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Abstract

Thin-film perovskite-based photovoltaics has a great potential to make an important

contribution to the ongoing search for new sources of clean renewable energy. Excita-

tion of localized surface plasmons in metal nanoparticles could establish a new route for

an improvement of the performance of such devices. Using the tools of electrodynamics

(Lorenz-Mie theory adopted for absorbing host media), we predict a strong red-shift in

spectral activity of gold and silver nanospheres and modification (negative or positive)

of white and solar light harvesting in the film of perovskite host caused by centrally

distributed plasmonic nanospheres. The enhancement of absorption in perovskite host

is proven to be possible for photons with energies close to or smaller than the energy

bandgap in perovskite, with the final effect depending on the diameter of nanospheres,

their concentration and kind of metal. From the electronic band structure point of

view, the predicted strengthening of absorption can be interpreted as the effect of semi-

conductor doping with metals resulting in increased photocurrent. New allowed energy

bands within the bandgap of the undoped perovskite semiconductor, allow explaining

the recently observed effect of boosted photocurrent generation (Nano Lett. 2013, 13,

4505 and Adv. Funct. Mater. 2015, 25,5038).

1 Introduction

Thin-film photovoltaics has the great potential to make an important contribution to the

ongoing search for new sources of clean renewable energy. However, solar cells based on the

photovoltaic effect in practice display much lower conversion efficiencies than a theoretical

maximum of about 32% due to the Shockley-Queisser limit.1 One of the reasons is that the

solar cell bandgap and a solar spectrum do not fully coincide. Another limitation in all

thin-film solar cell technologies is that their absorbance of near-bandgap light is ineffective.

Excitation of localized surface plasmons in metal nanoparticles could open a route to

increase the performance of photovoltaic devices. In general, plasmonic excitations give rise
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to a variety of effects which can be tuned by their size and shape, such as absorption and

scattering spectra or strong electromagnetic field concentration and enhancement that oc-

curs in the vicinity of metal surface (see, e.g.,2–5 for reviews). Strong interaction of such

nanoparticles with light makes them efficient receiving or/and scattering optical nanoanten-

nas with tunable optical properties.6–9 The large optical cross sections of metal nanoparticles

at wavelengths corresponding to their plasmon resonance make them potentially very attrac-

tive for a variety of applications that include harvesting solar energy. Excitation of surface

plasmons in nanoparticles embedded in semiconductor might be expected to enhance ab-

sorption of incident photons within the semiconductor region near each nanoparticle, as well

as redirect light into the semiconductor increasing the absorption path-length. Such effects

could enhance photocurrent response (see10–13 and references therein). Moreover, the radia-

tive coupling of a plasmons with an excitons in a semiconductor is expected to influence

radiative recombination of electron-hole pairs and improve the photocurrent by increasing

the optical pathway for light reemitted from electron-hole pairs recombination.14,15

In semiconductors, photon energies in excess of the threshold energy (the gap between

valence and conduction bands) are usually dissipated as heat, so that this absorbed photon

energy often is expected to do no useful work. However, recent studies (e.g.13,16–19) reveal

the new possibilities for hot-carrier harvesting that may allow power conversion efficiencies

beyond the Shockley-Queisser limit by implementing hot-carrier technology. In that con-

text, hot charge carrier extraction from metallic nanostructures offers also a very promising

prospects for applications (see20–24 and references therein). e.g., in photovoltaics. Plasmon

excitations in metallic nanostructures can be engineered to enhance and provide valuable

control over emission of such hot-carriers.

In the past few years the photovoltaic field has experienced extremely dynamic increase

due to development of perovskite-based photovoltaic devices14,18,25–29 that are expected to be

the next generation solar cells. Hybrid perovskites display relatively high power conversion

efficiencies due to their absorbing characteristics, which include long carrier lifetimes, and a
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significant defect tolerance for solution-processed polycrystalline films. However, absorption

by perovskites (as well as by other photovoltaic materials12,18,30,31) of solar radiation at longer

wavelengths is not optimal.

Spherical nanoparticles such as gold and silver nanospheres are plasmonic structures

of particular potential interest for solar light harvesting applications,12,14,15,32–34 since their

spherical geometry allow for effective interaction with incident light of any polarization,35 as

well as with unpolarized light. Their plasmonic characteristics are well known when embed-

ded in nonabsorbing media like air. In case of nonabsorbing host media, plasmonic activity

of gold and silver nanoparticles falls in the spectral range of sunlight. When illuminated

by light wave of frequency, which matches the spectral region of their characteristic size-

dependent resonance frequencies,5,9,36,37 nanoparticle’s optical cross-section becomes much

higher than the geometrical cross-section. For nonabsorbing host media, such cross-sections

can be predicted on the base of electromagnetic description known as the Lorenz-Mie theory,

which can be found in several monographs (e.g.3,38–40). Extensions of the Lorenz-Mie theory

are known for multilayered spheres41–43 and for arbitrary incident light beams.44 However,

in many cases of practical importance the Lorenz-Mie theory in its original formulation fails

due to the fact that the host medium is absorbing. When ignored (e.g., some commercial

computational codes for calculating the absorption or extinction cross-sections), the results

obtained formally after applying complex index of refraction for the medium are wrong. In

particular, it happens that the extinction in some frequency ranges becomes negative. To de-

scribe correctly the absorbing and scattering spectra of nanospheres embedded in absorbing

hosts (e.g. perovskite), an appropriate description is required.

The main aim of the present study is to assess a modification of the absorption spectra in

a thin-film absorbing materials resulting from admixture of plasmonic spherical nanoparticles

of various sizes using a rigorous electrodynamic modeling (near-field effect and retardation ef-

fects taken into account). First, the explicit spectral absorbing and scattering characteristics

of gold and silver nanoparticles of various size embedded in thin-film perovskite are given.
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Farther, the lower limit of the modification of absorption spectrum of perovskite host by the

plasmonic particles of various sizes is assessed. Finally, the net modification of the spectrum

of absorbed energy in the perovskite material alone is considered. Several spectral measures

of such modification are introduced, and the possible absorption enhancement is studied as

a function of nanoparticle size. The issue of whether plasmon excitations in gold and silver

nanospheres can enhance absorption of photovoltaic thin-film materials is discussed in two

spectral regions corresponding to energies below and over the energy bandgap in perovskite.

The presented model can be applied for any thin-film of absorbing materials containing

nanospheres. However, in all the calculations we use the example of thin-film perovskite con-

taining gold and silver nanospheres of various radii. Optical properties of perovskite under

consideration are assumed to be described by the dispersion relation data of methylammo-

nium lead triiodide perovskite CH3NH3PbI3 (MAPI) deposited on a (100) silicon wafer (for

details see45,46), in the wavelengths range from 300nm to 1500nm. The perovskite thin-film

is assumed to be 300nm thick. Originally, all the example spectra are calculated for flat spec-

tral illumination of the film. Later, all the results are recalculated for sunlight illumination.

Finally, the role of nanospheres size in generating the favorable conditions for enhancing

the absorption of perovskite host (and photocurrent generation) is discussed. All the basic

electrodynamic considerations, which are the integral part of our study, have been shifted to

Appendices section.

2 Optical properties of photovoltaic thin-films embed-

ding plasmonic nanoparticles; basis of modeling

Let us consider a composite thin-film of thickness h made of homogeneous absorbing (photo-

voltaic) material with embedded spherical particles of radius R (Figure 1). The N plasmonic

particles of the same radius R are distributed over the film volume along the central plane

of the film with a mean distances d between particles.
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Figure 1: Illustration of the concept of the optical cell (OC) of diameter 2ROC = h, containing
the central plasmonic nanosphere of radius R. The filling factor of the film of thickness h by
OCs depends on the concentration nv of plasmonic nanoparticles

To determine the macroscopic optical properties of a bulk medium in which many small

particles are immersed, it is commonly assumed that distances between particles are larger

than the light wavelength.47 In such case scattering by one particle can be considered inde-

pendent of scattering by another. In the considered case of nanoparticles (NPs) embedded

in an absorbing film, this condition can be weakened due to presence of absorption in the

medium. If distances between the particles are smaller, multiple scattering of light is more

effective and absorption in the host medium is enhanced. Therefore, assuming independent

scattering of light by immersed particles in the farther modeling, we possibly underestimate

the absorption in a host rather. Assuming electromagnetically independent plasmonic par-

ticles, one should recall stricter condition related to plasmon coupling. In a nonabsorbing

media it is usually assumed that plasmon coupling can be neglected when d > 5R.48 In ab-

sorbing hosts this condition is expected to be even weaker. Therefore, if we assume plasmonic

optically uncoupled nanospheres of diameters up to 2R = 150nm, distanced d ≥ h = 300nm,

we do not overestimate the possible enhancement of absorption in the absorbing host mate-
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rial.

