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ABSTRACT: The interaction between light and metallic nanostructures leads to many impressive 

achievements and has a wide range of applications. The thin metal film plasmon-assisted fiber-

optic polarizer is one of the essential applications. However, the polarization mechanism and the 

transmitted polarization of the plasmon-assisted polarizer have existed controversy over the past 

decade. Which one of the polarizations is preferentially transmitted through the polarizer? The 

transverse electric polarization or the transverse magnetic polarization? Here, special emphasis is 

placed upon the polarization mechanism and the transmitted polarization of thin metal film 

plasmon-assisted fiber polarizers. We first investigate the polarization mechanism of the polarizers 

theoretically and numerically. Furthermore, a novel approach is proposed to demonstrate the 

transmitted polarization in the plasmon-assisted fiber polarizers experimentally. We demonstrate 

that the polarization mechanism is based on the polarization selective absorption of the metallic 

material, and the transverse electric polarization is the only transmitted polarization of the metallic 

plasmon-assisted polarizer. Moreover, the plasmon-assisted polarizer can offer a high polarization 

extinction ratio (33.1dB) and a low insertion loss (1.1dB) at room temperature and have an 

excellent temperature stability in the range of -48~82°C. Experimental results agree well with our 

theoretical and numerical analysis. The findings clarify the confusion about the polarization 

mechanism and the transmitted polarization of metallic plasmon-assisted fiber polarizers over the 

past decade, providing new ground for the exploration of polarization sensitive optical systems, 

with a good potential applications in the fields of optical sensors, plasmonic lasers, coherent optical 

communications, as well as biosensor systems. 

KEYWORDS: metallic material, plasmonic devices, metal-dielectric interface, polarization of 

light, optical polarizers  
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INTRODUCTION 

For decades, metallic materials were regarded as dull and useless for optical devices.1 In recent 

years, however, the interaction between light and metallic nanostructures leads to many impressive 

achievements that propel plasmonic optics to a very lively and productive research area.2-4 With 

the development of accurate and reliable nanofabrication techniques, metals bridge the gap 

between classical optics and plasmonic optics, and have a wide range of applications.5-10 The thin 

metal film plasmon-assisted fiber-optic polarizer is one of the essential applications. Polarizers are 

very important devices for polarization filtering and analyzing. Many optical systems have 

operational characteristics that are highly dependent on the polarization of the light, including 

biosensors, interferometric sensors, nanowire lasers, coherent optical communications, and 

quantum communications, etc.11-15 Many types of polarizers with different structures or different 

polarization mechanisms, such as birefringence, reflection, selective absorption, and scattering, 

have been reported.16,17 Initially, attention has focused on bulk-optic polarizers.16 With the 

discovery and exploration of surface plasmon polaritons (SPPs)18-20 and the development of 

accurate and dependable nano-fabrication techniques,21-25 fiber polarizers, including metallic 

plasmon-assisted fiber polarizers,26-30 graphene-clad fiber polarizers,31-33 and plasmonic photonic 

crystal fiber polarizers blossomed.34,35 

It is easy to clarify the polarization mechanism and to figure out the transmitted polarization 

of the bulk-optic polarizer. There are, however, two opinions regarding the transmitted polarization 

of the metallic plasmon-assisted polarizer, the transverse electric (TE) polarization (electric field 

parallel to the metal plane) or the transverse magnetic (TM) polarization (electric field 

perpendicular to the metal plane). Some studies have reported the transmitted polarization of the 

polarizer to be TE polarization,36-38 while others came to a different conclusion.31,39,40 For example, 
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in their Nature Photonics letter,31 Bao et al. only observed a TM pass polarizing effect in metal-

clad plasmon-assisted fiber polarizers. In an Electronics Letter, Eickhoff 40 claimed that there were 

two possible ways of making TE or TM pass polarizers in such a structure. However, all these 

conclusions were drawn from theoretical predictions or unprecise experimentation (1. Using 

single-mode (SM) fibers to fabricate the optical fiber polarizer and in their systems.31,40 As is 

known to all, polarization properties of SM fibers are easily disturbed by environmental factors. 2. 

