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Abstract: Excitonic films such as J-aggregate-doped polymer films can exhibit sharp 
Lorentzian dispersions and thus have various optical features in the visible region. They can 
even show an optically metallic response and can be considered as alternative plasmonic 
materials. However, there were no systematic studies on optical interactions in such excitonic 
films. Here, we perform theoretical investigations on optical modes and interactions in planar 
excitonic thin films. We gradually vary the dye concentration and the film thickness and study 
optical coupling to surface bound waves (surface polariton modes and epsilon-near-zero 
modes). We also investigate thin-film interferences in high-loss and low-loss regimes. Finally, 
we discuss the freespace impedance matching that can result from the Lorentzian dispersion in 
excitonic films. Our work enables in-depth understandings on optical interactions in excitonic 
films and it can provide guidelines for various nanophotonic applications in the visible region. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 
Plasmonic nanostructures can enable the extreme confinement and manipulation of light at 
deep-subwavelength scales [1]. A myriad of nanoscale optical components and devices have 
been proposed based on surface plasmons in metal nanostructures. However, such metal 
nanostructures suffer from intrinsic ohmic losses and often have limitations in applications. In 
this regard, various alternative materials for plasmonics have been studied [2]. 

Certain organic molecules such as J-aggregates have strong excitonic responses in the 
visible range [3–13]. In fact, J-aggregate dyes have been well-known in the photonics 
community for strong coupling and dye-sensitizer studies [5,14–16]. Exciton transport in J-
aggregates was also considered for excitonic circuits that can enable control of optical energy 
transport at the molecular level [17]. Because of the large oscillator strength, J-aggregate films 
can show an optically metallic response (Re[ε] < 0) in the visible region. Therefore, they can 
support excitonic surface polariton (SP) modes [9–13], similar to surface plasmon polaritons in 
metals or surface phonon polaritons in polar materials. Moreover, it is found that J-aggregate 
films show a large nonlinear optical enhancement in the visible region at the epsilon-near-zero 
(ENZ) wavelength (Re[ε] ~0) [18]. They have also been employed for perfect absorber studies 
recently [10,19]. The excitonic absorption line in J-aggregates can be tuned over the whole 
visible region by changing monomer design [3,4], and thus these materials could be useful for 
various nanophotonic studies in the visible region. 

These excitonic films show sharp Lorentzian dispersions in the visible region and thus can 
have various optical features. By varying the dye concentration in a polymer film, we can 
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realize both optically metallic and non-metallic films. However, there were no detailed studies 
on the optical properties of excitonic thin films. Here, we conduct systematic theoretical 
investigations on optical interactions in planar excitonic thin films. We study optical modes and 
interferences in excitonic films with gradually varying dye concentration and film thickness. 
Because organic films are commonly prepared by a solution process, both dye concentration 
and film thickness can be easily controlled (see, for example, Ref [10,18]. for experimental 
conditions). The dye concentration can be varied by adjusting the weight percent of a dye and 
a polymer matrix in solution. And the film thickness can be controlled by the spincoating speed 
or solution concentration. We first study surface bound waves (SP and ENZ modes) in the 
attenuated total reflection (ATR) configuration. Then, we consider thin-film interferences in 
high-loss and low-loss regions in both ATR and air-incidence conditions. Finally, we discuss 
the freespace impedance matching that can be realized in excitonic films. Our analyses and in-
depth investigations given here can provide valuable guidelines for various nanophotonic 
applications based on excitonic films. 

 

Fig. 1. The dielectric function of excitonic thin films with varying Δεdye (Black curve: Re[ε], Red 
curve: Im[ε]). (a) Δεdye is 0.6, which shows metallic characteristics. The dispersion exhibits 
various features in the visible region: epsilon-near-zero (ENZ) point (~530 nm) (where Re[ε] is 
zero), surface polariton (SP) resonance wavelength (where Re[ε] = −1), epsilon-near-pole (ENP) 
position (around which Im[ε] possesses a maximum value), impedance matching point (where 
Z(2)/Z(1) = 1). Z(2) and Z(1) are the characteristic impedance of the excitonic film and the incident 
medium, respectively. (b) Δεdye is 0.3. (c) Δεdye is 0.132. The variation in the dielectric function 
is small and Re[ε] is nonzero over the whole spectrum. (d) Δεdye is very small, 0.05. (c) and (d) 
correspond to a nonmetallic case. 

