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Dielectric functions of Si nanocrystals embedded in a SiO2 matrix
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Knowing the dielectric functions of semiconductor nanocrystals isolated in a dielectric matrix is important to
both solid-state physics and applications. In this work, we have developed an approach to determine the
dielectric function of Si nanocrystals embedded in a SiO2 matrix synthesized with Si ion beams. The approach
is based on the effective medium approximation, and appropriate models are developed to simulate the sec-
ondary ion mass spectroscopy and spectroscopic ellipsometry measurements on the material system. The
energy gap expansion of the Si nanocrystals due to the nanocrystal size effect has been obtained by modeling
the real part of the dielectric function with the single-oscillator model. From the energy gap expansion, the
nanocrystal size can be also obtained with two independent models including the phenomenological model
based on quantum confinement and the bond contraction model. The results from the two models are similar
and are also consistent with transmission electron microscope and x-ray diffraction measurements.
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In recent years, a great deal of research on Si nanocry
~nc-Si! embedded in a SiO2 matrix has been conducted du
to their potential applications in Si-based optoelectronic
vices and single-electron memory devices or other sin
electron devices.1–6 One of the promising techniques bein
used to elaborate nc-Si is the implantation of Si ions i
robust SiO2 thin films that provide good chemical and ele
trical passivation of the nanocrystals. This synthesis proc
yields a narrow-size distribution of nanocrystals, and it
fully compatible with the mainstream complementary met
oxide-semiconductor~CMOS! process. For Si nanocrysta
embedded in a SiO2 matrix, their optical and dielectric prop
erties should be different from those of bulk crystalline
due to the size effect, and as the Si nanocrystals are iso
by the SiO2 matrix the situation should be also different fro
that of a continued Si-nanocrystal film. Therefore, it wou
be interesting to examine the properties of the isola
nanocrystals embedded in a SiO2 matrix, and knowing the
dielectric function of the nanocrystals isolated in a SiO2 ma-
trix is definitely important to both solid-state physics a
applications. In this work, the dielectric function and optic
constants of Si nanocrystals embedded in a SiO2 matrix are
determined, and from these results the energy gap expan
of the nanocrystals due to the size effect is obtained. In
dition, the nanocrystal sizes can also be estimated from
energy gap expansion, and the result is consistent with h
resolution transmission electron microscope~HRTEM! and
x-ray diffraction ~XRD! measurements.

550-nm-thick SiO2 films were grown onp-type Si ~100!
substrates by wet oxidation of Si at 1000 °C. The SiO2 films
were implanted with a dose of 131017 atoms/cm2 of Si1 at
100 keV. The samples were annealed at 1000 °C in nitro
gas for a duration of 20 min. Upon such an annealing,
would expect the formation of Si nanocrystals in the Si2
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film.7,8 Figure 1~a! shows the HRTEM image of nc-Si em
bedded in a SiO2 matrix. The mean size of the Si nanocry
tals could be determined from the full width of half max
mum ~FWHM! of the Bragg peak after correction fo
instrumental broadening in the XRD measurement.9 Figure
1~b! shows the XRD measurement for nc-Si embedded i
SiO2 matrix and the pseudo-Voigt fit to the data, and t
nc-Si size obtained is;4.6 nm. The depth distribution of S
nanocrystals in SiO2 film was obtained from secondary io
mass spectroscopy~SIMS! measurements. Spectroscopic e
lipsometry measurements were carried out to determine
ellipsometric anglesC and D in the wavelength range o
400–1200 nm.

