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To investigate the optical properties of the ternary nanostructures, the nanodisk, core–shell, and three-sphere structures
are constructed. The extinction coefficients and electric near-field distributions of these structures are calculated by the
discrete dipole approximation (DDA) method. The result shows that the nanodisk structure has the best extinction efficiency
in the three structures. Furthermore, several three-material combinations of the nanodisk structures are investigated. The
ternary nanodisk structure composed of TiO2 and two noble metals (Au, Ag or Pt) has higher extinction coefficient and
near-field intensity than the nanodisk consisting of Au, TiO2 and a semiconductor (PbSe, Ge, MoS2, CdSe, CdS or TiO2).
Especially, TiO2/Ag/Pt has the best extinction efficiency and the max electric near-field intensity. And the extinction
spectra of TiO2/Ag/Pt and TiO2/Ag/Au structures are complementary in the visible range. This work conduces to the
further research into ternary nanostructure and provides essential information about its performance in visible range.

Keywords: optical properties of nanostructures, plasmons on surfaces and interfaces, model and numerical
simulation

PACS: 78.67.–n, 73.20.Mf, 78.20.Bh DOI: 10.1088/1674-1056/abaee6

1. Introduction
The optical properties in visible range of nanoparticles

have been widely studied,[1–4] especially for TiO2 and Au.[5–7]

As a crucial material in photocatalysis, TiO2 has received
extensive attention since Fujishima and Honda demonstrated
that TiO2 can be used for photocatalysis in 1972.[8] However,
the photocatalytic efficiency of TiO2 is insufficient for pho-
tocatalytic applications. To improve the photocatalytic effi-
ciency, TiO2 was coupled with noble metal nanoparticles,[9,10]

such as Au,[11] Ag,[12] Cu,[13] Pt,[14] etc. Meanwhile, no-
ble metals have strong ability to transfer electrons, mak-
ing the separation efficiency of electrons and holes higher,
thus increasing the catalytic ability of materials.[15,16] Noble
metals were also coupled to many materials to obtain dif-
ferent properties,[17,18] such as Fe3O4–Au (Ag),[19] ZnO–Au
(Ag),[20] SiO2–Au (Ag),[21] ZrO2–Au,[22] TiO2–Au (Ag),[23]

etc. As an efficiency combination, Janus TiO2–Au nanos-
tructure has attracted more and more interest in photocatal-
ysis. Seh et al. first demonstrated that TiO2–Au asymmetric
Janus nanoparticleis possess higher efficiency to generate hy-
drogen than bare Au and core–shell structure in visible-light
photocatalysis.[24] Wang et al. investigated the photocatalyst
properties of Au/TiO2/Au nanostructure which exhibits a sig-
nificant improvement in photocurrent density compared with
the bare TiO2 nanostructure in visible range.[25] Li and Li re-
ported that an Au/Au3+TiO2 photocatalyst can not only ex-
tend the light absorption of TiO2-based photocatalyst into vis-
ible range but also eliminate the rapid recombination of ex-
cited electrons/holes during photoreaction.[26] However, for
Au–TiO2 nanostructure, TiO2 with a wide band gap width of

