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Part 1 Permittivity and matching conditions of collective lattice resonance
(CLR) in square arrays
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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 (y, marked in the red line) and Delta (A, 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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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 (y, marked in the red line) and Delta



(A, 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

€-=1.17
Oscillator No. (j th) Frequency wj (eV) Broadening y; (eV) Amplitude 4; (eV?)
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

€-=1.40
Oscillator No. (j th) Frequency w; (eV) Broadening y; (eV) Amplitude 4; (eV?)
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
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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 » = 1.0-1.6 pm, 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 um, and the height
of the nanodisks was set to 0.2 pm.
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Figure SS5. Absolute periodic polarizability |a,| of square-shaped arrays with different periodic
distances r = 1.0-1.6 pm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 um diameter

and 0.2 pum height. The peaks correspond to the surface plasmonic resonance based on the coupling
interactions along the square-edges.



Q0
o
(¢}

r=1.7 ym 021} r=1.8um 0.20F r=1.9 ym
.0.26f ~ ~
[ [ w
g 807t g016r
5019 5 <
E E 013 20.12
X013 X =
0.09k 0.08+
0.06f
100 ; ; : 100! : : : 100 : : :
@50 & 50} & 50F |
E s E J
2 Or / 2 0 < g 3 Of e — S~
3 - —] 3 3 P
b p— sii T _ | T .
©-501 ’ 1 ! S50} Sr Si 550l —Sr Sj
» — Re(1/aso) ) —— Re(1log,) n — Re(1/aso)
— Im(/oiso) —— m(1fe) —— Im(1fo)
1005 2.4 3.2 Zo0 1004 2.4 3.2 z0 10— 2.4 3.2 4.0
Wavelength (um) Wavelength (um) Wavelength (um)
d o2 € 19 f
r=2.0um : r=2.1um 0.16f r=2.2 ym
£99 go15r 2012
go 12 g g
g . EO'H EO-OQ‘
& i i
0.08+ 0.07+ 0.06l
100 : : : 100 : : : 100| : ; ;
I
@ 50 & 50F
g g
: 8 Op 8 O /“W/K
3 3 3 —
3 5.50 550} S Si
» —— Re(1/aiso) 2 —— Re(1/ag0) n —— Re(1/ag0)
—— Im(1ao) —— Im(1/ais0) —— Im(1/aiso)
1005 2.4 3.2 Zo0 10045 2.4 3.2 z0 100—=% 2.4 3.2 4.0
Wavelength (um) Wavelength (um) Wavelength (um)

Figure S6. Analysis of array factors and extinction spectra for square arrays with extended
periodic distances r = 1.7-2.2 pm, 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 um, and the height
of the nanodisks was set to 0.2 pm.
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Figure S7. Absolute periodic polarizability |o,| of square-shaped arrays with extended periodic
distances r = 1.7-2.2 pm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 um diameter
and 0.2 um 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 pm, based on acid-treated PEDOT:ToS. The extinction spectra



were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.70 um, and the height
of the nanodisks was set to 0.2 pm.
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Figure S9. Absolute periodic polarizability |a,| of square-shaped arrays with different periodic
distances r = 1.4-2.0 pm, based on acid-treated PEDOT:ToS nanoantennas with 0.70 um diameter
and 0.2 um height.
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Figure S10. Analysis of array factors and extinction spectra for square arrays with different
periodic distances r = 1.6-2.2 pm, based on acid-treated PEDOT:ToS. The extinction spectra
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.80 um, and the height
of the nanodisks was set to 0.2 pm.
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Figure S11. Absolute periodic polarizability |ap| of square-shaped arrays with different periodic
distances r = 1.6-2.2 pm, based on acid-treated PEDOT:ToS nanoantennas with 0.80 um diameter
and 0.2 um height.
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Figure S12. Analysis of array factors and extinction spectra for square arrays with different
periodic distances » = 1.2-1.8 pm, based on acid-treated PEDOT:ToS. The extinction spectra
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.52 um, and the height
of the nanodisks was set to 0.1 pm.
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Figure S13. Absolute periodic polarizability |o,| of square-shaped arrays with different periodic
distances r = 1.2-1.8 pm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 um diameter
and 0.1 um height.
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Figure S14. Analysis of array factors and extinction spectra for square arrays with different
periodic distances » = 1.0-1.5 pm, based on acid-treated PEDOT:ToS. The extinction spectra
were obtained by FDTD simulations. The diameter of the nanodisks was set to 0.52 um, and the height
of the nanodisks was set to 0.3 pm.
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Figure S15. Absolute periodic polarizability |o,| of square-shaped arrays with different periodic