2. Modeling of the dielectric constants in excitonic thin films 
Several polar dielectric materials (such as SiC and hBN) have strong phonon resonances in the 
infrared region [20]. These materials can have sharp Lorentzian dispersions with the negative 
permittivity region and have been widely used in the studies of surface phonon polaritons. 
However, these phonon resonances are usually located in the infrared region, and the phonon 
frequency is a fixed material property and thus not tunable. Excitonic films can have the similar 
Lorentzian dispersion relation in the visible region that can result in optically metallic responses 
(Re[ε] < 0). Excitonic resonances in J-aggregate thin films can be tunable over the whole visible 
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region by modifying the monomer design. Therefore, excitonic films could be a very useful 
platform for nano-optical studies in the visible region. 

In this work, we consider a cyanine dye (such as TDBC) [21] mixed with a polymer matrix 
(poly vinyl alcohol, PVA). The dielectric constants of this excitonic film can be described using 
the Lorentz model [9,22]: 

 
2

ext PVA dye 2 2( ) ,i
i

i i i

A
i

ω
ε ω ε ε

ω ω ωγ
= + ∆

− −∑  (1) 

where εPVA = 2.26 is the dielectric constant of PVA and the weighting factor Ai satisfies 
1i

i
A =∑ . We use the relevant parameters available in literature for two-oscillator Lorentz 

fitting (i = 0, 1) [9]: ω0 = 2.10 eV, γ0 = 0.053 eV, f0 = 0.36, ω1 = 2.03 eV, γ1 = 0.0988 eV, and 
f1 = 0.10, where fi is the reduced oscillator strength fi = Δεdye·Ai. We introduced the parameter 
Δεdye to explicitly show the dye concentration dependence in the Lorentz model. From Eq. (1), 
we note that the maximum (or the peak value) of Im[ε] ~Δεdye·A0ω0/γ0. Because this peak value 
is determined by the dye concentration, we find that Δεdye is also directly related to the dye 
concentration. For a systematic investigation of optical properties in both metallic and non-
metallic films, we consider the effect of varying dye concentrations in a polymer matrix. In this 
regard, we gradually vary Δεdye from 0.6 (optically metallic) to 0.05 (non-metallic) and 
investigate the optical responses of excitonic films. 

Figure 1 shows the real and imaginary parts of the dielectric constants for different Δεdye 
values. The excitonic film with Δεdye = 0.6 shows a clear metallic response; the imaginary part 
of the dielectric constants (Im[ε]) has a sharp peak at the excitonic line (590 nm) and the real 
part has negative values (Re[ε] < 0) in the wavelength region shorter than the excitonic line. 
This optically metallic behavior can be understood from the Kramers-Kronig relation. When 
there is a strong absorption peak, it should be highly dispersive too. When the imaginary part 
is very large because of strong absorption, the real part fluctuates significantly and it can be 
negative. This metallic response has a finite bandwidth, and the film becomes a normal 
dielectric (Re[ε] > 0) away from the metallic region. This metallic film can exhibit various 
optical features in the visible range, as indicated in Fig. 1(a); excitonic surface polaritons (SPs), 
epsilon-near-zero (ENZ) (Re[ε] ~0), epsilon-near-pole (ENP) (Im[ε] ~peak), freespace 
impedance matching (Z(2)/Z(1) ~1), and large-ε region. Figure 1 also shows a weakly metallic 
case (Fig. 1(b)) and non-metallic ones (Fig. 1(c),(d)). As Δεdye decreases, the Im[ε] peak value 
gradually decreases and the fluctuation of Re[ε] also decreases. Therefore, the excitonic film 
eventually becomes non-metallic. 

