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Efficient resonant electron transfer from the surface bonding structure to the conduction band of
quantum confined Si nanocrystals is observed by Si nanocrystals in a toluene suspension. Based on
the electron transfer mechanism, the enhancement of photoluminescence originates from the
band-to-band recombination in the p-type Si nanocrystals suspended in a toluene solution. The
energy levels of the electrons in the Si nanocrystals chemisorbed with toluene molecules are
calculated using the method of linear combination of atomic orbitals, and the characteristics of the
obtained density of states is in good agreement with the observed photoluminescence properties. ©
2006 American Institute of Physics. [DOI: 10.1063/1.2227384]

I. INTRODUCTION

In recent years, organic-inorganic hybrid optoelectronic
nanomaterials have attracted considerable attention due to
the remarkably fast charge transfer rates between organic
molecules with relatively low ionization potential and inor-
ganic semiconductors possessing high electron afﬁnity.k3
Their light emitting properties have been investigated experi-
mentally and improvement of luminescence efficiency and
quenching have
observed.*™ However, on account of the complex micro-
scopic details in such an integrated structure, the light emit-
ting mechanism is not well understood.

Toluene (C,Hy) is one of the most important unsaturated
aromatic hydrocarbons in organic chemistry and absorption
of toluene on the Si (100) surface has been widely examined
in recent years.10 Using maximally localized Wannier func-
tions, chemisorption of toluene on the Si (100) surface can

of photoluminescence (PL) been

be described as a proton abstraction reaction in which excess
negative charge transfer occurs along a new C—Si bond to the
Si atom.'’ According to the well established PL. mechanism
pertaining to inorganic nanomaterials,'’ such electron trans-
fer could cause significant changes in the PL properties of a
toluene/inorganic nanocrystal system via a resonant process.
In this article, we present our observation on PL enhance-
ment from p-type Si nanocrystals in a toluene suspension. By
analyzing the resonant electron transfer between the surface
bonding structure and Si nanocrystals, the enhanced PL
mechanism can be determined. The calculated results of the
electronic states of Si nanocrystals chemisorbed with toluene
molecules are corroborated by experiments.
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Il. EXPERIMENTS AND SAMPLES

A p-type, B-doped Si (100) (1-10 Qcm) wafer
was immersed in a HF solution to remove the surface
oxide and then etched in a  mixture of
98 % CH;0OH:30%H,0,:40%HF with a volume ratio of
2:2:1 at a current density of 80 mA/cm? for 60 min under
room light.]2 Because of the high reactivity between HF and
Si oxide, H,O, catalyzes etching producing smaller Si nano-
particles. The combined effects of the two chemicals leave
no oxygen resulting in hydrogen passivation on the Si crys-
tallite surfaces'? and elimination of defects such as dihy-
drides and trihydrides as well as irnpurities.13 After drying
under flowing N,, the etched Si wafer was immersed in an
ultrasonic toluene bath, in which the porous top layer
crumbled into ultrasmall particles to form a suspension of Si
nz:moparticles.14 For comparison, the suspension of Si nano-
particles obtained from an n-type Si (100) (1-10 ) cm) wa-
fer was prepared employing the same procedures.

In order to determine the Si crystallite size, we examine
the Raman spectra obtained from different locations on the
as-etched porous Si sample. The asymmetric Raman peaks
appear in the range of 484—511 cm™! indicating that the Si
crystallites range in size between 1 and 6 nm. It is also no-
ticed that the strongest Raman peak occurs at 493 nm. This
implies that most probable Si crystallite size is between 1.5
and 2.0 nm." One of the insets in Fig. 1 shows the transmis-
sion electron microscopy (TEM) image of the particle distri-
bution. The same size distribution can be inferred from the
TEM image. It can also be observed that some nanocrystals
are larger than 5 nm. The other inset in Fig. 1 displays the
high-resolution TEM image of a 6 nm particle which exhib-
its lattice fringes corresponding to the {220} plane of Si,
indicating that the Si particle still possesses a diamond struc-
ture.
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FIG. 1. PL spectra of the toluene suspensions of (a) p- and (b) n-type Si
nanoparticles after storing for <5 min and two days excited by the 380 nm
line of a Xe lamp. The insets show the TEM image of the particle distribu-
tion and the HRTEM image of a nanoparticle.

