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A new method for the preparation of J&& nanoparticle/Si@microsphere composites is described, in which

fine alpha-FgO; nanocrystals were prepared by forced hydrolysis of F@Glieous solution. The structure

and optical spectra of these alpha®gnanocrystals have been studied. Their visible optical absorption can

be enhanced by their adsorptions on the surface of 8ilcrospheres and thereafter simple packing of these
microspheres to the aggregated structures. The size-dependent photogenerated surface photovoltage spectra
(SPS) of these composites were studied, and quantum confinement effects of the SPS properties were observed.
The transport of photoinduced charges between nanocrystals with intrinsic electronic nature of confined states
accounts for this phenomenon. These results are helpful in understanding the relationship -achtagsition

and charge-transfer transition in transition metal oxides and find applications in photovoltaic devices.

Introduction polymers, organic ligands, or surfactants; however, such stabi-
Aization techniques affect the electronic transport properties.
Avoiding TMO agglomeration is important for the study of the
electronic properties, and one strategy to do this is to incorporate
the nanoparticles into a polymer, a glass, or cerdfhiRedro
Tartaj et al. found that, for sufficiently dilute dispersions,
"interparticle interactions (usually of a dipolar nature) are
negligible!! and they dispersed K@s; nanoparticles in submi-
crometer spherical silica particles using a complicated aerosol-
plications ranging from ultrahigh-density magnetic storage and assisted methoq to study their magnetic prope.rtles.'Of course,
many other semiconductor nanocrystals and their optical proper-

colossal magnetic resistance to biological imaging contrast ties have been studied in dispersed matrices, as reported in the
agents and nanocatalysts, because their unique and specia}l P ' P

1-5
physicochemical properties can be tuned according to size lterature:

(quantum size effect), composition, and surface modifictfon. F V(\;e rer:r? rt he][e a n]?vel arqu easy r(:le_tlhod tohfabrlc_ar:]e allp T]a'
The interaction and transformation between spin, charge, and &5 on e surface of monodiSpersed stiica Spheres. The alpha-

orbital in confined space are crucial to the properties of these F&;0s nanopamcles n Such a system are contacting each other.
materials and structures. We studied the. relatlonsh!p between size and photogenerated
Alpha-FeO; is an antiferromagnetic oxide with canting charge separation properties through the surface photovoltage

ferromagnetic responses at room temperature. However, its highSpeCtIrum (SPS) a_nd |IIustrat§ how particle size effect can
stability and semiconducting properties enable its use as amfluence the phy5|cal_ propertlgs .Of alpha,8g This should
photocatalyst. There are reports on its photovoltaic propétties. b € “S?f“' for the practical application of glphazegnanopar-
Although it cannot work as a good solar conversion material, ticles in solar cells and for photocatalysis.
the size-dependent semiconducting and photoelectric propertie .
of alpha-FgO3 need to be understodd. “rraditional Theory of SPS

Presently, there are some complicated or controversial Generally, the photovoltaic effect in bulk semiconductors
theoretical and experimental descriptions of the electronic comprises an illumination-induced change in the equilibrium
structure of TMO nanomaterials. A critical obstacle facing TMO potential distribution and is typically the result of some charge
nanomaterials is their instinctive tendency to conglomerate andtransfer and redistribution within the device due to the incident
grow during preparation and subsequent processing %fps. ilumination2 There are several situations. One of the photo-
course, TMOs can be stabilized by surface modification using voltaic phenomena comes from the potential difference induced

Recently there has been substantial interest in the preparatio
and characterization of semiconductor nanoparticles, owing to
their potential applications in solar energy conversion, photo-
catalysis, and in optoelectronic fields. These semiconductor
nanoparticles can exhibit size-dependent electronic, optical
magnetic, and chemical propertie$.Among them, nanometer-
sized transition metal oxide (TMOs) nanoparticles have also
attracted much attention for their potential technological ap-
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Figure 1. Schematic representations of energy band variation of an
n-type semiconductor with a Schottky-type barrier before and after
photoexcitation.