The volume fraction of Si nanocrystals in SiO2 film as a
function of depth was calculated from the SIMS measu
ment, and the result is shown in Fig. 2. As can be seen in
2, nc-Si distributes from the surface to a depth of 250 n
and there are few or no nanocrystals in the SiO2 film beyond
a depth of 250 nm. Therefore, the SiO2 film can be approxi-
mately represented by the two layers: i.e., the first la
(0<depth<250 nm), which contains Si nanocrystals, a
the second layer (depth.250 nm), which is basically a pure
SiO2 layer. For the first layer, as the volume fraction of
nanocrystals varies with depth; the optical properties in t
layer will also vary with depth. To model the optical prope
ties of the first layer, it is divided intom sublayers with equa
thicknessd0 (m525 andd0510 nm in this study!, namely,
sublayer 1, sublayer 2, ..., sublayerm in the sequence start
ing from the surface, and the volume fraction of Si nano
rystals is considered constant within each sublayer. Each
blayer has its own complex refractive indexNi5ni1 jk i ( i
51,2,...,m) whereni andki are the refractive index and ex
tinction coefficient for thei th sublayer, respectively. Not
thatNi is also a function of wavelength~l!. Therefore, in the
©2003 The American Physical Society01-1
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elliposmetry analysis, the material system used in this st
can be described by a (m13)-phase model, i.e., air/sublaye
1/̄ /sublayerm/pure SiO2 layer ~i.e., the second layer men
tioned above!/Si substrate. Each phase is characterized by
complex refractive indexNi ( i 50,1,...,m,m11,m12). Note

FIG. 1. ~a! HRTEM image of nc-Si embedded in a SiO2 matrix
and ~b! XRD measurement for nc-Si embedded in a SiO2 matrix
and the pseudo-Voigt fit to the data.

FIG. 2. Volume fraction of Si nanocrystals embedded in Si2

film vs depth.
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that N051 for air, Nm115NSiO2
~i.e., the SiO2 complex re-

fractive index! for the pure SiO2 layer, andNm125NSi ~i.e.,
the Si complex refractive index! for the Si substrate. AsN0 ,
Nm11 , andNm12 are known, for a fixed incident anglef0
the ellipsometric anglesc and D can be expressed as fun
tions of the parametersN1 ,N2 ,...,Nm , andl ~Refs. 10 and
11!, i.e.,

c5 f 1~N1 ,N2 ,...,Nm ,l! ~1!

and

D5 f 2~N1 ,N2 ,...,Nm ,l!. ~2!

Note that the functionsf 1 and f 2 cannot be expressed a
analytical formulas as they are very complicated for suc
(m13)-phase system~herem525).

For the first layer mentioned above, it can be treated a
material system in which the SiO2 is a host material while
the Si nanocrystal is an inclusion embedded in the host
terial. Although the Si nanocrystal fraction varies with th
depth and there may be a size distribution for the nanoc
tals, for each sublayer of the first layer, its effective comp
dielectric function« i (5Ni

2,i 51,2,...,m) can be calculated
with the following effective medium approximation:10,12

« i2«SiO2

« i12«SiO2

5n i

«nc-Si2«SiO2

«nc-Si12«SiO2

, ~3!

wheren i ( i 51,2,...,m) is the volume fraction of the nanoc
rystals in thei th sublayer,«SiO2

is the dielectric function of

host material SiO2 , and«nc-Si is the dielectric function of the
Si nanocrystal. Here the nanocrystal size distribution is c
sidered in terms of the mean dielectric function. As the v
ume fraction (n i) and «SiO2

are known, from Eq.~3! the

effective complex dielectric function« i ~and thus the com-
plex refractive indexNi) for the i th sublayer (i 51,2,...,m)
can be expressed in terms of«nc-Si ~or the complex refractive
index of nc-Si, i.e.,Nnc-Si). Therefore, Eqs.~1! and~2! can be
rewritten in the form of

c5 f 18~Nnc-Si,l! ~4!

and

D5 f 28~Nnc-Si,l!. ~5!

Again the functionsf 18 and f 28 cannot be expressed as an
lytical formulas as they are very complicated. For a giv
wavelengthl, an ellipsometric measurement yields a val
of C andD, and thereforeNnc-Si can be obtained by solving
Eqs.~4! and~5!. In this study, we use a spectral fitting in th
wavelength range from 400 to 1200 nm to determine
Nnc-Si at each wavelength instead of solving the equatio
The spectral fitting can avoid the problems of unstable
unreasonable values and difficulties associated with the p
structures of the measuredC~l! and D~l! due to the mea-
surement, model, and calculation errors. Figure 3 shows
spectral fitting, i.e., the comparison of the calculatedC and
D based on Eqs.~4! and ~5! with the measuredC andD in
1-2
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the wavelength range from 400 to 1200 nm. As can be s
in this figure, all the complicated spectral features of bothC
andD can be fitted excellently. This indicates that the abo
approach is correct and the fitting is effective. The comp
refractive indexNnc-Si ~and thus the refractive indexn and
extinction coefficientk) of Si nanocrystals embedded in
SiO2 matrix obtained as a function of wavelength is sho
in Fig. 4. The real and imaginary parts of the complex
electric function of nc-Si obtained are also shown in Figs
and 6, respectively.

