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The static dielectric constant of isolated silicon nanocrystals �nc-Si� embedded in a SiO2 thin film
synthesized by Si+ implantation has been determined from capacitance measurement based on the
Maxwell–Garnett effective medium approximation and the stopping and range of ions in matter
simulation. For the nc-Si with a mean size of �4.5 nm, the dielectric constant so determined is 9.8,
being consistent with a theoretical prediction. This value is significantly lower than the static
dielectric constant �11.9� of bulk crystalline Si, indicating the significance of nc-Si size effect. The
information of nc-Si dielectric constant is not only important to the fundamental physics but also
useful to the design and modeling of nc-Si-based memory devices. © 2006 American Institute of
Physics. �DOI: 10.1063/1.2172009�
In recent years, research on silicon nanocrystal �nc-Si�
embedded in SiO2 thin film has been carried out intensively
due to its potential applications in memory devices as well as
optoelectronic devices.1–5 One promising technique for in-
corporating nc-Si into SiO2 is to use Si ion implantation
followed by high temperature annealing. With this technique
the nc-Si synthesis is fully compatible with the mainstream
complementary metal-oxide-semiconductor �MOS� process
and the distribution of the nc-Si can easily be controlled.
When the nc-Si is embedded in the SiO2 film, the dielectric
properties of the film will be different from that of the pure
SiO2 film. Therefore, for flash memory devices with the
nc-Si embedded in the gate oxide,4,6,7 the inclusion of the
nc-Si will definitely affect the gate capacitance. However, a
quantitative study on the influence of the nc-Si on the gate
capacitance is still lacking, although it is very important to
the design and modeling of the memory devices. On the
other hand, as 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. Thus understanding the dielectric properties of
the nc-Si is undoubtedly important to the fundamental phys-
ics. In addition, if the dielectric properties of the nc-Si are
known, the dielectric properties of a SiO2 thin film contain-
ing the nc-Si can also be obtained based on an appropriate
effective medium approximation �EMA�, and the informa-
tion is useful to the device applications of the nc-Si. In this
work, we have determined the static dielectric constant of
isolated nc-Si embedded in a SiO2 thin film synthesized with
the technique of Si ion implantation.

The SiO2 films were thermally grown to a thickness of
100 nm on n-type �100� oriented Si wafers in dry oxygen at
950 °C. Si+ ions with a dose of 8�1016 cm−2 were then
implanted to the SiO2 thin films at the energy of 28 keV.
Thermal annealing was subsequently carried out at 1000 °C
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in N2 ambient for 1 h in order to induce nc-Si formation.
Metal-oxide-semiconductor �MOS� capacitors with an area
of 80�80 �m2 are formed by depositing a 20 nm aluminum
film onto the SiO2 thin film. The backsides of wafers were
coated with a layer of aluminum with a thickness of about
1 �m after removing the backside oxide. Capacitance-
voltage �C-V� measurements were performed at a frequency
of 1 MHz with a HP4284A LCR meter.

Figure 1 shows the cross-section measurement of the
sample using high-resolution transmission electron micro-
scope �TEM� with a Jeol JEM-2010 apparatus. The TEM
measurement shows that the size of the nc-Si embedded in
the SiO2 matrix is �4.5 nm. The nc-Si size can also be de-
termined from the broadening of the Bragg peak in x-ray
diffraction �XRD� measurements.8 The mean size of the nc
-Si was determined from the full width at half maximum of
the Bragg peak after correction for instrumental broadening
in the XRD measurement and was found to be �4.5 nm,
comparable with the size obtained from the TEM
measurement.
FIG. 1. High-resolution TEM image of nc-Si embedded in a SiO2 thin film.
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The profile of excess Si in the 100 nm SiO2 films due to
the Si ion implantation can be obtained from the stopping
and range of ions in matter �SRIM�9 simulation. From the
simulation, the peak concentration was found to be at a depth
of about 42 nm, and the volume fraction of the peak concen-
tration was calculated to be 34.5%. Figure 2�a� shows the
depth distribution of the nc-Si volume fraction. The nc-Si is
distributed throughout the oxide from the SiO2 surface to the
SiO2/Si interface. As such, the dielectric constant of the ox-
ide film is no longer equal to that �3.9� of pure SiO2. There-
fore, the MOS capacitance of the structure with nc-Si dis-
tributed in the oxide will be different from the capacitance of
a MOS capacitor with a pure SiO2 thin film �i.e., without the
nc-Si� of the same thickness.

As the nc-Si volume fraction varies with the depth in the
oxide layer, the effective dielectric constant of the oxide
layer is not uniform and should vary with the depth. In the
present study, the 100 nm oxide layer is virtually divided
into 100 sublayers with an equal thickness of d0=1 nm
�namely sublayer 1, sublayer 2, …, sublayer 100�, as shown
in Fig. 2�b�. The nc-Si volume fraction is considered to be
constant within each sublayer. Each sublayer has its own
effective dielectric constant, �i �i=1,2 , . . . ,100� character-
ized by the volume fraction �vi� of the sublayer. Each sub-
layer can be schematized as an effective medium, in which
the SiO2 is the host matrix while the nc-Si is an inclusion
embedded in the SiO2 matrix, represented by the Maxwell–
Garnett effective medium approximation �EMA�8,10–14