3. Surface bound waves in the ATR configuration 
We first consider the attenuated total reflection (ATR) configuration [glass/excitonic film/air] 
to study optical modes in excitonic films. The ATR configuration is often used to excite surface 
bound waves. The absorption (A) spectra of excitonic films were calculated by the transfer 
matrix method (TMM) [23]. The refractive indices of glass and air were assumed to be 1.5 and 
1, respectively, and we obtained absorption by A = 1 – R – T (R: reflection, T: transmission). 
Beyond the critical angle, the transmission is naturally suppressed (T = 0). Then, the absorption 
can reach near unity (A ~1) when the reflection becomes zero (R ~0). 
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Fig. 2. Absorption map as a function of wavelength and incidence angle for different Δεdye and 
film thickness t under ATR condition. (a) p-polarization and (b) s-polarization. Region D and E 
in the low-loss region are indicated by dotted circles in (a) and (b), respectively. 

Figure 2 shows absorption colormaps for different Δεdye values and film thicknesses (t = 10 
~80 nm). High absorption is represented in red color. We first explain general behavior in the 
absorption colormaps and then consider their physical origin. For a 10 nm-thick metallic film 
with Δεdye = 0.6 (Fig. 2(a)), there appear two strong absorption bands for p-polarization in ENP 
and ENZ regions. These absorption bands are almost flat over a wide range of incidence angle. 
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The vertical discontinuity at 42° corresponds to the critical angle (θc) at the glass/air interface. 
For thicker films, these absorption bands are not flat anymore and a clear wavelength-dependent 
dispersion appears. In addition, an isolated, strong absorption point appears at a very large 
incident angle (~80°). In the weakly metallic film (Δεdye = 0.3), we have a similar absorption 
map. However, the absorption band in the ENZ region moves to a longer wavelength region, 
because of the shifted ENZ wavelength (look at Fig. 1(b)). For smaller dye concentrations (Δεdye 
= 0.132, 0.05), the separate absorption band does not appear clearly, because the excitonic film 
becomes nonmetallic and the separate ENZ wavelength does not exist clearly in these cases 
[Figs. 1(c), 1(d)]. Only a single absorption band is present near the ENP region (i.e. high-loss 
region) in non-metallic films. For the s-polarization case, the absorption colormaps are simpler 
[Fig. 2(b)]; a strong absorption band appears mainly in the ENP region. An isolated, strong 
absorption point again exists at a large incidence angle, similar to the p-polarization case. 

Now we consider the physical origin of the angle- and thickness-dependent optical features 
observed in Fig. 2. We consider the ATR configuration as shown in Fig. 3(a). Figures 3(b) and 
3(c) show the absorption colormaps (p-polarization) for 50 nm and 20 nm thick metallic films 
(Δεdye = 0.6). The dispersion curve of the SP mode is shown together (olive curve). The SP 
mode dispersion is given by the following equation [24], 

 exc air
||

exc air

,k
c

ε εω
ε ε

⋅
=

+
 (2) 

where ω and c are the angular frequency and the speed of light. εexc and εair are the dielectric 
constants of the excitonic film and air (εair = 1). The in-plane momentum k|| is related to the 

incidence angle θ: || glass sink n
c
ω θ= . In the 50 nm thick film [Fig. 3(a)], strong light absorption 

in region A matches the SP dispersion curve and thus we find that light absorption occurs due 
to SP mode coupling. However, in the thinner film (20 nm thick), the absorption colormap 
looks very different although the dielectric constant of the film is the same. Now, the SP mode 
dispersion (solid olive curve) does not match the strong absorption band. Instead, we find that 
the absorption band follows the dispersion of another bound mode, called ENZ mode (region 
B) [25–27]. This mode exists for ultra-thin films and its dispersion curve lies close to the ENZ 
frequency. The dispersion relation for this p-polarized (or TM) mode can be obtained from the 
following analytic equation for a general three-layer system [25]: 

