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Resonant scattering of green light enabled by 𝑨𝑨@𝑻𝑻𝑻𝟐 and its
application in green light Projection Screen
Yiyang Ye,

a,*

T. P. Chen,

a,*

b

a

a

a

Juyuan Zhen, , Chen Xu, Jun Zhang, Huakai Li

The ability to selectively scatter green light is essential for a RGB transparent projection display, and this can be achieved
by a silver-core, titania-shell nanostructure (𝐴𝐴@𝑇𝑇𝑇2 ), based on metallic nanoparticle’s localized surface plasmon
resonance. The ability of selectively scattering of green light is shown in theoretical design, where structure optimization is
included, and is then experimentally verified by characterization of a transparent film produced by dispersing such
nanoparticles in polymer matrix. A visual assessesment indicates that a high quality green color image can be clearly
displayed on the transparent film. For completeness, a theoretical design for selective scattering of red light based on
is
also
shown.
𝐴𝐴@𝑇𝑇𝑇2
6

I.

Introduction

A transparent display enables us to see both the image
displayed on it and the view behind it. Therefore, transparent
display finds applications in, for example, augmented reality,
which appears to show a floating object in air, and shop
windows that can show translucent images and movies, and
head up display which shows navigation information in a car’s
window shield. The market of Head Up Display is worth 9.02
1
Billion USD by 2020. The revenue of VR/AR is expected to hit
2
150 billion USD by 2020. Several types of transparent displays
have been studied, each has its own advantages and
disadvantages. Microlens array (MLA) can be used to
implement a transparent display screen, but its fabrication
3
process is complicated. In the case of projection-based
fluorescent display, three thin layers separately containing
fluorescent materials emitting red, green and blue light upon
4
absorbing their corresponding excitation light are stacked.
The projection-based fluorescent display is good in terms of
transparency as well as the displayed image contrast ratio, but
it must employ a specially designed projector that generates
excitation wavebands. Organic light emitting diode (OLED)
based screen is made by combining OLED and transparent
electrodes such as indium tin oxide (ITO) glass. Despite the
cost of OLED based screen can be theoretically made cheap by
5
screen printing , and its advantage in flexibility, it suffers from
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the limited lifetime of the organic materials , and susceptibility
7
to water and oxygen damage. The most recently studied
transparent display is the localized surface plasmon resonance
(LSPR) based screens, which is theoretically achieved by
dispersing into a visibly transparent matrix three kinds of
specially engineered nanoparticles whose scattering peaks are
sharp and are separately located around 630 nm (red light),
8
530 nm (green light) and 450 nm (blue light). The advantage
of the LSPR based screens is that the process to fabricate a film
is simple and cheap given the engineered nanoparticles are
ready. One way to achieve three sharp scattering peaks is by
silver ellipsoids upon proper designing of shape and size, and
9
array aligning. However, upon normal illumination to the
projection screen, strong, isotropic and sharp selective
scattering
enhancement
has
been
experimentally
8,10
demonstrated only for blue light based on LSPR effect.
Thus, it is of interest to find nanoparticles that enhance greenand red-light scattering.
In this work, nanoparticle of core-shell structure with silver as
core and 𝑇𝑇𝑇2 as shell (𝐴𝐴@𝑇𝑇𝑇2 ) is theoretically found to
selectively scatter green light while transmit light of other
colours upon proper selection of its core and shell dimensions.
This is then experimentally verified by measuring
transmittance, extinction, absorption, forward and backward
scattering spectrums of a transparent film made by dispersing
the 𝐴𝐴@𝑇𝑇𝑇2 nanoparticles in polymer matrix. And the film’s
ability of displaying green-colour image is visually shown. The
design and simulation for red light scattering is also discussed
for completeness.

b.

II. Theoretical design
In this section, the target is to find a nanoparticle that strongly
scatters green light (around 530 nm) and transmit light of
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other colours. In other words, the nanoparticle should have a
sharp peak at around 530 nm in the scattering spectrum, with
small absorption, and the width of the peak should be as
narrow as possible.
Reasons to choose Ag and 𝑻𝑻𝑻𝟐 to form core-shell structure

To achieve this target, metal nanoparticle’s LSPR effect would
11-14
be a choice.
As a rough estimation, quasi-static
approximation (also called dipole approximation) is assumed in
15
the following analysis. For small metallic nanoparticles,
according to Kreibig, the expression for resonance peak’s
16
halfwidth Γ ∗ is derived and given below:
Γ∗ =

2𝜀2 (𝜔)

2
2
��𝑑𝜀1 (𝜔)� + �𝑑𝜀2 (𝜔)�
𝑑𝑑
𝑑𝑑

(1 + 𝛽)

