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Part 1 Permittivity and matching conditions of collective lattice resonance 
(CLR) in square arrays 

 

 

Figure S1. Spectroscopic ellipsometry data (ranging from 210 nm to 1690 nm) for a PEDOT 
film (acid-treated PEDOT:ToS, with thickness of 200 nm). These raw data and the fitting were 
processed using the VASE software. The Psi (ψ, marked in the red line) and Delta (∆, marked in 
the green line) were acquired at four angles (45°, 55°, 65°, and, 75°). The black dashed 
lines are the best fitting data by using the Drude-Lorents model.  

 

 

Figure S2. Spectroscopic ellipsometry data (ranging from 1690 nm to 9000 nm) for a 
PEDOT film (acid-treated PEDOT:ToS, , with thickness of 200 nm). These raw data and the 
fitting processing are based on the VASE software. The Psi (ψ, marked in the red line) and Delta 
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(∆, marked in the green line) are achieved with three angles (50°, 60°, and, 70°). The black 
dashed lines are shown in the best fitting data by using the Drude-Lorentz model.  

 

Supplemental table 1: Oscillators for oxidized state in the in-plane direction 

ε∞ = 1.17 
Oscillator No. (j th) Frequency ωj (eV) Broadening γj (eV) Amplitude Aj (eV2) 

Drude 0 0.32 5.28 
1 1.52 1.16 1.69 
2 6.08 2.27 3.59 
3 10.35 0 128.02 

 

Supplemental table 2: Oscillators for oxidized state in the out-of-plane direction 

ε∞ = 1.40 
Oscillator No. (j th) Frequency ωj (eV) Broadening γj (eV) Amplitude Aj (eV2) 

1 0.1 0.91 0.046 
2 6.80 3.86 30.32 
3 4.53 0.60 0.41 
4 0.028 0.16 0.076 
5 0.46 0.35 0.31 
6 0.025 0.022 0.021 
7 12.00 0 135.25 

 

 

Figure S3. Permittivity of acid-treated PEDOT:ToS (film thickness of 200 nm). These data 
were obtained from the calculation of Drude-Lorentz model by fitting the data of spectroscopic 
ellipsometry above.  
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Figure S4. Analysis of array factors and extinction spectra for square arrays with different 
periodic distances r = 1.0-1.6 μm, based on acid-treated PEDOT:ToS. The extinction spectra are 
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were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.52 μm, and the height 
of the nanodisks was set to 0.2 μm. 

 

 

Figure S5. Absolute periodic polarizability |αp| of square-shaped arrays with different periodic 
distances r = 1.0-1.6 μm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 μm diameter 
and 0.2 μm height. The peaks correspond to the surface plasmonic resonance based on the coupling 
interactions along the square-edges.  
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Figure S6. Analysis of array factors and extinction spectra for square arrays with extended 
periodic distances r = 1.7-2.2 μm, based on acid-treated PEDOT:ToS. The extinction spectra are 
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.52 μm, and the height 
of the nanodisks was set to 0.2 μm. 
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Figure S7. Absolute periodic polarizability |αp| of square-shaped arrays with extended periodic 
distances r = 1.7-2.2 μm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 μm diameter 
and 0.2 μm height. 
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Figure S8. Analysis of array factors and extinction spectra for square arrays with different 
periodic distances r = 1.4-2.0 μm, based on acid-treated PEDOT:ToS. The extinction spectra 
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were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.70 μm, and the height 
of the nanodisks was set to 0.2 μm. 

 

 

Figure S9. Absolute periodic polarizability |αp| of square-shaped arrays with different periodic 
distances r = 1.4-2.0 μm, based on acid-treated PEDOT:ToS nanoantennas with 0.70 μm diameter 
and 0.2 μm height. 