3.2 eV can provide energetic electrons for photocatalysis but
lacks extinction in visible range. Au can excite the extinc-
tion of TiO2 in visible range, but cannot extend the extinc-
tion range. Thus this combination of Au and TiO2 possesses
an improvement in the light absorption but a narrow extinc-
tion range in visible light. This restricts the utilization of vis-
ible light which contains the majority of the energy of sun
light. Therefore, extending the light extinction range in vis-
ible light is vital for photocatalysis of Au and TiO2. Some
investigations indicated that narrow band gap materials can
sensitize wide band gap materials in visible light.[1–3] There-
fore, finding a suitable and applicable material combined with
TiO2 and Au is a feasible way to improve photocatalysis in
visible light.[27,28] Ma et al.[29] and Tada et al.[30] found that
the CdS–Au–TiO2 three-component nanojunction system ex-
hibits much more photocatalytic activity than single- and two-
component system. However, most of structures consisting
of multiple components are of core–shell or multiple sphere.
The core–shell structure can provide a huge interface between
different materials, but the incident light cannot radiate in-
ner materials directly, thereby limiting the interaction between
materials under the incident irradiation.[31] Multiple-sphere
structure can be illuminated directly by the incident light, but
the interface between the spheres is very small, which also
limits the interaction between materials. With the develop-
ment of micro-nanometer manufacturing technology, Janus
nanodisk has been fabricated,[32] and it is possible to gener-
ate the ternary nanodisk. In this structure, three materials are
illuminated by the incident light directly, and there is a consid-
erable interface between each two materials.
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In this paper, several ternary nanostructures , each with
three equal volume parts, are designed. We calculate the op-
tical properties of several types of ternary nanostructures by
the the discrete dipole approximation (DDA) method, and the
mechanism of the interaction among three materials is dis-
cussed.

2. Method
Since Mie calculated the nanospheres of Au by solving

Maxwell’s equations,[33] more and more complex and dif-
ferent nanoparticles have been calculated. Benefiting from
the fantastic work of Draine[34] and Draine and Flatau,[35]

DDSCAT7.3[36] was used to simulate different kinds of nanos-
tructures. DDSCAT is an efficient, open-source and free soft-
ware package which is based on the theory of DDA. In the
DDA method, the object is regarded as N-dipoles and the po-
larizations of these dipoles are calculated to simulate different
materials with arbitrary morphologies and sizes. It can be used
to calculate the extinction coefficients and near-field intensi-
ties of these nanoparticles.

The real V is divided into N dipoles, and each dipole pos-
sesses volume d3 in this soft package, specifically,

V = Nd3. (1)

The effective radius is

aeff =

(
3V
4π

)1/3

. (2)

Each dipole’s polarizability is

αi =
(εS (𝑟i,ω)−εm (𝑟i,ω))

(εS (𝑟i,ω)+2εm (𝑟i,ω))

3V
4π

. (3)

The extinction cross section consists of scatter and absorption
cross-section, i.e.

Cext =Csca+Cabs. (4)

The Qabs is calculated from

Qabs =Cabs/πa2
eff. (5)

The absorption and extinction cross-section can be calculated
from the following equation:

Cabs =
4πk

|𝐸0|2
N

∑
i=1

{
Im𝑃i·

(
𝛼̃−1

i
)∗
𝑃 ∗i )−

2
3

k3 |𝑃i|2
}
, (6)

Cext =
4πk

|𝐸inc|2
N

∑
j=1

Im(𝐸∗inc·𝑃 j) , (7)

where 𝐸inc is the incident electric field and k is the wavenum-
ber, and 𝑃 is the polarization induced by each dipole.

For incident wave,

𝐸inc =𝐸0exp(ikn̂0·𝑟− iωt) , (8)

=𝐸0exp(ikn̂0·r− iωt)
2

∑
l=1

𝑎l 𝑒̂0l , (9)

where

𝐸0≡(𝐸0·𝐸∗0)
1/2, (10)

𝑎l≡𝐸−1
0 𝐸0·𝑒̂∗0l . (11)

The scattered radiation with direction of propagation 𝑛̂ is
given (in the radiation zone) by

𝐸 =
𝐸0

kr
exp(ik𝑛̂·𝑟− iωt)

2

∑
m=1

𝑒̂m

2

∑
l=1

fml𝑎l . (12)

In the simulation, the more the dipoles used, the more accu-
rate the calculation is. Previous work shows a relative accu-
racy when N 1000.[37,38] In our calculations 157200 dipoles
are used to simulate the nanostructure in order to obtain rela-
tively high accurate results. The wavelengths we discussed are
all between 300 nm and 750 nm. More computational details
can be found in the reference.
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Fig. 1. Morphology of (a) ternary core–shell, (b) nanodisk, and (c) three-sphere structure.