(1)

where 𝜀1 (𝜔) and 𝜀2 (𝜔) are respectively the real and
imaginary parts of the dielectric function of the metallic
material, 𝜔 is the incident light’s frequency, the derivatives
𝑑𝜀1 (𝜔)⁄𝑑𝑑 and 𝑑𝜀2 (𝜔)⁄𝑑𝑑 are taken at resonance
frequency 𝜔 = 𝜔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 , 𝛽 is an expression dependent on
𝜔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 , 𝜀2 (𝜔), 𝑑𝜀1 (𝜔)⁄𝑑𝑑 , 𝑑𝜀2 (𝜔)/𝑑𝑑 and usually small
(less than 2 × 10−3 in the case of silver) . According to (1), to
make the width of the resonance peak narrow, either
𝜀2 (𝜔𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) should be small or 𝑑𝜀1 (𝜔)⁄𝑑𝑑 should be
large. As alkali metals are very unstable, only noble metals
such as Au, Ag, Cu and Al can be considered. Actually Ag is the
best candidate, because near the resonance peak wavelength
of 530 nm, 𝜀2 (𝜔) of Ag is less than 1, while 𝜀2 (𝜔) of Au, Cu
17
and Al are larger than 2 (Fig. 1).
The condition for resonance under quasi-static approximation
11, 12
is
𝜀1 (𝜔) = −2𝜀𝑚 ,

(2)

provided that 𝜀2 (𝜔) is small or does not change much near the
resonance, where 𝜀𝑚 is the surrounding medium’s dielectric
function.

Fig. 1 Imaginary part of dielectric functions (𝜀2 (𝜔)) around the 530 nm for Au,
16
Ag, Cu and Al. Optical constants are taken from reference.

However, the silver’s resonance wavelength is around 400 nm
according to equation (2), assuming the surrounding medium’s
refractive index is 1.5 (for most of polymer material). Thus, the
next step is to shift the peak wavelength to 530 nm. It was
suggested that both increasing a metallic nanoparticle’s size
and coating it with a high-refractive-index dielectric shell will
11
redshift the resonance peak.

By increasing the size alone has the following problem:
although dipole-mode resonance peak will redshift, it
decreases in strength, and the quadrupole mode will occur and
gradually becomes dominant, resulting in an overall broad
11
extinction spectrum. As shown in (3), mathematically, the
resonance condition for a metallic-core dielectric-shell
18
structure, derived under quasi-static approximation, explains
why coating a metallic nanoparticle with a layer of highrefractive-index dielectric shell redshifts the resonance peak:
𝑅 3
� (𝜀𝑠ℎ − 𝜀𝑚 )
𝑅
+
𝑑
𝜀1 (𝜔) = −2𝜀𝑠ℎ
𝑅 3
(𝜀𝑠ℎ + 2𝜀𝑚 ) + 2 �
� (𝜀𝑠ℎ − 𝜀𝑚 )
𝑅+𝑑
(𝜀𝑠ℎ + 2𝜀𝑚 ) − �

(3)

provided that 𝜀2 (𝜔) is small near the resonance wavelength,
where 𝜀𝑠ℎ is the dielectric function of the shell (assumed to be
constant), 𝑅 and 𝑑 are the core radius and shell thickness
respectively. From equation (3), it is observed that increasing
𝜀𝑠ℎ requires 𝜀1 (𝜔) to be more negative to meet the resonance
condition. Since silver’s 𝜀1 (𝜔) decreases with increasing
17
wavelength in the visible spectrum (400 nm ~ 800 nm), the
resonance peak redshifts when coated with a high-refractiveindex dielectric shell. Intuitively, the redshift can be perceived
11
in this way: the dielectric shell reduces the surface charge,
due to partial compensation by the polarization of the shell.
The reduced surface charge corresponds to a smaller restoring
force which in turn shifts the resonance frequency to lower
values. In this work, 𝑇𝑇𝑇2 is selected as the high-refractiveindex dielectric shell. Thus, a possible nanoparticle that
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selectively scatters green light is a core-shell structure with 𝐴𝐴
as the core and 𝑇𝑇𝑇2 as the shell (𝐴𝐴@𝑇𝑇𝑇2 ).
Optimization consideration

The nanoparticles used in the experiments were synthesized in
a specialized company (nanoComposix) based on our design
and simulation results.
The diameter for the 𝐴𝐴 core, and the thickness for the 𝑇𝑇𝑇2
shell should be determined. For this purpose, the figure of
8
merit (𝐹𝐹𝐹) defined in reference is followed, as given below:
𝐹𝐹𝐹 =

