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ABSTRACT: A fundamental study is performed on the
surface plasmon resonance (SPR) of metal@semiconductor
microsphere photocatalyst to uncover its broadband absorp-
tion mechanism over the visible wavelength region. Finite
element method studies show that an interference pattern is
uniquely generated inside the semiconductor microsphere due
to the optical reflection and refraction at the interface between
the microsphere and the catalytic medium. By embedding
plasmonic nanoparticles (NPs) into the microsphere, an
interference-induced broadband absorption enhancement
over the entire visible region can be achieved as compared to other plasmonic structures. Based on the properties of the
interference, the broadband absorption enhancement can be obtained everywhere inside the microsphere and is particularly large
at the microsphere hot-zone. Studies also show that microsphere consisting of higher refractive index semiconductor can
maximize the interference-induced broadband absorption enhancement. Besides, NPs with different materials can be mixed to
tune the overall absorption band for flexible energy harvesting and enhanced selectivity. At the same time, the evanescent nature
of the SPR near field could be better exploited to enhance the catalytic rate if locating the NPs close to the microsphere surface.
Our findings could help experimentalists to design optimized metal@semiconductor microsphere photocatalyst to more
efficiently utilize the solar power to drive chemical transformation.
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1. INTRODUCTION

Photocatalysts absorb solar energy to drive the chemical
reactions on the photocatalyst surface, which is considered to
be an environmentally friendly approach to produce solar fuel
or to remove pollutants. Metal oxide semiconductors are the
most commonly used photocatalysts for a range of photo-
chemical transformations, including H2O splitting, CO
oxidation, and dye degradation.1−6 However, most metal
oxide semiconductors possess large band gaps, which limit
the light absorptions to high energy photon region (e.g.,
ultraviolet light) and exhibit a low conversion rate.7,8 Although
it is possible to extend the light absorption range using organic
dye molecules or inorganic quantum dots,9−12 they require
energetically favorable band alignment and are rather unstable
during the chemical reactions due to thermalized electron
transfer.10,13

Other than dye molecules and quantum dots, plasmonic
metal nanoparticles (NPs) have been recently demonstrated to
extend light absorption over the visible wavelengths and
significantly enhance the semiconductor catalytic rates due to
the strong light−matter interaction at the metal surface called
surface plasmon resonance (SPR).14−18 It has been shown that
SPR can enhance the catalytic rates based on two mechanisms.

First, the SPR-excited nonthermalized electron at the metal
surface possesses higher energy than the Schottky-barrier at the
metal−semiconductor interface and thus can directly transfer to
the semiconductor and induce photocatalytic transformation
without requiring energetically favorable band alignment.19−21

Second, the electron−hole generation rate in the semi-
conductor greatly increases due to the interaction of the
semiconductor with the SPR-induced near field, which results
in an enhancement in the photocatalytic rate.22−24 Such a
mechanism does not require intimate contact between metal
and semiconductor and can transfer energy even if there is a
gap or insulating medium between them.14,25 In addition, the
wavelength-dependent SPR enables flexible energy harvesting
and can be potentially used to enhance the selectivity of
catalytic transformation, which can never be achieved with
conventional metal oxide semiconductor.14,26,27

Up to now, various plasmonic photocatalysts have been
fabricated to realize the advantages of SPR, including metal
sphere/cube,28 metal−semiconductor composite,15,16 metal-
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loaded semiconductor film/fiber,29 metal NP array,30 and so
forth. Among them, plasmonic metal NPs encapsulated by a
large semiconductor microsphere (metal@semiconductor
microsphere) particularly attracts our attention due to its
enhanced photocatalytic rate,18,31−33 large contact area,33 easy
storage, and good reusability.18,34 For example, a high reduction
rate of 4-nitrophenol has been achieved with the Fe3O4@SiO2−
Au microsphere (95% conversion in 12 min).18 Despite the
superior catalytic performance, the existing works are limited in
developing the fabrication methods and simply attribute the
enhanced catalytic rates to the extended SPR absorption in
visible light region. No in-depth investigation has been
performed to study the physical mechanism. In fact, the
metal oxide semiconductor microsphere generally possesses
high refractive index and large diameter size, which could
significantly alter the electrical field distribution inside the
microsphere and eventually lead to a different SPR broadband
absorption compared to direct plasmonic-metal catalyst or
small core−shell plasmonic catalyst. Nevertheless, the mecha-
nism between the SPR broadband absorption and the
microsphere field distribution is not yet clear. Furthermore, it
is difficult to compare different plasmonic photocatalytic
structures directly from the empirical measurements of catalytic
rates as they depend not only on the plasmonic structures but
also on other external conditions such as NP loading,
temperature, pressure, among other factors. In contrast, the
SPR broadband absorption depends only on the plasmonic
structure, which indicates how much solar power can be
exploited to drive the chemical reaction and is directly related
to the ultimate catalytic rate. Therefore, studying the SPR
broadband absorption allows us to compare different plasmonic
structures, which guides the design and optimization of the
catalyst.
The finite element method (FEM) is commonly adopted to