We assume that absorbing host material is optically homogeneous and characterized by

a wavelength dependent complex refraction index n(λ0), where λ0 is the free-space wave-

length of light wave illuminating the film. Permeabilities of the materials are assumed to be

unity. The perovskite composite thin-film, which we consider in all numerical calculations

for illustrating our modeling, is composed of methylammonium lead triiodide perovskite

CH3NH3PbI3, and gold or silver nanoparticles. Let us note that the available data sets de-

livering n(λ0) for perovskites vary depending on the source. In case of thin-film photovoltaic

devices such as thin-film solar cells, the dispersion data for active material can be addi-

tionally affected by presence of materials applied in fabricating the solar cell architecture.

Perovskite CH3NH3PbI3 deposited on a (100) silicon wafer45,46 was chosen to represent the

host for the nanopartciles in the numerical calculations. Let us note that the maximum

of the imaginary part of the index of refraction Im[n(λ0)] for perovskite, which defines the

absorptive properties of the material, does not coincide with the maximum of the sunlight

spectrum (see Fig. 2). The complex indexes of refraction nin(λ0) accepted for gold and silver

inclusions comes from.49

In our modeling we assume the incident light beam to be already in the active film (details

of the description in Sections A1 and A2 of the Supplementary Materials). Thus we omit

all energy losses caused by reflection and refraction on the sides of the film. We neglect also

an interaction of nanospheres with the back reflected light beams, the effect, which would

increase absorption of reflected light if present in a strongly absorbing film. One can state

that this assumption (and all other assumptions we have made) leads to underestimation of

the absorption in an absorbing (photovoltaic) material under study.

2.1 The concept of the elementary optical cell of composite film

In order to describe all the near-field optical processes in an elementary volume of the

composite material of a fixed thickness, we introduce the concept of elementary optical

7
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Figure 2: Imaginary part of the index of refraction of organic-inorganic hybrid perovskite
CH3NH3PbI3 deposited on a (100) silicon wafer as a function of wavelength according to the
data from RefractiveIndex.INFO base46 (right axis). On the background: the spectrum of
sunlight, according to50

cell. Due to the spherical symmetry of the plasmonic particle, it is natural to consider the

spherical elementary optical cell (OC) of the diameter 2ROC composed of the absorbing

material (with the complex index of refraction n), and the plasmonic nanosphere (with the

complex index of refraction nin) in the center (see Fig. 1). Spherical symmetry of OC allows

adopting the general concept of Lorenz-Mie theory in order to find the exact electromagnetic

(EM) fields inside and outside the central spherical particle (SP) and use them to account

for the modification of absorption in the absorbing host material caused by presence of the

plasmonic nanosphere. Considering the modification of optical properties of the composite

film by SPs, it would be more appropriate to consider an elementary cube of length edge

h (see Fig. 1), or, even better, N elementary cuboids of height h filling the volume of the

film. However, mathematical complexity of the description favors the choice of a spherical

OC. Considering N elementary spherical OCs of the diameter 2ROC = h, we can be sure

that the estimated modification of the absorption of host material contained in the OC is

not overestimated in comparison with the corresponding quantity for N elementary cuboids.

8
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Considering the elementary spherical OC of radius ROC = 150nm cut from the thin-film

perovskite composite of thickness h = 300nm (see Figs. 1 and A1 b)) (see Section A1 of

Supplementary Materials for more details), we find all necessary quantities that contribute

to the modification of spectral properties of the composite film and host absorbing material.

Systems, which we must examine in order to account for absorption in the host material in

presence of SP, are the following (see Fig. 3 a)-c)): i) the sphere of volume VOC filled with

the absorbing material, circumscribed by the surface ΣOC (Fig. 3 a)), ii) the whole OC of

volume VOC circumscribed by the surface ΣOC with the particle in the center, iii) the central

particle (of volume V circumscribed by the surface Σ) in the absorbing host (Fig. 3 b)), and

iv) the hollow absorbing sphere of volume VOC − V circumscribed by the surface ΣOC (Fig.

3 c)). Varying the radius R of SP we can study the role of SP size in shaping the spectra of

absorbed energy in the whole OC, and finally in the material hosting the SP.

Figure 3: Illustration of the optical systems, which have been considered in the modeling:
a) the absorbing (perovskite) sphere of volume VOC (of radius ROC) without plasmonic
inclusions (absorption rate: W (i,a)), b) the optical cell of volume VOC (absorption rateW (a)),
composed of absorbing material (perovskite) and central plasmonic particle of volume V
(absorption rate w(a)), c) the absorbing host layer (perovskite) of volume Vh = V − VOC
embedding the particle (absorption rate W (a)

h in presence of plasmonic particle)

2.2 Lorenz-Mie scattering theory for a sphere in absorbing medium

Lorenz-Mie scattering theory, developed for a sphere embedded in a nonabsorbing medium

(e.g.38,39), treats strictly the scattering of EM radiation by spheres of arbitrary size and yields

9
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well known expressions for EM fields in the sphere and its dielectric environment, angular

intensity distribution of scattered light as well as scattering and extinction cross-sections. In

the case of absorbing host, the generalization of this formalism must be used, in order to take

into account the effect of absorption in the medium. Such generalization, using a far-field

approximation for the EM fields, proposed in,51 would not be appropriate even as a starting

point for the case studied here, as the near-field effects are crucial. Our modeling is based

in part on the results of the previous papers,51–56 especially those presented in,52,53 which

are considered as a generalization of51 for near-field effects. In,53,55 inherent and apparent

cross-sections for absorption, scattering and extinction of a nanosphere were introduced in

order to get the quantities which do not depend on the radius of integration sphere or the

absorption in the host medium. However, in all these works the effort was focussed on the

optical properties of a sphere, and not on the modification of the optical properties of the

host medium be the particle, which is our aim. Another problem which we encountered in

these papers and to which we refer in Section A3.2 in more details, is related to the meaning

of extinction cross-section.

But the most meaningful problem from the point of applicability of the results51–56 to

our problem (and to other problems of practical importance) is the fact, that in these papers

all studied quantities are parametrized by the amplitude Ec of the incident field defined

in the center of integration sphere (in the center of SP) and independent on the intensity

spectrum of light at the illuminated border of the absorbing materials. In our approach (see

Sections A1 and A2 of the Supplementary Materials for details), |E0|2 is used as the external

parameter of the modeling. E0 is the amplitude of harmonic plane wave with the wavelength

λ0 and intensity I0 illuminating the film (see Fig. A1 a)). Therefore, all the studied spectra

become proportional to the intensity of illuminating light I0 with wavelength k0 = 2π/λ0

(see eq. (A9)) at the illuminated border of the absorbing film. That allows us to introduce

any spectral profile of illuminating light.

10
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2.3 Summary of basic concepts of the modeling

We assume that the elementary optical cell (OC) of the composite film composed of the

absorbing host and the central plasmonic nanospheres accounts for all processes of basic

importance for modification of the absorption of the absorbing film hosting the plasmonic

spherical particle (SP). The cell with the diameter corresponding to the thickness of com-

posite film h (see Fig. 1) is inscribed in the center of an elementary cuboid of the height

h and the length depending on the number density of SPs. N such cuboids fill the volume

of the composite film. Modification in the absorbed energy introduced by plasmonic SP in

the host material of OC is not overestimated in comparison with the corresponding quantity

in an elementary cuboid. In the numerical calculations we assume that the thickness of the

composite film is h = 300nm, the film is illuminated by a plane wave with the intensity I0

proportional to |E0|2. We put |E0|2 = 1V 2/m2 (flat spectral illumination) or we introduce

the solar spectrum I0 = I0(λ0).50 The film is composed of perovskite with optical properties

defined by the complex index of refraction n(λ0)
45 and of admixed gold or silver spherical

inclusions of optical properties defined by the complex index of refraction nin(λ0).49 The

inclusions are uniformly distributed in the central plane along the illuminated film surface

with distances d > h. The problem is solved for particles of radii R from 10nm up to 150nm

with the step ∆R = 10nm.