�i − �SiO2

�i + 2�SiO2

= vi

�nc-Si − �SiO2

�nc-Si + 2�SiO2

, �1�

where �SiO2
�=3.9� is the dielectric constant of pure SiO2 and

�nc-Si is the dielectric constant of the nc-Si. Note that �nc-Si is
a parameter that is to be determined. Taking the depth distri-

FIG. 2. �a� Depth profile of volume fraction of the nc-Si in the SiO2 as
determined from the SRIM calculation; and �b� the multi-sublayer model
used for the EMA calculation.
bution of the dielectric constant in the oxide layer into ac-
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count and based on the above sublayer model, the MOS ca-
pacitance �C� per unit area can be expressed as

1

C
= �

i=1

100 ��i�0

d0
�−1

, �2�

where �0 is the permittivity in vacuum.
One can expect that the dielectric constant of the nc-Si is

larger than �SiO2
�=3.9� if the dielectric constant �11.9� of

bulk crystalline Si is taken as a reference. If this is the case,
�i �i=1,2 , . . . ,100� should be larger than �SiO2

as predicted
by Eq. �1�. According to Eq. �2�, then the MOS capacitance
of the structure with nc-Si distributed in the oxide should be
larger than that of the structure without the nc-Si �i.e., a
MOS capacitor with a pure SiO2 thin film of the same thick-
ness�. This situation has been observed in the experiment.
Figure 3 shows the C-V characteristics of the MOS structures
with and without the nc-Si distributed in the oxide. As can be
seen in this figure, the inclusion of the nc-Si in the oxide
leads to a significant increase in the MOS capacitance �i.e.,
the capacitance under strong accumulation�. This indicates
that the dielectric constant of the nc-Si is larger than �SiO2

.
Besides the increase in the capacitance, Fig. 3 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.

As the volume fraction �vi� of nc-Si in each sublayer and
�SiO2

are known, the dielectric constant ��i� of each sublayer
can be calculated with Eq. �1� for a given �nc-Si, and then the
MOS capacitance �C� can be calculated with Eq. �2�. Figure
4 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�. As can
be seen in this figure, the capacitance increases with the
�nc-Si. From the curve of the capacitance versus the �nc-Si
shown in Fig. 4, one can easily find the value of �nc-Si cor-
responding to the measured MOS capacitance of the struc-
ture with the nc-Si distributed in the oxide. The value ob-
tained is 9.8, and it is actually the dielectric constant of the
nc-Si embedded in the oxide. As expected, the dielectric con-
stant of the nc-Si is much larger than that of pure SiO2 but

FIG. 3. Comparison of C-V characteristics between the MOS structures with
and without the nc-Si embedded in the oxide. Both structures have identical
oxide thickness.
significantly smaller than that of bulk crystalline Si.
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According to Wang and Zunger,15 the screening static
dielectric constant of the nc-Si as a function of the nc-Si size
can be expressed as follows:

�static�D� = 1 +
�b − 1

1 + 	1.38

D

1.37 , �3�

where �b is the dielectric constant of bulk crystalline silicon
�note that in Ref. 15 the two constants, 1.38 and 1.37, used in
Eq. �3� are obtained under the assumption of �b=11.4. This
�b value is slightly different from the widely used value, 11.9
�Ref. 16� and D is the nc-Si size in the unit of nm. From Eq.
�3�, in setting the size of nc-Si to be 4.5 nm, the static di-
electric constant of nc-Si is found to be 9.7. This number is
consistent with the above value of dielectric constant ob-
tained from Fig. 4.

It is obvious from the above discussions that the dielec-
tric constant of nc-Si is significantly reduced from its bulk
value. There are a number of studies on the reduction of the
dielectric constants of nanoscale systems.15,17–20 Originally,
the reduction in the dielectric constant of small quantum dots
�such as the nanocrystal here� was attributed to the band gap
increase inside the quantum dots. However, it was only re-
cently argued by Delerue, Lannoo, and Allan that the reduc-
tion is due to the breaking of polarizable bonds at the surface
and is not due to the opening of the band gap induced by the
confinement.20 This argument is supported by the following
two latest studies.21,22 Based on the first-principle calculation
of the microscopic dielectric response function for quantum
dots, Cartoix and Wang have found that the reduction of the
macroscopic dielectric constants is a surface effect.21 Gius-
tino and Pasquarello have also shown that for Si slabs of
finite size the decrease of the permittivity with slab thickness

22

FIG. 4. MOS capacitance calculated with Eqs. �1� and �2� as a function of
�nc-Si. The intercept between the calculated and the measured capacitance
yields the dielectric constant of the nc-Si embedded in the SiO2.
is related to surface rather than bulk effects.
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In conclusion, the static dielectric constant of isolated
nc-Si synthesized by Si ion implantation embedded in a SiO2

thin film can be determined from C-V measurement based on
the Maxwell–Garnett EMA and the SRIM simulation. For
the nc-Si with a mean size of �4.5 nm, the dielectric con-
stant so determined is 9.8, being consistent with a theoretical
prediction. This value is significantly lower than the static
dielectric constant �11.9� of bulk crystalline Si, indicating the
significance of nc-Si size effect. On the other hand, since the
dielectric constant of the nc-Si is known, the depth profile of
the effective dielectric constant of the oxide layer containing
the nc-Si can be calculated with the EMA, and the informa-
tion is useful to the design and modeling of nc-Si-based
memory devices.
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