analyze the plasmonic effect of metal NPs/nanostructures.35

FEM is able to accurately compute not only the SPR
absorption/scattering spectra but also the field distribution
for either a single particle or a well-defined periodical
structure,36−38 regardless of its material compositions (e.g.,
can be pure metal or metal/semiconductor composite). With
proper modification, our recent efforts have shown that even
the quantum plasmon effect can be included in FEM
simulation.39,40 Nowadays, the study of SPR using FEM is
widely accepted in many research fields such as sensing,41

optical-modulator,42 photocatalysis,43 and the solar cell,44

among others. These theoretical studies deepen the under-
standing of the mechanism of light−matter interaction and
guide the design and optimization of the plasmonic structure.
Due to its capability, we will use FEM throughout the paper.
In this contribution, we carry out a fundamental study on the

SPR broadband absorption of metal@semiconductor micro-
sphere using FEM by taking into account the interaction
between the plasmonic NP and the field distribution inside the
semiconductor microsphere. For the first time, we show that an
interference field distribution pattern is generated inside the
semiconductor microsphere due to the refractive index
mismatch between the microsphere and the catalytic media.
Consequently, the Au NP located at the constructive
interference benefits from a field enhancement which eventually
results in a broadband absorption enhancement over the entire
visible region. Following that, we show that this interference-
induced broadband absorption enhancement exists everywhere
inside the microsphere and is particularly large at the

microsphere hot-zone as compared to that of a direct plasmonic
photocatalyst as well as small core−shell plasmonic photo-
catalyst. Such large broadband absorption enhancements enable
the metal@semiconductor microsphere to better exploit the
solar power to drive the chemical reaction, which could
substantially enhance the photocatalytic rate. In the end, based
on the properties of the microsphere interference, we also make
a few suggestions for the experimentalists in designing the
metal@semiconductor microsphere so as to optimize the
photocatalyst performance.

2. THEORETICAL METHODS
2.1. Description of the Structure. The experimental

metal@semiconductor microspheres usually contain multiple
plasmonic metal NPs that complicate the physics by
introducing plasmon-coupling events.45 To simplify the
problem, we focus on the most fundamental structure
containing only one NP to better understand the physics.
Figure 1 depicts the schematic of the studied structure, where a

plasmonic metal NP (diameter = Dg) is placed inside a
semiconductor microsphere with diameter Dm and refractive
index nm. For illustrative purpose, Au NP is used, which
typically exhibits a SPR in the visible light region (λ = 400−800
nm). Depending on the application, other plasmonic metal
materials can be used (e.g., Ag, Cu, Al). Meanwhile, the
semiconductor microsphere is assumed to be a homogeneous
metal oxide (e.g., TiO2) whose diameter Dm is comparable with
or larger than the visible wavelength. However, more complex
structures can also be implemented, such as a multilayer
microsphere or hollowed microsphere.18,33 Moreover, the Au
NP is assumed to be completely encapsulated inside the
semiconductor to prevent the NP from corrosion and
dissolution,18,46 where d is defined as the eccentricity between
the center of the NP and the center of the microsphere.
Nevertheless, the NP might also locate at the surface of the
microsphere depending on the fabrication process.32 In
addition, the catalytic media outside the microsphere is
assumed to be aqueous with nwat = 1.33, whereas another
medium might be applied depending on the catalytic
environment. The dielectric constant of Au is taken from
experimental measurement.47

2.2. Simulation with Finite Element Method. To study
the SPR of the metal@semiconductor microsphere, it is
essential to solve Maxwell’s equations, whereby numerical or
analytical techniques can be employed. The commonly used
numerical approaches are boundary element method (BEM),48

finite difference method (FDM),49 and finite element method
(FEM).35 For the special case of spherical objects, the analytical
method, Mie theory,50 can be adopted. Mie theory is accurate
and efficient; however, it is not applicable to nonconcentric
spherical objects which are of important concern in our study.

