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Optical emission from Cg,-coupled B-FeSi, nanocomposites
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Cgo-coupled B-FeSi, nanocomposite structures were fabricated and their photoluminescence (PL)
properties were investigated. The nanocomposites exhibit a pinned PL peak at 570 nm and a band
edge at ~370 nm. Spectral analyses suggest that the pinned PL behavior is closely related to both
the B-FeSi, nanocrystals and the coupled Cgj. A band-mixing model based on the direct and indirect
gaps in a nanoenvironment consisting of mainly S-FeSi, nanocrystals and Cg is proposed and used
to derive the electronic states. Good agreement is achieved between the theoretical calculation and
experimental results. © 2006 American Institute of Physics. [DOI: 10.1063/1.2402892]

The electronic states and photoluminescence (PL) prop-
erties of nanocomposites (NCs) have attracted considerable
attention in recent years because of potential applications in
optoelectronics.l_7 Previous studies have indicated that the
PL behavior of a NC cannot be explained simply by a single
mechanism such as quantum confinement, surface states,”™
or defect centers.” This also applies to the simplest NC con-
sisting of a core and its shell layer, as the PL behavior is a
result of the interaction between the electronic states of the
core and shell layer.z_7 A typical example is the Fe-
passivated porous Si (Si/FeSi,) presented by Zhang et al.'
When stored in air, the Si/FeSi, NC shows the PL intensity
enhancement, but the peak position keeps unchanged. Re-
cently, we explained the PL behavior based on the energy
band-mixing model."! We found that unique direct (0.83 eV)
(Refs. 12 and 13) and indirect (0.78 eV) (Refs. 14 and 15)
gap characters of the FeSi, layer strongly affect the PL prop-
erty of the Si core. This indicates that studies on the FeSi,
NCs are of important theoretical and experimental values.
On the other hand, Cg, molecule has a highly symmetrical
structure and unique physical and chemical properties.
When it was placed in certain environments, the PL intensity
related to Cg, can greatly be implroved.”’18 So the
Ceo/ B-FeSi, NC can be expected to have new light-emitting
features.

In this work, we first fabricate -FeSi, nanocrystals us-
ing anodization of Fe*-implanted Si wafers. After chemically
coupling C4, molecules onto the surface of the S-FeSi, nano-
crystals, the B-FeSi,/Cqy NC displays a pinned PL behavior
due to the quantum confined geometry and host/guest inter-
action. Using the band-mixing model,’ the electronic states
of the NC are calculated and good agreement between the
theoretical and experimental results is obtained.

(100)-oriented p-type Si wafer with a resistivity of
1-5 Qcm was implanted with 3X10'7 cm™ Fe ions at
120 keV. The implanted Si wafer was annealed in N, at
1100 °C for 60 min, followed by anodization in a solution of
ethanol: HF=1:2 (99.7% C,HsOH: 40% HF) for 20 min to
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form a porous structure. The PL spectra of two typical po-
rous structures (samples A and B) are shown in Figs. 1(a)
and 1(b) (solid lines). The two samples exhibit PL peaks at
610 and 660 nm with linewidths of ~120 nm. After storage
in air, the PL peak positions remain unchanged, but their
intensities increase with storage time and become saturated
after four months. The PL excitation (PLE) spectra are
shown in Figs. 1(c) and 1(d) (solid lines). It can be seen that
the PLE peak redshifts with increasing the monitored wave-
lengths, suggesting that the photoexcited carriers occur in the
band with quantum confinement.'**’ Figure 2(a) depicts the
Raman spectra acquired from samples A and B, from which
we can infer that the two samples have mean Si nanocrystal
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FIG. 1. PL spectra of (a) sample A and (b) sample B before (solid lines) and
after (dotted line) Cg, coupling. The etching current densities of samples A
and B are 30 and 10 mA/cm?, respectively. The PLE spectra of (c) sample
A and (d) sample B before (solid lines) and after (dotted line) Cg4, coupling
are also shown. The monitoring wavelengths are indicated in the figures.
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FIG. 2. Raman spectra acquired from samples A and B before (a) and after
(c) Cgp coupling. (b) XRD patterns of (1) Fe*-implanted Si wafer annealed
in N, at 1100 °C for 60 min and sample A before (2) and after (3) Cg
coupling. The inset in (b) shows the PL and PLE spectra of sample A only
coupled with the coupling agents.

sizes of 1.8 and 3.1 nm, respectively. It can thus be explained
that the 610 and 660 nm PL peaks have an origin related to
quantum confinement of the Si nanocrystals.]o’ ! Curves (1)
and (2) in Fig. 2(b) represent the x-ray diffraction (XRD)
patterns of the annealed Fe*-implanted Si wafer before and
after anodization. Anodization destroys the original a-FeSi,
nanocrystals while some new p-FeSi, nanocrystals are
formed. Note that the XRD peak at ~33° has not changed its
intensity in the anodizing sample. Thus, it is related to Si
substrate.”> Our high-resolution transmission electron mi-
croscopy (HRTEM) images also clearly show the existence
of B-FeSi, nanocrystals with sizes of 1-5 nm (Fig. 3). The
Cgo-coupling experiments can be found elsewhere.”'*® The
presence of Cgj in this coupling system was verified based on
the Raman spectral analysis and atomic force microscopy
images show that the coupled Cg, clusters have sizes of
~20 nm.**®

