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Abstract: Ultrathin cells are gaining popularity due to their lower weight, reduced cost, and enhanced
flexibility. However, compared to bulk cells, light absorption in ultrathin cells is generally much lower.
This study presents a numerical simulation of a metamaterial light management structure made of
ultrathin lead sulfide colloidal quantum dots (PbS CQDs) sandwiched between a top ITO grating
and a tungsten backing to develop an efficient hybrid solar/thermophotovoltaic cell (HSTPVC). The
optical properties were computed using both the finite integration technique (FIT) and the finite
element method (FEM). The absorptance enhancement was attributed to the excitations of magnetic
polaritons (MP), surface plasmon polaritons (SPP), and lossy mode resonance (LMR). The HSTPVC
with the metamaterial optical light management structure was assessed for short-circuit current
density, open-circuit voltage, and conversion efficiency. The results show a conversion efficiency of
18.02% under AM 1.5 solar illumination and a maximum thermophotovoltaic conversion efficiency of
12.96% at TB = 1600 K. The HSTPVC can operate in a hybrid solar/thermal conversion state when
the ITO grating is included by combining the advantages of QDs and metamaterials. This work
highlights the potential for developing a new generation of hybrid STPV cells through theoretical
modeling and numerical simulations.

Keywords: metamaterial; plasmonics; colloidal quantum dots; hybrid conversion

1. Introduction

A surface plasmon polariton (SPP) is the most commonly used phenomenon in meta-
materials applications, such as absorption, reflection, and scatterings applications, and it can
be applied at the metal/dielectric interface by transverse p-polarized light or magnetic fields
(TM) [1]. Furthermore, there are two coupling configurations for SPP resonance—Otto and
Kretschmann [2]. The Kretschmann configuration is frequently used due to its ease of im-
plementation. Because of its broad range of applications, this field has grown and attracted
research attention over many fields, including imaging [3], biosensing [1], and solar energy
among other things [4]. Plasmonic materials can be classified into three categories based
on the resonances they support. The first category includes plasmonic materials with a
real permittivity that is negative and has a greater magnitude than both the imaginary
permittivity and the permittivity of the surrounding medium. In the second category,
the real part of the permittivity is positive and exceeds both its imaginary permittivity
and the permittivity of the surrounding medium [2]. This category of materials exhibits
the lossy-mode-resonance (LMR) phenomenon. There is also a third class of materials
where the real part of the permittivity is nearly zero, and the imaginary part is significant.
Long-range surface exciton-polariton is supported by such a material [5]. Only the first
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and second material classes are used in this work. At a certain thickness of the thin film,
LMR results from the coupling of the lossy mode and the evanescent wave [6]. Indium tin
oxide (ITO) is a type of transparent conducting oxide (TCOs) material that supports both
modes of resonances: LMR in the visible range and SPP at infrared region [7]. Electronic
and optical properties can be modified during the manufacturing process. LMR excita-
tion offers the benefit of not needing polarization of the incident light [5]. Furthermore,
metamaterial light managing plays an essential function in harvesting energy [8], solar
cells [9], and thermophotovoltaics [10]. Photovoltaic (PV) and thermophotovoltaic (TPV)
technologies convert solar and thermal to electrical power, respectively. Photovoltaic (PV)
and thermophotovoltaic (TPV) technologies convert solar and thermal to electrical power,
respectively. This technique has three components: a heat source, an emitter, and an appro-
priate bandgap semiconductor cell [11]. Therefore, many reviews comprehensively studied
the first generation of TPV cells [12]. Typically, the TPV and PV cells with a low-bandgap of
0.35 and 1.1 eV usually are limited in terms of efficiency [13]. Most leading candidates for
solar/thermal conversion, identified so far as low-bandgap absorber materials, are GaSb
(0.73 eV) [14], Ge (0.67 eV) [15], InGaAs (0.36–0.75 eV) [16], GaInAsSb (0.5–0.6 eV) [17], and
InAs [18]. Most of these technologies at hand are capable of harnessing only a few portions
of the solar/thermal spectrum. Thus, colloidal quantum-dot (CQD) TPVs are attracting re-
searchers owing to their multiple exciton generation (MEG) effects with bandgap tunability
and by conceivably breaking the Shockley–Queisser limit [19]. All of these investigations
have challenged the optical absorption and forgotten the bulky shape of their architectural
design [20]. Semiconducting colloidal quantum dot (CQDs) STPV cells such as lead sulfide
(PbS) have sparked much interest in hybrid (thermal/solar) cells because of their low cost,
solution-processability, ease of synthesis, and bandgap tunability with MEG properties, as
well as their broad absorption spectrum [21]. Because 50% of the sun’s energy is found
beyond 750 nm, converting critical infrared photons is an important feature that CQDs can
provide. The most widely investigated cells for this semiconductor are based on depleted
bulk heterojunctions formed by CQD layer deposition on top of an electron-accepting
layer like ZnO. Increasing the STPV cell’s light absorption is essential to raising its power
conversion efficiency. Increasing the thickness of the active layer is not the best approach
for efficiency gains. PbS QDs have a typical minority carrier diffusion length between
200 and 300 nm, which roughly defines the maximum active layer thickness for optimal
performance [22]. As a consequence, increasing the cell thickness to about 3 µm to absorb
all infrared incident photons is not feasible. Improving efficiency requires a two-pronged
approach: maximizing light absorption and accounting for carrier transport limitations [23].
Thin-film STPV cells are an alternative solution, and research has been conducted on ultra-
thin TPV cells to reduce weight, costs, and improve flexibility [24]. The primary problem
with thin STPV cells is still ineffective light absorption [25]. A light-trapping strategy is fre-
quently solicited to boost light absorption in thin film cells [26]. Several studies explore the
plasmonic effect on STPV cell performance. However, no previous research has combined
LMR and plasmonic resonance for a narrow-band gap CQDs ultrathin design, which could
be used for hybrid STPV cells [27].