Figure 1. Schematic of plasmonic-metal@semiconductor microsphere.
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BEM works better in surface problem rather than 3D
volumetric geometry. Although FEM and FDM are both
applicable for 3D geometry, FEM is more straightforward to
handle the spherical geometry and has better approximation
quality. Therefore, FEM will be exploited in this study with the
commercial software COMSOL Multiphysics.
It is noteworthy that for small-sized plasmonic photocatalysts

(Dm < 100 nm), we can calculate either the absorption cross-
section (CS) or extinction CS to analyze its SPR.15,28 However,
due to the large diameter size of the metal@semiconductor
microsphere, it is difficult to observe the SPR from the
extinction CS which is dominated by the scattering field of the
semiconductor microsphere. For example, Figure 2 proves this

point by comparing the extinction CS of an Au@TiO2
microsphere (red solid curve) and the scattering CS of an
equal-size pure TiO2 microsphere (black dashed curve). In
contrast, the absorption CS can still demonstrate a clear SPR
picture as it only results from the Au NP (blue solid curve).
Therefore, it is more convenient to interpret the plasmon
information from the absorption CS than the extinction CS.
Hence, we focus on analyzing the absorption CS throughout
the paper.
2.3. Verification of FEM Model. For verification purpose

(Figure 3), we compared the absorption CSs from FEM and
Mie theory for two previously reported plasmonic photo-
catalysts: (a) direct photocatalyst of an 30 nm Au NP directly
contacting aqueous media without semiconductor shell (Dg =
Dm = 30 nm, nm = nwat = 1.33),14 (b) the small core−shell
photocatalyst of an 30 nm Au NP uniformly coated with a 5 nm
thick TiO2 shell in aqueous media (Dg = 30 nm, Dm = 40 nm,
nm = 2.65, nwat = 1.33).17 The overall core−shell particle size is
40 nm, which is much smaller than the incident wavelength.
The same plane wave excitations are used in FEM model and
Mie theory for both cases. As expected, by coating the Au NP
with higher refractive index semiconductor, the local
permittivity surrounding the Au NP is increased, which leads

to a red-shift of the SPR wavelength. The results agree well,
which show that our FEM simulations are reliable, and they will
be used later as references to compare with the metal@
semiconductor microsphere.

3. RESULTS AND DISCUSSION
3.1. Interference Field Distribution Pattern inside a

Pure Microsphere. For the semiconductor microsphere
whose diameter is comparable with or larger than the visible
light wavelength, an interference field distribution pattern will
be generated inside. The physical insight is briefly elaborated as
follows (see nm = 3 in Figure 4a): as the incident wave illumines
on the microsphere, optical reflection and refraction will occur
at the interface between A and B due to the refractive index
mismatch between the microsphere and outside catalytic

Figure 2. Comparison between the Au@TiO2 microsphere and a pure
TiO2 microsphere at equal size. The absorption CS (blue solid curve)
shows a much clearer SPR, whereas the extinction CS (red solid curve)
of the Au@TiO2 microsphere is dominated by the scattering CS of the
pure TiO2 microsphere (black dashed curve). The TiO2 microsphere
has diameter Dm = 0.6 μm and refractive index nm = 2.65. The Au NP
has diameter Dg = 100 nm and is located at the center of the
microsphere (d = 0).

Figure 3. Verification of our FEM model using Mie theory for (a)
direct photocatalysis of an 30 nm Au NP in water media (Dg = Dm =
30 nm, nm = nwat = 1.33) and (b) small core−shell photocatalysis of an
30 nm Au NP with 5 nm TiO2 shell in water media (Dg = 30 nm, Dm =
40 nm, nm = 2.65, nwat = 1.33), which shows good agreement.