distances r = 1.0-1.5 pm, based on acid-treated PEDOT:ToS nanoantennas with 0.52 um diameter
and 0.3 um 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 pm, based on nanoantennas made from PEDOT:Sulf!. The
extinction spectra were obtained by FDTD simulations. The diameter of nanodisks was set to 0.52 pum,
and the height of nanodisks was set to 0.2 um.
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Figure S17. Absolution values of periodic polarizability |a,| in square-shaped array factors with
different periodic distances r = 1.0-1.6 pm, based on PEDOT:Sulf!. The diameter of nanodisks was
set to 0.52 pm, and the height of nanodisks was set to 0.2 um. 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:Sulf!. (a) Analysis of the real and imaginary part of array factors (S, and S;, respectively)
with 1/aiso, under the periodic distances » = 1.0, 1.2, 1.4, and, 1.6 pm. The diameter of nanodisks
was set to 0.52 pum, and the height of nanodisks was set to 0.2 pm. (b) S, and [Im(1/aiso) - Si | at A, in

both square and hexagonal arrays. (c) The magnitude of periodic polarizability (|op|), along with the
|aiiso| curve from LSPR.

18



Part 11: Array factors combined with detuning wavelengths

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

—i . 2g9._
5= Z;V exp (lk?"]) [(1 Lkr])(’a;gos 6 1) k2sin? 9] S
Ji

where 7; is the central distance between two nanoantennas, 6, is the angle between the electrical field
direction and the lattice vector direction, & is the wave vector (k = 2mny/A) with the wavelength 4, 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:

(1—ikr;)[3cos? 6 —1]+ kzsmze] [(1 ikr;)[3cos? (0.5 - 6;) — 1]+ k2sin2(0.5m— 91)]}

s= 3y exp(ikn ){[ 3 3

T; : T].
+ZJ exp(n/_k ){[(1 iV2krj)[3cos? (0.257— 6) — 1]_|_ 25in2(0.25m— 01)] 4

J
fofrf’ V2r;
(1-ivZkr;)[3cos? (0.75m — 6;) —1] + k2sin%(0.751— 6)
Var? Var;

J

(82)

As cos® 0; + cos? (0.5m — 6;) = sin® 6; + sin® (0.51 — 6;) = 1 and  cos? (0.25m — 6;) +

cos? (0.75m — 6;) = sin? (0.25m — 6;) + sin® (0.75m — ;) = 1, the sin 6; and cos 6 parts are
eliminated, which simplifies equation S2 to:

¢= ZN{exp(lkrj) (1 zkr]) L exp(l\/—kn)[(lzi’;_\/;ﬁ) n \/’izr]} (S3)

At the wavelength of surface plasmonic resonances (1 = /), the wave vector should be:

2mng

k=2

(S4)

Considering the calculation of normalized detuning wavelength* A = (4, - ny)/ng, where r is the
periodic distance, the wave vector can be transformed into equation S5:

kr= 57 =28 (S5)
Thus, the relationship between S and A is:
1 N _i2Nm | (2Nm)? i2Nmy 1 [ i2vaNm | (2V2Nm i2v2Nm
S(r,A) = (Nr)321 {1 1+A + (1+A) ]exp(1+A) 2\/5[ 1+ A + ( A+1 ) ] Xp(— 1+A )} (56)

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

60071 = B (15 (25 om0 () + 1+ (25 om0
1 2Nmw . (2V2Nm
s (o)

(87)
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The imaginary part of S (denoted as Sj) is:

510,12 = 2t (11 (2 i (25) ~ o (22 # -+ () n (422 -
1 2N 2V2N1
715 ()

(S8)

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

RCT (N )3 [+ (1+A)2] (59)
Sib 1) = GEIt-15) (S10)

According to equation S9 and S10, the decrease in A can make S; more positive and S; 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 factor® according to:

S = XNexp (ikry) {[(1‘1'”1')[3;052 6,-11 kZSinzf)z] 4
J J
(1-ikrj)[3cos? (/3 - 6;) — 1] Kk2sin?(r/3— 9]) (1- lkT‘])[3COSZ (21t/3 0)) 1] Ksin?2/3-0))
r? T m”
6 2 9
Zjv exp (l\/gk‘r}){ (1- l‘/_krj)[33c\fgrg(”/6 i) —1] n k? Sln\/(zrr/6 ])]
j J
(1-iv3krj)[3cos? (/2 - 6;) -1] n k2sin?(m/2- 6) + (1-iv3kr;)[3cos? (51/6 — 6;) —1] 4 k2sin? (5m/6- 6))
3V3r} V3T 3v3r} V3r;