The dotted lines in Figs. 1(a) and 1(b) show the PL
spectra of samples A and B with coupled Cg,. The PL peaks
are quite intense and pinned at 570 nm. Their linewidths are
reduced to ~85 nm. The PL peak is very stable and no deg-
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FIG. 3. Typical HRTEM image of the Fe*-implanted Si wafer after
anodization.
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FIG. 4. (Color online) Band structure of the nanocomposite consisting of
B-FeSi, core, (Ref. 14) the coupling agent layer with direct (3.17 V) and
indirect (2.67 eV) gaps, and the Cgy-coupled layer with direct (2.07 eV) and
indirect (1.07 eV) gaps (Ref. 28). We assume the effective masses of the
indirect and direct gap states and hole to be 0.8m, (Ref. 14). The solid and
dashed lines illustrate the direct and indirect valleys in the conduction
bands. The inset shows the calculated energy levels and their C coefficients.

radation can be observed after storage in air for more than
three months. The dashed lines in Figs. 1(c) and 1(d) show
the PLE spectra taken under three different monitoring wave-
lengths. All the PLE spectra are similar in shape and show
the existence of a band edge at ~370 nm (3.35 eV). Figure
2(c) depicts the Raman spectra. Only the peak from the Si
substrate at 521 cm~! can be observed, indicating that Si
nanocrystals have vanished after Cg, coupling. However, it
can be inferred from the XRD curve (3) of the Cgy-coupled
sample in Fig. 2(b) that C¢, coupling process only decreases
the B-FeSi, content. If we instead use a pure Si wafer to
prepare similar Cgy-coupled samples, no PL can be observed,
suggesting that the pinned PL peak at 570 nm is closely re-
lated to the B-FeSi, nanocrystals. In addition, if we adopt
steps 1 and 2 in the Cg, coupling experiments to only com-
bine the coupling agents with the SB-FeSi, nanocrystals, the
570 nm PL peak cannot also be observed [the dotted line in
the inset of Fig. 2(b)]. It implies that the 570 nm PL peak
does not correlate with the coupling agent but depends on the
coupled Cgy. We have also found that the PLE spectra are
very similar to those obtained from the Cgy-coupled samples
[the solid lines in the inset of Fig. 2(b)]. Thus, the pinned PL
is closely related to the presence of both the B-FeSi, nano-
crystals and coupled Cgy. Such PL characteristics are evi-
dently a result of the interaction between the Cg, and B-
FeSi, nanocrystals, and so we propose to use the band-
mixing model to explain the origins of the pinned 570 nm PL
and 370 nm PLE peaks.6’26’27

In our theoretical analysis, we consider the current (-
FeSi,/Cgy NC to consist of three nanolayers: a 8-FeSi, core,
a thin coupling agent layer (potential barrier), and an outer
thick Cgq layer with indirect gap.28 The band-mixing model
should be suitable for discussing the electronic structure of
such size NCs.”""'>*" The band structure of the NC is illus-
trated in Fig. 4 and the details of the band-mixing model can
be found in Ref. 6. Here, we separate the wave function into
direct and indirect gap waves. In each nanolayer, the lattice
periodicity remains unchanged, so that the indirect and direct
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FIG. 5. Wave functions of the excited state E,. The solid and dashed lines
stand for the direct and indirect waves, respectively. The inset shows the
wave functions of the excited state E|;. The I' wave has extended into the
coupling layer.

waves are independent and there is no coupling between the
two waves. Owing to the broken lattice periodicity in the
transition region between the two layers, the two waves will
mix. Using the finite-difference method,6’7 we can solve the
Schrddinger equation in cylindrical coordinates to obtain the
confined band-mixing energy levels. To effectively character-

ize the state attribution, a coupling coefficient C=W /¥, is
introduced, where ¥, and W, are the wave functions of the
direct and indirect gap states, respectively. The inset of Fig. 4
shows the calculated energy levels and the C coefficients for
different states. Since the width of the coupled Cg is rather
large, most of the states are indirect gaps with weak emission
(small C coefficient). Only the E, level with 1.14 eV has a
large C, of 6.675 and shows a strong direct band. Its wave
functions are shown in Fig. 5, in which the solid and dashed
lines stand for the direct and indirect gap waves, respec-
tively. We can see that both W, and W, are confined in the
B-FeSi, quantum well due to the high barrier of the coupling
agent. Because the hole effective mass in the B-FeSi, is
equal to that of electron, 0.8m,, the calculated hole energy
level is also larger, 0.276 eV. As a result, the transition en-
ergy AE, between the electron and hole levels, AE,, is
1.14+0.276+0.78=2.196 eV (565 nm) that is consistent
with the energy of the pinned PL peak. With increasing en-
ergy levels, the confined states become indirect with low
emission efficiency (small C) due to the confinement of the
large-sized indirect Cg, layer. This situation lasts up to the
E ¢ level. The E|; level has an energy (2.228 eV) higher than
that of the direct gap barrier of the coupled Cg layer, and so
a new direct gap state appears and lasts at all times. The inset
of Fig. 5 shows the wave functions of the lowest excitation
state E;; with a large C coefficient. It can be seen that the
wave functions have extended to the entire coupling layer.
The transition energy AE;; between the electron and hole
levels is AE;=2.228+0.276+0.78=3.284 ¢V (377 nm),
which is the energy of the PLE peak. Since the energy levels
higher than E; all are direct, they constitute a continuous
band like the absorption band in an indirect gap semiconduc-
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tor caused by direct transition. This is again in agreement
with our experimental PLE results.

We notice in our calculations that after coupling with the
large-sized Cgp, the PL and PLE peak energies hardly change
because many lower energy levels induced by the confine-
ment of the indirect Cg layer are all indirect states with low
emission efficiencies. When the thickness of the coupling
layer diminishes to half of the initial thickness, the indirect
potential barrier is not sufficient to suppress the appearance
of the direct gap excitation states. As a result, the PLE peak
displays a large redshift. Furthermore, if the coupling layer is
a direct gap material, the energies of the direct gap levels
will be reduced due to the coupling. This should lead to more
evident and we are currently conducting more experiments to
corroborate our postulate.
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