by internal carrier redistribution after pulse laser photoexcitation
in a scalable time. Another specific photovoltaic effect is the
surface photovoltaic effect as shown in Figur&®14

Cheng et al.

silica colloidal particles are negati¢¥ewhen mixed with the
alpha-FeOs; solution the alpha-R©; will adhere on the surface

of silica spherical particles due to the positive charge of alpha-
Fe0s nanoparticles under acidic conditiof’sThe composite
precipitate was then obtained by centrifuging. The precipitate
was washed and dried in the oven at°& In this way we get
three kinds of composite of silica microspheres with alphgge
nanoparticles of 5, 12, and 48 nm, marked as samples A, B,
and C, respectively.

Characterization. The morphologies of Sigand FeO3/SiO,
were obtained with a JEM 100 CX-IlI transmission electron
microscope. The structural properties were analyzed by X-ray
powder diffraction (XRD) with a Bruker M18XHF diffracto-
meter using the monochromatized X-ray beam from the<gu
radiation. The optical reflectance and absorption spectra in the
range of 256-900 nm of the samples were measured using a
TU-1901 UV-visible spectrophotometer with an integrating
sphere. The spectra were referenced against the compressed

The SPS method is a well-established contactless andBaSQ, powders. The SPS measurements were carried on

nondestructive technique for semiconductor characterization.

This method has a very high sensitivity of abou# fjlcn?, or
about one elementary charge per’ Hurface atom&® This

homemade SPS equipment. Monochromatic light was obtained
by passing light from a 500 W xenon lamp through a
monochromator. A lock-in amplifier (SR830-DSP, made in the

technique has been successfully used to study the charge transfaySA) synchronized with a light chopper was employed to
effect in photoinduced surfaces, dye-sensitization processes, anémplify the photovoltage signal. The spectral resolution is 1

photocatalysis, et&:17
For photoinduced photovoltaic effects in a system containing

nm. The SPS and absorption spectral intensities are all normal-
ized with that of the light resources.

guantum-confined nanocrystal aggregates, the above two situ-
ations cannot occur, because the particle size is much smallerResults and Discussion
than the band bending distance and the electronic mean free

path in bulk, or is comparable to them. At this moment, there

A. Morphology and Structure of the Composite. The

occurred the fast trapping of electron and hole on the surface "ePresentative TEM images of 5 nm alpha®gcoated on the

and local excitation after photoexcitatid#2® so the related

surface of SiQ spheres is given in Figure 2. From Figure 2A,

electron-hole separations are dependent on the nanoparticleWe can see that the average particle size of alph@f&as

couplings or on the aggregate structures of nanocrystals.

Experimental Section

Materials. Ferric chloride hexahydrate (Fef8H,O > 99%),
hydrochloric acid (HCI), tetraethoxysilane (TEOS), ammonium
hydroxide, and ethanol were purchased from Beijing chemical
reagent company used without further purification. Doubly
distilled water was used for the process.

Sample Preparation.Fine alpha-FgO3; nanoparticles were
prepared by a traditional method: forced hydrolysis of BeCl
aqueous solution in open ves3dkt? Specifically, predetermined
amounts of stock solution of Fef6H,O (3 mol dnt3) and
HCI (0.2 mol dnt3) were mixed in a three-necked bottle at the
ratio of 1:3 (V/V), and deionized water was added until the
final concentration of F& was 0.01 mol dm?®. This mixture
was refluxed at about 10T for 2 h, and then cooled to room

about 5 nm. Figure 2B is the uncoated SEpheres. They are
nearly monodispersed spheres with a diaméigfre= 170+

10 nm. Figure 2C and Figure 2D show the TEM images of
alpha-FgOs3 nanocrystals adsorbed on the surface of ;SiO
microspheres taken at a low magnification and high magnifica-
tion, respectively. We can see clearly the alphagZzenano-
crystals adsorbed on the surface of S#pheres. Figure 3 shows
the X-ray diffraction patterns of the prepared 48 nm alph#ge
along with the standard one. From this pattern, it is clear that
synthesized alpha-E®; nanoparticles have a single phase with
the crystal structures reported by the Joint Committee on Powder
Diffraction Standards (JCPDS file No 33-0664).