Figure 4. Normalized field distribution |E/E0| of a pure metal oxide
semiconductor microsphere (no Au NP). An interference pattern
inside the microsphere is more obvious at higher refractive index nm,
larger diameter Dm, and smaller wavelength λ. The bright region refers
to a constructive interference, whereas the dark region refers to a
destructive interference. From left to right, (a) nm = 1.79, 2, 2.65, 3 at λ
= 500 nm and Dm = 0.6 μm, (b) Dm = 0.1, 0.3, 0.6, 0.8 μm at λ = 500
nm and nm = 2.65, (c) λ = 400, 500, 600, 800 nm at Dm = 0.6 μm and
nm = 2.65.
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medium. The refracted wave at interface A will interact with the
reflected wave at interface B, which eventually results in an
interference pattern inside the microsphere. In our simulation,
plane wave excitation is used to represent the large area
illumination of the sunlight, whereby the light source is far away
from the microsphere. The E−k diagram in Figure 4 describes a
plane wave with a wave vector k propagating rightwards and an
electrical field polarization E pointing upward. Because the
microsphere has a 3D symmetrical geometry, the resultant
interference pattern is independent of the incident direction or
the polarization. We will use this light incidence throughout the
paper.
Figure 4a demonstrates the interference patterns for four

metal oxide semiconductors that are used as photocatalysts,
from left to right, nm = 1.79 (ZnAl2O4), 2 (ZnO), 2.65 (TiO2),
and 3 (Cu2O). It is clear that the interference becomes stronger
at lager nm as the amount of the reflected-wave at interface B
increases on the basis of the Fresnel law.51 The bright region
refers to a constructive interference with larger electrical field
enhancement |E/E0|, whereas the dark region refers to a
destructive interference with less or no enhancement.
Particularly near interface B, a forward scattering effect is
presented due to the spherical geometry of the semiconductor
microsphere,52 which forms a “hot-zone” with strongest field
enhancement. Note that in principle, the interference pattern
and the “hot zone” depend on the orientation of the
photocatalyst with respect to the incident light direction.
However, in our case, the microsphere has a 3D spherical
symmetry, and thus, the orientation of the microsphere will not
affect the interference pattern. The “hot zone” will appear at the
opposite side of the microsphere with respect to the incident
light direction (see Figure 4).
In addition, Figure 4b,c demonstrate the change of the

interference pattern with respect to the microsphere diameter
Dm and incident wavelength λ, which indicate that the
interference becomes more prominent at larger Dm and smaller
λ. The results can be understood with a wave theory: at
constant incident wavelength λ, larger microsphere diameter
Dm creates larger space for the reflected and refracted wave to
interact. As a result, more wave periods can be established
inside the microsphere (e.g., see Dm = 0.3 μm and Dm = 0.6 μm
in Figure 4b). Similarly, at constant Dm, smaller λ equivalently
increases the interaction space for the reflected and refracted
wave and hence increases the numbers of wave periods inside
the microsphere (e.g., see λ = 400 nm and λ = 800 nm in Figure
4c). A schematic illustration is presented in Figure S1 in the
Supporting Information. It is noteworthy that the interference
pattern becomes negligible at small diameter Dm < 0.1 μm.
Hence, the small core−shell plasmonic photocatalyst (e.g.,
Figure 3b) does not have any interference effect.17

3.2. Interference-Induced Broadband Absorption
Enhancement. The field enhancement |E/E0| introduced in
the constructive interference region provides a convenient
approach to evaluate the absorption enhancement of the Au
NP. To demonstrate the effect, we first compare the
absorptions of an Au NP at different locations inside the
microsphere at incident wavelength λ = 500 nm. Figure 5a
shows the interference field distribution |E/E0| inside the
microsphere before adding the Au NP, where the semi-
conductor microsphere has Dm = 0.6 μm and nm = 2.65,
mimicking the properties of TiO2. Inside the microsphere, 13
locations (from left to right, labeled as A−H) are selected to
hold the Au NP (Dg = 30 nm), which are distributed with equal

eccentricity d = 270 nm and separated by a constant polar angle
= 15°. Such structure mimics the real experimental metal@
semiconductor microsphere that can be easily fabricated with
the method introduced in the reference.18 Note that A, B, D, L,
M are located in the constructive interference with stronger
field enhancement |E/E0|, whereas the rest are located in the
destructive interference with relatively weak field enhancement.
The resultant absorption CSs are shown in Figure 5b. As