3 Scattering and absorption spectra of gold nanoparticles

in thin perovskite film illuminated with light of flat

free-space profile

Noble metal nanoparticles embedded in nonabsorbing media exhibit absorption and scatter-

ing cross-sections far exceeding their geometrical cross-section in the spectral region of their

characteristic size-dependent plasmon resonance frequencies. In case of nonabsorbing host

11
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media, plasmonic activity of gold NPs fall in the visible spectral range of sunlight, while in

case of silver it is shifted toward UV-violet range, depending on the NPs size and dielectric

properties of the embedding material.5,9,37

In the absorptive media, the corresponding scattered w(s) and absorbed w(a) energy rates

are modified in shape and strength to the extend resulting not only from the dispersion,

but also from the absorption of the incident light in the host, which is dependent on the

propagation length. Therefore, in case of the fixed thin-film thickness, the optical path

changes with the particle size. In our modeling we take these effects into account.

The details of the basis of electrodynamic description of spectral characteristics of NPs in

absorptive environment have been shifted to Section A3 of Supplementary Materials. Using

eqs. (A15), (A20) and expressing the central value |Ec(λ0)|2 in these formulas by |E0(λ0)|2

of the light wave illuminating the film (eq. (A13)), we get the spectra of energy rates

absorbed w(s)(λ0) and scattered w(a)(λ0) by SPs in the film of thickness h. For completeness,

we find the corresponding scattering w′(s)(λ0) and absorbed w′(a)(λ0) spectra for the same

particles embedded in the nonabsorbing host calculated within the standard Lorenz-Mie

theory (Subsection A3.3).

Figures 4 and 5 show, how the absorbing film of perovskite influences the spectra of rates

of scattered w(s)(λ0) and absorbed w(a)(λ0) energy by gold and silver SPs of various radii, in

comparison with the corresponding rates of energy w′(s)(λ0) and w′(a)(λ0) in nonabsorbing

host (n = 1). The absorption spectra of gold SPs in the perovskite film are much wider than

in case of nonabsorbing host and, what is the most interesting, these spectra are strongly

shifted toward larger λ0. Their shape is deformed by the absorption of the incident light in

the host.

The scattering and absorption spectra w(s)(λ0) and w(a)(λ0) of gold and silver SPs pre-

sented in Figures 4 b) and 5 b) are centrally embedded in the perovskite composite film of

thickness h = 300nm. The film is illuminated with light of flat free-space spectral profile

of intensity proportional to |E0|2. w(s)(λ0) and w(a)(λ0) energy rates increase dramatically

12
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with the diameter of SP, as demonstrated for the sequence of 2R starting from 10nm up to

150nm. Maximum spectral activity of larger gold and silver plasmonic NPs falls just below

and over λ0 = 800nm, the wavelength corresponding to the energy bandgap in perovskite

host. In this spectral range, Im[n(λ0)] for perovskite (see Fig. 2) is small (in the range

λ0 ≤ 800nm), or negligible (λ0 > 800nm). Large SPs are more efficient scatterers than

absorbers. In principle, this feature can favour the increase in the total absorption rate in

perovskite host in case of larger SPs.
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Figure 4: Spectra of scattered and absorbed energy rates of silver spherical NPs for a sequence
of diameters a) in air and b) centrally embedded in the perovskite film

Comparison of w(s)(λ0) (see Fig. 6) for gold (dashed line) and silver SPs (solid line)

embedded in perovskite film leads to the conclusion that smaller Ag SPs are better scatterers

of radiation energy than the corresponding Au SPs in the low wavelength range, where the

perovskite absorption is maximal (see Im[n(λ0)] in the range 300nm < λ0 < 450nm in Fig.

2). Gold SPs effectively scatter light at larger wavelengths λ0 of the light illuminating the

film.

Absorption of radiation energy by metal NPs (top graphs in Figs. 4, 5) within plasmonic

mechanism is expected to heat the nanoparticle due to the ohmic losses in a metal. Such
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Figure 5: Spectra of scattered and absorbed energy rates of gold spherical NPs for a sequence
of diameters a) in air and b) centrally embedded in the perovskite film
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picture applies better to Ag than to Au SPs.9,13 Effectiveness of the heating process can be

accounted by the size dependence of the nonradiative plasmon damping rates contributing

to the total plasmon damping rates.8,13

4 Spectra of energy rates absorbed and removed by the

optical cell of the composite perovskite film

The rate W (a) of the total energy absorbed by the optical cell of radius ROC (see Fig. 3

b)) can be expressed as an integral of the radial component of the time-averaged Poynting

vector over the surface ΣOC which envelopes the volume VOC filled by absorbing material

(perovskite) and the central (plasmonic) particle (see Fig. 3 b) and Section A4 of the

Supplementary Materials for details). The rate of the total energy W (a) absorbed in OC can

be expressed as the sum of the terms (eq. (A31)):

W (a) = W (i,a) −W (s) +W ′, (1)

where W (i,a) is the rate of absorption of the incident beam by the absorbing material

(perovskite), which fills the whole volume VOC in absence of a scattering particle (see Fig.

3 a)), W (s) is the rate of energy scattered out by the SP and reaching the border of the

OC (after propagating in the absorbing medium). The term W ′ has no self-reliant physical

meaning like in the case of nonabsorbing host medium (see Subsection A4.3 for more details),

but it contributes to the total rate of energy W (ext) removed by OC.

After calculating the integrals defining W (i,a), W (s), W ′ (see Section A4), it is possible to

find the total absorption rate W (a) (eq. 1). In spite the task is algebraically rather hard, all

the terms W (i,a), W (s) and W ′ can be calculated strictly (see eqs. (A34), (A36) and (A38) in

Section A4). Spectra of the terms contributing to W (a)) (eq. (1)), the resulting absorption
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spectra W (a)(λ0) and the extinction spectra W (ext) ≡ W (a) + W (s) calculated as the sum

W (i,a) +W ′ are illustrated in the following subsections for divers diameters of gold and silver

SPs embedded in perovskite film.

4.1 Spectrum of absorption of the incident beam in absence of scat-

tering particle

Fig. 7 illustrates the spectrum of absorbed energy rateW (i,a)(λ0) in perovskite, which fills the

spherical volume VOC (in absence of a scattering particle) after illumination of the perovskite

film of thickness h = 300nm with light of flat free-space spectral profile (dotted line) and

sunlight (solid line). W (i,a)(λ0) is the strong nonlinear function of wavelength λ0, due to

the interplay of dependencies Ic(λ0), n(λ0) and η(λ0) = 4πROC Im[n(λ0)]/λ0 (eq. (A34)).

W (i,a) is also dependent on the choice of the radius ROC and, therefore, on the thickness of

composite film h, as we have assumed 2ROC = h.
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Figure 7: Spectrum of energy rate absorbed by the perovskite sphere of volume VOC =
(4/3)πR3

OC in case the film is illuminated with light of flat spectral profile (E0 = 1V 2/m2,
left axis, dashed line) and with solar light (right axis, solid line)
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4.2 Scattered spectra

Figure 8 (solid lines) illustrates spectral dependence ofW (s)(λ0) for the sequence of diameters

of gold and silver SPs (solid lines) embedded in perovskite after illumination of perovskite

film with thickness h = 300nm with light of flat free-space spectral profile. All W (s)(λ0)

spectra fall into the visible range near the band-gap limit (at 800nm) and extend over that

limit to the infrared range. Dashed lines illustrate the corresponding spectra of energy rates

w(s)(λ0) scattered by the central gold or silver particle, before propagation in the host. The

difference in both quantities below the wavelength corresponding to the energy band-gap is

quite large, while for larger wavelengths it is much smaller due to very weaker absorption of

perovskite in this spectral range (see Im[n(λ0)] in Fig. 2).
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Figure 8: Spectra of energy rates w(s)(λ0, R) (dotted lines) scattered by plasmonic NPs, and
the corresponding spectra W (s)(λ0, R)) (solid lines) at the surface of the optical cell after
travelling in perovskite host
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Let us note that while the OC is embedded in the perovskite film (see Figs. 1), energy

scattered by the nanosphere propagates still outside OC borders, contributing to the en-

hanced absorption in the perovskite. Therefore, absorption of the scattered energy in the

film is larger than those estimated by W (s) for the perovskite contained in the OC.

