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The influence of the volume fraction of plasmonic nanoparticles on the efficiency of the Tamm-plasmon-polariton-
based organic solar cell is investigated in the framework of temporal coupled mode theory and confirmed by the
transfer matrix method. It is shown that, unlike a conventional plasmonic solar cell, in which the efficiency is
directly proportional to the volume fraction of nanoparticles in the photosensitive layer, the efficiency of the pro-
posed solar cell reaches the highest value at low volume fractions. This effect is explained by the fact that at these
volume fractions, the critical coupling condition of the incident field with the Tamm plasmon polariton is fulfilled.
Thus, for the incoming radiation range of 350 to 500 nm, a maximal cell efficiency of 28% is achieved with a vol-
ume fraction of nanoparticles equal to 10%. Additionally, the optical properties of the photosensitive layer are
compared for the cases of determining its complex refractive index by effective medium theory and the S-parameter
retrieval method. A good agreement between the results is demonstrated, which encourages the use of the effective
medium theory for preliminary calculations. ©2022Optica PublishingGroup

https://doi.org/10.1364/AO.456413

1. INTRODUCTION

The progress in solar energy goes towards enhancing energy con-
version efficiency while simultaneously increasing reliability and
decreasing the cost of solar cells. Accordingly, in the last 15 years,
conjugated polymer-based organic solar cells (OSCs) have been
rapidly developed, which are attractive for their low cost and
weight and the mechanical flexibility of solar panels [1–3]. Since
such OSCs contain a bulk heterojunction, it is necessary to
find a compromise between the photon absorption and carrier
transport efficiencies. In this case, the thickness of a photosen-
sitive layer (PSL) is no larger than 100 nm, which significantly
limits the efficiency of absorption of incident light. In view of
the aforesaid, methods for manipulating light for increasing
the absorption in the PSL by means of internal scattering or
the plasmon resonance effect have found wide applications. In
particular, the authors of [4] experimentally demonstrated the
possibility of increasing the absorption of light in a photoactive
layer containing silver nanoparticles (Ag NPs). In [5], it was
shown that the absorption line of the PSL can be broadened by
embedding particles of various shapes into it. The influence of
monodisperse Au and Ag NPs on the performance of OSC was
investigated in [6]. This direction has gained wide use. The PSL
was added with nanowires [7], nanorods [3], particles in the

form of cubes, dodecahedra, octahedra, triangular plates [8],
and core–shell NPs [9].

Another important way of increasing the integral absorp-
tion in the PSL is the introduction of a photonic crystal (PhC)
comprising WO3/LiF [10–12] and TiO2/SiO2 [13] layers
into an OSC. The high reflectivity in the PhC bandgap ensures
the repeated transmission of light incident onto the structure
through the PSL, thereby increasing OSC efficiency. Recently,
we have proposed to use the PSL doped with plasmonic NPs as a
mirror confining a 1D PhC [14]. In this case, a Tamm plasmon
polariton (TPP) [15–24] is localized at the PSL–PhC interface,
which leads to the occurrence of an additional absorption band
of the radiation incident onto the structure and, consequently,
increasing the efficiency of the OSC. This structure makes it
possible to entirely exclude a metallic contact and thus ensure
the absorption mainly in the PSL. In this case, the dispersion of
the PSL was determined by the effective medium theory (EMT).
In this work, the 2D array of plasmonic NPs embedded in PSL
was considered. Importantly, such structures can be obtained by
self-assembly, which significantly reduces their cost and speeds
up production [25]. The influence of the volume fraction of
plasmonic NPs in the PSL absorption of the TPP-based solar
cell was examined by the transfer matrix method and coupled
mode theory.