As can be seen in Figs. 4–6, the optical constants
dielectric function of the Si nanocrystals are reduced sign
cantly compared to those of bulk crystalline Si. Here t
reduction in the optical constants or the dielectric function
attributed to the energy gap expansion of the nanocrysta
a result of the nanocrystal size effect. Based on the sin
oscillator model, the change (D« r) of the real part of the
dielectric function due to the energy gap change (DEg) can
be expressed as follows for a small energy gap change~i.e.,
DEg /Eg0!1):

D« r

« r0
52

2~12« r0
21!

12~E/Eg0!2 S DEg

Eg0
D , ~6!

FIG. 3. c andD as functions of wavelength. The lines represe
the best fit with the approach described in the text.

FIG. 4. Refractive index (n) and extinction coefficient (k) of Si
nanocrystals embedded in a SiO2 matrix as functions of wave-
length.
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where« r0 andEg0 are the real part of dielectric function an
energy gap of bulk crystalline Si, andE is the photon energy
Note that the energy gapEg (5\vg wherevg is the reso-
nance frequency of the oscillator! in the single-oscillator
model is not the same as the fundamental energy band ga
silicon. Tsuet al. pointed out that the fundamentalG-D gap
at 1.1 eV plays almost no role in the dielectric function13

The energy gapEg0 for the dielectric function of bulk crys-
talline Si was set to be 4 eV in Ref. 13 while it was shown
be 4.8 eV in Ref. 14. In this study, Eq.~6! is used to model
the real part of the dielectric function of Si nanocrystals e
bedded in a SiO2 matrix, and the result is shown in Fig. 5
The model yields an energy gap expansion of 5.1% and 6
for Eg054 eV and 4.8 eV, respectively.

The nanocrystal size could be estimated from the ene
gap change by using the bond contraction model15 or the
phenomenological model based on quantum confineme16

on the size dependence of energy gap expansion. From
bond contraction model,15 if the surface bond contraction i
significant for only the two outermost atomic layers of
spherical dot and the dot size~i.e., the diameterD) is much
larger than the atomic diameterd, the energy gap expansio
is given as

t
FIG. 5. Real part of the dielectric function of Si nanocrysta

embedded in a SiO2 matrix as a function of wavelength. The mod
eling with Eq.~6! yields an energy gap expansion of 5.1% and 6.3
for Eg054 eV and 4.8 eV, respectively.

FIG. 6. Imaginary part of the dielectric function of Si nanocry
tals embedded in a SiO2 matrix as a function of wavelength.
1-3
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DEg

Eg0
5g18c1~c1

2m21!1g28c2~c2
2m21!, ~7!

where

g i85
3

k S 12
i 20.5

k D 2

~ i 51,2!,

k5D/(2a), m51, c150.88, andc250.94 ~Ref. 15!. For
DEg /Eg055.1% which corresponds toEg054 eV, Eq. ~7!
yields the nanocrystal sizeD54.1 nm, and forDEg /Eg0
56.3% which corresponds toEg054.8 eV, Eq.~7! yields
the nanocrystal sizeD53.1 nm. On the other hand, from th
phenomenological model,16 which predicts the trend fo
quantum confinement—i.e., the inverse dependence of
expanded energy gap on the nanocrystal size—and in w
a log-normal distribution of nanocrystal sizes is consider
DEg is given by

DEg5
C

d0
n S dm

d0
D n(2n15)/3

, ~8!

whered0 ~in nm! is the mean size of nanocrystals anddm is
the size for which the maximum occurs in the log-norm
distribution,n51.22,C53.9, anddm /d050.7 ~Ref. 16!. For
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In summary, we have developed an approach to determ
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on the effective medium approximation, and appropri
models are developed to simulate the nc-Si depth profi
obtained from the SIMS measurement and the ellipsome
parameters measured in a wide range of wavelengths.
energy gap expansion of the nc-Si due to the size effect
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