 ( )1 ,3 2 ,3 1 ,2
,2

3 ,1 3 ,2 2 ,1

1 tan ,z z z
z

z z z

k k k
i k d

k k k
ε ε ε
ε ε ε

   
+ = +      

   
 (3) 

where ( )1 22 2 2
, ||z p pk c kε ω= − , p = 1,2,3. By solving this equation, we can obtain dispersion 

curves around the ENZ frequency. From the dispersion relation, we can identify two branches 
[Fig. 3(f)]; one is a leaky mode (called Berreman mode [25,28,29]) on the left side of the light 
line, and the other a bound mode (ENZ mode) on the right side of the light line. When the film 
is very thin, the dispersion curves of both modes become flattened and get closer to the ENZ 
frequency (Re[ε(ω)] ~0). We will consider the Berreman modes later in the air-incidence case. 
Here, we discuss the excitation of ENZ modes in the ATR configuration. The ENZ dispersion 
curves of the [glass/excitonic film/air] system are plotted on the absorption map in Fig. 3(c) 
(violet line). The bound ENZ mode can be considered as an extreme case of long-range (LR) 
surface plasmon polariton (SPP) modes. The electric field in the ENZ mode is strongly 
enhanced inside the film, following the boundary condition for the normal electric field 
component (ε1E┴1 = ε2E┴2). Note that E┴1 should diverge when ε1 goes to zero (however, in real 
materials, the electric field remains finite due to nonzero optical losses or Im[ε]). As clearly 
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shown in Fig. 3, depending on the film thickness, incident light can be coupled to either a SPP 
mode or an ENZ mode. 

 

Fig. 3. (a) Schematic of the ATR condition. (b),(c) Absorption colormap together with the 
dispersion relation curve of SP (olive line) and ENZ (violet line) modes for 50 nm and 20 nm-
thick films under p-polarization (Δεdye = 0.6). (d),(e),(g)-(i) Electric (upper panel) and magnetic 
(lower panel) field profiles of the excitonic thin film for the ATR condition [glass/excitonic 
film/air structure]. Incident light comes from the glass. Each point corresponds to (d) region A 
and (g) region C in the absorption map of Fig. 3(b) with 50 nm-thick, (e) region B in the 
absorption map of Fig. 3(c) with 20 nm-thick. (h) Region D in the absorption map of Fig. 2(a) 
under p-polarization. (i) Region E in the absorption map of Fig. 2(b) under s-polarization. (f) 
Dispersion relation curve of ENZ modes for various thicknesses. 

SP and ENZ modes also show different field profiles. The electric and magnetic field 
profiles in Figs. 3(d)-(e) are obtained from TMM calculations too. The field profile for the SP 
mode resembles that of the SP mode in a silver film. The magnetic field has a peak at the 
film/air interface and exponentially decays away from it, showing the feature of a surface bound 
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wave. The magnetic field in the ENZ mode also shows the similar bound way feature. However, 
in this case, the electric field (Ez) is strongly enhanced inside the film because of the boundary 
condition, as discussed above. In addition to bound SP and ENZ modes, we find that strong 
absorption can occur in either the high-loss (C) or low-loss (D, E) region. Near-perfect 
absorption in the high-loss (or ENP) region occurs rather over a wide range of incidence angles, 
while it occurs at a very large, grazing incidence angle in the low-loss region. The field profiles 
in the region C to D are also very different from those for surface bound waves. The magnetic 
field profiles show the feature of thin-film interferences, while the normal electric field 
component (Ez) in region C and D follows the boundary condition. The optical interactions in 
the high-loss (C) and low-loss (D, E) regions will be discussed further in the next section. 