4.3 Extinction spectra

Figure 9 illustrates W ′(λ0) (eq. (A38)) spectra (dotted lines) for gold and silver SPs of

various diameters, embedded in perovskite host, after illumination of the film of thickness

h = 300nm with light of flat free-space spectral profile. W ′ (eq. (A37)) has no self-reliant

physical meaning like in the case of nonabsorbing host medium (see Subsection A4.3), but

it contributes to the total rate of energy removed by OC. Figure 9 illustrates the extinction

spectrum W (ext)(λ0) (solid lines) (eq. (A39)), calculated as the sum of W (i,a) and W ′ (see

Section A4.3 for more details). Note that W ′(λ0) spectra became slightly negative for some

frequency ranges (inset in Fig. 9), contrary to W (ext)(λ0) ≡ W (a)(λ0) +W (s)(λ0). Extinction

of the illuminated composite film can be measured experimentally.

4.4 Absorption spectra

W (i,a)(λ0),W (s)(λ0) andW ′(λ0) spectra contribute to the spectra of the total energyW (a)(λ0)

absorbed in the whole OC (eq. (1)) in presence of SP of diameter 2R. Fig. 10 a) illustrates

the spectral dependence of W (a)(λ0) for a sequence of diameters of gold and silver SP em-

bedded in perovskite, after illumination of perovskite film of thickness h = 300nm with light

of flat free-space spectral profile.
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Figure 9: Spectra of energy rates W (scat)(λ0, R) removed from the incident light (solid lines)
and those of W ′(λ0, R) (dashed lines) for gold and silver spherical NPs embedded in per-
ovskite host. The inset demonstrates that W ′(λ0, R) can take the negative values
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Figure 10: Comparison of spectral dependence of energy rates absorbed a) W (a)(λ0, R) -
by the whole optical cell (host and NP) and b) W (a)

h (λ0, R) - in a layer of perovskite host
embedding the gold and silver NPs of various diameters

5 Spectral modification of absorption in perovskite by

plasmonic particles in the elementary optical cell

5.1 Spectral net modification of absorption in perovskite host by

plasmonic particles after illumination by spectrally flat light

and sunlight

The absorption rate W (a) of the whole OC (eq. (1)) must be the sum of the rates: w(a)

absorbed by the particle in the absorptive host (eqs. (A15)) and W (a)
h absorbed in the host

in presence of the particle: W (a) = w(a) + W
(a)
h . Therefore, the total rate W (a)

h of energy

absorbed in the SP’s surrounding (within the volume Vh = VOC−V , see Fig. 3 c)) in presence

of SP, is the difference of quantities which we just know (see Subsection 4.4 or Section A4

for more details):
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W
(a)
h = W (a) − w(a). (2)

Fig. 10 b) illustrates the spectra of rates of energy W
(a)
h (λ0) absorbed in the layer of

perovskite host embedding the gold or silver SP for a sequence of sizes, after illumination of

perovskite film of thickness h = 300nm with light of flat free-space spectral profile. The rates

W
(a)
h (λ0) are the quantities of interest in photovoltaic applications; the net rate of energy

absorbed in the host medium (and not the total rate of energy absorbed in a composite)

relates to the photocurrent generation in active photovoltaic material. Comparing Fig. 10

a) and b) one can state that the contribution of absorption w(a) in a plasmonic particle

(which is turned mainly into heat), introduces important, size dependent contribution to

the modification of the total energy rate W (a) absorbed by OC, which is the measurable

quantity.

To access the direct effect resulting from incorporation of plasmonic SPs to the photo-

voltaic material, we consider the net change ∆W
(a)
h (λ0) in the rate of absorbed energy by

the host medium, resulting from presence of plasmonic particle:

∆W
(a)
h = W

(a)
h −W

(i,a), (3)

where as before: W
(a)
h is the energy rate absorbed in the hosting material in OC in

presence of SP and W (i,a) is the rate of energy absorbed by that material in case it fills

the whole volume of OC (SP is not present). If in some spectral range ∆W
(a)
h (λ0) > 0,

absorption of photovoltaic material is reinforced.

Having in mind possible photovoltaic applications, we recalculated all the quantities

contributing to ∆W
(a)
h (λ0) (eq. (3)) by replacing the previously assumed flat free-space

spectrum of light illuminating the film by sunlight spectrum50,57 (see Section A5 for more

details). Figure 11 summarizes our results concerning the spectral modification of the ab-

sorption ∆W
(a)
h (λ0) and ∆W

(a)
h,SUN(λ0) of perovskite host resulting from admixture of gold
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or silver nanospheres of various radii R for a) spectrally flat and b) sunlike illumination of

the composite film correspondingly. Evidently, modification of absorption ∆W
(a)
h (R) and

∆W
(a)
h,SUN(λ0) is much more efficient for larger particles. The depletion of absorption takes

place for shorter λ0 from the studied spectral range, while the maximal reinforcement of

absorption falls for wavelengths just below λ0 = 800nm, corresponding to the bandgap in

perovskite. The depletion is much more pronounced for a composite containing gold in-

clusions than silver ones. Important enhancement of ∆W
(a)
h (λ0) and ∆W

(a)
h,SUN(λ0) falls in

the spectral range, where perovskite without plasmonic admixtures weakly absorbs light (see

Im[n(λ0)] in Fig. 2), with the spectrally wide part falling above λ0 = 800nm (photon energies

smaller than ∼ 1.55eV , well below the perovskite energy bandgap). Note that absorption in

perovskite (without SPs) in this spectral range does not lead to the increase in photocurrent.
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Figure 11: Net change in the spectra of absorbed energy rates in the perovskite host, resulting
from presence of gold or silver NPs of various diameters, after illumination of perovskite
composite film a) with light of flat free-space spectral profile, b) with sunlight

The spectral measures of the modification of light harvesting by plasmonic SPs which

we have introduced, apply to the nanometer-sized volume of a single elementary OC. When

related to the extended composite thin-film with 2ROC = h, the effect of many admixed
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NPs adds in the volume of the film occupied by the OCs. So, the final gain or depletion of

spectral absorption in the photovoltaic material (perovskite) introduced by presence of NPs,

increases with the concentration nv of the NPs. For example, if one takes nv ≈ 3.7 ·1013cm3,

the number of NPs in the film of surface s = 1cm2 is nvhs = NOC ≈ 109. Therefore, the

expected single-OC spectral effects will be larger by nine orders of magnitude in the whole

volume of the composite film occupied by the OCs.

5.2 Relative spectral modification of absorption in perovskite host

by plasmonic particles after illumination by sunlight

∆W
(a)
h,SUN(λ0) related to the rate W (i,a)

SUN allows assessing the relative spectral modification of

the absorbed energy in the perovskite host resulting from presence of SP of radius R:

M(λ0, R) =
∆W

(a)
h,SUN(λ0, R)

W
(i,a)
SUN(λ0)

%. (4)

Such parameter defines the important measure for the objective assessment of the spectral

modification of absorbing (photovoltaic) materials by admixture of plasmonic SPs of various

radii in the OC.

Figure 12 illustrates the relative spectral modification M(λ0) of absorption in perovskite

by gold and silver SPs of various diameters 2R. Negative effect occurs for shorter wave-

lengths (for photons energies exceeding the energy bandgap), and is larger for gold than sil-

ver nanoparticles. Positive modification M(λ0) achieves several dozen percent of the energy

absorbed by the perovskite without admixture for larger plasmonic inclusions. Enhancement

occurs in the spectral range near and above λ0 = 800nm, with the spectrally narrower maxi-

mum near the energy bandgap and with the wide maximum for photon energies smaller than

∼ 1.55eV (in red and infrared regions) below the perovskite bandgap, in the range where

absorption in the perovskite without metal NPs can not contribute to the photocurrent

generation (Fig. 13).
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Figure 12: Relative modification in the spectrum of absorbed energy, resulting from presence
of a) gold or b) silver NPs in the perovskite host, related to the spectrum of absorption in
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The revealed important positive relative spectral modification M(λ0) of absorption by

incorporation of metal NPs is the most important result of our study, with the fundamental

consequences for photocurrent enhancement. The predicted modification of absorption of

photons in the "forbidden" energy band of perovskite (Fig. 13) is expected to be reflected

in change of conductive properties of composite. Such enhanced absorption can be assigned

to the new absorbing bands of doped perovskite and, as we expect, it can lead to the gain

in photocurrent generation.