The morphology of the ternary core–shell, nanodisk and
three-sphere structures are presented in Fig. 1. The core–shell
structure is a three-layer sphere structure, with outer layer ra-
dius being R3, the core radius R1, and the meddle layer radius

R2, the three parts possess equal volume (Fig. 1(a)). In addi-
tion, the morphology of the core–shell structure in Fig. 1 is
the cross-section diagram of this structure, and the real mor-
phology in calculation of the structure is a complete core–shell
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structure. The radius of the nanodisk is R, and the thickness
is d (Fig. 1(b)). The nanodisk is divided into three parts,
M1 = M2 = M3 = 1/3 nanodisk. The three-sphere structure
is composed of three spheres of equal radius R1. M1, M2, M3

are three different materials (Fig. 1(c)). The incident light is
linear radiation propagating along the x̂LF axis. The polariza-
tion direction is parallel to ẑLF.[39] The ambient medium is set
to be vacuum where the refractive index is 1.

3. Results and discussion
The surface plasmon resonance of nanoparticles is depen-

dent on geometry, size, material composition and surrounding
medium.[40–43] Among these factors, the geometry and mate-
rial composition are the key points for studying the surface
plasmon resonance of nanoparticles. A kind of ternary nanos-
tructure composed of three different materials is designed and
the optical properties are investigated in this work.

For ternary nanostructures, the core–shell and three-
sphere structures are widely studied,[44,45] but the nanodisk
structure is less concerned. To investigate the optical prop-
erties of ternary nanostructures, the extinction spectra of nan-
odisk, core–shell and three-sphere structures with equal vol-
ume of TiO2, Ag, and Au are calculated, in which the nan-
odisk structure is M1/M2/M3 = TiO2/Ag/Au, the radius R of
the nanodisk is 50 nm, and the thickness d is 20 nm. And the
core–shell structure is of a three-layer sphere, which is com-
posed of the core sphere, middle shell, and outer shell. The
core sphere is of Ag with radius R1 of 23.21 nm, the middle
shell is of TiO2 with a thickness of 6.04 nm, and the outer shell
is of Au with a thickness of 4.23 nm. The three-sphere struc-
ture is composed of three spheres with a radius R1 is 23.21 nm,
which contact each other. They are composed of three spheres
of TiO2, Au, and Ag. The extinction spectrum of nanodisk,
core–shell and three-sphere structures are shown in Fig. 2.
The extinction properties of nanodisk structure are much better
than those of the core–shell structure and three-sphere struc-
ture in 300 nm–750 nm. This is due to the interaction among
materials and the migration of electrons needing enough en-
ergy (incident light) and touching area (interface). The core–
shell structure has a large interface among materials, but the
incident light cannot directly irradiate the internal materials,
which greatly reduces the interaction between the materials.
In the three-sphere structure, although the incident light can
directly irradiate the three materials, the interface among the
three materials is less, also limiting the interaction between
the materials. In the nanodisk structure, the incident light can
directly irradiate three materials, and there is a considerable
interface, so the interaction among materials is promoted.

Several researches show that narrow band gap materials
can sensitize the extinction characteristics of TiO2 in the vis-
ible light range.[2,46] In order to study the sensitization effect

of narrow band gap materials on TiO2 under the local surface
plasmon resonance excitation of Au, the extinction spectra of
the nanodisk consiting of different band gap materials com-
bined with Au and TiO2 are calculated and discussed. We se-
lect a series of band gap materials to combine with TiO2

[47]

and Au.[48] The band gap width of these materials possess
an approximately equal difference, PbSe (0.165 eV),[49] Ge
(0.66 eV),[50] MoS2 (1.17 eV),[51] CdSe (1.7 eV),[52] and CdS
(2.4 eV).[53]
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Fig. 2. Extinction spectrum of core–shell, nanodisk, and three-sphere struc-
tures for M1/M2/M3 = TiO2/Ag/Au.
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Fig. 3. Extinction spectra of M1/M2/M3 structures, with M1 fixed to Au,
M2 = M3 being PbSe, Ge, MoS2, CdSe, CdS or TiO2 respectively.