4. Thin film interferences in high-loss and low-loss regions 
Excitonic films have both high-loss and low-loss wavelength regions because of the Lorentzian 
dispersion. The high-loss region occurs near the excitonic absorption line or ENP position (i.e. 
the peak of Im[ε]), while the low-loss region corresponds to the dielectric region away from 
this excitonic line. As shown in the colormap in Fig. 2, strong light absorption can occur in the 
either high-loss or low-loss region. It can be understood in terms of thin film interferences. We 
explain this using the phasor diagram of partial reflected waves. The complex reflection 
coefficient can be expressed as a sum of partial reflected wave [10,30], 

 1 2
12 12 21 23 21

0 1
,m m mi

m
m m

r r r t t r r e β
∞ ∞

−

= =

= = +∑ ∑  (4) 

where rm is the round trip reflection coefficient ( 1 2
12 21 23 21

m m mi
mr t t r r e β−=  for m≥1, and r0 = r12) 

and ( ) 2 22 cosn dβ π λ θ= . rjk and tjk are the Fresnel reflection and transmission coefficients 

from medium j to medium k, given by ( ) ( )jk j k j kr Y Y Y Y= − +  and ( )2jk j j kt Y Y Y= +  with 

the admittance cosj j jY n θ=  for p-polarization, cosj j jY n θ=  for s-polarization, and 

( )1
1sin sinj jnθ θ−= . This infinite series can be also summed up as follows (called Airy 

formula), 

 12 23

12 23

exp( 2 )
.

1 exp( 2 )
r r i

r
r r i

β
β

+
=

+
 (5) 

In the complex phasor diagram, two axes correspond to the real and imaginary components 
of the reflection coefficient. Arrows indicate partial reflected waves (r0, r1, r2, …) and they are 
connected together head-to-tail. At near-zero reflection (or near-perfect absorption, A = 1 – R 
= 1), the connected phasor arrow returns close to the origin. Figures 4(a)-(c) show the phasor 
diagrams for three different absorption regions (C, D, E). In region C (corresponding to the 
high-loss, ENP region), the phasor arrow is significantly deflected away from the horizontal 
real axis. A high-loss film can induce a large phase angle in the complex reflection coefficient, 
and thus optical interference (or a closed loop in the phasor diagram) can occur even in ultra-
thin films. The phase condition for this perfect absorption (r = 0) can be obtained from Eq. (5). 
From the numerator 12 23 exp( 2 ) 0r r i β+ = and r12 = -r21, we have 23 21 exp( 2 ) 1r r i β = . Thus, we 
have the following thin-film interference condition for perfect absorption [31], 
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Fig. 4. (a)-(c) Partial reflected wave plots and (d)-(e) comparison of radiative and non-radiative 
damping for (a) Region C corresponding to ENP with t = 50 nm under p-polarization on the 
absorption map of Fig. 3(b). (b),(d) Region D corresponding to a high incidence-angle region 
with t = 80 nm under p-polarization on the absorption map of Fig. 2(a), and (c),(e) region E in 
the absorption map of Fig. 2(b) under s-polarization. 

 23 21 2 2 .prop mϕ ϕ ϕ π− + =  (6) 

Here, φ23, φ21 are the reflection phase shift, φprop is the propagation phase accumulation due to 
a single pass through the film, and m is an integer. 

On contrary, in region D and E (corresponding to the low-loss and large incidence angle 
region for p- and s-polarization, respectively), the phasor arrows almost lie along the horizontal 
real axis. The final arrows return close to the origin, and thus reflection is minimized and near-
perfect absorption is achieved again. Therefore, the phase condition in Eq. (6) should be still 
satisfied. However, in this case, we have from the relation 1 2

12 21 23 21
m m mi

mr t t r r e β−= , 

 232
23 21

1 2

.irr r r e
r r

β= = =  (7) 

Because the partial wave arrows are aligned linearly along the real axis, the phase of this term 
should be an integer multiple of 2π. Then, we obtain the following phase condition for low-loss 
perfect absorption: 

 23 21 2 2 .prop mϕ ϕ ϕ π+ + =  (8) 

This is in fact a Fabry-Perot resonance condition. Apparently, this condition seems in 
contradiction to Eq. (6) but, considering that φ21≈0 in a low-loss dielectric film, Eq. (8) becomes 
the same as Eq. (6) in the low-loss case. Therefore, we can understand that perfect absorption 
at a very large incidence angle occurs by coupling to a Fabry-Perot resonance. For much thicker 
films, we can also obtain higher-order resonances that have field nodes (i.e. zero electric-field 
points) inside the film (data not shown here). Similar thin-film interference and Fabry-Perot 
resonance can occur for air incidence too, as will be shown in the next section. 
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Fig. 5. Air-incidence absorption map as a function of wavelength and incidence angle for 
different Δεdye and film thickness t (air/excitonic film/Ag back-reflector structure). 