expected, the Au NPs located in the constructive interference
region (A, B, D, L, M) possess larger absorption magnitudes
than those in the destructive interference region, which is
consistent with the interference field enhancement pattern in
Figure 5a. In short, the Au NP at the constructive interference
will benefit from a field enhancement that eventually results in
an absorption enhancement. Because the interference pattern is
generated due to the refractive index mismatch between the
microsphere and the catalytic media, such absorption enhance-
ment is a fundamental phenomenon that always exists
regardless of the metal NP size or material.
Next, we proceed to examine the SPR broadband absorption

over the visible light region (λ = 400−800 nm), which occupies
42−43% of the total solar energy on the earth surface. In this
region, all the optical absorption comes from the SPR effect of
the Au NP. Meanwhile, the TiO2 microsphere can only absorb
ultraviolet light (λ = 250−400 nm, occupying only 3−5% of the

Figure 5. (a) Normalized field distribution |E/E0| inside the
semiconductor microsphere (Dm = 0.6 μm and nm = 2.65) at λ =
500 nm before adding the Au NP. Thirteen locations are selected to
hold the Au NP, where A, B, D, L, M represent the constructive
interference locations. (b) The absorption CS of an Au NP (Dg = 30
nm) at these locations. The absorption magnitudes are much greater
for the NPs at the constructive interference region (A, B, D, L, M)
than that in the destructive interference region.
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total solar energy) with photon energy higher than the energy
gap (∼3.2 eV). Detailed absorption spectra of TiO2 micro-
sphere can be found in Figure S2 in the Supporting
Information. According to Figure 4c, the interference pattern
changes with respect to the incident wavelength λ. Thus, at a
specific location inside the microsphere, the constructive
interference would occur several times throughout the visible
spectrum. Therefore, a broadband absorption enhancement is
speculated for the Au NP inside the microsphere. For instance,
Figure 6 shows the calculated broadband absorptions of the Au

NPs at locations A (red solid curve) and M (blue solid curve).
From the figure, multiple absorption peaks are observed, which
indicate that the constructive interference arises repeatedly at
different wavelengths. As a result, broadband absorption
enhancements are achieved for the Au NP at both A and M
as compared to that of direct photocatalyst (black dashed curve,
same as Figure 3a) as well as small core−shell photocatalyst
(pink dashed curve, same as Figure 3b).
Embedding the metal NP will alter the original interference

pattern of the pure microsphere, because the resultant SPR is
determined by the interaction of the metal NP and the
interference pattern inside the semiconductor microsphere.
However, this change only occurs locally, which is in the
vicinity of the metal NP’s surface. In terms of SPR physics, at
the resonance condition, the collective oscillation of the
electrons of metal NP will create a near-field wave in the
vicinity of the metal NP.53 This near-field wave is evanescent in
nature, which decays exponentially away from the metal NP’s
surface.54 Because the size of metal NP is generally much
smaller than that of the semiconductor microsphere, the metal
NP can only change the local interference pattern close to its
surface and has no effect on other places. Detailed information
can be found in Figure S3 in the Supporting Information.
To further strengthen our conclusion, we define a normalized

absorption enhancement over the visible spectrum βave as an

indicator for the broadband absorption enhancement. The
expression of βave is shown in eq 1, where AbsM (λ) refers to the
absorption of the Au NP (Dg = 30 nm) at various locations (A−
M) inside the microsphere while Absref (λ) refers to the
reference absorption which could be direct photocatalyst
(Figure 3a) or small core−shell photocatalyst (Figure 3b).
According to this definition, βave > 1 represents a broadband
absorption enhancement, and the larger the βave, the larger the
enhancement.