Investigating the state of polarization (SOP) of the radiated light31,39 to conjecture the SOP of 

transmitted light.). It is therefore essential to analyze the polarization state of the light propagating 

in metallic plasmon-assisted polarizers theoretically and experimentally, in order to clarify the 

confusion about the polarization mechanism. 

Here, special emphasis is placed upon the polarization mechanism and the transmitted 

polarization of thin metal film plasmon-assisted polarizers instead of only the attenuation 

differences of the TM and TE polarizations. The polarization mechanism of the metallic plasmon-

assisted polarizer is base on the polarization selective absorption of the metallic materials, instead 

of the radiative loss of the optical fiber, according to the theoretical and simulated results. 

Furthermore, a novel approach is proposed to demonstrate the transmitted polarization of plasmon-

assisted fiber polarizers experimentally. The experimental results conform with the theoretical and 

numerical analysis, suggesting that the TE mode is the only transmitted polarization of the metallic 

plasmon-assisted fiber polarizer. Moreover, the plasmon-assisted polarizer can offer a high 

polarization extinction ratio (PER) of 33.1dB and a low insertion loss (IL) of 1.1dB at room 

temperature. Compared with the traditional bulk-optic polarizer, the plasmon-assisted polarizer 

has a more compact and robust configuration and a higher temperature stability with a good 

potential in applications. 
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RESULTS AND DISCUSSION 

Theory of the metallic plasmon-assisted polarizer. Theoretical analysis of the metallic plasmon-

assisted fiber polarizer is based on the theory of the asymmetric metal dielectric multilayer slab 

waveguide 41,42 (see the Supporting Information for details). Figure 1a,b show the schematic 

diagrams of the plasmon-assisted fiber polarizer and the two-dimensional (2D) theoretical model, 

respectively. In this model, the guided wave propagates along the z-axis, and the metal plane is 

perpendicular to the x-axis. The electric field can be written as ܧሺݔሻexp	ሾ݆ሺ߱ݐ െ ߚ ሻሿ, whereݖߚ ൌ

ᇱߚ െ ′′ߚ݆   denotes the complex propagation constant along the z-axis,   denotes the phase 

constant, and   denotes the attenuation constant. The propagation losses of the optical waveguide 

are proportional to . The field components for TE modes are Ey, Hx and Hz, and for TM modes 

are Ex, Ez and Hy. The mode characteristics are determined by applying the boundary conditions, 

and the complex propagation constants are obtained as the solutions of the eigenvalue equations 

Eqs. (1)-(6). 

ଵ݀ߢ ൌ ߨ݉ ൅ ݊ܽݐܿݎܽ ൬ߛଵ଴
଴݌
ଵߢ
൰ ൅ ݊ܽݐܿݎܽ ቆߛଵଶ

ଶ݌
ᇱ

ଵߢ
ቇ ,݉ ൌ 0,1,2,3…																				ሺ1ሻ 

ଶ݌
ᇱ ൌ ݊ܽݐଶ݌ ݄ ൤݄ܽ݊ܽݐܿݎ ൬ߛଶଷ

ଷ݌
ଶ݌
൰ ൅  ሺ2ሻ																																												ଶ݄൨݌

଴݌
ଶ ൌ ଶെ݇଴ߚ

ଶ݊଴
ଶ																																																																				ሺ3ሻ 

ଵߢ
ଶ ൌ ݇଴

ଶ݊ଵ
ଶ െ  ሺ4ሻ																																																																		ଶߚ

ଶ݌
ଶ ൌ ଶെ݇଴ߚ

ଶ݊ଶ
ଶ																																																																				ሺ5ሻ 

ଷ݌
ଶ ൌ ଶെ݇଴ߚ

ଶ݊ଷ
ଶ																																																																				ሺ6ሻ 

Where n1, n2 (n0=n2) and n3 are refractive indexes of the core, the cladding and the metal, 

respectively, p0, p2, p3 and 1 are transverse wavenumbers along the x-axis in each region, k0 = 
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 6

2/ is the wavenumber in a vacuum, d denotes the diameter of the core, and h denotes the buffer 

layer thickness, as shown in Figure 1b. For TE modes, ߛଵ଴ ൌ ଵଶߛ ൌ ଶଷߛ ൌ 1, and for TM modes, 

ଵ଴ߛ ൌ
ఌభ
ఌబ
, ଵଶߛ ൌ

ఌభ
ఌమ
, ଶଷߛ	 ൌ

ఌమ
ఌయ

, where ߝ௜ is the dielectric constant of each region (i=0,1,2,3). The 

complex dielectric constant of the metal can be written as ߝଷ ൌ ݊ଷ
ଶ ൌ ଷߝ

ᇱ ൅ ଷߝ݆
ᇱᇱ. 