The near-unity absorption in the low-loss region can be explained further by comparing the 
radiative damping rate γrad (determined by the photon leakage rate from a resonance structure) 
and the nonradiative (or internal) damping rate γnonrad (determined by material losses). The 
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absorption spectrum A(ω) can be expressed as follows from temporal coupled mode theory 
[32], 

 2 2
0

4
( ) ,

( ) ( )
rad nonrad

rad nonrad

A
γ γ

ω
ω ω γ γ

=
− + +

 (9) 

where ω0 is the resonant frequency. At the resonance frequency ω = ω0, absorption reaches 
unity when γrad = γnonrad (called critical coupling condition). We extracted the radiative and 
nonradiative damping rates by fitting a Lorentzian curve to the absorption spectra given in Fig. 
2. Figures 4(d) and 4(e) compare the radiative and non-radiative damping rates as a function of 
incidence angle for region D and E. The radiative damping rate drops quickly as the incidence 
angle increases, while the nonradiative one is less sensitive to the incident angle. Therefore, 
two damping rates cross at 87.5° in region D and at 88.5° in region E. Owing to critical coupling 
to Fabry-Perot resonances, perfect absorption can occur even in the low-loss region. 

5. Optical interactions in air incidence 
Now we consider optical interactions in excitonic thin films when light is incident from air 
without a prism. We include a back reflector below the excitonic film (i.e., [air/excitonic 
film/silver] structure) and obtained the absorption spectra for p- and s-polarizations as shown 
in Figs. 5(a) and 5(b), respectively. Such a metal back mirror is often used in perfect absorbers 
to suppress light transmission. The film thickness is varied from 10 to 50 nm. For both 
polarizations, a strong absorption band appears near the ENP region. This strong absorption in 
the high-loss region can be understood as interference in lossy thin film as before. For p-
polarization, we have an additional absorption band near the ENZ wavelength because of the 
excitation of Berreman modes. The Berreman mode is a leaky mode and thus it can be excited 
in air incidence. For Δεdye = 0.6, the Berreman mode dispersion curve is plotted as violet solid 
lines on the absorption maps. The absorption band matches the dispersion curve of Berreman 
modes well. 

 

Fig. 6. The real part of r12 and –r23exp(i2β), first and second term in the numerator of the 
reflection coefficient under (a) p-polarization and (b) s-polarization. The cross points of r12 and 
–r23exp(i2β) in dotted circles correspond to the ENP region in Fig. 5(a) and (b). The angle 
dependence in the imaginary parts is much smaller, so it is not considered here. 

In thicker films, the ENP absorption band slightly bends toward shorter wavelengths for p-
polarization as the incident angle increases, while it bends to longer wavelengths for s-
polarization. To understand this behavior, we compare relevant parameters [r12 and r23exp(i2β)] 
in the numerator of the reflection coefficient in Eq. (5). Figures 6(a) and 6(b) show r12 and -
r23exp(i2β) for gradually varying incidence angles under p- and s- polarizations, respectively. 
Around the ENP wavelength (near 600 nm), r12 has a strong incidence angle dependence, while 
-r23exp(i2β) does not. The crossing points of these two curves become high absorption points 
(i.e. the numerator in Eq. (5) becomes small). We find that, for p-polarization [Fig. 6(a)], the 
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strong absorption point blueshifts as the incidence angle increases. For s-polarization [Fig. 
6(b)], we see the opposite trend; it redshifts for larger incidence angles in agreement with the 
behavior shown in the TMM color map. 