6 Integral modification of absorption in perovskite by

plasmonic particles in the elementary optical cell

In order to get the generalized measure of potential usefulness of plasmonic NPs in improving

light harvesting of perovskite composite film (and their photovoltaic performance), we in-

troduce the integral spectral modification of absorption in perovskite host ∆W
(a)
h,SUN

[
λmax
300nm

]
and the corresponding integral measureMλmax

300nm. ∆W
(a)
h,SUN

[
λmax
300nm

]
adds up positive and neg-

ative changes in the absorption rate ∆W
(a)
h,SUN(λ0) (eq. (3) for sunlight illumination) in the

spectral range under study:

∆W
(a)
h,SUN(R)

[
λmax
300nm

]
=

∫ λmax

300nm

dλ0

[
∆W

(a)
h,SUN(λ0, R)

]
. (5)

The corresponding relative integral measure, with respect to the total radiation energy∫ λmax

300nm
dλ0W

(i,a)
SUN(λ0) absorbed by the host filling the whole volume of the OC in absence of

SPs, can be expresses as:

Mλmax
300nm(R) =

∆W
(a)
h,SUN(R)

[
λmax
300nm

]∫ λmax

300nm
dλ0W

(i,a)
SUN(λ0)

%. (6)

The relative integral spectral modifications Mλmax
300nm of the absorption by the SPs is the

essential parameter of our study. It allows estimation of the potential improvement (or
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defeat in case of M < 0) of thin-film plasmonic composite for building photovoltaic devices

(in comparison with the case where NPs are not incorporated), in the spectral range of

interest (in our case from 300nm up to the chosen λmax).

In case of perovskite host, we will consider two spectral ranges of wavelengths respectively:

i) the full studied spectral range up to λmax = 1500nm, ii) up to λmax = 800nm. The

absorption of photons from the second spectral range only (300nm − 800nm) leads to a

standard photocurrent generation in perovskite of absorptive properties unaffected by NPs.

Figure 14 shows both: M1500nm
300nm (R) (line with black empty squares) and M1500nm

300nm (R) (line

with blue empty spheres).
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Figure 14: Modification (positive or negative) of the integrated spectra of the total absorbed
energy (in percent) in the perovskite host, resulting from presence of a) gold and b) silver NPs
of various diameters. Lines with black empty squares show M1500nm

300nm (R), after integration
over the full studied spectral range, while lines with blue empty spheres shows M800nm

300nm (R),
after integration over the spectral range, where the gain in the absorption in perovskite
without NPs is expected to enhance photocurrent
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In case of gold NPs (Figure 14 a)), when considering only the absorption in the spectral

range 300nm − 800nm (empty spheres), positive modification (M800nm
300nm (R) > 0) does not

exceed 0,3%. Very modest enhancement of light harvesting by incorporation of gold NPs

of diameters from the narrow range of about 35nm − 70nm only is expected. Admixture

of larger gold NPs leads to important negative modification of absorption in perovskite.

Admixture of silver NPs (empty spheres in Figure 14 b)) is expected to be more favorable:

the integrated relative enhancement of light harvesting is expected for NPs of diameters from

about 40nm (to the end of studied size range) with M800nm
300nm (R) approaching or exceeding

0,5%, with the maximum 0,85% for 2R = 130nm.

However, when considering the modification of absorption in the full spectral range from

300nm to 1500nm (line with black squares in Fig. 14), the total enhancement of absorption in

perovskite host becomes much more pronounced in case of larger SPs, reaching the optimum

of 2% for Ag SPs of diameter of about 130nm. As demonstrated, from the point of view of

its plasmonic properties, inclusion of large silver SPs is more profitable than of gold ones.

Opposite is true in case of their chemical activity as gold NPs are known to be more inert.

7 Summary and Conclusions

Our study was motivated by recent extremely dynamic development of perovskite-based

photovoltaic devices with their great potential to be applied in next generation solar cells.

The presented model allows assessing enhancement of light harvesting in active materials of

absorbing films by admixture of plasmonic nanospheres. We introduced several measures of

such modification resulting in the gain and depletion of absorption in the host (perovskite)

material in the spectral range from 300nm to 1500nm. Rigorous electrodynamic description

that we applied allowed us to accounts for modification of plasmonic characteristics of the

nanosphere by the absorbing host, and vice versa. The model can be applied for any film of

absorbing materials containing any optically uncoupled, centrally distributed nanospheres.
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As an example, all the calculations were made for thin-film perovskite film of thickness

300nm and gold and silver spherical nano-inclusions with diameter within the 10nm-150nm

range.

In order to account for the near-field optical processes in the nano-thin film composite,

we used strict electromagnetic theory (based on Maxwell’s equations) and energy budget

equations (based on Pointing theorem) applied to the elementary (spherical) optical cell cut

from the composite film. Such cell consists of a central plasmonic (gold or silver) nanosphere

and an absorbing host (perovskite). Considering N such cells with the diameter equal to

the thickness of the film, we can be sure that the estimated modification of the energy

absorbed in the active material of the film filled with the optical cells, is not overestimated

in comparison with the corresponding quantity for N elementary cuboids containing the cell.

Lorenz-Mie theory extended for spheres immersed in an absorbing host medium allowed us

to describe absorption of the primary electromagnetic fields propagating in the absorbing

host together with those scattered by the nanosphere. Absorption by the nanosphere was

also accounted for. External parameters of our model include spectral parameters of the

light illuminating the film.

Initially, we found the absorption and scattering spectra of gold and silver nanospheres of

various sizes embedded in the perovskite film, the spectra of total absorption and extinction

rates of plasmonic optical cell, and finally, the net energy rates absorbed by the host material

(perovskite) in presence of a plasmonic particles of various sizes. At this stage, all the spectra

were calculated for flat spectral illumination of the film with the amplitude of the illuminating

plane wave assumed to be 1V 2/m2. Finally, all the spectra were recalculated for illumination

of the film by a sunlike light.

Optical activity of plasmonic nanoparticles is strongly affected by absorbing host. The

spectral absorbing and scattering characteristics of gold and silver nanoparticles of various

size, hosted by the thin-film perovskite, are red-shifted in comparison with the correspond-

ing spectra for particles in air. Maximal spectral activity of larger gold and silver plasmonic
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particles falls in the range just below and over λ0 = 800nm, the wavelength corresponding

to the energy bandgap in perovskite. In this spectral range, perovskite (without plasmonic

admixtures) absorbs light weakly. Larger nanoparticles are more efficient scatterers than

absorbers. In the low wavelength (UV) range, silver nanospheres scatter light more effec-

tively than the corresponding gold nanospheres. In turn, gold nanospheres are more efficient

absorbers in this frequency range. A significant component of the total absorbed energy is

turned into heat in the plasmonic particle. Our analysis proves that structuring the pho-

tovoltaic thin films according to the simplified criterion of maximal absorption by the film

containing plasmonic inclusions is incorrect.

Moreover, the role of plasmonic nanospheres in modifying the spectral characteristics

of the host material was considered as a function of particle’s size. We introduced several

measures of such modification, which describe the gain and depletion of absorption in the

host (perovskite) material in the spectral ranges from 300nm to 1500nm and from 300nm

to 800nm as a function of particle’s size. Modification of the absorption spectra in the

perovskite host is size dependent and much more efficient for larger particles.

The depletion of absorption takes place for shorter wavelengths of the studied spectral

range and is more pronounced for a composite containing large gold nanoparticles (up to

8, 87% for λ0 = 473) than containing silver ones (up to 2, 41% for λ0 = 466nm).

The most important finding of this work is the predicted reinforcement of light harvesting

in the perovskite host in the spectral range, where, when undoped, it can not absorb radia-

tion. The enhancement of absorption in perovskite host is proven to be possible for photons

with energies close to or smaller than the energy bandgap in perovskite, with the final effect

depending on the diameter of nanospheres, their concentration and kind of metal (Fig. 12).