∫

∫
β

λ

λ
=

· λ

· λ

Abs ( ) d

Abs ( ) d
ave

400nm

800nm
M

400nm

800nm
ref (1)

The results are recorded in Table 1 below, which show that
there are broadband absorption enhancements (βave > 1) at all

studied locations (the only exception is position G compared to
small core−shell photocatalyst βave = 0.964). These results can
be extended to the remaining locations inside the microsphere
as the interference occurs within the whole microsphere, which
is particularly true when the microsphere is illuminated with the
wide solar spectra. Especially for Au NP at the microsphere hot-
zone (L and M), the broadband absorption can be enhanced
more than 100 times than that of direct photocatalyst and 30
times than that small core−shell catalyst. For the real metal@
semiconductor microsphere,18,31−33 multiple Au NPs are
distributed all over the microsphere, and there are always Au
NPs locating at the hot-zone regardless of incident light
direction and the microsphere orientation. Thus, the overall
broadband absorption enhancement could be substantial. On
the basis of this result, we conclude that the metal@
semiconductor microsphere is a better catalyst structure in
utilizing the solar power to drive the chemical reaction, which
could subsequently lead to an enhanced photocatalytic rate.

3.3. Broadband Absorption Enhanced Direct Electron
Transfer. In particular, the enhanced SPR broadband
absorption presented in Table 1 can greatly enhance the
capability of the Au@semiconductor microsphere to harvest the
solar energy in the visible region, which directly improves the

Figure 6. Broadband absorption over the visible spectrum for Au NP
inside the microsphere at locations A (red solid curve) and M (blue
solid curve), as well as direct photocatalyst (black dashed curve) and
small core−shell photocatalyst (pink dashed curve). For Au NP at A
and M, the absorption magnitudes are enhanced at multiple
wavelengths due to the repeated occurrence of constructive
interference throughout the visible spectrum, which eventually results
in a broadband enhancement.

Table 1. Normalized Absorption Enhancement βave at
Different Locations (A−M) inside the Microsphere As
Compared to Direct Photocatalyst and Small Core−Shell
Photocatalysta

locations in
microsphere

βave compared to
direct photocatalyst

βave compared to small core−shell
photocatalyst

A 26.7 7.98
B 24.9 7.43
C 11.4 3.39
D 3.97 1.18
E 7.2 2.15
F 7.75 2.31
G 3.22 0.964
H 6.37 1.90
I 6.41 1.92
J 3.78 1.13
K 31.1 9.30

L (hot-zone) 82.2 24.6
M (hot-zone) 104 31
aThe results imply a broadband absorption enhancement (βave > 1) at
every location inside the microsphere.
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photocatalytic rate through direct electron transfer mechanism
(DET).20,21,55−58

Originally, it is believed that under the excitation of SPR, the
conductive electrons at the metal NP surface will gain energy
above its Fermi energy level, which is high enough to overcome
the Schottky barrier created at the metal−semiconductor
interface. As a result, these free electrons can move into the
conduction band of the semiconductor and drive the chemical
reaction.20,21,55 Later, it is found that electron−hole pairs can
be produced in the metal NP as the decay channels of the SPR.
These hot electrons can then be directly injected into the
semiconductor conduction band by a quantum tunneling
process even with energy lower than the Schottky barrier.56−58

Based on the DET mechanism, the enhanced photocatalytic
rate possesses the same spectral dependence as the SPR
broadband absorption of metal NP.16,21,57,59 Therefore, it is
straightforward that the enhanced SPR broadband absorption
of the Au@semiconductor microsphere will be translated into
the enhancement of the photocatalytic rate.
Besides the DET, the SPR induced local electromagnetic

field enhancement (LEMF) can also enhance the photocatalytic
rate of Au@semiconductor microsphere by boosting the
electron−hole generation rate at the semiconductor through
interband transition.22,23,28,60−62 Due to the nature of the
interband transition, LEMF mainly boots the carrier generation
beyond the semiconductor band gap energy, which is in the UV
region.16,22,23 In terms of this perspective, DET should be
dominant in our case as the SPR enhance broadband
absorption is mainly in the visible region.
3.4. Suggestions in Designing the Metal@Semi-

conductor Microsphere. On the basis of the properties of
the microsphere interference, here we provide a few suggestions
for the experimentalist in designing the metal@semiconductor
microsphere in order to optimize the photocatalytic perform-
ance. First, because the interference becomes stronger as
semiconductor refractive index nm increases (see Figure 4), we
recommend using higher refractive index semiconductor
material to obtain larger broadband absorption. For instance,
Figure 7 shows the broadband absorption for an Au NP at hot-

zone M inside the microsphere with three different semi-
conductor materials: nm = 1.79 (ZnAl2O4), nm = 2 (ZnO), and
nm = 2.65 (TiO2). Clearly, the Au NP possesses larger
broadband absorption in the semiconductor with higher
refractive index.
Second, different plasmonic metal NPs can be mixed to