 

 

1.8 2.4 3.0 3.6

0.00

0.04

0.08

0.12
 1.4 μm
 1.5 μm 
 1.6 μm
 1.7 μm
 1.8 μm
 1.9 μm
 2.0 μm

 

 
| a

p|
 (

μ
m

3
)

 

 

Wavelength (μm)

r



10 

 

 

Figure S10. Analysis of array factors and extinction spectra for square arrays with different 
periodic distances r = 1.6-2.2 μm, based on acid-treated PEDOT:ToS. The extinction spectra 
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.80 μm, and the height 
of the nanodisks was set to 0.2 μm. 
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Figure S11. Absolute periodic polarizability |αp| of square-shaped arrays with different periodic 
distances r = 1.6-2.2 μm, based on acid-treated PEDOT:ToS nanoantennas with 0.80 μm diameter 
and 0.2 μm height. 
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Figure S12. Analysis of array factors and extinction spectra for square arrays with different 
periodic distances r = 1.2-1.8 μm, based on acid-treated PEDOT:ToS. The extinction spectra 
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.52 μm, and the height 
of the nanodisks was set to 0.1 μm.  
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Figure S13. Absolute periodic polarizability |αp| of square-shaped arrays with different periodic 
distances r = 1.2-1.8 μm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 μm diameter 
and 0.1 μm height. 
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Figure S14. Analysis of array factors and extinction spectra for square arrays with different 
periodic distances r = 1.0-1.5 μm, based on acid-treated PEDOT:ToS. The extinction spectra 
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.52 μm, and the height 
of the nanodisks was set to 0.3 μm.  
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Figure S15. Absolute periodic polarizability |αp| of square-shaped arrays with different periodic 
distances r = 1.0-1.5 μm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 μm diameter 
and 0.3 μm height. 
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Figure S16. Analysis of array factors and extinction spectra for square arrays with different 
periodic distances r = 1.0-1.6 μm, based on nanoantennas made from PEDOT:Sulf1. The 
extinction spectra were obtained by FDTD simulations. The diameter of nanodisks was set to 0.52 μm, 
and the height of nanodisks was set to 0.2 μm. 
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Figure S17. Absolution values of periodic polarizability |αp| in square-shaped array factors with 
different periodic distances r = 1.0-1.6 μm, based on PEDOT:Sulf1. The diameter of nanodisks was 
set to 0.52 μm, and the height of nanodisks was set to 0.2 μm. These peaks correspond to the surface 
plasmonic resonance based on the coupling interactions along the square-edges.  
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Figure S18. Analysis of matching conditions of CLRs based on nanoantennas made from 
PEDOT:Sulf1. (a) Analysis of the real and imaginary part of array factors (Sr and Si, respectively) 
with 1/αiso, under the periodic distances r = 1.0, 1.2, 1.4, and, 1.6 μm. The diameter of nanodisks 
was set to 0.52 μm, and the height of nanodisks was set to 0.2 μm. (b) Sr and |Im(1/αiso) - Si | at λr, in 
both square and hexagonal arrays. (c) The magnitude of periodic polarizability (|αp|), along with the 
|αiso| curve from LSPR. 

 

  



19 

 

Part 1I: Array factors combined with detuning wavelengths 

 

The calculation of array factors (S) is based on equation S1 (or equation 1 in the manuscript)2, 3: 

𝑆 =  ∑ exp (𝑖𝑘𝑟௝)ே
௝ [

൫ଵି௜௞௥ೕ൯൫ଷ௖௢௦మ ఏೕ ିଵ൯

௥ೕ
య +  

௞మ௦௜௡మ ఏೕ

௥ೕ
]                                        S1 

where rj is the central distance between two nanoantennas, θj is the angle between the electrical field 
direction and the lattice vector direction, k is the wave vector (k = 2πns/λ) with the wavelength λ, and, 
N is the number of nanoantennas along the specific direction. In square-shaped arrays, considering the 
orientation of electrical polarizations decomposed into orthogonal directions (in a random manner), 
along with the coupling interactions in the diagonal direction of square arrays, the S values are 
calculated via the equation:  