lll. EXPERIMENTAL RESULTS AND DISCUSSIONS

Figures 1(a) and 1(b) show the PL spectra of the Si
nanoparticles obtained from p- and n-type wafers suspended
in toluene, respectively. The as-made suspensions show only
a broad PL band at ~600 nm. After they are stored for two
days, the ~600 nm PL band vanishes and a relatively narrow
PL band appears at ~425 nm when excited by the 380 nm
line of a Xe lamp. The intensity is three times larger in the
p-type Si nanoparticle suspension than the n-type counter-
part. If a p-type Si wafer with a resistivity of 0.02 ) cm is
used to fabricate porous Si, the PL intensity of the corre-
sponding suspension increases by about six times under the
same experimental conditions. This indicates that the PL in-
tensity depends on the hole density in the Si precursor wafer.
The ~600 nm PL band originates from defect/surface-
related states because it has no dependence on the Si crys-
tallite sizes and excitation wavelength, and its PL excitation
(PLE) spectrum remains unchanged with the excitation
Wavelength.mf19 Thus, chemisorption of toluene leads to the
removal of some defect states on the Si nanocrystal surface.
In order to study the origin of the ~425 nm PL, we examine
a series of PL spectra by selecting different excitation wave-
lengths and the results are displayed in Fig. 2 (all the spectra
have been corrected for the sensitivity of the measurement
system). These PL spectra show three main features. (1) The
blue PL peak wavelength increases with the excitation wave-
length, thereby ruling out the oxide mechanism. It should be
mentioned that several PL spectra have a sharp top that can
be calculated to be the Raman scattering signals of toluene.
They overlap with a broad PL band. (2) The 425 nm PL
intensity has a maximum. If we adopt the quantum confine-
ment theory for Si nanocrystals with sizes of
1.5-2.0 nm,'®"® the 425 nm PL peak can be inferred to de-
rive from the band-to-band recombination in the quantum
confined Si nanocrystals. Since most Si nanocrystals in the
suspension have sizes of 1.5-2.0 nm, it is understandable
that the 425 nm PL band has a maximum intensity. (3) The
linewidth of the PL spectrum decreases with increasing ex-
citation wavelength. If different excitation energies can gen-
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FIG. 2. PL spectra of the toluene suspension of p-type Si nanoparticles after
storing for two days excitation by the 300, 320, 340, 360, 380, 400, 420, or
440 nm lines of a Xe lamp. The peaks marked by () are the Raman signals.
The inset shows the PLE spectra of the suspension and pure toluene solution
excited by the 425 nm.

erate carriers with different energies which depend on the
particle size, the decrease in the linewidth should mainly be
due to the shrunk size distribution of the excited nanocrys-
tals. This point is more evident in the two PL spectra excited
by the 420 and 440 nm lines. They have low intensities and
narrow linewidths due to the small number of particles with
large sizes (the Raman peaks have been separated from the
PL bands).

The above results clearly demonstrate that the tunable
violet-blue PL arises from the band-to-band recombination in
the quantum confined Si nanocrystals. To study the photoex-
cited process of carriers, the PLE spectra of the suspension
and pure toluene are acquired and the different emission
wavelengths are analyzed. The typical result is presented in
the inset of Fig. 2. The photoexcited carriers are not present
in toluene because the absorption edge of toluene is
~280 nm.” However, the PLE spectrum of the toluene sus-
pension shows a broadband which overlaps with some small
peaks at 310, 345, and 356 nm as well as an enhanced Ra-
man peak at 376 nm (an aromatic CH stretching vibration
mode). The broad PLE band can be attributed to the band-
to-band absorption and is frequently observed in porous
Si.'®! The three small peaks at 310, 345, and 356 nm can be
confirmed to be the optical absorption bands, not the Raman
modes. Their emergence indicates that some of the toluene
molecules are in a specific electronic structure or state that
may be associated with the surface bonding structure of the
Si nanocrystal. Hence, the photoexcited carriers not only are
present in the quantum confined Si crystallite cores but also
occur at the Si crystallite surface. This result can help to
explain the intensity enhancement of the PL spectra obtained
from the suspension of p-type Si nanoparticles. Figure 3
shows the structural models and energy band diagrams of
both Si nanoparticles and the three stable dissociated con-
figurations of Si nanoparticles chemisorbed with toluene. '’
After the electrons in the surface states are excited by light,
they transfer to the conduction band of the Si nanocrystal
with a widened band gap via direct electron exchange
mechanism (Dexter transfer).21 These electrons, together
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FIG. 3. Structural models of the Si nanocrystals and three stable dissociated
configurations for Si nanocrystals chemisorbed with toluene (Ref. 10). The
energy level schematic diagrams show the excitation, transfer, and recom-
bination processes of electrons.

with other electrons in the conduction band of the Si nano-
crystals which are simultaneously produced by band-to-band
absorption, recombine radiatively with the holes in the va-
lence band of the Si nanocrystals to produce the observed
blue emission. In our current experiments, the Si nanocrys-
tals and their surface structure act as acceptors and donors,
respectively. Overlap of the acceptor and donor electron en-
ergy levels, their small space separation, and the long life-
time of electronic excitation of the donor play an important
role in the efficient electron transfer.** Since the band gap
of the Si nanoparticle depends on its size, the measured PL
spectrum shows an evident dependence on the Si particle
size. Based on the above description, the reason why the
p-type Si nanoparticles suspended in toluene has larger PL
intensity is that the p-type Si nanoparticles have a larger hole
density.