 

Fig. 7. Air-incidence absorption map as a function of wavelength and incidence angle for 
different Δεdye and SiO2 thickness tox (Air/excitonic film/SiO2 spacer/Ag back-reflector 
structure). The excitonic film thickness is 30 nm. 
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We also consider a case that includes an additional phase-controller layer (i.e. SiO2) 
between the excitonic film and silver. Figure 7 shows the absorption colormaps for the 
configuration [air/excitonic film/SiO2/Ag]. Now we vary the oxide thickness from 40 nm to 
160 nm, while the thickness of the excitonic film is fixed as 30 nm. We can notice that an 
absorption spectrum can be tailored further by controlling the phase-controller thickness. 
Various optical features appear in both high-loss and low-loss regions. Isolated, strong 
absorption points also appear at large incidence angles, similar to Fig. 2. These features can be 
again understood as thin film interferences and Fabry-Perot resonances in high-loss and low-
loss regions. 

6. Freespace impedance matching in excitonic thin films 
Impedance matching to freespace can be also achieved in excitonic films because of the 
Lorentzian dispersion. Because the real part of the dielectric constants (Re[ε]) gradually 
changes across zero (from positive to negative), we could find a wavelength region where Re[ε] 
becomes very close to 1. If the optical loss (or Im[ε]) of the film is small enough, the impedance 
matching condition can be satisfied around this point. 

 

Fig. 8. (Top) Impedance spectra for a freestanding excitonic film (Δεdye: 0.6, 0.3, 0.132, 0.05). 
Reflection spectra for the freestanding excitonic film with thickness of 50 nm (middle) and 100 
nm (bottom) for various incidence angles. (a) p-polarization and (b) s- polarization. 

 

 

 

 

400 500 600 700 800
 Wavelength (nm)

 

 

400 500 600 700 800
 Wavelength (nm)

 

 

400 500 600 700 800
 Wavelength (nm)

 

 

 

 

 

 

 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

 0°    45° 
 15°  60° 
 30°  75°

 

 

|Z
0(2

) /Z
0(1

) -1
|

 

 

0.0

0.2

0.4

0.6

0.8

1.0

R
ef

le
ct

io
n 

(t=
50

 n
m

)

 

 

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

 

 Wavelength (nm)

R
ef

le
ct

io
n 

(t=
10

0 
nm

)

 

 

(b) S-polarization
Δε=0.3 Δε=0.132Δε=0.6 Δε=0.05

400 500 600 700 800
0.0

0.2

0.4

0.6

0.8

1.0

 
R

ef
le

ct
io

n 
(t=

10
0 

nm
)

 

 

 

 

0.0

0.2

0.4

0.6

0.8

1.0

R
ef

le
ct

io
n 

(t=
50

 n
m

)

 

 

 

 0.0

0.2

0.4

0.6

0.8

1.0

 

 

|Z
0(2

) /Z
0(1

) -1
|

 

 

400 500 600 700 800

 

 

 

 

 

 

400 500 600 700 800

 

 

 

 

 

 

Δε=0.3 Δε=0.132Δε=0.6 Δε=0.05

P-polarization(a)

400 500 600 700 800

 0°    45° 
 15°  60° 
 30°  75°

 

 

                                                                               Vol. 8, No. 9 | 1 Sep 2018 | OPTICAL MATERIALS EXPRESS 2699 



When the light is incident from medium 1 to 2, the characteristic impedance of the medium 
is defined as [33] 

 ( )(1) (2)1 2
0 1 0 2

1 2

cos , cos , for polarization ,p pZ Z pµ µ
θ θ

ε ε
=   =   −  (10.1) 

 ( )(1) (2)1 2
0 0

1 1 2 2

1 1, for polarization ,
cos coss sZ Z sµ µ

ε θ ε θ
=   =   −  (10.2) 

where θ1 and θ2 are the incident and transmitted angles, respectively. For non-magnetic 
materials, μ = 1. From Snell’s law, we also have 1 1 2 2sin sinε θ ε θ= . Therefore, the 
impedance matching condition, Z0

