift of the resonance
frequency versus the position obtained from the EFM measurement based on 10% of the peak height, as shown in Fig.
2共a兲. The decay time dependence of the size of the charge
cloud for the two samples is shown in Fig. 2共b兲. For sample
A, the size of the charge cloud does not change with the
decay time and is ⬃1.25 m for decay time longer than 3
min. Therefore, the initial size of the charge cloud 共i.e., when
decay time=0兲 is expected to be ⬃1.25 m. For sample X,
the size of charge cloud increases with the decay time linearly. The linear relationship indicates that the speed of the
lateral charge diffusion is constant. The initial size of the
charge cloud for sample X can be estimated from the linear
relationship with decay time=0, and it is 0.54 m as mentioned earlier. The influence of the nc-Si distribution on the
size of charge cloud can be clearly seen in Fig. 2共b兲. 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 does not change with decay time. These results are
explained in the following. 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 cloud; however, after the injection, there is no
more lateral diffusion as the injected charges can easily dissipate on the surface, and thus the size of the charge cloud
remains unchanged during the decay period. For sample X
with most of the nanocrystals distributing in the region at
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least ⬃5 nm away from the surface, the charge injection is
relatively difficult, and thus the charge cloud is smaller; after
the injection, the injected charges diffuse in all directions,
leading to the increase in the size of the charge cloud with
decay time.
Figure 3 shows the charge decay characteristics for
sample X and sample A after the injection at ⫺4 V for 10 s.
As shown in Fig. 3, the charge decay follows an exponential
law, i.e., Q共t兲 = Q0 exp共−t / 兲 where Q0 is the initial charge
共i.e., the injected charge兲,  is the characteristic decay time
and t is the time after charge injection. The fitting to the
experimental data of charge versus decay time with the exponential law yields the initial charge 共Q0兲 and the characteristic decay time 共兲. The initial charge is 84 electrons for
sample X and 1103 electrons for sample A, while the characteristic decay time is 310 s for sample X and 155 s for
sample A. 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; however, the characteristic decay time of sample A is shorter than that of sample
X, which can be explained by the easy charge dissipation on
the surface of sample A. The reason for these results is that
in sample A, the existence of a large amount of nc-Si in the
surface region made the charge injection easier, and exposing

FIG. 2. 共a兲 Determination of the size of charge cloud from the pseudo-Voigt
fittings to the experimental data of the resonance-frequency shift vs position;
and 共b兲 size of charge cloud as a function of decay time. The charge injection is carried out at ⫺4 V for 10 s. The initial size just after charge injection
can be obtained from the extrapolation to 0 s of decay time.
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FIG. 3. Charge decay characteristics for sample X and sample A. The initial
charge 共Q0兲 and the characteristic decay time 共兲 can be obtained from the
fitting based on Q共t兲 = Q0 exp共−t / 兲.
FIG. 4. Influence of neighboring charge on the characteristic decay time.

the nc-Si in air 共i.e., humid environment兲 speeded up the
charge dissipation. These results are consistent with the
above discussions on the sizes of the charge clouds.
The charge decay could be affected by neighboring
charges. To study the influence of neighboring charges, we
have created one additional charge cloud close to the charge
cloud under test 共i.e., the EFM measurement is conducted on
this charge cloud兲. The charge cloud under test is negative
and is formed by the charge injection at ⫺4 V for 10 s; while
the additional charge cloud is either negative or positive and
is formed by the charge injection at ⫺4 V or ⫹4 V for 10 s,
respectively. As pointed out earlier, the initial size of the
charge cloud under test just after the charge injection are
⬃1.25 m and ⬃0.54 m for sample A and sample X, respectively. Therefore, the center of the additional charge
cloud is set to locate ⬃1 m and ⬃0.3 m away from the
center of the charge cloud under test for sample A and
sample X, respectively. Note, that the time interval between
the end of charge injection of the charge cloud under test and
the start of the charge injection of the additional charge cloud
is ⬃2 s, which is too short to have a significant impact on
the decay study. The influence of the neighboring charges on
the characteristic decay time is shown in Fig. 4. For sample
X, a negative or positive neighboring charge leads to a
longer or shorter characteristic decay time, respectively. This
means that the negative neighboring charge resists the charge
dissipation of the negative charge cloud under test while the
positive neighboring charge accelerates the charge dissipation. However, for sample A, the neighboring charges have
no significant influence on the charge decay. 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 the decay period. As the
neighboring charges can either accelerate or resist the lateral
charge diffusion, they have a significant influence on the
charge decay.
In summary, charge injection and charge decay are seriously affected by the distribution of the nc-Si in the SiO2

film, which is very important to the memory application of
the nc-Si. For nc-Si distributing in the surface region, the
size of charge cloud does not change with decay time, and
neighboring charges have no influence on the charge decay.
In contrast, for nc-Si distributing away from the surface, the
size linearly increases with decay time, and the neighboring
charges can either accelerate or resist the charge decay depending on their charge signs. In addition, the characteristic
decay time for the first distribution is much shorter than that
for the second distribution.
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