For M1 = Au, M2 = M3 = PbSe, Ge, MoS2, CdSe, CdS
or TiO2 respectively, the extinction spectra of nanodisk struc-
tures are shown in Fig. 3. By analyzing the band gap width of
M2 and M3 (PbSe = 0.165 eV, Ge = 0.66 eV, MoS2 = 1.17 eV,
CdSe = 1.7 eV, CdS = 2.4 eV), the results show that the ex-
tinction coefficient is inversely proportional to the band gap
for each of M2 and M3 in 300 nm–600 nm. The narrow band
gap width leads to the low electronic transition energy and the
high carrier concentration in equilibrium state. Therefore, un-
der the excitation of the near-field energy generated by the lo-
cal surface plasmon resonance of Au, the valence band elec-
trons are more likely to be excited and transited to the con-
duction band in narrow band gap material, as a result, the
absorption rate and extinction coefficient are both high. At
the same time, when M2 = M3 = PbSe, Ge or MoS2, there
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is no extinction peak in 600 nm–700 nm, but there is an ex-
tinction peak at 676 nm, 652 nm or 658 nm respectively for
M2 = M3 = CdSe, CdS or TiO2. This is due to the strong cou-
pling between the plasmonic near-field produced by Au and
the electronic transition energy in semiconductor. The elec-
trons transit from valence band to conduction band under the
excitation of plasmonic near-field, and the electron–hole pairs
are formed. Since the Fermi energy level of semiconductor
is higher than that of metal, when the two materials contact
each other, the excited electrons will flow from semiconductor
with high Fermi energy level to noble metal with low Fermi
energy level, until their Fermi energy levels become the same
and reach a static equilibrium. Due to the narrow band gap
width of PbSe, Ge and MoS2, the energy values of the transi-
tion electrons from the bands are too low to pass through the
Schottky barrier between Au and the material.[54–56] It cannot
form a path to transfer the electrons from material to Au.[57]

The band gap width of CdS, CdSe, and TiO2 are wide. The
transition electrons generated in CdS, CdSe, and TiO2 have
enough energy to pass through the Schottky barrier between
the material and Au, and flow into Au until their Fermi en-
ergy levels reach a balance state, which effectively promotes
the charge separation in semiconductor. In this process, the
electron–hole pairs produced by electron transition and trans-
fer can produce redox reaction with surrounding oxidants and
reducers, thereby completing photocatalysis.

From the above structures, the M1/M2/M3 =

Au/PbSe/PbSe structure has the maximum extinction coeffi-
cient in 300 nm–600 nm, and the M1/M/M3 = Au/TiO2/TiO2

structure has a maximum extinction coefficient in 600 nm–
750 nm. Based on above results, to investigate how the differ-
ent materials combined with Au and TiO2 structure influence
the extinction coefficient, the extinction spectra of the ternary
nanodisk structures are calculated.
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Fig. 4. Extinction spectra of M1/M2/M3 nanodisk structures with M1 = Au
and M3 = TiO2, and M2 = PbSe, Ge, MoS2, CdSe or CdS respectively.

The extinction spectra of the ternary nanodisks composed
of Au, a semiconductor (PbSe, Ge, MoS2, CdSe or CdS)

and TiO2 are shown in Fig. 4. The extinction coefficient of
M1/M2/M3 = Au/PbSe/TiO2 structure is always highest in
300 nm–600 nm. In 600 nm–750 nm, the extinction coef-
ficient peak of M1/M2/M3 = Au/CdS/TiO2 structure is the
highest, but the difference in extinction peak between differ-
ent structures is small. The results show that the structure of
M1/M2/M3 = Au/PbSe/TiO2 has the best extinction perfor-
mance in the whole range of 300 nm–750 nm. Similarly, the
extinction coefficient of the structure is also inversely propor-
tional to the band gap width of M2 material in 300 nm–600 nm.
Because M1 and M3 are the same in each structure, the differ-
ence is mainly caused by M2 material. The band gap width
of M2 material directly affects the extinction coefficient of this
type of structure.