The current study aims to increase the conversion efficiency of STPV cells through a
light-trapping-based metamaterial structure that integrates plasmonic and lossy mode reso-
nance (LMR) mechanisms. Illustrated in Figure 1, the proposed hybrid solar/thermophotovoltaic
cell (HSTPVC) incorporates an ultrathin colloidal quantum dot (CQD) active layer opti-
mized for hybrid thermal/solar power conversion. The dual functionality of the front ITO
grating and rear tungsten film includes light confinement via LMR and surface plasmon
polariton (SPP) modes, in addition to serving as electrodes. The narrow bandgap (0.7 eV) of
the PbS CQD layer positions it ideally as the active layer. Numerical simulations performed
using CST Microwave Studio software 2019 model the optical performance of the pro-
posed design utilizing the finite integration technique (FIT). The analysis involves plotting
electromagnetic power densities to clarify the mechanisms enhancing absorptance, comple-
mented by validation through the finite element method (FEM). The study culminates in
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an assessment of the electrical performance of the HSTPVC, encompassing evaluations of
short-circuit current, open-circuit voltage, and overall conversion efficiency. This rigorous
approach provides a comprehensive theoretical analysis of the potential performance of
the HSTPV cell under investigation. Moving forward, future research will concentrate
on enhancing both the optical and electrical performance of PbS QD cells, potentially
involving experimental validation by collaborating with other laboratories to corroborate
our findings.
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Figure 1. The proposed HSTPVC design. ITO grating size is (h = 120 nm, and w = 200 nm), active
layer thickness d = 40 nm, and W metallic film thickness hm = 100 nm. The unit cell periodicity is
P = 900 nm.

2. Materials and Methods
2.1. Numerical Method

The finite integration technique (FIT) has been applied, which was initially proposed
by T. Weiland, to solve Maxwell’s equations represented by the structure [28]. Thus,
the radiation elements of the structure and the density distribution of each part of the
electromagnetic field can be determined. In this analysis, all materials have permeabilities
(µ = 1). Figure 1 shows the suggested structure of HSTPVC design under study. Parameters
are acquired by adjusting the thickness of each layer and the widths of the upper and
lower bases of the trapezoidal lattices, and the HSTPVC periodically lies on the plane x-y
of an opaque W bottom layer, which comprises two ITO trapezoidal gratings and a planar
PbS CQD active spacer. Tungsten is selected as the back layer because of its outstanding
high-temperature stability [29]. We test the approach’s validity by comparing the estimated
absorptions of the suggested HSTPVC to those of a rival method that uses different types of
mesh. Both strategies work together to provide more stable and accurate simulations [29].

2.2. Geometric Design

The suggested HSTPVC under study is based on a period of two trapezoidal grating
of indium tin oxide (ITO) deposited on a planar CQD lead sulfide (PbS) thin film over
a Tungsten (W) back layer of thickness hm = 100 nm as presented in Figure 1. The ITO
grating height is h = 120 nm with a width w = 200 nm extending along the x-direction,
where the dielectric properties of ITO are depicted from References [30,31]. The active layer
of CQD-PbS has a bandgap of Eg = 0.7 eV [32–34], and a thickness of d = 40 nm. The unit
cell periodicity is chosen to be P = 900 nm in both x and y-direction.