The enhancement of the relative absorption (related to the absorption in the volume in case

the nanoparticles are not incorporated) takes place in the range corresponding to the energy

bandgap limit ∼ 1.55eV (see Fig. 13) of perovskite (narrower maximum near λ0 =800nm)

and extends towards lower energies (the second broad maximum in red and infrared regions).
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Maximum absorption gain reaches 50% or 60% for largest diameters (150nm) depending on

the metal (Au or Ag) and fall in near infrared part of the spectrum. As we expect, the

spectrally narrower contribution to the gain with the maximum below λ0 can significantly

influence both the luminescence and photocurrent enhancement, while the part of the wide

absorption band over λ0 =800nm can lead to the increased photocurrent.

In addition, we introduced the total spectral measure of potential usefulness of plasmonic

nanospheres in improving the performance of perovskite films for photovoltaics. The integral

spectral modification of absorption in the perovskite host (caused by presence of plasmonic

particles) adds up positive and negative changes in the absorption rate in the corresponding

spectral ranges. Using this measure, we can state that large silver nanoparticles are better

candidates as doping agents for photovoltaic perovskite cells than the gold ones. Their

integrated action in enhancing the absorption can be positive in both studied spectral ranges:

from 300nm to 800nm and from 300nm to 1500nm. Absorption in the former range is

known to result in photocurrent generation in undoped perovskite. Absorption in the latter

range, revealed contribution from new absorption bands which appear directly as a result

of semiconductor doping with metal nanoparticles. The optimal size of silver nanospheres

for boosting performance of plasmonic perovskite solar cell is expected to range from 80nm

to 160nm, with the maximum of the enhancement for the diameter 130nm. In practical

realization of plasmonic solar cells, the core-shell nanoparticles are usually used, what leads

to slight modification of the optimal size and diminution of the expected positive effect.

However, in the attempt of boosting the efficiency of solar energy conversion, the single

percent of increase counts.

New absorption bands predicted by our model can shed a new light on the experiments

applying core-shell nanoparticles incorporated into perovskite-based solar cells (see experi-

mental results14,15 on the role of Au@SiO2 (80nm diameter) and Ag@TiO2 (40nm diameter)).

In case of gold nanoparticles, the authors unambiguously observed enhanced photocurrent,

but no significant change to the white-light harvesting capability in the studied wavelength
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spectral range, which have been limited (in both cases of Au@SiO2 and Ag@TiO2 nanopar-

ticles) to the spectral range below 800nm. Therefore, the absorption to the energy band(s)

of the doped perovskite (over 800nm) predicted by our model have not been observed. But,

as we expect, such previously unpredicted absorption was the main reason of the observed

photocurrent enhancement.

The predicted enhancement of light harvesting by incorporation of metal nanoparticles

can be understand as the effect of semiconductor doping, which results in a behaviour more

similar to a conductor’s one with all consequences for the new allowed energy levels (bands)

and boosting photocurrent. Our electrodynamic modelling of this effect opens new way in

predicting the enhancement of solar conversion efficiency in photovoltaic materials.

8 Appendices

A1 Absorption of electromagnetic energy in a spherical

volume - the basis

The net average rate ∆W at which EM energy passes trough the surface Σ which bounds

the volume V is given by the surface integral (e.g.44,58)

∆W = −
∮
Σ

〈S〉 · n̂ da, (A1)

where n̂ is an outward unit vector normal to the surface, da is an infinitesimal area of the

surface, and 〈S〉 is the time average of the Poynting vector S(r, t) = 1
µ0

[Re E(r, t)×Re B(r, t)].

If 〈S〉 represents the directional mean energy flux density of exp(iωt)-harmonic EM fields:

〈S(r)〉 =
1

T

∫ T

0

S(r, t) dt =
1

2
Re[E(r)×H∗(r)] , (A2)

where the star denotes a complex conjugate. For a nonabsorbing medium (media) which
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fills the volume V , the incoming energy is balanced by the outgoing energy and ∆W = 0.

But when the volume V is filled with the absorbing material(s), ∆W 6= 0 and it represents

now the total rate at which the EM energy is being absorbed in the volume confined by the

surface Σ. The absorbed electromagnetic energy is transformed into other forms of energy

(e.g. heat) by a process not described by EM theory.

If the absorbing volume V is a sphere, the absorbed energy rate ∆W = W (a) is represented

by the integral of the radial component 〈Sr〉 of 〈S〉, taken over the sphere surface:

W
(a)
sph =

∫ 2π

0

∫ π

0

〈Sr(rsph, θ, ϕ)〉 da, (A3)

where da = r2sph sin θdθdφ is an infinitesimal surface area and rsph is the sphere radius.

To find 〈Sr〉, it is sufficient to consider the transverse components of the EM fields E(r) and

H∗(r) which in the spherical coordinate system (r, θ, ϕ) are expressed by series of spherical

multipole partial waves, similarly to their counterparts in the case of conventional Mie for-

mulation for nonabsorbing host media. Let us note that the validity of relationship A1 is

not restricted to the case of a homogeneous material contained in the volume V .

A1.1 Incident fields in the absorbing material without inclusions

The incident light wave, assumed to be already in the host medium,51–56 is polarized in the

direction of x axis in the Cartesian coordinate system (x, y, z), selected to be at the center

of the sphere, with the positive z = ROC cos θ axis along the direction of propagation (see

Fig. A1). The space dependent part of electric and magnetic fields of this wave propagating

in the absorbing material of the film (see Fig. 3 a)) can be written as:
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E(i)(x, y, z) = êxEc exp (ik0 Im [n] z) , (A4)

B(i)(x, y, z) =
Re [n]

c
∇× E(i)(x, y, z) = (A5)

= êy
Re[n]

c
Ec exp (ik0 Im [n] z) , (A6)

where k0 = ω/c = 2π/λ0, c is the speed of light in vacuum, êx and êy are the unit

vectors along the x and y axes, respectively, and n is the refractive index of the absorbing

material (perovskite). B = µ0H, while we assume the magnetic permeability of the material

to be unity. Ec is the amplitude of electric field at z = 0, which in51–56 have been used

as the given, external parameter of the description, common for all wavelengths λ0 of the

illuminating light waves.

The incident irradiance i.e., the magnitude of time-averaged Poynting vector 〈S(i)〉 (eq.

(A2)) is then:

〈S(i)〉 = êzIc exp (−2k0 Im[n]z) , (A7)

where Ic (eq. (A11)) is the irradiance of incident radiation in the central plane of the

absorbing film at z = 0 (see Fig. A1 a)).

A1.2 Fields in the composite material

Intensity of the incident light is not only attenuated when propagating in the host material

of the composite, but is also partially scattered and absorbed by the central NP. Light, which

is scattered by NP, is also attenuated when propagating in the absorbing host. Following

the scheme of Lorenz-Mie theory (e.g.38), the EM fields satisfying Maxwell’s equations in

the host medium surrounding the central scattering particle, may be represented as the sum

of the incident field (assumed to be already in the cell) and the scattered field:
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Eout(r) = E(i)(r) + E(s)(r), Hout(r) = H(i)(r) + H(s)(r) (A8)

at any point r = (r, θ, φ), with r: R < r ≤ ROC . Let us note that the fields E(i) and

H(i) in eq. (A8) are solutions of Maxwell’s equations in absence of the particle. Ein(r)

and Hin(r) (0 < r ≤ R) denote solutions of Maxwell’s equations for the fields inside the

particle. The corresponding fields fulfil standard continuity relations across the interface at

r = R. Therefore, Eout and Hout fields outside the particle (and also at the surface ΣOC)

take into account the presence of the central SP. In spherical coordinates the expansions of

incident and scattered fields Eout,Hout,Ein,Hin are similar to their counterparts in the case

of conventional Lorenz-Mie formulation (e.g.38), but the complex, wavelength dependent

refractive index of the absorptive sphere surroundings is used.