𝜎𝑠𝑠𝑠 (𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 )
2𝜎
�����
𝑠𝑠𝑠 + max{𝜎𝑎𝑎𝑎 }

(4)

where the overline and the symbol max {… } respectively
denote the mean and the maximum in the visible spectrum
(from 400 nm to 800 nm), 𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 is the resonance
wavelength, 𝜎𝑠𝑠𝑠 and 𝜎𝑎𝑎𝑎 are the scattering and absorption
cross sections respectively which can be calculated by the
19
Mie’s theory extended for core-shell structure. The weighing
factor (here it is 2) balances the sharp scattering and low
absorption. This 𝐹𝐹𝐹 favours the following properties: low
absorption cross section over the whole visible spectrum, a
high scattering cross section at the resonance wavelength, and
low scattering cross section elsewhere, i.e. a narrow resonance
peak.
With this 𝐹𝐹𝐹, the optimization for 𝐴𝐴@𝑇𝑇𝑇2 is carried out
with the surrounding medium’s refractive index assumed to be
𝑛 = 1.5 (here PVA, polyvinyl alcohol is used). And 𝑇𝑇𝑇2 ’s
refractive index is assumed to be 1.8. The choice of the value
of 𝑇𝑇𝑇2 ’s refractive index is tentative. The reason why a low
20
refractive index for 𝑇𝑇𝑇2 is chosen rather than a value of 2.7
is that the chemical method employed produces amorphous
21
𝑇𝑇𝑇2 shell, which usually has a much lower refractive index
22
than that of rutile phase due to lower density. Later, it is
shown that the actual refractive index of 𝑇𝑇𝑇2 shell is even
lower, down to 1.77, in order to make the calculated spectrum
fit the measured extinction spectrum. The choice of the 𝐴𝐴’𝑠
𝑛, 𝑘 values has to take into account the effect of surface
scattering of electrons, since the silver core’s size is
comparable to electron’s mean free path in bulk silver, which
23
is about 52 nm. The surface scattering of electrons will lead
to an increased damping of free electrons. Thus, assuming
silver nanoparticle’s dielectric function is represented by a
24
Drude-Lorentz model,
the extra damping γ𝑠 caused by
surface scattering of electrons is added to the bulk damping γ𝑏
in the Drude term to give the corrected dielectric function 𝜀𝐶
25
for silver nanoparticle:
𝜀𝐶 = 𝜀𝑒𝑒𝑒 +

𝜔𝑝2
𝜔𝑝2
−
𝜔(𝜔 + 𝑖𝛾𝑏 ) 𝜔[𝜔 + 𝑖(𝛾𝑏 + 𝛾𝑠 ]

𝜔𝑝 and γ𝑏 are assumed to be 9.6 eV and 22.8 meV
25
26
respectively. And 𝛾𝑠 is given by:
𝛾𝑠 =

𝐴𝑣𝐹
𝑟

(6)

where 𝑣𝐹 = 1.39 × 106 𝑚/𝑠 is the electron velocity at the
Table 1 Optimization results. The optimization starts with an initial guess
of the shell thickness at each quantized diameter value.
Locally
Optimized
Initial guess
optimized
peak
Diameter
of shell
Optimized
shell
wavelength
(nm)
thickness
𝐹𝐹𝐹
thickness
(nm)
(nm)
(nm)
40
45
115
527
0.5093
50
35
53
523
0.6541
60
25
42
538
0.8233
70
15
14
525
0.8941
75
10
7
520
0.9087
80
10
4
521
0.8543
100
5
0
540
0.6527
25

Fermi surface for silver, and 𝑟 is the radius of the silver core,
𝐴 is a dimensionless fitting number, whose value is not free
from controversy: values from 0.1 to 2 have been theoretically
27
justified.
Since 𝐴 values of 0.25, 0.8 have been
26, 27
experimentally reported,
an 𝐴 value of 0.5 is chosen for
the optimization.
As the silver nanoparticles are readily available from the
specialized company with the diameters of 5, 10, 20, 25, 30,
40, 50, 60, 70, 75, 80, 100, 110 nm, the 𝐴𝐴@𝑇𝑇𝑇2
nanoparticle’s core diameters are quantized at these values.
Since the wavelength of green light is around 530 nm, the peak
wavelength 𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 should be tunable from 520 nm to 540
nm. The BOBYQA, a local optimization algorithm, is employed
28
in the optimization process. During the optimization, all
diameter values are attempted. At each diameter value, an
initial guess for shell thickness is given, and the 𝐹𝐹𝐹 defined
by equation (4) is maximized with two tunable variables: the
shell thickness and the wavelength (bounded from 520 nm to
540 nm). The result for the optimization is given in Table 1.
Although a 75 nm silver core with 7 nm shell has the highest
𝐹𝐹𝐹,