Figure 1c,d show the numerical calculation results of the phase constant   and the attenuation 

constant  of the first few TE and TM modes as functions of d, respectively. The fundamental 

mode, TM0, whose electric field is perpendicular to the metal plane, exhibits the behavior of a SPP. 

It is present because the real part of the dielectric constant of the metal is negative. TM0 mode 

differs from the higher order TM mode as well as all TE modes, displaying some special properties.  

As shown in Figure 1c, the phase constant  of TM0 mode is not constrained to lie between 

k0n2 and k0n1, it satisfies ݈ܽ݁ݎ ൬݇଴ට
ఌమఌయ
ఌమାఌయ

൰ ൏ ெబ்ߚ
ᇱ ൏ ݈ܽ݁ݎ ൬݇଴ට

ఌభఌయ
ఌభାఌయ

൰ , unlike the case of the 

common guided wave. The TM0 mode has no cutoff. However, the higher order TM modes and 

all TE modes have cutoff, for example, the TE0 mode (red solid line) can only propagate when d 

is larger than 1.35m.  

Figure 1d reveals that the attenuation constants  of all TE modes are lower than those of TM 

modes of the same order. For example, when d=3.5m, only 3 modes can exist, the TM0 

(=93060/m), the TM1 (=2030/m) and the TE0 (=47/m) mode. The attenuation constants of 

the TM0 and TM1 modes are much larger than that of the TE0 mode, especially the SPP mode, TM0 

mode. With the same propagation distance along the z direction, the losses of TM modes are much 

larger than TE modes. It means that for the metallic plasmon-assisted fiber-optic polarizer, the 

polarization mechanism is based on the differences of the attenuation of the TE and TM 

Page 6 of 23

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 7

polarizations. Therefore, TE polarization is the transmitted polarization of the metallic plasmon-

assisted polarizer. 

The PER and the IL (the loss of the transmitted polarization) of the metallic plasmon-assisted 

polarizer can be represented as: 

PERሺdBሻ ൌ 10lg	ሾ ்ܲா

்ܲெ
ሿ ൌ 10lg	ሾ

expሺെ2்ߚா
ᇱᇱ ሻܮ

expሺെ2்ߚெ
ᇱᇱ ሻܮ

ሿ ൌ
10
݈݊10

ሺ2்ߚெ
ᇱᇱ െ ா்ߚ2

ᇱᇱ ሻܮ										ሺ7ሻ 

ILሺdBሻ ൌ 10lg	ሾ ்ܲாି௜௡

்ܲாି௢௨௧
ሿ ൌ 10lg	ሾ

1
expሺെ2்ߚா

ᇱᇱ ሻܮ
ሿ ൌ

10
݈݊10

ሺ2்ߚா
ᇱᇱ  ሺ8ሻ																							ሻܮ

Where ்ܲா  and ்ܲெ are the powers of TE and TM polarizations, respectively, ்ߚா
ᇱᇱ  and ்ߚெ

ᇱᇱ  

are the attenuation constants of the TE and TM polarizations, respectively, and L is the length of 

the metal film. The PER (dB) is proportional to the difference of the attenuation constants of the 

TE and TM modes. IL (dB) is proportional to the attenuation constant of the TE mode (transmitted 

polarization). PER (dB) and IL (dB) are both proportional to the length of the metal film L. 
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 8

Figure 1. Schematic diagrams and theoretical results of the metallic plasmon-assisted fiber 

polarizer. (a) Schematic diagram of the plasmon-assisted fiber polarizers. (b) The 2D theoretical 

model. The diameters of the fiber cladding, the fiber core and the stress applying part (SAP) are 