𝑆 =  ∑ exp൫𝑖𝑘𝑟௝൯ே
௝ ൜൤

൫ଵି௜௞௥ೕ൯[ଷ௖௢௦మ ఏೕ ିଵ]

௥ೕ
య +  

௞మ௦௜௡మఏೕ

௥ೕ
൨ + ൤

൫ଵି௜௞௥ೕ൯[ଷ௖௢௦మ (଴.ହగ ି ఏೕ) ିଵ]

௥ೕ
య +  

௞మ௦௜௡మ(଴.ହగି ఏೕ)

௥ೕ
൨ൠ 

+ ∑ exp൫𝑖√2𝑘𝑟௝൯ே
௝ ൜൤

൫ଵି௜√ଶ௞௥ೕ൯[ଷ௖௢௦మ (଴.ଶହగି ఏೕ) ିଵ]

ଶ√ଶ௥ೕ
య +  

௞మ௦௜௡మ(଴.ଶହగି ఏೕ)

√ଶ௥ೕ
൨ +

൤
൫ଵି௜√ଶ௞௥ೕ൯[ଷ௖௢௦మ (଴.଻ହగ ି ఏೕ) ିଵ]

√ଶ௥ೕ
య +  

௞మ௦௜௡మ(଴.଻ହగି ఏೕ)

√ଶ௥ೕ
൨ൠ   

  (S2) 

As 𝑐𝑜𝑠ଶ 𝜃௝ + 𝑐𝑜𝑠ଶ (0.5𝜋 − 𝜃௝) = 𝑠𝑖𝑛ଶ 𝜃௝ + 𝑠𝑖𝑛ଶ  (0.5𝜋 − 𝜃௝) = 1  and 𝑐𝑜𝑠ଶ (0.25𝜋 − 𝜃௝) +

𝑐𝑜𝑠ଶ (0.75𝜋 − 𝜃௝) = 𝑠𝑖𝑛ଶ (0.25𝜋 − 𝜃௝) + 𝑠𝑖𝑛ଶ (0.75𝜋 − 𝜃௝) = 1 , the sin θj and cos θj parts are 
eliminated, which simplifies equation S2 to: 

𝑆 =  ∑ {exp൫𝑖𝑘𝑟௝൯[ே
௝

൫ଵି௜௞௥ೕ൯

௥ೕ
య +  

௞మ

௥ೕ
] + exp൫𝑖√2𝑘𝑟௝൯[

൫ଵି௜௞√ଶ௥ೕ൯

ଶ√ଶ௥ೕ
య +  

௞మ

√ଶ௥ೕ
]}                  (S3) 

At the wavelength of surface plasmonic resonances (λ = λr), the wave vector should be: 

𝑘 =  
ଶగ௡ೞ

ఒೝ
                                                                           (S4) 

Considering the calculation of normalized detuning wavelength4 ∆ = (λr - nsr)/nsr, where r is the 
periodic distance, the wave vector can be transformed into equation S5:  

𝑘𝑟 =  
ଶగ𝒏𝒓

𝛌𝐫
=

ଶగ

ଵା∆
                                                                (S5) 

Thus, the relationship between S and ∆ is:  

𝑆(𝑟, ∆) =
ଵ

(ே௥)య
∑  {[ே

ଵ 1 −
௜ଶேగ

ଵା∆
+ ቀ

ଶேగ

ଵା∆
ቁ

ଶ

]exp(
௜ଶேగ

ଵା∆
) +

ଵ

ଶ√ଶ
൤1 −

௜ଶ√ଶேగ

ଵା ∆
+ ቀ

ଶ√ଶேగ

∆ ାଵ
ቁ

ଶ

൨ exp(
௜ଶ√ଶேగ

ଵା∆
)}   (S6) 

According to the Euler equation, the real part of S (denoted as Sr) is: 