(5)
17

where 𝜀𝑒𝑒𝑒 is silver’s dielectric function from reference, 𝜔𝑝 is
the plasma frequency of silver, 𝜔 is the frequency of the
incident light, 𝑖 is the imaginary number. In the optimization,
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wavelength at 520 nm, a high scattering cross section around
the peak wavelength and a low scattering cross section
elsewhere, and an overall low absorption cross section.
The 𝐴𝐴@𝑇𝑇𝑇2 nanoparticles are originally dispersed in IPA
(isopropanol) upon receiving, with a concentration of 0.49
mg/mL. To measure the haze, extinction and transmittance
spectrums of the 𝐴𝐴@𝑇𝑇𝑇2 nanoparticles when their
surrounding medium is polymer matrix, they are dispersed in
PVA. And the procedures to make 𝐴𝐴@𝑇𝑇𝑇2 -dispersed PVA
film is as followings:
1.

2.
Fig. 2 (a) Efficiency (defined by (𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠)⁄𝜋𝑎 2 , where 𝑎 = 49 nm) for
extinction, scattering and absorption, calculated by Mie’s theory for the chosen
target structure (core = 70 nm, shell thickness = 14 nm) as a function of
wavelength. (b) Blue line represents intensity of the scattered light at resonant
wavelength (525 nm) plotted versus the scattering angle (degree) in polar form,
assuming incident light has a unit intensity, and equal components for the p- and
s- polarization with respect to the scattering plane. Calculations are done by
Mie’s theory.

a 𝑇𝑇𝑇2 shell with 7 nm thickness is difficult to synthesize. So,
the structure with the second highest 𝐹𝐹𝐹 (core = 70 nm,
shell = 14 nm) is chosen as the reference target for
synthesizing. And in Fig. 2, for this chosen reference target, the
efficiency spectrums for extinction, scattering and absorption,
and a polar diagram of the intensity of the scattered light at
resonant wavelength (525 nm) calculated by Mie’s theory are
shown.

III. Experimental verification
The optimized structure (core = 70 nm, shell thickness = 14
nm) serves as a reference target for the experimental
synthesis. Due to the difficulty in precisely controlling the size
of the core (the core diameter shrinks during synthesizing) and
shell, and the uncertainty in refractive index of amorphous
22
𝑇𝑇𝑇2 shell caused by its low density, the optimized size
shown in Fig. 2 cannot be precisely synthesized and even so it
may not give a satisfactory spectrum. In fact, of the many
samples synthesized, it is found only the one with average core
diameter of 67 nm and average shell thickness of 18 nm [Fig.
3] has a satisfactory spectrum characteristic with the peak

3.

4.

5.

Add 3.57 g PVA (80% HYDROLYZED, SIGMA-ALDRICH)
powder in 32 mL of deionized water (PVA has a weight
percentage of 10%), and stir for 2~3 hours until PVA is
fully resolved.
Degas the PVA water solution, if there is any bubble, in a
vacuum chamber.
Add 2 mL 𝐴𝐴@𝑇𝑇𝑇2 IPA solution into the PVA water
solution and stir for 10 minutes for the nanoparticle to be
uniformly dispersed in the solution.
Pour the solution obtained into a square glass mould
whose size is 10 cm by 10 cm, and put the mould in a
fume hood for about 3 days.
After step 4, the dried PVA film dispersed with 𝐴𝐴@𝑇𝑇𝑇2
nanoparticle is ready, and is teared from the glass mold.

To measure the transmittance, extinction, absorption,
scattering, ratio of forward and backward scattering of
𝐴𝐴@𝑇𝑇𝑇2 nanoparticles dispersed in PVA film, a pure PVA film
is used for comparison, as described in section Method. For
the fabrication of the pure PVA film, the procedures are the
same as that for the 𝐴𝐴@𝑇𝑇𝑇2 -dispersed PVA film with the
exclusion of step 3.
Fig. 3 TEM images of the 𝐴𝐴@𝑇𝑇𝑇2 nanoparticles with average core diameter of
67 nm, average shell thickness of 18 nm. Fig. 3 (a) shows a single particle of such
a core-shell structure. In Fig. 3 (b), free 𝑇𝑇𝑇2 are observed.

Section Method describes how to derive the transmittance,
extinction, absorption, scattering, forward and backward
scattering spectrums of the 𝐴𝐴@𝑇𝑇𝑇2 -dispersed PVA film from
the optical measurements.