1559-128X/22/175049-06 Journal © 2022Optica PublishingGroup

https://orcid.org/0000-0002-0549-5917
https://orcid.org/0000-0002-7352-197X
https://orcid.org/0000-0002-6558-5607
mailto:bikbaev@iph.krasn.ru
https://doi.org/10.1364/AO.456413
https://crossmark.crossref.org/dialog/?doi=10.1364/AO.456413&amp;domain=pdf&amp;date_stamp=2022-06-02


5050 Vol. 61, No. 17 / 10 June 2022 / Applied Optics Research Article

Fig. 1. Schematic of the multilayer solar cell. The photocurrent
between indium tin oxide (ITO) contacts is proportional to light
absorption in P3HT:PC61BM layer. The critically coupled broadband
Tamm plasmon polariton (TPP) at the upper boundary of TiO2/SiO2-
multilayer concentrates the energy flow by periodically deposited silver
nanoparticles.

2. DESCRIPTION OF THE MODEL

A schematic of the investigated cell is shown in Fig. 1(a). The
poly (3-hexylthiophene-2,5-diyl): [6,6]-phenyl-C61-butyric
acid methyl ester (P3HT:PC61BM) PSL [26] layer thickness
is dPSL = 70 nm. The spherical Ag NP radius is r = 30 nm.
The permittivity of Ag was taken from experimental data
[27]. The thickness of the poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) layer [28] is 20 nm. The
transparent contacts used were indium tin oxide (ITO) films
with thicknesses of dITO1 = 15 and dITO2 = 45 nm. A PhC
unit cell was formed from silicon dioxide SiO2 [29] and tita-
nium dioxide TiO2 [30] with thicknesses of dSiO2 = 61 nm
and dTiO2 = 40 nm, respectively. The number of PhC layers
N= 11. The refractive index of semi-infinite optical glass is
ng = 1.5.

The effective refractive index of the square array [see Fig. 1(b)]
embedded in the PSL was obtained by numerical calculations
(S-parameter retrieval method [31,32]). The effective refractive
index of the PSL, in this case, can be defined as

neff =
1

kdPSL
cos−1

(
1− S2

11 + S2
21

2S21

)
, (1)

where k is the wave vector, and S11 and S21 are the components
of the scattering matrix.

It is noteworthy that this method makes it possible to deter-
mine the effective parameters of films with an arbitrarily large
volume fraction of NPs. The dependences of the real and imagi-
nary parts of the effective refractive index of the PSL with the
square array for different volume fractions of Ag NPs are shown
in Fig. 2.

Fig. 2. S-parameter retrieval method, Eq. (1), is used to determine
(a) real Re neff and (b) imaginary Im neff parts of the effective refractive
index of a square array of silver nanoparticles for different volume frac-
tions f (in %).

It can be seen from the figure that increasing the volume frac-
tion increases the optical response of the medium, which mani-
fests itself in the form of a resonance near 600 nm.

3. RESULTS AND DISCUSSION

A. Coupled Mode Theory

According to temporal coupled mode theory [33,34], any
state (resonance) has its own frequency ω0 and number N of
energy channels outside and inside the resonance. In this case,
the energy loss in the channels is described by the relaxation
times τl or relaxation rates γl = 1/τl , where l = 1, 2, . . . , N.
If the energy leaves the state along two energy channels with
relaxation times τ1 and τ2, then the relaxation time of the state
is determined as 1/τ = 1/τ1 + 1/τ2. In the presented solar cell,
three energy channels contribute to TPP formation. We denote
the energy relaxation to PSL transmission, absorption, and PhC
transmission channels as γPSL, γA, and γPhC, respectively. Each
channel relaxation rate is proportional to its power flow divided
by the energy accumulated in the TPP. So, the relaxation rates
are related to corresponding energy coefficients of the structure
as [35]

γPSL : γA : γPhC = TPSL : APSL : TPhC. (2)

In the case of opaque PhC, its relaxation channel can be ignored
(γPhC = 0). As a result, the critical coupling condition (2) can be
written in the form

γPSL = γA; γPhC = 0⇔ TPSL = APSL; TPhC = 0. (3)

This equation can be solved graphically. To do this, we should
build the parametric dependence APSL(TPSL). We consider the
PSL film with refractive index neff, which is located between
ITO and PEDOT layers with refractive indices nITO and
nPEDOT. The transmittance, reflectance, and absorptance of the
PSL film are determined using the Airy formulas