𝑆௥(∆,  𝑟) =
ଵ

(ே௥)య
∑  {[ே

ଵ 1 + ቀ
ଶேగ

ଵା∆
ቁ

ଶ

] cos ቀ
ଶேగ

ଵା∆
ቁ +

ଶேగ

ଵା∆
sin ቀ

ଶேగ

ଵା∆
ቁ +

ଵ

ଶ√ଶ
[1 + ቀ

ଶேగ

ଵା∆
ቁ

ଶ

] cos ቀ
ଶ√ଶேగ

ଵା∆
ቁ +

ଵ

ଶ√ଶ

ଶேగ

ଵା∆
sin ቀ

ଶ√ଶேగ

ଵା∆
ቁ}     

(S7) 
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The imaginary part of S (denoted as Si) is: 

𝑆௜(∆,  𝑟) =  
ଵ

(ே௥)య
∑  {[ே

ଵ 1 + ቀ
ଶேగ

ଵା∆
ቁ

ଶ

] 𝑠𝑖𝑛 ቀ
ଶேగ

ଵା∆
ቁ −

ଶேగ

ଵା∆
cos ቀ

ଶேగ

ଵା∆
ቁ +

ଵ

ଶ√ଶ
൤1 + ቀ

ଶேగ

ଵା∆
ቁ

ଶ

൨ 𝑠𝑖𝑛 ቀ
ଶ√ଶேగ

ଵା∆
ቁ −

ଵ

ଶ√ଶ

ଶே

ଵା∆
cos ቀ

ଶ√ଶேగ

ଵା∆
ቁ}      

(S8) 

Equations S7 and S8 can be further simplified if neglecting coupling interactions along the diagonal 
direction5, and evaluating ∆ approximate to 0: 

𝑆௥(∆,  𝑟) =
ଵ

(ே௥)య
∑  [ே

ଵ 1 + ቀ
ଶே

ଵା∆
ቁ

ଶ

]                                                (S9) 

𝑆௜(∆,  𝑟) =  
ଵ

(ே௥)య
∑ (−

ଶேగ

ଵା∆
)ே

ଵ                                                      (S10) 

According to equation S9 and S10, the decrease in ∆ can make Sr more positive and Si more 
negative, consistent with Figure 2a and 2b in the manuscript, both of which show larger absolution 
values of array factors that indicates larger coupling interactions between adjacent nanoantennas.  

Similarly, hexagonal arrays have an equation of array factor6 according to:  

𝑆 =  ∑ exp (𝑖𝑘𝑟௝)ே
௝ ൜൤

൫ଵି௜௞௥ೕ൯[ଷ௖௢௦మ  ఏೕ ିଵ]

௥ೕ
య +  

௞మ௦௜௡మఏೕ

௥ೕ
൨ +

൤
൫ଵି௜௞௥ೕ൯[ଷ௖௢௦మ (గ/ଷ ି ఏೕ) ିଵ]

௥ೕ
య +  

௞మ௦௜௡మ(గ/ଷି ఏೕ)

௥ೕ
൨ + ൤

൫ଵି௜௞௥ೕ൯[ଷ௖௢௦మ (ଶగ/ଷ ି ఏೕ) ିଵ]

௥ೕ
య +  

௞మ௦௜௡మ(ଶగ/ଷି ఏೕ)

௥ೕ
൨ൠ +

∑ exp (𝑖√3𝑘𝑟௝)ே
௝ ൜൤

൫ଵି௜√ଷ௞௥ೕ൯[ଷ௖௢௦మ (గ/଺ି ఏೕ) ିଵ]

ଷ√ଷ௥ೕ
య +  

௞మ௦௜௡మ(గ/଺ି ఏೕ)

√ଷ௥ೕ
൨ +

൤
൫ଵି௜√ଷ௞௥ೕ൯[ଷ௖௢௦మ (గ/ଶ ି ఏೕ) ିଵ]

ଷ√ଷ௥ೕ
య +  

௞మ௦௜௡మ(గ/ଶି ఏೕ)

√ଷ௥ೕ
൨ + ൤

൫ଵି௜√ଷ௞௥ೕ൯[ଷ௖௢௦మ (ହగ/଺ ି ఏೕ) ିଵ]