(S11)
The sin 6; and cos 6; parts are also eliminated, because cos? 6; + cos® (/3 — 6;) + cos? (2m/
V3 . 1 V3 . 1 3
3 — 6)) =cos®6; + (5 sinf; + Scos 6;)* + (5 sin6; — >cos ;)% = > and cos? (/6 — 6;) +
. 1. V3 1. V3 3
cos® (/2 — 6;) + cos? (51/6 — 6;) = sin® 6; + Gsin6; + —-cos 6,)% + Gsin6; — —-cos 6)* = =
Thus, equation S11 can be simplified to:

1- lkT'J

+5) + 3 exp (WBkn) (5 + 0] SID

= 22 exp (ikry)(—

At the resonance wavelength A = 4, S can be combined with A:

S8, 1) = 2ot T (1 2 4 (20) Jexp (20 4 L [1 - Iy ()] o V)51

2 (NT)3 1+A 1+A 1+A 1+ A A+1

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

_ N LZNn 2N \? i2Nmy 1 [, i3V3Nm 3V3NT i3V3NT
0= SE B -5 () lexp(E) + 551~ S5+ (357) |en (S5
(S13)
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In this case, the resonance wavelength A, from hexagonal arrays should obey the law (if A is
approximate to 0):

A= i[gnsr (S14)

The simplified S; and S; for hexagonal arrays are:
5,8 1) = 2 i+ (22) ] (S15)
Sib 1) =5t (5D (S16)

Similar to those in square-shaped arrays, reducing A can also increase |S;| and |Sj 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 interactions® from 6 adjacent nanoantennas
than coupling interactions from 4 neighboring nanoantennas in square-shaped arrays.
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Part 11I: CLR in hexagonal arrays
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Figure S19. Analysis of factors and extinction spectra in hexagonal arrays with different
periodic distances = 1.0-1.8 pm, 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 um, and the height of
nanodisks was set to 0.2 pum.
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Figure S20. Absolute periodic polarizability |ap| for hexagonal array with different periodic
distances r = 1.0-1.8 pm, based on acid-treated PEDQOT:ToS. The diameter of nanodisks was set
to 0.52 pm, and the height of nanodisks was set to 0.2 um. 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 pm, based on PEDOT:Sulf!. The extinction spectra are based on the
FDTD simulations. The diameter of nanodisks was set to 0.52 pum, and the height of nanodisks was set
to 0.2 pm.
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Figure S22. Absolution values of periodic polarizability |a,| in hexagonal array factors with
different periodic distances » = 1.0-1.8 pm (calculated from Figure S3), based on PEDOT:Sulf'.
The diameter of nanodisks was set to 0.52 um, and the height of nanodisks was set to 0.2 pm. These
dominant peaks correspond to the surface plasmonic resonance based on the coupling interactions
along the hexagonal-edges.
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Part I'V. Experimental results of PEDOT-based periodic arrays
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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 pm. The nanoantennas were made from

acid-treated PEDOT:ToS (the diameters were 0.48-0.54 um, and the height was 0.2 um) on glass.
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Figure S26. SEM images of PEDOT-based hexagonal arrays (r = 1.5~1.7 pnm) made through
electron beam lithography. (a) (b) (c) for » = 1.7 um; (d) (e) (f) for » = 1.6 um; (g) (h) (i) for r=1.5
pm. The substrate was glass slides and the nanoantenna material was acid-treated PEDOT:ToS. The
diameters were 0.48-0.54 pum, and the height was 0.2 pum.
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Figure S27. SEM images of PEDOT-based hexagonal arrays (r = 1.2~1.4 pm) made through
electron beam lithography. (a) (b) (c) for » = 1.4 um; (d) (e) (f) for » = 1.3 um; (g) (h) (i) forr=1.2
um. The substrate was glass slides and the nanoantenna material was acid-treated PEDOT:ToS. The
diameters were 0.4-0.5 pum, and the height was 0.2 pm.

30



0.5}

©
o~

©
w

Extinction (Abs.)