The transmittance spectrum of the 𝐴𝐴@𝑇𝑇𝑇2 nanoparticles
dispersed in PVA film is measured (normalized against that of
the pure PVA film) (Fig. 4) to show that light with wavelengths
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in the ranges away from 520 nm has a higher transmittance
than that of light with wavelength near 520 nm. In Fig. 5, the
measured extinction, absorption, scattering, forward and
backward scattering spectrums are compared to those
calculated by Mie’s theory. In the calculations, the 𝐴𝐴’s 𝑛, 𝑘
values were surface-scattering corrected as described by
equations (5) and (6), assuming the same parameters as in
“Optimization consideration” part except that the 𝐴 value is
changed to 0.6, 𝑇𝑇𝑇2 and surrounding medium’s refractive
indices were assumed to be 1.77 and 1.5, respectively, and a
normal distribution of the nanoparticles with the core
diameter of 67 nm with the standard deviation of 17 nm and
the shell thickness of 18 nm with the standard deviation of 5
nm were assumed. The method to coat 𝑇𝑇𝑇2 shell follows that
21
described in reference. The larger measured absorption in
Fig. 5(b), as

Fig. 4 Transmittance of the 𝐴𝐴@𝑇𝑇𝑇2 -dispersed PVA film normalized to the pure
PVA film, having an average value of 60.38%. The inset shows the comparison of
the transmittance between the 𝐴𝐴@𝑇𝑇𝑇2 -dispersed PVA film and the pure PVA
film.

Fig. 5 Comparison between measured (red) and calculated (black) extinction spectrums, and components for absorption, forward and backward scattering calculated
by Mie’s theory in (a), and those derived from experimental measurements in (b). Note that the sum of the areas of forward and backward scattering gives the total
scattering. The way to calculate forward and backward scattering with Mie’s theory is to integrate the scattering light power from 0° to 90° and from 90° to 180° with
respect to the scattering angle, respectively. The derivation of absorption, forward and backward scattering from experimental measurements is described in section
“Method”. The parameters used in the calculations are given in the text.

compared to that calculated in Fig.5 (a), may be due to
absorption of PVA and free 𝑇𝑇𝑇2 particles near the UV region,
and measurement error or a larger damping of electrons’
surface scattering (i.e. a larger value of 𝐴 in equation 6) in the
wavelength region from 420 to 800 nm. The measured back
scattering is much smaller than the forward scattering around
the resonant wavelength in Fig. 5(b) as compared to that in
Fig. 5(a), this is due to the specular reflection exclusion port
shown in setup 𝑇5 (𝜆) Fig. 8 is very large, and some of the
backscattered light is not captured by the integrating sphere.
In the region away from the resonant wavelength, since the

nanoparticles’ scattering intensities are weak, the
measurement of forward and backward scattering are
susceptible to noise. A small gap is still observed between
measured and calculated extinction in Fig. 5, which could be
due to existence of free 𝑇𝑇𝑇2 particles, and particle
aggregation.
The effect of the green-light scattering of the 𝐴𝐴@𝑇𝑇𝑇2 dispersed film is clearly demonstrated by the high quality of
the image of the green letters of “NTU” projected onto the
film by a laser projector (SONY MP-CL1A), as shown in Fig. 6
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(a). The green light generated from this projector is measured
to be 523±3 nm. For comparison, the projected image onto the
pure PVA film without the nanoparticle is also shown in the
same figure. It can be observed from Fig. 6 (b) that the
projected image of the three green letters on the pure PVA
film is much poor. On the other hand, three RGB (red, green

and blue) letters of “NTU” were placed behind the 𝐴𝐴@𝑇𝑇𝑇2 dispersed film. As shown in Fig. 6, the RGB letters can be
clearly observed, showing a reasonably high transparency in
the visible wavelength range. A supplementary video shows
the isotropy of scattering.

Fig. 6 Demonstration of the transparent nanoparticle-dispersed PVA film which selectively scatters green light (a). A pure PVA film without nanoparticle is shown for
comparison (b). The images were projected by a laser projector (SONY MP-CL1A). The images of (a) and (b) are captured with the same lighting and exposure
conditions, and the photographs are not edited.

IV. Theoretical design for red light scattering
It is worth mentioning that the 𝐴𝐴@𝑇𝑇𝑇2 structure may also be
utilized for selective scattering of red light, upon proper
selection of core and shell values. A similar optimization is
carried out as described in section “II Theoretical design”, all
parameters are the same as in the optimization for green light
scattering, except that a value of 2 is assumed here for
refractive index of 𝑇𝑇𝑇2 , and the tunable range for peak
wavelength 𝜆𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 becomes 620 nm to 650 nm.