ଷ√ଷ௥ೕ
య +  

௞మ௦௜௡మ(ହగ/଺ି ఏೕ)

√ଷ௥ೕ
൨ൠ  

(S11) 

The sin θj and cos θj parts are also eliminated, because 𝑐𝑜𝑠ଶ 𝜃௝ + 𝑐𝑜𝑠ଶ (𝜋/3 −  𝜃௝) + 𝑐𝑜𝑠ଶ (2𝜋/

3 −  𝜃௝) = 𝑐𝑜𝑠ଶ 𝜃௝ + (
√ଷ

ଶ
sin 𝜃௝ +  

ଵ

ଶ
cos 𝜃௝)ଶ +  (

√ଷ

ଶ
sin 𝜃௝ −  

ଵ

ଶ
cos 𝜃௝)ଶ =

ଷ

ଶ
 and 𝑐𝑜𝑠ଶ (𝜋/6 −  𝜃௝) +

𝑐𝑜𝑠ଶ (𝜋/2 −  𝜃௝) + 𝑐𝑜𝑠ଶ  (5𝜋/6 −  𝜃௝) = 𝑠𝑖𝑛ଶ 𝜃௝ + (
ଵ

ଶ
sin 𝜃௝ +  

√ଷ

ଶ
cos 𝜃௝)ଶ +  (

ଵ

ଶ
sin 𝜃௝ −  

√ଷ

ଶ
cos 𝜃௝)ଶ =

ଷ

ଶ
. 

Thus, equation S11 can be simplified to: 

𝑆 =  
𝟑

𝟐
[∑ exp (𝑖𝑘𝑟௝)ே

௝ (
ଵି௜௞௥ೕ

௥ೕ
య +

௞మ

௥ೕ
) + ∑ exp (𝑖√3𝑘𝑟௝)ே

௝ (
ଵି௜√ଷ௞௥ೕ

ଷ√ଷ௥ೕ
య +

௞మ

√ଷ௥ೕ
)]        (S11) 

At the resonance wavelength λ = λr, S can be combined with ∆: 

 𝑆(∆,  𝑟) =
ଷ

ଶ

ଵ

(ே௥)య
∑ {[ே

ଵ 1 −
௜ଶேగ

ଵା∆
+ ቀ

ଶேగ

ଵା∆
ቁ

ଶ

]exp(
௜ଶேగ

ଵା∆
) +

ଵ

ଷ√ଷ
൤1 −

௜ଷ√ଷேగ

ଵା ∆
+ ቀ

ଷ√ଷேగ

∆ ାଵ
ቁ

ଶ

൨ exp(
௜ଷ√ଷேగ

ଵା∆
)}   (S12)   

or when shifting the constant “3/2” to Nr part 

𝑆(𝑟, ∆) =
ଵ

(ே ට
𝟐

𝟑

𝟑
௥)య

∑ {[ே
ଵ 1 −

௜ଶேగ

ଵା∆
+ ቀ

ଶே

ଵା∆
ቁ

ଶ

]exp(
௜ଶேగ

ଵା∆
) +

ଵ

ଷ√ଷ
൤1 −

௜ଷ√ଷேగ

ଵା ∆
+ ቀ

ଷ√ଷேగ

∆ ାଵ
ቁ

ଶ

൨ exp(
௜ଷ√ଷேగ

ଵା∆
)}  

(S13)   



21 

 

In this case, the resonance wavelength λr from hexagonal arrays should obey the law (if ∆ is 
approximate to 0): 

λ௥ = ට
𝟐

𝟑

𝟑
𝑛௦𝑟                                                            (S14) 

The simplified Sr and Si for hexagonal arrays are: 

𝑆௥(∆,  𝑟) =
ଷ

ଶ

ଵ

(ே௥)య
∑ [ே

ଵ 1 + ቀ
ଶேగ

ଵା∆
ቁ

ଶ

]                                      (S15)   