adjust the overall absorption band of the metal@semiconductor
microsphere, which would be useful in flexible energy
harvesting and enhancing the selectivity.14,26,27 Figure 8

shows the broadband absorptions of a 30 nm Au and Ag NP
at hot-zone M, which exhibit different absorption bands. Recall
that the interference pattern is a fundamental property of the
semiconductor microsphere, and therefore, all the metal NPs
inside can have broadband absorption enhancement regardless
of the materials.
Lastly, we briefly discuss the effect of the eccentricity d,

which is equivalent to the microsphere shell thickness in the
experiment. Because the interference pattern exists within the
entire microsphere, the broadband absorption enhancement
should always exist regardless of the eccentricity d. For example,
Table 2 records the normalized absorption enhancement βave at
different eccentricity d, where the Au NP is originally located at
A (d = 270 nm) and moving rightward toward the microsphere
center (d = 0) at a 30 nm step. The result shows that the
broadband absorption enhancement does exist (βave > 1)
regardless of the eccentricity d. However, we do observe that
the absorption enhancement is relatively larger near the surface
of the microsphere (d = 270 or 240 nm). In addition, for
photocatalysis application, it is recommended to control the
NPs close to the surface of the semiconductor microsphere.
This is because the plasmonic photocatalyst exploits SPR near
field to improve the electron−hole generation in the semi-
conductor.22−24 However, the SPR near field consists of
evanescent wave that decreases exponentially with the distance
away from the metal surface.54 As a result, if the NPs are
located too deep inside the microsphere, the charge generated
at the vicinity of the NP surface will never reach the
microsphere surface where the actual chemical transformation
takes place. In contrast, if the NPs are close to the microsphere
surface, their SPR near fields can channel the optical energy
around the microsphere surface, hence improving the chemical

Figure 7. Broadband absorption for an Au NP at hot-zone M inside
the microsphere with different semiconductor materials: nm = 1.79
(ZnAl2O4), nm = 2 (ZnO), and nm = 2.65 (TiO2). The Au NP has
larger broadband absorption in semiconductor materials with larger
refractive index.

Figure 8. Broadband absorption for a 30 nm Au/Ag NP at the
microsphere hot-zone M. Different metal NPs have different
absorption bands, which can be mixed to adjust the overall absorption.
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transformation efficiency.63 In fact, this phenomenon has been
observed in a previous experiment, in which the 4-nitrophenol
reduction rate decreases as SiO2 shell thickness increases.18

Here we provide an explanation in terms of fundamental SPR
physics. Note that if the Au NP is attached at the surface of the
microsphere (e.g., d > 300 nm), there will be a blue-shift on the
broadband absorption as compared to that of Au-inside
microsphere due to the reduction on the local permittivity.
Consequently, the broadband absorption effect of Au NP at the
microsphere surface becomes less pronounced. The detailed
information can be found in Figure S4 in the Supporting
Information.

4. CONCLUSIONS
We have systematically studied the optical properties of the
metal@semiconductor microsphere photocatalyst using finite
element method. An interference pattern has been observed
inside the semiconductor microsphere due to the refractive
mismatch between the catalytic media and the semiconductor.
The plasmonic NP located at the constructive interference
experiences a field enhancement that results in a broadband
absorption enhancement over the entire visible wavelength.
This broadband enhancement exists everywhere inside the
microsphere and is particularly large at the microsphere hot-
zone near the surface of the microsphere. These results point
out that metal@semiconductor microsphere can absorb more
solar energy to drive the chemical reaction as compared to
direct plasmonic photocatalyst or small core−shell plasmonic
catalyst and hence could enhance the ultimate catalytic rate. On
the basis of the properties of the microsphere interference, it is
further suggested that higher refractive index semiconductor
should be used to maximize the interference-induced broad-
band absorption, and different metal NPs can be mixed to tune
the overall absorption band. Meanwhile, the NPs should be
located close to the microsphere surface to maximize the
catalytic rate due to the evanescent nature of the SPR near field.
Our work provides not only a fundamental understanding of
the SPR broadband absorption for metal@semiconductor
microsphere but also guidance for the design of optimal
plasmonic photocatalyst.
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