TPSL =
nPEDOT

nITO

∣∣∣∣ t12 + t23e iβ

1+ r12r23e 2iβ

∣∣∣∣2, RPSL =

∣∣∣∣ r12 + r23e 2iβ

1+ r12r23e 2iβ

∣∣∣∣2 ,
APSL = 1− TPSL − RPSL,

(4)

where β = 2πneffdPSL/λ is the phase incoming during the
passage of the layer by the wave; λ is the wavelength; dPSL

is the PSL film thickness t12 = 2nITO/(nITO + neff), r12 =

(nITO − neff)/(nITO + neff) and t23 = 2neff/(neff + nPEDOT),
r23 = (neff − nPEDOT)/(neff + nPEDOT) are the amplitudes of
transmission and reflection at interfaces 1–2 and 2–3.

Figure 3 presents rather simplified calculations of the critical
coupling condition of the incident field to the TPP for various
volume fractions from 5% to 30%. In other words, at these
concentrations, the highest resonant (non-integral) absorption
in the PSL layer is achieved. For a larger volume fraction, the
A(T) curve does not intersect the critical coupling dashed line,
because an increase in the concentration from 5% to 30% leads
to a shift of the critical coupling wavelength λCC to the short-
wave edge of the PhC stop band. Thus, to ensure the highest
integral absorption in the PSL, it is necessary to blueshift the
stop band by reducing the PhC period.
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Fig. 3. Absorptance A(λ) of the PSL film increases while its trans-
mittance T(λ) decreases in range of 350 to 500 nm for various volume
fractions f (solid curves). The critical coupling (CC) condition
[Eq. (3)] is shown by a dashed strait line. The graphical solution is at
the intersection of the dashed line with each solid curve represented by
six filled circles. Corresponding wavelengths λCC are presented. The
PSL film thickness is dPSL = 70 nm.

B. Transfer Matrix Simulation

Here we accurately verify the graphical parameter optimization
presented in Fig. 3. With this purpose in mind, we recalcu-
late the integral absorption of the PSL layer by the transfer
matrix method [36]. The integral absorption is meant to be the
PSL absorption normalized to the solar radiation spectrum.
Generally, the integral absorption is determined for each of two
polarizations, ATE and ATM, separately, and their arithmetic
mean Atotal = (ATE + ATM)/2 yields the total absorption in the
layer. At normal incidence, we have Atotal = ATE = ATM, which
can be determined as

Atotal =

∫ λ2
λ1

A(λ)S(λ)dλ∫ λ2
λ1

S(λ)dλ
, (5)

where λ1 = 350 nm, λ2 = 500 nm, A(λ) is the absorption
in the PSL, and S(λ) is the solar radiation spectrum (AM1.5).
In this paper, we do not separate absorption in the Ag NPs or
in the P3HT:PC61BM material. This is due to the fact that by
homogenizing the active layer doped with plasmonic NPs, we
obtain a medium with effective parameters. In the wavelength
range of 350 to 500 nm, we assume the NP absorption is smaller
than P3HT:PC61BM absorption [Fig. 2(b)]. Moreover, the
NP absorption is also useful because it leads to the injection of
hot electrons and, consequently, to an increase in photocurrent
[37,38].

The conjugation of the PSL containing an embedded square
plasmonic array with the PhC will lead to the formation of a
TPP at their interface; at the wavelength of the TPP, the integral
absorption in the PSL, the wavelength of which is dictated by
the phase matching condition [15,39,40], will increase. This
condition can be met by changing the thickness of the ITO2 film
adjacent to the PhC [please see Fig. 4(a)].

It can be seen that the highest integrated absorption in
the PSL is obtained at an ITO2 film thickness of 30 nm and
f = 10%. The integrated absorption in the PSL in this case
equals 90%. Corresponding absorptance spectra of the PSL
layer are shown in Fig. 4(b). The increase in integrated absorp-
tion is induced by the excitation of a TPP localized at the
interface between the PhC and the active layer doped with

plasmonic NPs. This is also confirmed by the spatial field
distribution.

In Fig. 5(a), the field is localized at the PhC–PSL interface and
decays exponentially on both sides of it. This slight increase in
the field at the TPP wavelength for the square array is explained
by the low Q factor of the TPP [40].