𝑆௜(∆,  𝑟) =
ଷ

ଶ

ଵ

(ே௥)య
∑  ே

ଵ (−
ଶேగ

ଵା∆
)                                              (S16) 

Similar to those in square-shaped arrays, reducing ∆ can also increase |Sr| and |Si| values. However, 
under the same periodic distance, array factors in hexagonal arrays are around 1.5 times as large as 
those in square arrays, consistent with stronger coupling interactions6 from 6 adjacent nanoantennas 
than coupling interactions from 4 neighboring nanoantennas in square-shaped arrays.  
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Part 1II: CLR in hexagonal arrays 

 

Figure S19. Analysis of factors and extinction spectra in hexagonal arrays with different 
periodic distances r = 1.0-1.8 μm, based on acid-treated PEDOT:ToS. The extinction spectra are 
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based on the FDTD simulations. The diameter of nanodisks was set to 0.52 μm, and the height of 
nanodisks was set to 0.2 μm. 

 

 

Figure S20. Absolute periodic polarizability |αp| for hexagonal array with different periodic 
distances r = 1.0-1.8 μm, based on acid-treated PEDOT:ToS. The diameter of nanodisks was set 
to 0.52 μm, and the height of nanodisks was set to 0.2 μm. These dominant peaks correspond to the 
surface plasmonic resonance based on the coupling interactions along the hexagonal-edges.  
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Figure S21. Analysis of factors and extinction spectra in hexagonal arrays with different 
periodic distances r = 1.0-1.8 μm, based on PEDOT:Sulf1. The extinction spectra are based on the 
FDTD simulations. The diameter of nanodisks was set to 0.52 μm, and the height of nanodisks was set 
to 0.2 μm. 
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Figure S22. Absolution values of periodic polarizability |αp| in hexagonal array factors with 
different periodic distances r = 1.0-1.8 μm (calculated from Figure S3), based on PEDOT:Sulf1. 
The diameter of nanodisks was set to 0.52 μm, and the height of nanodisks was set to 0.2 μm. These 
dominant peaks correspond to the surface plasmonic resonance based on the coupling interactions 
along the hexagonal-edges.  
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Part IV. Experimental results of PEDOT-based periodic arrays 

 

Figure S23. SEM images of PEDOT-based square arrays (r = 1.0~1.2 μm) made through electron 
beam lithography. (a) (b) (c) for r = 1.0 μm; (d) (e) (f) for r = 1.1 μm; (g) (h) (i) for r = 1.2 μm. The 
substrate was glass slides and the nanoantenna material was acid-treated PEDOT:ToS. 
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Figure S24. SEM images of PEDOT-based square arrays (r = 1.3~1.5 μm) made through electron 
beam lithography. (a) (b) (c) for r = 1.3 μm; (d) (e) (f) for r = 1.4 μm; (g) (h) (i) for r = 1.5 μm. The 
substrate was glass slides and the nanoantenna material was acid-treated PEDOT:ToS.  
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Figure S25. Absolute extinction spectra (experimental results) of PEDOT-based periodic arrays 
(square shape) with various periodic distances r = 1.0~1.5 μm. The nanoantennas were made from 
acid-treated PEDOT:ToS (the diameters were 0.48-0.54 μm, and the height was 0.2 μm) on glass. 
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Figure S26. SEM images of PEDOT-based hexagonal arrays (r = 1.5~1.7 μm) made through 
electron beam lithography. (a) (b) (c) for r = 1.7 μm; (d) (e) (f) for r = 1.6 μm; (g) (h) (i) for r = 1.5 
μm. The substrate was glass slides and the nanoantenna material was acid-treated PEDOT:ToS. The 
diameters were 0.48-0.54 μm, and the height was 0.2 μm. 
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Figure S27. SEM images of PEDOT-based hexagonal arrays (r = 1.2~1.4 μm) made through 
electron beam lithography. (a) (b) (c) for r = 1.4 μm; (d) (e) (f) for r = 1.3 μm; (g) (h) (i) for r = 1.2 
μm. The substrate was glass slides and the nanoantenna material was acid-treated PEDOT:ToS. The 
diameters were 0.4-0.5 μm, and the height was 0.2 μm. 
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Figure S28. Absolute extinction spectra (experimental results) of PEDOT-based periodic arrays 
(hexagonal shape) with various periodic distances r = 1.2~1.7 μm. The nanoantennas were made 
from acid-treated PEDOT:ToS (the diameters were 0.4-0.5 μm, and the height was 0.2 μm) on glass. 
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Figure S29. SEM images of PEDOT-based square arrays (r = 2.4~3 μm) made through electron 
beam lithography. (a) (b) (c) for r = 2.4 μm; (d) (e) (f) for r = 2.7 μm; (g) (h) (i) for r = 2.9 μm; (j) (k) 
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(l) for r = 3.0 μm. The substrate was CaF2 slides and the nanoantenna material was acid-treated 
PEDOT:ToS. The diameters were 0.9-1.1 μm, and the height was 0.2 μm.  