0.2

Wavelength (um)

Figure S28. Absolute extinction spectra (experimental results) of PEDOT-based periodic arrays
(hexagonal shape) with various periodic distances » = 1.2~1.7 pm. The nanoantennas were made

from acid-treated PEDOT:ToS (the diameters were 0.4-0.5 um, and the height was 0.2 um) on glass.
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Figure S29. SEM images of PEDOT-based square arrays (r = 2.4~3 pym) made through electron
beam lithography. (a) (b) (c) for » =2.4 um; (d) (e) (f) for » = 2.7 pum; (g) (h) (i) for » =2.9 um; (§) (k)
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() for » = 3.0 um. The substrate was CaF, slides and the nanoantenna material was acid-treated
PEDOT:ToS. The diameters were 0.9-1.1 um, and the height was 0.2 pm.
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Figure S30. Absolute extinction spectra (experimental results) of PEDOT-based periodic arrays
(square shape) with various periodic distances r = 2.4~3.0 pm. The nanoantennas were made from

acid-treated PEDOT:ToS (the diameters were 0.9-1.1 um, and the height was 0.2 um) on CaF; slides.
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Figure S31. SEM images of PEDOT-based hexagonal arrays (r = 2.7~3.2 pm) made through
electron beam lithography. (a) (b) (c) for » = 2.7 um; (d) (e) (f) for » = 3.0 um; (g) (h) (i) for »r=3.2
um. The substrate was CaF, slides and the nanoantenna material was acid-treated PEDOT:ToS. The
diameters were 1.1-1.2 um, and the height was 0.2 pm.
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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 pm. The nanoantennas were made
from acid-treated PEDOT:ToS (the diameters were 1.1-1.2 um, and the height was 0.2 um) on CaF;

slides.
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Figure S33. FDTD simulations of »-dependent extinction spectra based on PEDOT:Sulf!. (a) in
square arrays. (b) in hexagonal arrays. The diameter of nanodisks was set to 0.52 pm, and the height

of nanodisks was set to 0.2 pum.
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Figure S34. Simulation (a) and experimental results (b) of angle-dependent extinction spectra
for a square array with » = 1.1 pm. For FDTD simulations, the diameter of nanodisks was set to 0.52

um, and the height of nanodisks was set to 0.2 pum. For experimental results, the diameter of nanodisks
was 0.54 um, and the height of nanodisks was 0.2 um.
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Figure S35. Simulation (a) and experimental results (b) of the angle-dependent extinction
spectra under the periodic distance r = 1.2 pm. For FDTD simulations, the diameter of nanodisks
was set to 0.52 pum, and the height of nanodisks was set to 0.2 um. For experimental results, the
diameter of nanodisks was 0.48 pum, and the height of nanodisks was 0.2 pm.
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Figure S36. Simulation (a) and experimental results (b) of the angle-dependent extinction
spectra under the periodic distance » = 1.4 pm. For FDTD simulations, the diameter of nanodisks
was set to 0.52 pum, and the height of nanodisks was set to 0.2 pm. For experimental results, the
diameter of nanodisks was 0.51 pm, and the height of nanodisks was 0.2 pm.
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Figure S37. Electrical field distribution for hexagonal arrays with different » = 1.0-1.8 pm at A..
In these hexagonal arrays, four PEDOT nanoantenna centers locate at the coordinate (X =0, Y =
V3r/2), (X=0,Y =-/3r2), X=r2,Y = 0), and (X=-r/2, Y =0). At Y = 0, two nanoantenna centers
located at X = #7/2 for respective periodicity. The diameter of PEDOT nanoantennas is set as d = 0.52
pum, 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
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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
(v, marked in the red line) and Delta (A, 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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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
(v, marked in the red line) and Delta (A, 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

€-=1.50
Oscillator No. (j th) Frequency wj (eV) Broadening y; (eV) Amplitude 4; (eV?)
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

g-=1.50
Oscillator No. (j th) Frequency wj (eV) Broadening vy; (eV) Amplitude 4; (eV?)
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
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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
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Figure S41. Absolute extinction intensity of collective lattice resonance after 1-4 redox recycles.

The diameter of nanodisks was 0.50 pm, and the height of nanodisks was 0.2 um. The periodic
distance is 1.3 um.
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Figure S42. Redox recycle performances of PEDOT-based periodic arrays with » = 1.5 pm. The
diameter of nanodisks was 0.54 um, and the height of nanodisks was 0.2 pm.
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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 um. The film thicknesses
were about 0.2 um.

0.25}
FDTD simulation

/\'0_20_ —— Experimental results
ks r=13um
<
- 0.15¢
jel
o
g 0.10}
LL

0.05}

0.00 1 1 . . 1

1.0

1.5

2.5

3.0

20
Wavelength (um)
Figure S44. Extinction spectra of PEDOT-based periodic arrays (r = 1.3 pm) in the reductive

state. In both FDTD simulations and experimental results, the diameter of nanodisks was 0.5 um, and
the height of nanodisks was 0.2 pm.
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