A2 Propagation of incident radiation in the absorbing

film without plasmonic inclusions

If the absorbing film with the complex index of refraction n is illuminated by harmonic plane

wave (see Fig. A1 a)) with the amplitude E0 and wave number k0 = ω/c = 2π/λ0 (c is the

speed of light in vacuum), the intensity of the incident light in the absorbing material on the

illuminated side of the film is proportional to |E0|2:

I0 =
Re[n]

2cµ0

|E0|2 =
k0 Re[n]

2ωµ0

|E0|2. (A9)

In the film’s material intensity of light is attenuated exponentially with the wavelength

dependent coefficient 2k0 Im[n(λ0)] starting from I0 value at the illuminated surface of the

film (z′ = 0, see Fig. A1 a)): I(0)film(z′) = I0 exp[−(k0n)z′]. In the system of coordinates

(x, y, z = z′ − h/2) shifted to the center of the film it can be presented as:
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Figure A1: Geometry of normal illumination of a) absorbing film of thickness h without
inclusions and of b) absorbing composite film containing the centrally distributed plasmonic
nanoparticles

I
(0)
film(z) = I0 exp[−(2k0 Im[n](h/2 + z))]. (A10)

Therefore, the intensity Ic in the central xy plane of the film (at z = 0):

Ic =
kRe[n]

2ωµ0

|Ec|2 = I0 exp(−α) (A11)

changes with the wavelength λ0 of light illuminating the film and thickness h of the film:

α(λ0) =
2πh Im [n(λ0)]

λ0
. (A12)

While we consider the linear optical properties of the studied systems, all the processes

scale with |E0|2 of the light wave (with the wavelength λ0) illuminating the film. In particular,

in the center of the film |Ec|2 is wavelength dependent due to the absorption of the film and

spectral distribution of the illuminating light:

|Ec(λ0)|2 = |E0(λ0)|2 exp (−α(λ0)) , (A13)

In the calculations in Sections 2.1-A3 we put E0 = 1V 2/m2 for all wavelengths λ0 from the

range from 300nm to 1500nm, so we assume spectrally flat (white) illumination. However,
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in general, we can define any spectral profile of the illuminating beam (e.g. that of the solar

light) by varying |E0λ0)|2 accordingly to the illuminating profile, as we do in Section 5 where

we introduce the solar spectrum.

A3 Optical properties of nanospheres in absorptive envi-

ronment

A3.1 Rate of energy absorbed by a nanosphere in the absorptive

medium

The rate w(a) of energy absorbed in the volume V occupied by the SP of radius R, can be

expressed (eqs. (A1, A2, A3)) as an integral of the radial component of the time-averaged

Poynting vector over the surface Σ which envelopes the volume V of the SP (see Fig. 3

b)). The involved components of the fields satisfy standard continuity relations at the par-

ticle/host interface. Therefore, one can use either Eout(r),Hout(r) (scattered plus incident)

fields, as usual, or the internal fields Ein(r),Hin(r) at r = R,53 what makes integration

simpler:

w(a) = −1

2
Re

∮
Σ

[
Ein ×Hin∗]

r
ds = (A14)

=
1

2
Re

2π∫
0

dφ

π∫
0

(
Ein
ϕ H

in∗
θ − Ein

θ H
in∗
ϕ

)
R2 sin θdθ.

Profiting from the integration performed in,53 the energy rate w(a) absorbed by a spherical

particle embedded in the absorbing host reads:

w(a) =
π |Ec|2

ωµin

∞∑
l=1

(2l + 1) Im (Al) , (A15)
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where the coefficient Al:

Al = k−1in
[
|cl|2 ψl(x)ψ′∗l (x)− |dl|2 ψ′l(x)ψ∗l (x)

]
, (A16)

and kin = 2πnin/λ0. The expressions for the scattering coefficients, cl and dl, are formally

identical to the Mie coefficients inside the particle, obtained in the case of a non-attenuating

host medium (see e.g.38):

cl =
mξl(x)ψ′l(x)−mξ′l(x)ψl(x)

mξl(x)ψ′l(mx)− ξ′l(x)ψl(mx)
, (A17)

dl =
mξ′l(x)ψl(x)−mξl(x)ψ′l(x)

mψl(mx)ξ′l(x)− ξl(x)ψ′l(mx)
, (A18)

where k = 2πn/λ0, x = kR, λ0 is the wavelength of incident light in vacuum, m = nin/n,

and Riccati-Bessel and Riccati-Hankel functions: ψl(x) = xjl(x), and ξl(x) = xh
(1)
l (x) are

defined by jl(x) and h(1)l (x) Bessel and Hankel functions. Primes indicate the differentiation

in respect to the argument. In all calculations we assume the media to be nonmagnetic:

µ = µin = µ0.

A3.2 Rate of energy scattered by a nanosphere in the absorptive

medium

The rate of energy scattered by a spherical particle w(s) is defined by the radial component

of the corresponding Poynting vector:38

w(s) =
1

2
Re

∮
Σ

[Es ×H∗s]r ds = (A19)

=
1

2
Re

2π∫
0

dφ

π∫
0

(
EsθH

∗
sϕ − Ein

sϕH
∗
sθ

)
R2 sin θdθ
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which is defined by the fields Es, Hs scattered by the particle, and taken at r = R. Using

the results of calculations performed in,53 the energy rate scattered by a spherical particle

embedded in the absorbing host is:

w(s) =
π |Ec|2

ωµ

∞∑
l=1

(2l + 1) Im (Bl) , (A20)

where the coefficient Bl is expressed by the scattering coefficients al and bl, which are

formally identical to those obtained in the case of a non-attenuating medium (see e.g.38):

Bl = k−1
[
|al|2 ξ′l(x)ξ∗l (x)− |bl|2 ξl(x)ξ′∗l (x)

]
(A21)

al =
mψl(mx)ψ′l(x)− ψl(x)ψ′l(mx)

mψl(mx)ξ′l(x)− ξl(x)ψ′l(mx)
, (A22)

bl =
ψl(mx)ψ′l(x)−mψl(x)ψ′l(mx)

ψl(mx)ξ′l(x)−mξl(x)ψ′l(mx)
. (A23)

A3.3 Rates of energy scattered and absorbed by a nanosphere in

the nonabsorbing medium

For completeness, the scattering w(s)(λ0) and absorption w(a)(λ0) spectra are compared with

the corresponding scattering w′(s)(λ0) and absorbed w′(a)(λ0) spectra for the same particles

embedded in the nonabsorbing host (n = 1, see Figures 4 a) and 5 a)). w′(s)(λ0) and w′(a)(λ0)

energy rates for gold and silver SPs of various sizes have been calculated within the standard

Lorenz-Mie theory:

w′(s) = I0Cscat, (A24)

w′(a) = I0Cabs, (A25)

where Cscat = πR2Qscat and Cabs = πR2Qabs are the total scattering and absorption
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cross-sections for nanoparticles in a nonabsorbing environment, and Qscat and Qabs are the

corresponding scattering and absorption efficiencies. The radius-dependent plasmon reso-

nances contributing in various spectral regions to Cscat(λ0) and Cabs(λ0) can be identified.

However, unambiguous size dependence of plasmon resonances spectral positions results from

solving the dispersion relation for surface localized EM fields (see8,9,37).

A4 Total absorbed energy rates in the optical cell

The rate W (a) of energy absorbed by the optical cell of radius ROC (see Fig. 3 b)) can be

expressed as an integral of the radial component of the time-averaged Poynting vector over

the surface ΣOC which envelopes the volume VOC filled by absorbing material (perovskite)

and the central (plasmonic) particle (see eqs. (A1,A2)):

W (a) = −
∮
ΣOC

〈
S(OC)(r)

〉
· r̂ da, (A26)

where the mean energy flux density
〈
S(OC)(r)

〉
trough the surface ΣOC is defined by the

EM fields Eout(r), Hout(r) (eq. (A8)) at r = ROC :

〈
S(OC)

〉
=

1

2
Re([Eout ×Hout∗]) ≡

〈
S(i)
〉

+
〈
S(s)
〉

+ 〈S′〉 , (A27)

where:

〈S(i)〉 ≡ 1

2
Re
[
E(i) ×H(i)∗] = êzIc exp (−2k0 Im[n]z) , (A28)

〈S(s)〉 ≡ 1

2
Re
[
E(s) ×H(s)∗] , (A29)

〈S′〉 ≡ 1

2

{
Re(E(i) ×H(s)∗) + Re(E(s) ×H(i)∗)

}
. (A30)

Let us note that the Eout = Ei + Es, Hout = Hi + Hs take into account the presence of
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the SP, while they fulfil the standard continuity relations at the SP/host interface. The rate

of the total energy W (a) absorbed in the volume VOC of the optical cell is:

W (a) = −
∮
ΣOC

〈S(i)
r 〉da−

∮
ΣOC

〈S(s)
r 〉da−

∮
ΣOC

〈S ′r〉da ≡ W (i,a) −W (s) +W ′, (A31)

where W (i,a) is the rate of absorption of the incident beam by the absorbing material

(perovskite), which fills the whole volume VOC in absence of a scattering particle (see Fig, 3

a)), W (s) is the rate of energy scattered out by the SP and reaching the border of the OC

(after propagating in the absorbing medium).