In Fig. 5(b), the reflectance spectra of the structure show
that critical coupling is not observed for all f = 5−30%, as
predicted by the coupled mode theory, but for f = 10−20%
only. It should be clarified that the coupled mode theory quan-
titatively describes only high-Q resonances, while for low-Q
resonances, it gives only a qualitative picture. Nevertheless, for
both methods, the results are in good agreement.

C. Effective Medium Theory versus S-Parameter
Retrieval Method

At low concentrations of Ag NPs in the bulk of the PSL (0.01<
f < 0.3 [41]), the permittivity of the P3HT:PC61BM layer
doped by Ag NPs can be determined by the Maxwell–Garnett
model [42]:

εeff = εd (ω)

[
1+

f (εm(ω)− εd (ω))

εd (ω)+ (1− f ) (εm(ω)− εd (ω))/3

]
,

(6)
where f is the volume fraction; εd (ω) [26] and εm(ω) are
dielectric permittivity of the matrix (P3HT:PC61BM) and Ag
NPs, respectively; ω is radiation frequency. Figure 6 illustrates
a comparison of the integrated absorption spectra of the struc-
ture for various methods of determining the effective dielectric
permittivity of the PSL. Simulations were performed for volume
fractions lying in the range of 5% to 20%.

Moreover, when determining the effective refractive index
of the PSL layer by the EMT method, the dispersion of metal
NPs was taken into account in two different ways. First, the
permittivity was given by the Drude model (~ωp = 9 eV,
~γ = 0.02 eV, ε0 = 5), and then from the Handbook of Optical
Constants of Solids [43]. The permittivities of the PSL are
denoted as εMG−Drude and εMG−CRC, respectively. A comparison
of the spectra showed that all three results have good agreement
only at low volume fractions [see Fig. 6(a)]. An increase in the
volume fraction of NPs leads to the fact that the results obtained
using the Maxwell–Garnett model with the Drude relation
increasingly deviate from the results obtained by S-parameter
retrieval. At the same time, a more correct accounting of the NP
dispersion allows us to obtain a good agreement between the

Fig. 4. (a) Total integrated absorption in PSL versus ITO layer
thickness for various volume fractions f (in %); (b) absorptance spec-
tra of PSLs for dPSL = 70 nm and dITO2 = 30 nm were obtained by the
S-parameter retrieval method for different volume fractions f .
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Fig. 5. (a) Local field intensity |E |2 spatial distribution at the TPP
wavelength and (b) reflectance spectra of the structure for various vol-
ume fractions f .

Fig. 6. Integral absorption of a photosensitive layer in the case of
determining its effective permittivity by S-parameter retrieval and
EMT methods for (a) f = 5%, (b) f = 10%, (c) f = 15%, and
(d) f = 20%.

EMT and the direct numerical calculation up to the volume
fraction f = 20% [see Figs. 6(b)–6(d)].

D. Detailed Balance Analysis of
Tamm-Plasmon-Polariton-Based Solar Cells

The detailed balance equation [44,45] for the OSC has the form

Fs − Fc(V )− R(V )− J /q = 0, (7)

where V is the voltage across the cell, J is the total current den-
sity, q is the elementary charge, Fs is the radiative generation of
hole–electron pairs by incident sunlight, Fc(V ) is the radiative
recombination, and R(V ) is the non-radiative recombina-
tion of hole–electron pairs. The radiative generation Fs can be
calculated as

Fs =
1

hc

∫ λ2

λ1

λS(λ)A(λ)dλ. (8)

The radiative recombination Fc(V ) relates to the voltage V as

Fc(V )= Fcoe
q V
kT = e

q V
kT

∫ λ2

λ1

2(λ)A(λ)dλ, (9)

where 2(λ)= 2c
λ4 [e

hc/λkT
− 1]−1 is the Plank law, k is the

Boltzman constant, T is the temperature of the cell, h is the
Plank constant, and c is the speed of light.