 

 

Figure S30. Absolute extinction spectra (experimental results) of PEDOT-based periodic arrays 
(square shape) with various periodic distances r = 2.4~3.0 μm. The nanoantennas were made from 
acid-treated PEDOT:ToS (the diameters were 0.9-1.1 μm, and the height was 0.2 μm) on CaF2 slides. 

 

 

1 2 3 4 5 6
0.1

0.2

0.3

0.4

0.5

 

 
E

xt
in

ct
io

n 
(A

b
s.

)

 

 

Wavelength (μm)

 r = 2.4 μm 
      (d = 0.9 μm)

 r = 2.7 μm 
   (d = 1.06 μm)

 r = 3.0 μm
   (d = 1.08 μm)

 r = 3.2 μm
     (d = 1.1 μm)



34 

 

 

Figure S31. SEM images of PEDOT-based hexagonal arrays (r = 2.7~3.2 μm) made through 
electron beam lithography. (a) (b) (c) for r = 2.7 μm; (d) (e) (f) for r = 3.0 μm; (g) (h) (i) for r = 3.2 
μm. The substrate was CaF2 slides and the nanoantenna material was acid-treated PEDOT:ToS. The 
diameters were 1.1-1.2 μm, and the height was 0.2 μm.  
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Figure S32. Absolute extinction spectra (experimental results) of PEDOT-based periodic arrays 
(hexagonal shape) with various periodic distances r = 2.7~3.0 μm. The nanoantennas were made 
from acid-treated PEDOT:ToS (the diameters were 1.1-1.2 μm, and the height was 0.2 μm) on CaF2 
slides. 

 

 

 

Figure S33. FDTD simulations of r-dependent extinction spectra based on PEDOT:Sulf1. (a) in 
square arrays. (b) in hexagonal arrays. The diameter of nanodisks was set to 0.52 μm, and the height 
of nanodisks was set to 0.2 μm.  
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Figure S34. Simulation (a) and experimental results (b) of angle-dependent extinction spectra 
for a square array with r = 1.1 μm. For FDTD simulations, the diameter of nanodisks was set to 0.52 
μm, and the height of nanodisks was set to 0.2 μm. For experimental results, the diameter of nanodisks 
was 0.54 μm, and the height of nanodisks was 0.2 μm.  

 

 

Figure S35. Simulation (a) and experimental results (b) of the angle-dependent extinction 
spectra under the periodic distance r = 1.2 μm. For FDTD simulations, the diameter of nanodisks 
was set to 0.52 μm, and the height of nanodisks was set to 0.2 μm. For experimental results, the 
diameter of nanodisks was 0.48 μm, and the height of nanodisks was 0.2 μm. 
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Figure S36. Simulation (a) and experimental results (b) of the angle-dependent extinction 
spectra under the periodic distance r = 1.4 μm. For FDTD simulations, the diameter of nanodisks 
was set to 0.52 μm, and the height of nanodisks was set to 0.2 μm. For experimental results, the 
diameter of nanodisks was 0.51 μm, and the height of nanodisks was 0.2 μm. 