In both cases of absorbing and nonabsorbing host medium, formally the same definitions

of the rates of absorbed W (a) and scattered W (s) energies (eq. (A31)) can be used. However,

according to our opinion, W ′ can not be interpreted as the rate of extinction W (ext) in

case of absorbing materials hosting the NPs, as accepted in51,52,59 with the unpleasant (and

controversial) consequence that it can be negative (see the inset in Fig. 9 and discussion in

Section A4.3). These facts show that the meaning of total extinction rate in case absorbing

host requires reconsideration (see Section A4.3).

After calculating the integrals defining W (i,a), W (s), W ′ (eq. (A31)), it is possible to find

the total absorption rate W (a). In spite the task is algebraically rather hard, all the terms

W (i,a), W (s) and W ′ can be calculated strictly.

A4.1 Absorption rate of the incident beam in absence of scattering

particle

To find the total energy rate W (a) absorbed in the OC (eq. (A31)), we start with the first

contributing term W (i,a), which describes the rate of energy absorbed by the host medium

that fills the volume enclosed by ΣOC in case the SP is not present (see Fig. 3 a)). W (i,a) is

expressed by the integral of radial component of the Poynting vector 〈S(i)〉 (eq. (A28)) over
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ΣOC :

W (i,a) = −
∮
ΣOC

〈S(i)(ROC , θ, ϕ)〉 · r̂R2
OC sin θdθdφ = (A32)

= −IcR2
OC

2π∫
0

dφ

π∫
0

exp {−η cos θ} sin θ cos θdθ,

where the time-averaged Poynting vector 〈S(i)〉 is given by eq. (A28) and:

η ≡ 2k0ROC Im[n] =
4πROC Im[n]

λ0
. (A33)

In52 the absorption rate W (i,a) of an incident beam given by eq. (A32) is claimed to be

overestimated and in calculations, the contribution of energy rate absorbed in the volume V

occupied by the central particle was subtracted fromW (i,a) (so from the energy budget for OC

(eq. (A31)) also). Let us underline that eq. (A1) (or eq. (A26) and the resulting eq. (A31))

are general. By definition, E(i) and H(i) in eq. (A28) are solutions of Maxwell equations in

a medium without any scatterer present, as explained in44,60 . Therefore, according to our

opinion, the "manual" correction of W (i,a) is not justified.

Using the Integral Calculator61 tool for calculating the indefinite integral in eq. (A32),

we get for W (i,a) (eq. (A32)) the following algebraic expression:

W (i,a) =
Icλ0

8π(Im[n])2
{exp(−η) (η + 1) + exp(η) (η − 1)} , (A34)

where Ic accounts for spectral parameters of light illuminating the film (eq. (A11)).

A4.2 Rates of scattered energy at the surface of the optical cell

The rateW (s) of energy scattered by the SP, which reaches the surface ΣOC after attenuation

in the host medium, is expressed by the integral of radial component of the Poynting vector
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〈S(s)〉 (eq. (A29))) over ΣOC (see the second term in eq. (A31)):

W (s) =

2π∫
0

π∫
0

〈
S(s)
r

〉
R2
OC sin θdθdφ = (A35)

=
1

2
R2
OC Re

2π∫
0

 π∫
0

(
EsθH

∗
sϕ − EsϕH∗sθ

)
sin θdθ

 dφ,
where Esθ, Esϕ and Hsθ, Hsϕ are the transverse components of the fields Es(r),Hs(r) at

r = ROC which, according to the Lorenz-Mie theory are expressed as appropriate expansions

in vector spherical harmonics. The integrals in eq. (A35) can be calculated exactly. Using

the results of52 after correcting the error in sign, we get:

W (s) =
2π

|k|2
Ic exp (−2 Im(k) (ROC −R)) (A36)

×
∞∑
l=1

(2l + 1)

{(
|al|2 + |bl|2

)
Im (ξl(X)ξ′∗l (X)) +

(
|al|2 − |bl|2

) Im(k)

Re(k)
Re (ξl(X)ξ′∗l (X))

}
,

where X = kROC , Ic (eq. (A11)) accounts for spectral parameters of light illuminating

the film.

A4.3 Total rates of energy removed by OC versus "interference"

term

The third term W ′ in eq. (A31), can be calculated as the integral of 〈S ′r〉 (eq. (A30)) over

the surface ΣOC :
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W ′ = −
2π∫
0

π∫
0

〈S ′r〉R2
OC sin θdθ = (A37)

= −1

2
R2
OC Re

2π∫
0

 π∫
0

(
EiθH

∗
sϕ + EsθH

∗
iϕ − EiϕH∗sθ − EsϕH∗iθ

)
sin θdθ

 dφ.
W ′ can be calculated applying the Lorenz-Mie solutions, and laborious integrations per-

formed in:52

W ′ =
2π

|k|2
Ic exp (−2 Im(k) (ROC −R)) (A38)

×
∞∑
l=1

(2l + 1) {Re (al + bl) Im [F−(X] + Im (al + bl) Re [F−(X)] +

+ Re (al − bl)
Im(k)

Re(k)
Re [F+(X)]− Im (al − bl)

Im(k)

Re(k)
Im [F+(X)] },

where: F−(X) ≡ ξl(X)ψ∗′l (X) − ξ′l(X)ψ∗l (X) and F+(X) ≡ ξl(X)ψ∗′l (X) + ξ′l(X)ψ∗l (X),

where the argument X = kROC .

W ′ (eq. (A37)) has no self-reliant physical meaning like in the case of nonabsorbing host

medium. For nonabsorbing host, the rate of absorption of the incident beam in absence of

the particle W (i,a) = 0 (e.g.39), and the total scattered energy flux at the surface ΣOC must

be the same as those at the surface Σ of the scattering particle: W (a) +W (s) = w(a) + w(s).

So, according to the energy budget (eq. (A31)) W (a) +W (s) = W ′ = W (ext) = w(ext). Let us

note however that for the absorbing host medium it is not the case: W (a)+W (s) = W (i,a)+W ′

(eq. (A31)) with W (i,a) 6= 0. Therefore, the rate W ′ losses the meaning of extinction rate

W (ext), which must be the measure of the total energy rate removed from the incident beam

by OC:
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W (ext) ≡ W (a) +W (s) = W (i,a) +W ′. (A39)

W (ext) defined by eq. (A39) is always positive for all λ0 and R, in contrary to W ′ (see the

inset in Fig. 10). In the previous papers (e.g.51–53,59) W ′ defined by eq. (A37) was assumed

to be the rate of extinction W (ext) in spite that it can be negative.

A5 Illumination of composite film with sunlike light

The results presented in Sections 3 and 4 of the main paper are calculated for flat spectral

illumination of the film. Having in mind possible photovoltaic applications of the results

of previous sections, we recalculated all the quantities contributing to the net and relative

spectral modification of the absorbed energy rates in the perovskite host by of gold and silver

SPs (Sections 5 and 6) by replacing the previously assumed flat free-space spectrum of light

illuminating the film by sunlight spectrum:50,57

I0(λ0) = ISUN(λ0). (A40)

with:

|Ec(λ0)|2 = |ESUN(λ0)|2 exp (−α(λ0)) (A41)

Solar radiation is represented by harmonic waves with the frequency dependent ampli-

tudes: |ESUN(λ0)|2 = ISUN(λ0)/[
ko Re[n]
2ωµ0

], where ISUN(λ0)/[
ko Re[n]
2ωµ0

] is based on the reference

base50 and is illustrated in Fig. 2. The net change ∆W
(a)
h,SUN(λ0) in the absorbed energy

rate by the host medium, resulting from presence of SP under illumination of the film with

sunlight:

∆W
(a)
h,SUN = W

(a)
h,SUN −W

(i,a)
SUN , (A42)
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is the analogue of (3) for spectrally flat illumination of the film.
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