Figures 5(a)–5(e) show the electric near-field distribu-
tions of the two different semiconductors and Au ternary nan-
odisks at 530 nm. The electric near-field distribution is consis-
tent with the results of above extinction spectra. The near-field
intensity outside the M2 material is also inversely proportional
to the band gap width of the M2 material. This is because under
the plasmonic near-field excitation, the smaller band gap leads
the greater carrier concentration and the smaller transition en-
ergy, which makes the occurrence probability of the transition
greater, so the absorption is greater. The boundaries of PbSe,
Ge, and MoS2 are very clear in Fig. 6, and the electric near-
field distributions in the three materials are all small. Due to
the fact that at the interface between Au and these materials
there exists a Schottky barrier while the transition electrons of
these materials are not energetic enough to pass through the
Schottky barrier, the electron–hole pairs formed in the mate-
rial recombine rapidly, which prevents the electron–hole pairs
from being continuously produced, leading the internal elec-
tric near-field distribution to become small. However, there are
some near-field distributions near the interface of CdSe, CdS,
TiO2, and Au, indicating that the transition electrons gener-
ated in these materials are energetic to cross the Schottky bar-
rier between them and Au, thus further promoting the elec-
trons’ transition and light absorption. The above-mentioned
electric near-field distribution verifies the previous Schottky
barrier theory discussed in extinction spectra.

Figures 6(a)–6(e) show the electric near-field distribu-
tions of the ternary nanodisks, each of which is composed of
two semiconductors and Au for the second peak in 650 nm–
690 nm. There are a large number of near-field distributions
around the interface between Au and TiO2 at the maximum ex-
tinction peak, which is due to the strong coupling between the
electronic transition in TiO2 and the plasmonic near-field of
Au. Because of the difference in Fermi energy level, the Fermi
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energy level of TiO2 is higher than that of Au. A large number
of electrons from the valence band in TiO2 are injected into
Au, which slows down the electron–hole pairs recombining in
TiO2. It further enhances the efficiency of charge separation
in TiO2, until the Fermi energy level of TiO2 and Au reach a

static balance. Therefore, a strong electric near-field distribu-
tion is produced near the interface between TiO2 and Au. like
the electric near-field distribution near 530 nm, the boundaries
of PbSe, Ge, MoS2 materials are also very clear for the same
reason.
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Fig. 5. Electric near-field distribution maps of the peaks at 530 nm for (a) M1/M2/M3 = Au/PbSe/TiO2, (b) Au/Ge/TiO2, (c) Au/MoS2/TiO2, (d)
Au/CdSe/TiO2, (e) Au/CdS/TiO2, and (f) Au/TiO2/TiO2 structures in x plane.
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Fig. 6. Electric near-field distribute maps of the second peak between 650 nm and 690 nm for (a) M1/M2/M3 = Au/PbSe/TiO2, (b) Au/Ge/TiO2, (c)
Au/MoS2/TiO2, (d) Au/CdSe/TiO2 (e) Au/CdS/TiO2, and (f) Au/TiO2/TiO2 in x plane.