D, d and S, respectively. The thicknesses of the metal film and the buffer layer are M and h, 

respectively. An overview of parameters used in the model is provided in Supporting Table S1. (c) 

Variation of the phase constant  with respect to d, (h=0). Solid lines indicate TE modes, and 

dotted lines indicate TM modes. (d) Variation of the attenuation constant  with respect to d, 

(h=0). (e) PER and IL as functions of d, (h=0). (f) PER and IL as functions of h, (d=3.5m). 
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 9

The relationships between the PER, the IL and the fiber core d is shown in Figure 1e with h=0, 

according to Eqs. (1)-(8). The red line and the left y-axis denote the PER per millimeter metal film, 

and the blue line and the right y-axis are the IL per millimeter metal film. The PER of 7.52 dB/mm 

and IL of 0.18 dB/mm can be obtained with d=5m (corresponding to Fujikura SM85-PS-U25A, 

PANDA polarization maintaining (PM) fiber). The PER of 17.23 dB/mm and IL of 0.41 dB/mm 

can be obtained with d=3.5m (corresponding to Nufern PM850G, PANDA PM fiber which we 

used in the experimentation). 

Figure 1f illustrates the relationships between the PER, the IL and the buffer layer thickness h 

when d=3.5m, according to Eqs. (1)-(8). The red line and the left y-axis denote the PER per 

millimeter metal film, and the blue line and the right y-axis are the IL per millimeter metal film. 

The maximum output PER is 20.41 dB/mm with a buffer layer thickness h=0.4m. The maximum 

IL is 0.41dB/mm with a buffer layer thickness h=0m, and the IL will decrease with the increased 

of the thickness h. Controlling the buffer layer thickness h=0-0.7m will afford a high output PER 

(17.21-20.41dB/mm) and an acceptable IL (0.16-0.41dB/mm). 

Simulations by the FDTD method. With the finite-difference time-domain (FDTD) 

simulations, we obtain the electric field and the mode field distributions of the metallic thin film 

plasmon-assisted fiber polarizer, as shown in Figure 2. The SPP mode (TM polarization) appears 

at the interface of the metallic nano-film and the fiber polished surface as indicated in Figure 2b,d. 

However, the electric field of TE modes maximizes inside the fiber core as shown in Figure 2c,e. 

When the polished surface is tangent to the fiber core (as shown in Figure 2), the absorbed power 

due to the metallic absorption of TM modes is larger than TE modes. With the propagation distance 

of 20m, the absorbed power of TM modes is 23.41% of the incident light, while the absorption 

of TE modes is only 0.97%. When the polished surface reaches the center of the fiber core (see 
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 10

Supporting Figure S3), the metallic absorptions of both TM and TE modes increase. With the 

propagation distance of 20m, the absorbed power of TM modes is 51.16% of the incident light, 

while the absorption of TE modes is only 2.92%. The propagation losses of TM modes are 

therefore extremely larger than TE modes. 

 

Figure 2. Electric field and mode field distributions of TM and TE modes. (a)Cross section of the 

plasmon-assisted fiber polarizer. (b),(c)Cross-sectional electric field distributions of TM and TE 

modes (z=5m). The electric field amplitudes are normalized to the maximum of TE mode. White 

arrows represent the polarization orientations of the light. Black dotted circles represent the fiber 

core regions. (d),(e)Electric field distributions of TM and TE modes in the x-z plane at y=0. Electric 

field amplitudes are normalized to the maximum of TE mode. (f)-(j)Mode field distributions of 

the plasmon-assisted polarizer, and the losses of the modes are 832.14dB/mm, 0.39dB/mm, 
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16.79dB/mm, 3.84dB/mm, 13.3dB/mm, respectively. (f),(h),(j) are TM polarized, and (g),(i) are 

TE polarized. 

Figure 2f-j show the mode field distributions of the metallic plasmon-assisted fiber polarizer. 

According to mode analysis, the losses of the modes (f)-(j) are 832.14dB/mm, 0.39dB/mm, 

16.79dB/mm, 3.84dB/mm, 13.3dB/mm, respectively. The absolute attenuation of TM modes is 

extremely high for practical implementations.43,44 Metal losses of TM modes have inhibited the 

realization of TM pass plasmon-assisted fiber polarizer. This conforms with our theoretical results. 