The optimized structure has a core diameter of 75 nm, shell
thickness of 39 nm, a peak wavelength of 620 nm, with a 𝐹𝐹𝐹
of 0.8921. The efficiency spectrums for extinction, scattering
and absorption are plotted in Fig. 7 (a), and the polar diagram
of the intensity of the scattered light at resonant wavelength
(620 nm) is plotted in Fig. 7 (b).

Fig. 7 (a) Efficiency (defined by (𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠)⁄𝜋𝑎 2 , where 𝑎 = 76.5 nm) for
extinction, scattering and absorption, calculated by Mie’s theory for the
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structure with the highest 𝐹𝐹𝐹 (core = 75 nm, shell thickness = 39 nm) as a
function of wavelength. (b) Blue line represents intensity of the scattered light at
resonant wavelength (620 nm) plotted versus the scattering angle (degree) in
polar form, assuming incident light has a unit intensity, and equal components
for the p- and s- polarization with respect to the scattering plane. Calculations
are done by Mie’s theory.

V. Method
The setup to measure transmittance, extinction, absorption,
scattering, forward and backward scattering spectrums with
an integrating sphere is improved from the one employed in
29
the standard ASTM D 1003, and is shown in Fig. 8, where 𝑇𝑖
(𝑖 = 1,2,3,4,5) and 𝑅 is proportional to the amount of light
trapped in the integrating sphere, or in other words, the
amount of light that fails to go out from the open port at the
right side and, in the case of 𝑇5 ’s setup, the open port for the
specularly reflected light to go out that is near the incident
light port. And with the setup shown in Fig. 8, being similar to
(but not the same as) the definition in ASTM D 1003, the haze
value here of a film at a wavelength 𝜆 is defined as:
𝐻(𝜆) =

𝑇4 (𝜆) 𝑇3 (𝜆)
−
𝑇2 (𝜆) 𝑇1 (𝜆)

The haze value at a wavelength λ given by equation (7) shows
the proportion of the forwardly scattered light among the total
diffusely transmitted light, which consists of forwardly
scattered light and directly transmitted light that goes in the
same propagating direction of the incident light.
The derivation of nanoparticle’s extinction spectrum employs
the Beer-Lambert law. Considering the situation shown in Fig.
9, where 𝐼𝑛 (𝜆) (𝑛 = 1,2,3,4) denotes light intensity, and based
on the Beer-Lambert law, the following equation can be
obtained:
𝐼3 (𝜆)
= 𝑒 −(𝑁∙𝜎𝑒𝑒𝑒+𝑁𝑁𝑁𝑁𝑁)
𝐼2 (𝜆)

Assuming that the loss of energy due to reflection and surface
scattering at both the left air / film interface and the right film
/ air interface is 𝑥 (0 < 𝑥 < 1), we can write the following
equations:

𝐼3 (𝜆)(1 − 𝑥) = 𝐼4 (𝜆)

(9)

(10)

Equation (8) can thus be expressed as below in terms of 𝐼1 (𝜆)
and 𝐼4 (𝜆):

(11)

As both 𝐼4 (𝜆) and 𝐼1 (𝜆) are the light intensity in air, they are
related to 𝑇𝑖 (𝑖 = 1,2,3,4,5) by the same proportional constant
α as below:

Fig. 8 Experimental setup to obtain a film’s transmittance, extinction, absorption,
scattering, ratio of forward and backward scattering values employing an
integrating sphere. The directly measured values are 𝑇1 (𝜆), 𝑇2 (𝜆), 𝑇3 (𝜆), 𝑇4 (𝜆),
𝑇5 (𝜆) and 𝑅(𝜆) where 𝑇𝑖 (𝑖 = 1,2,3,4,5) or 𝑅(𝜆) is proportional to the amount of
light trapped in the integrating sphere. The transmittance, extinction,
absorption, scattering, ratio of forward and backward scattering values are
deduced from these measured values.

𝐼1 (𝜆) = α𝑇1 (𝜆)

(8)

where 𝑁 is the areal density of nanoparticles, i.e. number of
nanoparticles per unit area (this area is perpendicular to the
propagation direction of the incident light); 𝜎𝑒𝑒𝑒 is the average
extinction cross section of the nanoparticles dispersed in this
film; and 𝑁𝑁𝑁𝑁𝑁 is due to scattering caused by the nonuniformity of the film itself.