The short-circuit current J sc is determined from Eq. (7) by
equating V to zero:

J sc = q(Fs − Fc(0)). (10)

On the other hand, open-circuit voltage Voc across the cell can
be obtained from Eq. (7) by setting J = 0:

Fs = Fc(Voc)+ R(Voc). (11)

In the case when the contribution of non-radiative processes
is small, Voc can be approximated as

Voc ≈
kT
q

ln

(
Fs

Fco

)
. (12)

For solar cell efficiency, the non-radiative recombination
mechanisms are of crucial importance. There are three types
of recombination: Auger recombination, the defect mediated
Shockley–Read–Hall effect, and surface recombination. In an
effort to obtain the highest performance of a solar cell, we ideal-
ize the case of a defect-free solar cell with an ideal passivation of
the surface. In this case, the only unconventional mechanism in
our detailed balance analysis is Auger recombination, which can
be define as follows:

R(V )Auger = 2CdPSLn2
i e

3q V
2kT , (13)

where C = 2.7 · 10−30 (cm6/s) is the Auger coefficient
[46], and ni = 9.62 · 108 (cm−3) is the intrinsic carrier
concentration.

The efficiency of the solar cell was calculated by the equation
[44,45]

η=
Voc J sc F F

Pinc
× 100%, (14)

where FF is the fill factor of the solar cell, and Pinc is the power
of incident light. FF is a parameter that, in conjunction with Voc

and J sc, determines the maximum power from a solar cell. FF is
defined as the ratio of the maximum power from the solar cell to
the product of Voc and J sc so that

FF=
JmpVmp

J scVoc
, (15)

where Jmp and Vmp are current and voltage at the maximal
power point of the solar cell, respectively. In our simulation,
FF≈ 0.41, and Pinc ≈ 171.9 (W/m2).

The simulation results are shown in Fig. 7. The surface cur-
rent density and efficiency of the solar cells were calculated
within the PhC bandgap. This is due to the excitation of the
TPP. Moreover, the calculation of integral absorption in a wide
range of wavelengths outside the PhC bandgap is not quite
correct. This is due to the fact that plasmon resonance appears
near 600 nm, near which most of the incident radiation will be
absorbed in NPs and not in the PSL.

For the highest integral absorption ( f = 10%), the surface
current density is J = 55.2 (A/m2). An increase in the volume
concentration, in accordance with the previously performed
calculations, leads to a smooth decrease in the current density
[see Fig. 7(a)]. At the same time, the efficiency of the proposed
solar cell in the same concentration range drops from 27.8%
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Fig. 7. (a) J sc and (b) efficiency of the solar cell for different
values f .

to 21.6%. Moreover, we compared the surface current density
and the efficiency of the solar cell in the case of determining the
effective dielectric permittivity of the PSL by S-parameters and
the EMT. When using the EMT, the surface current density and
efficiency of the solar cell are slightly smaller. The difference on
average is no more than 2%. Thus, the effective medium model
can be used to describe the optical properties of the device with
an accuracy not inferior to that of direct numerical calculations.
It should be noted that the efficiency of the proposed solar cell
can be increased by further broadening [40] the TPP spectral
line or by hybridizing the TPP with other types of localized
modes [47].

4. CONCLUSION

The spectral properties of a model of an OSC based on a TPP
localized at the interface between a PhC and a PSL with an
embedded square plasmon array were studied. The effective
refractive index of the PSL was determined by the S-parameter
retrieval method; the energy spectra of the structure and its
local intensity distribution were calculated by the transfer
matrix method. The influence of the volume fraction of NPs
in the active layer on the spectral properties of the solar cell was
studied. It is shown that the greatest integral absorption and
efficiency are provided only at small volume fractions. This is
explained by the fact that at these volume fractions, the critical
coupling condition of the incident field with the TPP is fulfilled.
A comparative computation of the integral absorption in the
PSL with optical properties determined using the EMT and
direct numerical calculation was made. It was shown that, at
low (about 20%) concentrations of NPs in the bulk of the PSL,
the results obtained by two different methods agree well. Thus,
the MG model can be used at the first (estimation) stages of the
calculation of the optical properties of such structures with an
accuracy comparable to that of direct calculation.
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