The extinction spectrum of the ternary nanodisk con-
sisting of two different noble metals and TiO2 is calcu-
lated. Figure 7 shows the extinction coefficient spectrum of
M1/M2/M3 =TiO2/Ag/Au, TiO2/Ag/Pt and TiO2/Au/Pt struc-
tures. The results show that the M1/M2/M3 = TiO2/Ag/Pt
structure has the best extinction performance in 300 nm–
750 nm. The M1/M2/M3 = TiO2/Ag/Au structure has two
absorption peaks at 406 nm and 546 nm, respectively. The
M1/M2/M3 = TiO2/Ag/Pt structure has three extinction peaks
at 410 nm, 670 nm, and 694 nm, respectively, and the

M1/M2/M3 = TiO2/Au/Pt has two extinction peaks at 532 nm
and 732 nm, respectively. There is an extinction peak near
400 nm for structure containing Ag, 540 nm for structure con-
taining Au, and 700 nm for structure containing Pt. This is due
to the fact that the coupling extinction peak of Ag and TiO2 is
near 400 nm, the coupling extinction peak of Au and TiO2 is
near 500 nm, and the coupling extinction peak of Pt and TiO2

is near 700 nm.[58,59] The difference among the material com-
binations might be the reason for causing some differences in
the location and value of extinction peaks. Based on above
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results, there is a complementation of extinction efficiency be-
tween the TiO2/Ag/Au and TiO2/Ag/Pt structures in visible
range.
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Fig. 7. Extinction coefficient spectrum of M1/M2/M3 = TiO2/Ag/Au,
TiO2/Ag/Pt, and TiO2/Au/Pt structures.

The electric near-field distributions of M1/M2/M3 =

TiO2/Ag/Pt structure at extinction peaks of 410 nm, 670 nm,
694 nm are calculated. The electric near-field distribution at
410 nm, 670 nm, and 694 nm in the x plane are shown in
Figs. 8(a1), 8(b1), and 8(c1), respectively. And the electric
near-field distribution in the y plane at 410 nm, 670 nm, and
694 nm are shown in Figs. 8(a2), 8(b2), and 8(c2), respec-
tively. The electric near-field distribution at 410 nm is mainly
concentrated in the part of M2 = Ag. The electric near-field
distribution at 670 nm is similar to that at 694 nm, which
are mainly distributed around M2 and M3, and the distribu-
tion is larger in M2. It is due to the fact that both Ag and Pt
have a coupling effect with TiO2, resulting in two extinction
peaks, and that the distance between the two coupling extinc-
tion peaks is very close, so the structure has two adjacent ex-
tinction peaks at 670 nm and 694 nm.

x

z

z

y

E↼r↽/E02

(a1)

(a2)

(b1)

(b2)

(c1)

(c2)

25

18.75

12.5

6.25

0

Fig. 8. Near-field distribution of M1/M2/M3 = TiO2/Ag/Pt structure at (a1) 410 nm, (b1) 670 nm, (c1) 694 nm in x plane and (a2) 410 nm,
(b2) 670 nm, (c2) 694 nm y plane.

4. Conclusions

We conclude that the ternary nanodisk has better extinc-
tion properties than core–shell and three-sphere structures.
For the nanodisk structures of M1/M2/M3 = Au/(PbSe, Ge,
MoS2, CdSe, or CdS)/TiO2, the best extinction performance
is obtained for Au/PbSe/TiO2 ternary nanodisk in 300 nm–
750 nm. And the extinction coefficient is inversely propor-
tional to the band gap of M2 in 300 nm–600 nm. When
M1/M2/M3 =TiO2/Ag/Au, TiO2/Ag/Pt or TiO2/Au/Pt of nan-
odisk structures, the TiO2/Ag/Pt nanodisk has the best extinc-
tion performance. The extinction efficiency and electric near-
field intensity of TiO2/Ag/Pt structure are much higher than
those of Au/PbSe/TiO2. The TiO2/Ag/Pt nanodisk structure
has two extinction peaks and strong electric near-field in visi-
ble range, so it is hopeful to achieve a better efficiency in the
field of photocatalysis. The spectrum of TiO2/Ag/Pt structure
and the spectrum of TiO2/Ag/Au structure can form a three-
peak extinction spectrum in visible range, it provides a refer-
ence for extending the extinction range.
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