The polarization mechanism is based on polarization selective absorption of the metallic materials, 

and the TE mode is the only transmitted polarization in the metallic plasmon-assisted fiber 

polarizer. The SPP mode decays very quickly, as shown in Figure 2d, and the radiative modes are 

evanescent or leaky and have very short propagation lengths. The guided modes, Figure 2g,h, 

therefore dominate the IL and the PER of the device. The IL and PER of the plasmon-assisted 

polarizer are 0.39 dB/mm and 16.40 dB/mm, according to FDTD simulations. The simulated 

results agree well with our theoretical analysis (Figure 1e,f). 

Experimentation and discussion. We fabricated a batch of metallic nano-film plasmon-

assisted polarizers (see Supporting Information for details) in order to investigate the polarization 

mechanism, the transmitted polarization, the PER and the IL of the polarizers experimentally. 

Since the SOP of the SM fiber is easily disturbed by environmental factors45, we use the PM fiber 

to fabricate the plasmon-assisted fiber polarizer. Figure 3 shows the scanning electron microscope 

(SEM, FEI Quanta 600 FEG) images of cross-sections of the plasmon-assisted PM fiber-optic 

polarizer. 
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Figure 3. SEM images of the plasmon-assisted polarizer. (a)Cross-sectional image of the plasmon-

assisted polarizer. The polished surface is perpendicular to the slow axis of the fiber. The diameters 

of the fiber cladding, the core and the SAP are about 80μm, 3.5μm, and 21μm, respectively. 

(b)Cross-sectional image with a different microscope magnification near the fiber core region. The 

polished surface reaches the evanescent field, and the fiber core is not destroyed. (c)The metallic 

nano-film is 40 nm thick. 

Figure 4a is the experimental set-up for the determination of the transmitted polarization of 

plasmon-assisted fiber polarizers. To determine which one of the polarizations is preferentially 

transmitted exactly, the SOP of the transmitted light emerging from the polarization region must 

be analyzed directly, by cutting samples in half from the region of where the metal film is deposited, 

instead of evaluating the SOP of radiated light as refs. 31 and 39. Note that all fibers in the 

experimental set-up are PM fibers to make sure that the SOP is environmentally stable. The 

partially polarized light from a superluminescent light emitting diode (EXALOS EXS210027, 

center wavelength 835.90nm, 3dB bandwidth 50.80nm) is launched into the plasmon-assisted 

fiber-optic polarizer. The plasmon-assisted polarizer is placed in a holder, keeping the metal plane 

parallel with the y-z plane as shown in Figure 4a. The SOP of the transmitted light of the plasmon-

assisted fiber-optic polarizer can be analyzed by birefringent polarizers, such as Glan-Taylor(GT) 

prism. The yellow arrow indicates the transmission axis of the GT prism as shown in the Figure 

4a. The polarization parallel with the transmission axis will be transmitted by the GT prism 
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practically unaffected. The transmitted light is detected by the optical detector before it reaches 

the power meter. When the GT prism is rotated, there is a maximum transmitted power (Pmax) 

recorded by the power meter, and a minimum transmitted power (Pmin) perpendicular to this 

direction. 

 

Figure 4. Experimental results. (a) Experimental set-up used to figure out the transmitted 

polarization of the plasmon-assisted polarizer. The plasmon-assisted polarizer is placed in a holder, 

keeping the metal plane parallel with the y-z plane. The GT prism is made of two right-angled 

prisms of calcite separated on their long faces with an air gap. (b) Polar image of the normalized 

optical power emerging from the D-shaped cross-section as a function of . (c) Polar image of the 

normalized output optical power of the plasmon-assisted polarizer. (d) PER temperature stability 

of the plasmon-assisted fiber polarizer compared with the bulk-optic polarizer.  
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Figure 4b indicates the polar image of the normalized optical power emerging from the D-

shaped cross-section as a function of .  denotes the angle between the transmission axis of the 

GT prism and the y-axis. The GT prism is rotated in steps of 10, and the transmitted power is 

recorded for each rotation of the prism. When the angle between the y-axis and the transmission 

axis of the GT prism is 90 degrees (=90), the transmitted power is at a minimum (Pmin= 

33.07dBm). It means that the field component transmitted by the cut plasmon-assisted polarizer 

is perpendicular to the transmission axis of the GT prism. Whereas maximum power, Pmax = 

22.63dBm, occurs when the GT prism is rotated about the z-axis through 90 degrees (=0). In 

this case, the transmission axis of the GT prism and the electric field vector transmitted by the cut 

plasmon-assisted fiber polarizer are parallel. 