𝐼1 (𝜆)(1 − 𝑥) = 𝐼2 (𝜆)

𝐼4 (𝜆)
= 𝑒 −(𝑁∙𝜎𝑒𝑒𝑒+𝑁𝑁𝑁𝑁𝑁)
𝐼1 (𝜆)(1 − 𝑥)2

(7)

𝐼4 (𝜆) = α[1 − 𝐻(𝜆)]𝑇2 (𝜆)

(12)
(13)

Therefore, equation (11) can be written as

[1 − 𝐻(𝜆)]𝑇2 (𝜆)
= 𝑒 −(𝑁∙𝜎𝑒𝑒𝑒+𝑁𝑁𝑁𝑁𝑁)
𝑇1 (𝜆)(1 − 𝑥)2

(14)

Because the loss 𝑥 and film-dependent 𝑁𝑁𝑁𝑁𝑁 are unknown, a
pure film without any nanoparticle dispersed is used to
eliminate the two parameters. A similar expression is derived
with the same procedure under the assumption that the two
parameters are about the same for the two films:

where 𝐻′ (𝜆) �=

[1 − 𝐻 ′ (𝜆)]𝑇2′ (𝜆)
= 𝑒 −𝑁𝑁𝑁𝑁𝑁
𝑇1 (𝜆)(1 − 𝑥)2

𝑇4′ (𝜆)
𝑇2′ (𝜆)

−

𝑇3 (𝜆)
�
𝑇1 (𝜆)

is the haze

(15)
value at the

wavelength λ of the pure PVA film, 𝑇2′ (𝜆) and 𝑇4′ (𝜆) are
measured for the pure film in the same way as for 𝑇2 (𝜆) and
𝑇4 (𝜆) for the nanoparticle-dispersed film. Note that 𝑇1 (𝜆) and
𝑇3 (𝜆) are not affected by the change of sample.
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Now, 𝑁 ∙ 𝜎𝑒𝑒𝑒 can be obtained from (14) and (15), as given
below:
𝑁 ∙ 𝜎𝑒𝑒𝑒

𝑇 (𝜆) 𝑇3 (𝜆)
�1 − � 4
−
�� 𝑇2 (𝜆)
𝑇2 (𝜆) 𝑇1 (𝜆)
= −ln �
�
𝑇 ′ (𝜆) 𝑇3 (𝜆)
�1 − � 4′
−
�� 𝑇2′ (𝜆)
𝑇2 (𝜆) 𝑇1 (𝜆)

(16)

The 𝑁 ∙ 𝜎𝑒𝑒𝑒 , is the total extinction cross section within a unit

Thus, with the measurement shown in Fig. 8, the following
equation can be written:
diffusely transmitted light + diffusely reflected light
𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑙𝑙𝑙ℎ𝑡
𝑇2 (𝜆) + 𝑅(𝜆)
=
𝑇1 (𝜆)
= 𝑒 −(𝑁∙𝜎𝑎𝑎𝑎+𝑁𝑁𝑁𝑁𝑁)

(18)

where 𝑁𝑁𝑁𝑁𝑁 comes from the PVA film and measurement
system, and in the near UV region, 𝑁𝑁𝑁𝑁𝑁 includes PVA film’s
absorption. Assuming 𝑁𝑁𝑁𝑁𝑁 in the nanoparticle-dispersed film
is the same as in the pure PVA film, the following equation can
be written to eliminate the 𝑁𝑁𝑁𝑁𝑁 in equation (18).
𝑇2′ (𝜆) + 𝑅′ (𝜆)
= 𝑒 −𝑁𝑁𝑁𝑁𝑁
𝑇1 (𝜆)

(19)

where 𝑅′ (𝜆) is the diffuse reflectance of the pure PVA film
measured with the same setup as 𝑅(𝜆). Thus, from equations
(18) and (19), 𝑁 ∙ 𝜎𝑎𝑎𝑎 is given by the following expression:
𝑇2 (𝜆) + 𝑅(𝜆)
𝑁 ∙ 𝜎𝑎𝑎𝑎 = −ln � ′
�
𝑇2 (𝜆) + 𝑅′ (𝜆)

area, which was also named “extinction constant” in
Fig. 9 Schematic showing light attenuation when going through a thin film. 𝐼1 (𝜆)
denotes the incident light intensity. 𝐼2 (𝜆) denotes the intensity for the light
propagating in the original direction after a loss from 𝐼1 (𝜆) at the left air / film
boundary due to reflectance and surface scattering. 𝐼3 (𝜆) denotes the intensity
for the light propagating in the original direction after a loss from 𝐼2 (𝜆) due to
scattering and absorption during the course from the left air / film boundary to
the right film / air boundary. 𝐼4 (𝜆) denotes the intensity for the light propagating
in the original direction after a loss from 𝐼3 (𝜆) at the right film / air boundary
due to reflectance and surface scattering.
11