B. UV—Vis Diffuse Reflectance Spectroscopyrigures 4a
and 4b illustrate the absorption spectra of 1.2 wt % alph®¥e
SiO; samples and free-standing g nanocrystals by reflec-
tance techniques. According to references 27 and 28, the
absorption between 250 and 400 nm results from the ligand-

temperature. The obtained reddish-brown transparent sol wasto-metal charge-transfer transitions and less contribution comes

dialyzed using a dialysis bag in deionized water to remove Cl

from the FéT ligand field transition$A;—*T,(*P) at 290~310

ions. The deionized water was changed twice a day. Two daysnm, 8A;—4E(“D), and®A;—*T,(*D) at 360~ 380 nm. Region 2

later, we obtained a stable alpha,®©g hydrosol with deep red
color. The FgO3 particle size can be tuned by adjusted the
amount of FeGland aging condition&: Silica nanospheres were
fabricated according to the well-known “8&r method by

(400~600 nm) is assigned to the pair excitation proce$ses
+ 6A—4T,(“G) + “T1(*G) at 485~550 nm, possibly overlapping
the contributions of théA;—E,*A;(*G) ligand field transitions
at 430 nm and the charge-transfer band tail (extended from the

hydrolysis and condensation of tetraethoxysilane (TEOS) in a band of 206-400 nm to visible). Generally, the UV absorption

mixture of ethanol with water, using ammonia as catalyst to
initiate the reactio? In a typical experiment, 7 mL TEOS was
dissolved in 100 mL absolute ethanol. Then 6 mOHand 7
mL NH4OH (26-28wt% in HO) were rapidly injected under

intensity of FeO3; nanocrystal sol is greater than that in the
visible region, because the former one is allowed transition while
the d—d transition is forbidden as in Figure 4b. As is well
known, light scattering for visible light takes effect in the

vigorous stirring at room temperature. The stirring process was absorption spectra if the particle size becomes greater than 20
continued for 4 h. The colloidal silica spherical particles have nm2°® This means that larger particles should show stronger
an average size 170 nm in diameter. Because the newly preparedeflectivity and the reflectivity of particles should shift to longer
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Figure 2. TEM images of the representative A) 5 nm alphad= (B) uncoated Si@spher?esdsphe,e= 170+ 10 nm; (C) Alpha-FgO; adsorbed
on the surface of Sigspheres taken at a low magnification; (D) Alpha®gadsorbed on the surface of Si€pheres taken at a high magnification.
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Figure 3. X-ray diffraction patterns of the 48 nm-FeO; nanopar-
ticles.
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wavelength for larger particles. However, we find the reflectivity
produces reverse behavior in the,B¢gSiO, composites; the
reflectivity of larger particles becomes smaller. This indicates
that the absorption intensity of the composite in the 4600
nm region is much larger than that in the 25800 nm region,
especially for those large-sized nanocrystals (in Figure 4a).
Hence the absorption enhancement in the longer wavelength
region for 48 nm nanocrystals reflects a photonic crystal effect
because the intrinsically enhanced scattering for large particles
was overcome by the photon localizati#n32

For the nanocrystal sol, the absorption intensity increases with
decreasing wavelength. The absorption coefficients eDge
nanocrystals in the range of 66000 nm are minor for real
nanosytem$2 For nanocrystal aggregates, the weak absorption
band in that region was shown in Figure 4b due to thedd
transition. Equally importantly, the transition of 46600 nm
changes much due to the combination op®£nanocrystals
and SiQ microspheres. Comparing Figure 4a and Figure 4b,
one can find that a nontrivial enhancement of absorption
intensities in longer wavelength regions between 400 nm and
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Figure 4. (a) Absorption spectra of the-FeO; nanoparticles of
different sizes coated on SiGpheres with 1.2 wt %. (b) Absorption
spectra of thex-Fe,03; nanoparticles of different sizes.