 

 

Figure S37. Electrical field distribution for hexagonal arrays with different r = 1.0-1.8 μm at λr. 
In these hexagonal arrays, four PEDOT nanoantenna centers locate at the coordinate (X = 0, Y = 

√3r/2), (X = 0, Y = -√3r/2), (X = r/2, Y = 0), and (X = -r/2, Y = 0). At Y = 0, two nanoantenna centers 
located at X = ±r/2 for respective periodicity. The diameter of PEDOT nanoantennas is set as d = 0.52 
μm, and thus the maximum magnitude of electrical field (at hot spot regions) is distributed around X = 
r/2 – d/2 and X = -r/2 + d/2. The Z coordinate for electrical field distribution is set at the interface 
between PEDOT nanoantennas and the dielectric substrate.  
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Part V. Permittivity in the reduced state 

 

 

Figure S38. Spectroscopic ellipsometry data (ranging from 210 nm to 1690 nm) for a 
PEDOT film in the reduced state (achieved by the PEI-treatment of acid-treated 
PEDOT:ToS). These raw data and the fitting were processed using the VASE software. The Psi 
(ψ, marked in the red line) and Delta (∆, marked in the green line) were acquired at four angles 
(45°, 55°, 65°, and, 75°). The black dashed lines are the best fitting data by using the 
Drude-Lorents model.  

 

 

Figure S39. Spectroscopic ellipsometry data (ranging from 1690 nm to 9000 nm) for a 
PEDOT film in the reduced state (achieved by the PEI-treatment of acid-treated 
PEDOT:ToS). These raw data and the fitting were processed using the VASE software. The Psi 
(ψ, marked in the red line) and Delta (∆, marked in the green line) were acquired at four angles 
(45°, 55°, 65°, and, 75°). The black dashed lines are the best fitting data by using the 
Drude-Lorents model.  
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Supplemental table 3: Oscillators for reduced state in the in-plane direction 

ε∞ = 1.50 
Oscillator No. (j th) Frequency ωj (eV) Broadening γj (eV) Amplitude Aj (eV2) 

1 2.06 0.80 5.73 
2 0.021 0.014 0.0059 
3 0.020 1.24 0.22 

Pole 9.488 0 107.53 
 

Supplemental table 4: Oscillators for reduced state in the out-of-plane direction 

ε∞ = 1.50 
Oscillator No. (j th) Frequency ωj (eV) Broadening γj (eV) Amplitude Aj (eV2) 

1 5.64 0.84 32.60 
2 0.018 0.019 0.0070 
3 0.018 0.03 0.0090 

Pole 10.63 0 24.35 
 

 

 

Figure S40. Permittivity of PEDOT film in the reduced state (after PEI treatment and washed 
by DI water). These data are obtained from the calculation of Drude-Lorentz model by fitting the 
data of spectroscopic ellipsometry above. The film thickness was around 200 nm.  
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Part VI. Redox recycles 

 

 

Figure S41. Absolute extinction intensity of collective lattice resonance after 1-4 redox recycles. 
The diameter of nanodisks was 0.50 μm, and the height of nanodisks was 0.2 μm. The periodic 
distance is 1.3 μm.  
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Figure S42. Redox recycle performances of PEDOT-based periodic arrays with r = 1.5 μm. The 
diameter of nanodisks was 0.54 μm, and the height of nanodisks was 0.2 μm. 
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Figure S43. In-plane permittivity dispersion of PEDOT films in different redox states. These 
data are extracted from Figure S3 and S40 in the wavelength region of 0.8-5 μm. The film thicknesses 
were about 0.2 μm.  

 

 

Figure S44. Extinction spectra of PEDOT-based periodic arrays (r = 1.3 μm) in the reductive 
state. In both FDTD simulations and experimental results, the diameter of nanodisks was 0.5 μm, and 
the height of nanodisks was 0.2 μm. 
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