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Abstract. The frequency of photoluminescence is determined by the gap between the conduction
and valence band. The width of the band gap depends on the crystal field and the chemical reaction,
because the crystal field defines the band structure and the reaction repopulates with valence
electrons. It is derived that the surface bond contraction and the rise in surface-to-volume ratio
enhance the crystal field and determine the trend of frequency change, while oxidation enhances
this behaviour by adding a constant.

Investigation of nanocrystalline and porous Si oxide has attracted tremendous interest due to
the scientific and technological significance. The nanostructured Si compounds have potential
applications in photoluminescence (PL). The frequency of the photon varies over a wide
spectral range from the infrared to the ultraviolet, depending on the shape and size of the
particles and the chemical treatment process [1]. In addition to the mechanisms of quantum
confinement [2], PL centre formation [3] and surface alloying [4], Iwayama, Hole and Boyd
(IHB) [5] proposed a mechanism and used it to interpret their interesting findings on the PL
of Si nanocrystals embedded in an amorphous SiO2 matrix—that is, the cluster interaction
and the oxidation effect. A knowledge of the functional dependence of the PL frequency on
(i) the particle shape and size, (ii) the cluster interaction and (iii) the chemical effect is highly
desirable when attempting to achieve an understanding of the nature of this phenomenon. This
article presents an approach with this objective.

It is known that the frequency shift of the PL reflects the band-gap change of the system.
The band gap originates from the crystal field: a sum of interatomic potentials that depends
on the atomic separation and quantity of charge of the neighbouring atoms [6]. A shortened
bond length and positively charged ions enhance the crystal field and hence also the band
gap. Reaction also enhances the crystal field by weakening the screening effect due to charge
transfer. The process of charge transfer further widens the band gap directly by emptying
the occupied density of states (DOS) belowEF . It has been shown [7] that electronegative
elements such as oxygen and nitrogen possess the special ability to produce or widen the band
gap by producing holes belowEF through charge transportation during bond formation.
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The particle-size-determined band gap is expressed as [6]
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whereV (r, nN) is the crystal field ofn particles where, with each particle, there areN atoms.
u(d) is the atomic potential.γi is the ith surface-to-volume ratio of a particle and has the
form [8]
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whereci = di/d andci < 1.0 is the coefficient of bond contraction due to the reduction of
the coordination number [9] of the surface atoms.i counts from the outermost layer of the
particle with dimensionD = 2kd andn = 1, 2, 3 corresponds to plate, rod, spherical dot,
each a nanometre across.γi can easily be derived, for a spherical dot example, by dividing
the volume of a spherical shell 4π [(k− (i − 0.5))d]2di by the volume of the entire dot. Upon
bond contraction, the interatomic potential becomesu(di) = c−mi u(d). m is an adjustable
parameter that depends on the type of atomic potential.δ describes the contribution of the
cluster interactionV (D) to the band-gap enlargement in equation (1). The band-gap expansion
of a nanometric system results from the surface bond contraction(ci) and the rise in surface-
to-volume ratio that depends on the shape(n) and size(k) of the particles as well as the type
of atomic interaction(m).

Figure 1 simulates the size-dependent PL energy obtained by Schuppleret al [10] for
SiOx nanoparticles. Surface bond contractions of 12% and 6% were applied, respectively, to
the first two atomic layers of a spherical dot. Such a scale of bond contraction has formed
important stages in the O–Cu(100) surface bonding dynamics [11]. It can be seen that the
curve form = 2 follows the trend of band-gap expansion. A 27% offset of the curve for
m = 2 describes the oxidation effect well, with acceptable errors at larger particle size (offset
18%). The error at larger particle size may result from the shape change from spherical dot
to columnar rod with increasing particle size. The surface-to-volume ratio of a rod is 2/3 of
that of a spherical dot (equation (2)). The cluster interaction seemed not to be apparent in this
case. Therefore, the band-gap expansion is dominated by the surface bond contraction and
oxidation, which simply adds a constant to the effect of the physical shape and size.

The results support interpretations given by IHB for the Si nanocrystals embedded in an
amorphous Si oxide matrix. First, the red-shift of the PL caused by the increase in Si dose
(annealing at 1050◦C for eight hours in N2) can be attributed to the particle size increase [5].
Second, the blue-shift of the PL (after annealing at 1050◦C for eight hours in N2 and subsequent
annealing at 1000◦C for 30–90 min in O2) can be ascribed as the oxidation effect that widens
the band gap. Then, the recovery in the PL energy after re-annealing in N2 at 1050◦C for
one hour may be interpreted as the replacement of oxygen by nitrogen. This phenomenon
provides evidence that the effect of nitrogen is weaker than the effect of oxygen on the band-
gap enlargement, due to the difference in electronegativity between O (3.5) and N (3.0). The
electronegativity difference determines the quantity of charge transfer among the specimens.
The intensity change is not covered in the current model but it can be easily understood on
the basis of the PL efficiency, particle density and size distribution, as indicated by IHB.
Apparently, the band gap is an intrinsic feature of the material and it is independent of the
excitation energy. The fact that annealing in N2 for two hours causes no change in peak position
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Figure 1. Simulation of the size dependence of the PL shift (broken line) reported in reference [5].
The curve form = 2 makes clear the particle-size (surface bond-contraction) effect and the offset
indicates the mixture of cluster interaction and oxidation.

(This figure can be viewed in colour in the electronic version of the article; seewww.iop.org)

compared with annealing for eight hours indicates the saturation of the reaction at two hours
or less.

Therefore, the overall PL features of nanocompounds can be consistently understood in
terms of the crystal field and the chemical reaction. The former defines the band gap; the latter
widens it by electron transportation. The frequency of the PL of a nanometric Si compound
is determined intrinsically by the surface bond contraction and the rise in surface-to-volume
ratio as well as the type of atomic potential. Cluster interaction plays an insignificant role. The
trend of the frequency change is dominated by the physical shape and size. Chemical reaction
enhances the size and shape effect by adding a constant.
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