600 nm occurred with particle size increase. In addition to those
intensity changes, the size-related absorption band edge shifts
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Figure 6. Schematic representations of solid-junction photovoltaic cell
indium tin oxide(ITO)/sample/ITO sandwich structure.

that this effect can extend to the &&/SiO, composite, though

the composite cannot be studied with the transmittance measure-
ment for low transmittance. At first, the excitation light can
penetrate the surface-adsorbed®enanocrystals to a definite
depth and go into the Sidnicrosphere arrays, where the light
could undergo multiple penetration, scattering, and reflectance
steps in sphere arrays, which would enhance the absorbance of
Fe,03 nanocrystals on the surface of microspheres during each
penetration and reflectance many times along the long optical
path2® hence, this long optical path leads to large absorption
coefficients. This process should work with suitably large sized
particles of several tens (generally over 20 nm) of nanometers
or larger because the larger particles reflect and scatter light
more effectively than the very small particles. We can consider
the composite in one layer coating of B8 nanocrystals on
SiO, sphere by electrostatic attraction, so more layers are

(b) prohibited by the coulomb repulsion. For 5 nm, the aggregate
Figure 5. (a, b) Photon movement path in Si@nicrosphere array  Of two particles gives 10 nm size, so the scattering effect shows
with varied sized F€; nanocrystals. a minor effect on the absorption spectra 0f®¢ For 12 nm

particles, the scattering taking place for the size of two

can be clearly observed to move from 533 to 488 nm with the neighboring particles is over 20 nm, so the absorption enhance-
particle size decreased from 48 to 5 nm. This quantum size effectment can be observed. For 48 nm, the scattering becomes more
could account for this shift for a delocalized band, which is important than previous two composites, and its absorption
crucial for the photovoltaic effect of such a quantum-confined spectra get even more enhanced. Moreover, the enhanced bands
semiconductor. This result indicates that the electronic statesshow red shift, which is because the photonic band gap moves
in this energy range are not completely localized, i..e., cannot to long wavelength if the sphere size becomes l&fgmd the
be accounted for by local transitions. The increasing magnetic size of composite is determined not only by the S&phere
tilt coupling in large alpha-F©j3 leads to the pair excitons, and itself but also by the size of the two particles that have to be
the pair exciton looks to be a combination of localditransition taken into consideration. So as the whole composite particle
and charge-transfer band tails. The latter is exactly what is needgoes larger, the enhanced band moves to longer wavelength as
for the delocalized state to produce photovoltaic responses. Inin Figure 4a. This phenomenon cannot be accounted for by the
the fs pump-probe technique, we clearly observed the positive Rayleigh scattering because the short wavelength light should
absorption of narrow local transition to transform to a broad be scattered more intensely in this case. Therefore it is possible
pair exciton band with time progression, which indicates the to design more powerful microstructures for increasing light
natural difference of these transitions. The pair exciton covers absorption efficiency in special applications such as solar cells.
the superexchange between neighboring Fe(lll) ions, so the C. Surface Photovoltage Specroscopy (SPS) Measure-
charge transfer takes part in the pair exciton formatfow/e ments. Surface photovoltage spectroscopy (SPS) measurements
can also see that the relative intensity between 600 and 900 nmwere carried out with a solid-junction photovoltaic cell indium
changes with varying particle sizes, which is related to the tin oxide(ITO)/sample/ITO sandwich structure as shown in
magnetic local correlation between the transition metal ions, Figure 6. It is ensured that the light penetrating depth is much
i.e, afinite size effect® but this transition gives no photovoltaic  less than the thickness of the sample. A lock-in amplifier
response. synchronized with a light chopper was employed to amplify