(1) = Z0
(2), can be expressed as following, 
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The medium 1 and 2 are air and the excitonic film in our case. From the Fresnel equation, we 
can notice that this impedance matching should result in the suppression of reflection: 

 
(2) (1) (2) (1)
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0 0 0 0
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1
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r
Z Z Z Z

− −
= =

+ +
 (12) 

The calculated characteristic impedances with various incidence angles under p- and s-
polarizations are presented in the top panel in Figs. 8(a) and 8(b), respectively. For easy 
comparison with reflection spectra, |Z0

(2)/Z0
(1) - 1| are presented for several incidence angles 

instead of the respective values Z0
(2) and Z0

(1). For Δεdye = 0.6 under both p- and s-polarizations, 
|Z0

(2)/Z0
(1) - 1| are close to zero at 492 nm. Only for very large incidence angles, |Z0

(2)/Z0
(1) - 1| 

becomes bigger. Therefore, one can expect that reflection should be minimized at this 
wavelength because of freespace impedance matching. As Δεdye decreases, the impedance 
matching point redshifts. Such impedance matching curves are compared with reflection 
spectra. The middle and bottom panels in Figs. 8(a) and 8(b) show the reflection spectra under 
the p- and s-polarizations of incident light for 50 nm and 100 nm thick films in freespace (i.e. 
assuming a freestanding film without a substrate). As expected, for Δεdye = 0.6, we have near-
zero reflection at 492 nm for both p- and s-polarizations. At longer wavelengths (beyond 600 
nm), we also have near-zero reflection at the Brewster angle (~60°). This occurs over a broad 
wavelength range and we can confirm that it occurs only for the p-polarization of incident light. 

7. Conclusion 
In summary, we have investigated surface bound modes and optical interactions in organic 
excitonic films (such as J-aggregate-doped polymer films). Excitonic films can exhibit an 
optically metallic response for high-enough dye concentrations. By varying the dye 
concentration in a polymer film, we can realize both optically metallic and non-metallic films. 
Excitonic films have various optical features in the visible region because of sharp Lorentzian 
dispersions; excitonic SPs, ENZ (Re[ε] ~0), ENP (Im[ε] ~peak), and freespace impedance 
matching (Z0

(2)/Z0
(1) ~1). We performed systematic studies by gradually varying the dye 

concentration and film thickness. Our work shows that optical modes and interferences can be 
significantly controlled in organic excitonic films by adjusting the dye concentration in a 
polymer matrix and the film thickness. Because organic films are commonly prepared by a 
solution process, both dye concentration and film thickness can be easily controlled. Therefore, 
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our work suggests an easy and very effective method for nanophotonic studies in the visible 
region. Moreover, as far as we know, there were no studies on ENZ modes in natural materials 
in the visible region. There have been studies on ENZ modes in doped semiconductors and 
polar dielectric materials, but they were all performed in the infrared region. Our work shows 
that ENZ modes can be excited in the visible region using organic excitonic films. Especially, 
we showed that incident light can couple to either excitonic SP modes or ENZ modes depending 
on the film thickness. We also clarified the optical mode responsible for absorption resonances 
in the low-loss region. We found that strong absorption resonances in the low-loss, large-
incidence-angle region satisfy the Fabry-Perot resonance condition. Finally, we discussed the 
freespace impedance matching that can be achieved because of the Lorentzian dispersion. This 
impedance matching is interesting because it can occur in planar, spincoated films without 
further nanoscale patterning. 

Strong light absorption in the high-loss and low-loss regimes with tailored spectral and 
angular responses could be potentially useful for photodetectors, energy harvesting devices, 
fluorescence-based optical sensors, and color filters. ENZ modes in the visible region could be 
also interesting for nonlinear optical enhancement and active devices. Planar, organic excitonic 
films can be easily prepared by spincoating over a large area and can show various optical 
features in the visible region without complicated nanopatterning. Therefore, they provide a 
simple and cost-effective solution for many nanophotonic applications in the visible region. 
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