reference.
Only 𝑁 ∙ 𝜎𝑒𝑒𝑒 is derived from experimental
measurements. This is because only the overall shape of the
𝑁 ∙ 𝜎𝑒𝑒𝑒 spectrum that matters. The extinction spectrum
𝑁 ∙ 𝜎𝑒𝑒𝑒 (red solid line) in Fig. 5 is normalized such that the
maximum value of 𝑁 ∙ 𝜎𝑒𝑒𝑒 is 1, and the rest values of this
spectrum are scaled accordingly.
From Fig. 9 and equations (12) and (13), the transmittance
shown in the inset of Fig. 4 is given by the following equation:
𝑇4 (𝜆) 𝑇3 (𝜆)
𝐼4 (𝜆) �1 − �𝑇2 (𝜆) − 𝑇1 (𝜆)�� 𝑇2 (𝜆)
𝑇(𝜆) =
=
𝐼1 (𝜆)
𝑇1 (𝜆)

(17)

To experimentally find the absorption and scattering
components from the measured extinction spectrum, 𝑁 ∙ 𝜎𝑎𝑎𝑎
is firstly derived from measurements in Fig. 8, where 𝜎𝑎𝑎𝑎 is
the average absorption cross section, in a way similar to that
of deriving 𝑁 ∙ 𝜎𝑒𝑒𝑒 employing Beer-Lambert law. Then, the
scattering component is given by (𝑁 ∙ 𝜎𝑒𝑒𝑒 − 𝑁 ∙ 𝜎𝑎𝑏𝑏 ).

Assuming the PVA film is non-absorptive from 350 nm to 800
nm of light wavelength, then the intensity attenuation of the
sum of diffusely transmitted light and diffusely reflected light
compared to the incident light after it goes through the sample
film is only due to absorption of the dispersed nanoparticles.

(20)

Thus, the scattering component 𝑁 ∙ 𝜎𝑠𝑠𝑠 , where 𝜎𝑠𝑠𝑠 is the
average scattering cross section, is given by:
𝑁 ∙ 𝜎𝑠𝑠𝑠 = 𝑁 ∙ 𝜎𝑒𝑒𝑒 − 𝑁 ∙ 𝜎𝑎𝑎𝑎

(21)

Assuming the nanoparticles’ forward scattering intensity
𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆 is proportional to the right-hand side of the
following expression with proportional constant 𝛽:
𝐼𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆 ∝

�𝐻(𝜆) ∙ 𝑇2 (𝜆) − 𝐻 ′ (𝜆) ∙ 𝑇2′ (𝜆)�
=𝐹
𝑇1 (𝜆)

(22)

, and the nanoparticles’ backward scattering intensity 𝐼𝐵𝐵𝐵𝐵 𝑆𝑆𝑆
is proportional to the right-hand side of the following
expression with the same proportional constant 𝛽:
𝐼𝐵𝐵𝐵𝐵 𝑆𝑆𝑆 ∝

�𝑇5 (𝜆) − 𝑇5′ (𝜆)�
=𝐵
𝑇1 (𝜆)

(23)

where 𝑇5′ (𝜆) is the pure PVA film’s back scattering measured
with the same setup as for 𝑇5 (𝜆). Then, the ratio of forward
scattering 𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆 , and of backward scattering
𝑅𝑅𝐵𝐵𝐵𝐵 𝑆𝑆𝑆 are given by equations (24) and (25) respectively:
𝑅𝑅𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑆𝑆𝑆 =
𝑅𝑅𝐵𝐵𝐵𝐵 𝑆𝑆𝑆 =

𝐹
𝐹+𝐵

𝐵
𝐹+𝐵

(24)

(25)

VI. Conclusions and future work
In this work, a 𝐴𝐴@𝑇𝑇𝑇2 core-shell nanoparticle is proposed
and demonstrated to achieve the objective of selectively
scattering of green light. A transparent projection film is made
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from this nanoparticle. Since the nanoparticles that enhances
blue light scattering have been reported previously, with the
demonstration of selectively scattering of green light in the
present work people are one step closer to achieving a
transparent LSPR-based RGB projection screen.
Since the scattering peak shown in this work is still not ideally
narrow, future works include further reducing the size
distribution of the nanoparticle, and maybe finding a bluescattering particle having a resonant wavelength more blue8
shifted as compared to that shown in ref, and a red-scattering
particle having a resonant wavelength around 725 nm, to leave
enough wavelength space for transmitting lights with
wavelength away from the three RGB resonance peaks.
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