The abnormal enhancement of the 4@D0 nm band clearly ~ the photovoltage signals. The principle of this SPS measurement
occurred due to the SiOmicrosphere array, which may had been used successfully to study nanosystems and semicon-
introduce a multiscattering process in the light absorption such ductors in refs 36:37. SPS of sample A (5 nm), B (12 nm),
as an imperfect photonic cryst& as shown in Figure 5a and and C (48 nm) are shown in Figure 7. There are clear SPV
5b. For our SiQ sphere film, sometimes we can find an response band edges at 400, 500, and 550 nm, respectively, for
asymmetrical transition band in the range of 3400 nm after the 5, 12, and 48 nm @3 nanocrystals. This is an obvious
long-time, careful drying of the sol on quartz and using thin quantum size effect. However, a question remains for the
light spot to detect the transmission spectra (see Supportingdifferences of Figure 4 and Figure 7; i.e., why do their SPV
Information), which is similar to the transmittance and reflec- spectra and absorption spectra show different quantum size
tance spectra of Si&pheres reported by ref 34. This band does effects?
not agree exactly with the Bragg diffraction predictions, but ~ We can use the electronic structure diagram in Figure 8 to
the result reflects a photonic crystal effect. So we can consideranalyze the difference between Figure 4 and Figure 7. For
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Figure 7. Surface photovoltage spectra of the-e,0; nanoparticles
of different sizes coated on Si@pheres with 1.2 wt %.
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Figure 8. Electronic structure of R©s.

absorption spectra, all types of transitions contributed to the
absorption coefficients (optical density), the local and delocal-
ized (continuum) transitions all could show up in Figure 4. For
SPV spectra, the situations are a little complicated, but only

J. Phys. Chem. B, Vol. 110, No. 14, 2006263

enhancement. As indicated by the fs spegtthe pair exciton
cannot avoid the CT band tail and magnetic coupling. Hence
the clear size effect of SPV responses in Figure 7 represents a
shift of charge-transfer band and band tail extension with the
particle size, while the intrinsic-éd transition did not produce
itinerant carriers (616900 nm) for the SPV signal. The pair
excitons as well as the CT band tail in 46800 nm can produce
some itinerant carriers for SPV signals, whose shift with size
clearly proved that the quantum confinement occurred on the
delocalized band in KE®; nanocrystals. Finally, the optical
absorption and SPV spectra become unity for large nanocrystal
composites.

Conclusion

By comparing the optical absorption and SPV spectra, we
can observe a clear quantum size effect of alpfGg@anoc-
rystals dispersed on the surface of silica colloidal spherical
particles. The absorption and SPV of alpha®genanocrystals
are quite different for small sizes but are similar for large
nanocrystals. The SPV response of alphgckzecan be ac-
counted for by the electron transition fromfvalence band)
to conduction band (hybridized band) and band tail accompanied
by the pair excitons, in contrast to the miscellaneous transitions
in optical absorption. It is interesting to indicate that the visible
optical transition coefficients can be enhanced by introducing
SiO, microsphere photonic crystals as the skeleton for nano-
structure architecture. This techniqgue may be useful for future
solar cell design.
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the continuous band and electronic transport contributes to thegeferences and Notes
SPV responses. In principle, one nanocrystal cannot produce a

steady photovoltaic response because there is no band-bending
on the surface of nanocrystals due to limited space and the

change of electronic distribution under light illumination, and
because the photoinduced electrdole cannot separate within

a small distance for enough time to be detected by electrodes

far away. So the SPV responses in Figure 7 should be
understood in a new consideration. In the®e-SiO, com-

posite structures shown in Figure 6, we can deduce that the
SPV responses should be produced by the following process:
Fe03; nanocrystals absorb light to produce electrons and holes

with local and delocalized transitions; for the latter transition
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