IV. THEORETICAL CALCULATION

The analysis described in the previous paragraphs is
qualitative, because the resonant electron transfer from the
surface structure to the Si nanoparticles and radiative recom-
bination of electrons and holes in the Si nanoparticles need
to meet the corresponding selection rules. To provide theo-
retical evidence of the electronic states, we calculate the den-
sity of the electronic states of the suspension system. The
study of chemisorption of toluene on the Si (100) surface has
indicated that the C-H bond of the methyl (CH;3) group is
cleaved and the hydrogen is bonded to the Si surface. This is
described as a proton abstraction reaction.'’ The excess
negative charge in the C atom can transfer to the Si atom
along a new C-Si bond. If the Si nanoparticle is in toluene,
the surface of the Si particle can be passivated by H atoms
and some Si atoms can bond with the methyl group. It may
be argued that the original electrochemical etching process
should completely passivate the particle surfaces with H at-
oms. Therefore, further H or CH; passivation in the toluene
solution is difficult to take place. However, this is not the
case. It is known that a porous Si layer formed during elec-
trochemical etching consists of many H-surface passivated Si
dendrites. These dendrites which have diameters of mi-
crometers further comprise Si nanocrystals with sizes of

Resonant electronic transfer in toluene suspension of nanocrystals
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FIG. 4. (a) Densities of states for different Si nanospheres. The dotted lines
are for pure Si spheres composed of 123 and 275 Si atoms. The solid lines
are for two passivated Si spheres. One consists of 123 Si atoms, 72 hydro-
gen atoms, and 16 methyl (CH3) molecules, and the other consists of 275 Si
atoms, 120 hydrogen atoms, and 52 methyl molecules. (b) The absolute
squared optical matrix element as a function of the transmission energy for
the different cases in (a).

1-8 nm.”*?* The surface of these Si nanocrystals are typi-

cally unpassivated with H atoms. When they crumble and
disperse in a toluene solution, a large number of fresh Si sites
form and can react with hydrogen and the methyl group.
Using the method of linear combination of atomic orbitals
(LCAO), we can obtain the density of states [Fig. 4(a)] and
the absolute squared optical matrix element [Fig. 4(b)] for
the Si nanospheres with and without H and methyl passiva-
tion. The calculation was conducted using the LCAO method
and tight-binding parameters The levels of 3s and 3p states
in a Si atom are s -13.5¢eV and 821——7 58 eV and the
nearest neighbor hoppmg integrals are Vi =_2.08 eV,

sso

Vi ,=248eV, Vo =272eV, and V) =-0.72 V. % The

spo
levels of 25 and 2p states in a C atom are C——17 52 eV and

g, £$=—-8.97 eV and the nearest neighbor hopping integrals are
Vie=—2.83eV, V{ =373¢eV, V, ;=659 ¢V, and 155

Sso pTT

=-1.64 eV.” The level of hydrogen £ Ho_136ev.” The
nearest neighbor hopping integrals between Si and H are
VSH—-_4075 eV and Vf;;,H—4 0 eV;” the nearest neighbor

hopping integrals between C and H are VEH-_78 eV and

VSCp;I—IO 24 eV.”® In our calculation, two Si nanospheres
containing 123 (1.6 nm) and 275 Si atoms (2.1 nm) are con-
sidered and each atom on the surface has one or two dan-
gling bonds. For the passivated Si nanospheres, the surface
atoms with two dangling bonds are passivated by H and

those with one dangling bond react with the methyl group.
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The empirical tight-binding parameters of Si are from Ref.
25, Si—H data are from Ref. 27, and the C—H and Si—C data
are calculated according to Ref. 26.

The energy gaps of the Si spheres before or after passi-
vation are always smaller for larger particles, as shown in
Fig. 4(a), and it suggests the quantum confinement effect.
Both the valence band top and conduction band move to a
higher energy (right side) after passivation. For the passi-
vated Si spheres with sizes of 1.6 and 2.1 nm, the energies
between the top of the valence band and the obvious peak in
conduction band are 2.92 and 2.82 eV, respectively, and they
are consistent with our experimental results. In Fig. 4(b), no
obvious peak can be found from the Si nanosphere without
passivation, but some peaks appear after passivation. Among
these peaks, only the peak indicated by an arrow corresponds
to the observed emission. Our calculation further proves that
when Si nanoparticles are chemisorbed with toluene mol-
ecules, the quantum confinement effect occurs in such small
Si spheres and the intensity of the corresponding PL spectra
increases.

V. CONCLUSION

We have observed efficient resonant electron transfer
from the surface bonding structure to the conduction band of
the quantum confined Si nanocrystals suspended in toluene.
Based on the electron transfer mechanism, the enhancement
of the photoluminescence intensity originates from the band-
to-band recombination in the p-type Si nanocrystal suspen-
sion in toluene. The electron energy levels in the Si nano-
crystals chemisorbed with toluene molecules are calculated
using the LCAO method and the obtained density of states
are in good agreement with the experimental PL results.
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