Experimental results show that the transmitted power of TM modes is minimal whereas the 

transmitted power of TE modes is maximal. We determine experimentally that the electric field 

passed through the metallic plasmon-assisted polarizer is parallel with the metal plane, and the 

only transmitted polarization of the plasmon-assisted polarizer is the TE polarization. This is very 

important for the design of polarization sensitive fiber systems and PM fiber devices. 

The experimental set-ups used to measure the output PER and the IL of the plasmon-assisted 

fiber polarizer are shown in Supporting Figures S5 and S6. Figure 4c shows the polar image of the 

normalized optical power of the plasmon-assisted polarizer. The PER of the tested plasmon-

assisted fiber polarizer is 33.1dB and the IL is 1.1dB at room temperature (see Supporting 

Information for details). Experimental results agree well with our theoretical analysis and 

simulation results. Figure 4d shows the PER temperature stability of the plasmon-assisted fiber 

polarizer compared with a traditional bulk-optic polarizer. The PER of the plasmon-assisted fiber 
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polarizer is over 31 dB and the absolute offset is less than 2.5dB in the range of -48~82°C. While 

the PER offset of the bulk-optic polarizer is more than 10dB in the range of -40~70°C. The 

performance comparison between the proposed plasmon-assisted fiber polarizer and the previous 

reports is shown in Table 1. The proposed plasmon-assisted fiber polarizers can offer a high PER 

(33.1dB) and a low IL (1.1dB) at room temperature, and have an excellent temperature stability in 

the range of -48~82°C. The proposed plasmon-assisted polarizer has a compact and robust 

configuration and a high temperature stability with a good potential in applications.  

Table 1. Performance Comparison with the Previous Reports 

categories 
PER(dB) 
at room 

temperature 

PER(dB) 
temperature 

stability 

IL(dB) 
at room 

temperature 
fibers references 

plasmonic fiber 
polarizer 

33.1① Figure 4d① 1.1① PM fiber this work 

bulk-optic 
polarizer 

29.1① Figure 4d① 1.5① / this work 

plasmonic fiber 
polarizer 

25-30① 
not 

available 
1-2① SM fiber ref. 28 

plasmonic fiber 
polarizer 

27① 
not 

available 
7① SM fiber ref. 29 

integrated 
plasmonic polarizer 

20 / 20② 
not 

available 
1 / 0.0635② / ref. 30 

graphene fiber 
polarizer 

27① 
not 

available 
5① SM fiber ref. 31 

graphene fiber 
polarizer 

25.1 / 26.0② 
not 

available 
1.2 / 1.1② 

surface 
core fiber 

ref. 32 

graphene fiber 
polarizer 

27① 
not 

available 
5① SM fiber ref. 33 

① experimental result   ② numerical result   
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CONCLUSIONS  

We demonstrate the polarization mechanism and the transmitted polarization of the metallic nano-

film plasmon-assisted fiber polarizer theoretically and experimentally, and clarify that the 

polarization mechanism is based on the polarization selective absorption of the metal material, and 

the TE mode is the only transmitted polarization of the metallic plasmon-assisted polarizer. Our 

findings clarify the confusion about the polarization mechanism and the transmitted polarization 

of metallic plasmon-assisted fiber polarizers over the past decade. Moreover, the plasmon-assisted 

fiber polarizers can offer a high PER (33.1dB) and a low IL (1.1dB) at room temperature and have 

an excellent temperature stability in the range of -48~82°C. The work provides new ground for the 

exploration of polarization sensitive optical systems, and has a good potential applications in the 

fields of optical sensors, plasmonic optics, coherent optical communications, as well as biosensor 

systems. 
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