The rigorous FIT approach helps compute the electromagnetic characteristics of nanos-
tructured devices [35]. A Floquet’s boundary condition for solving a periodic-differential
equation expanded by Bloch waves has been applied. The Drude model gives the dielectric
function of metallic materials [29]:

εM = ε∞ −
ω2

p

ω2 + iωΓ
(1)
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where ε∞ = 1, ε∞ = 3.95 the dielectric constants, and ωp(W) = 1445.95 THz. ωp(ITO) =
461 THz represents the plasma frequencies for W and ITO, respectively, and ΓW = 12.08 THz
and ΓITO = 26.59 THz represent the damping coefficient at room temperature for Tungsten
and ITO [36]. ITO grating has significant reflectivity qualities in the infrared regime but is
transparent in the visible region, making it an excellent option for hybrid conversion [37].

The designed structure’s total absorption (α) is computed using [29]:

α = 1 − R − T (2)

where R is the total reflectance and T is the transmittance. Tungsten film acts as a mirror to
the incident waves. Therefore, the transmission is neglected (T = 0), and the absorption is
expressed as α = 1 − R [37]. The absorptance is numerically computed under the incoming
wave’s transverse electric (TE) and transverse magnetic (TM) polarization.

3. Results and Discussion
3.1. Absorbed Energy

Figure 2 illustrates the absorbed energy of the proposed HSTPVC design, computed
using the rigorous FIT approach and confirmed by the FEM method under normal incident
waves for both TE and TM polarization modes in the visible and infrared (IR) ranges.
Both methods show good agreement overall, with a slightly lower but still satisfactory
agreement in the short-wave infrared range (SWIR, λ > 1 µm) [38]. For TE polarization
(Figure 2a), the absorption spectra show notable similarities between FIT and FEM across
the wavelength range of 0.5 to 3 µm. Both methods capture the peaks and troughs of the
absorption spectrum, indicating good agreement in their prediction of resonance features.
However, differences are observed in the magnitude of absorption at specific wavelengths,
particularly around 1.5 µm and 2.2 µm, where FEM exhibits slightly higher absorption
values compared to FIT. This result can be intuitively explained by the fact that both solvers
require conformal meshing; a defective mesh can introduce significant numerical noise, and
both FIT and FEM methods can be built with a specific meshing type, which is hexahedral
or tetrahedral, respectively. This confirms that the numerical noises associated with the
specific mesh type remain and appear at a particular threshold throughout the simulation.
The most popular technique is to employ mesh override zones to compel a tiny spatial mesh
near interfaces. The disadvantage of this strategy is that it significantly increases simulation
times and memory requirements [38]. Furthermore, under TE polarization, where the
electric field is parallel to the grating, only the tangential and normal components of the
magnetic field fluctuate with the incoming wave because the magnetic field has a weaker
interaction with matter than the electric field [39]. For TM polarization (Figure 2b), the
agreement between FIT and FEM is even more pronounced. Both methods display nearly
identical absorption spectra from 0.5 to 3 µm, demonstrating a high level of consistency
in capturing the optical properties of the HSTPVC for TM polarization. The peaks and
troughs align closely, with minimal differences in magnitude and wavelength positions.
This suggests that both methods are reliable for simulating the optical behavior under TM
polarization [40,41].

The blue region presents the effective photon region higher than the PbS CQD bandgap.
It is marked that four significant absorptance peaks (α = 0.88 at λ = 1 µm, α = 0.98 at
λ = 0.58 µm, α = 0.96 at λ = 0.45 µm, and α = 0.96 at λ = 0.41 µm) exist under TM mode
incoming waves, while there are five major absorptance peaks (α = 0.72 at λ = 1.6 µm,
α = 0.87 at λ = 1.00 µm, α = 0.85 at λ = 0.6 µm, α = 0.95 at λ = 0.45 µm, and α = 0.98 at
λ = 0.35 µm) under TE incoming mode wave. All the absorptance peaks occur over the
bandgap of the active layer and therefore could directly improve the light absorptance for
photon-generated carriers. Understanding the physical principles responsible for increased
light absorption in the HSTPVC structure is critical. All the absorptance peaks are above
the bandgap of the PbS CQD layer and thus could effectively improve the light energy
absorptance for photon-generated carriers.
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Figure 2. Absorbed energy spectra of the HSTPVC for (a) TE and (b) TM modes of polarization.

3.2. Absorbed Power per Material

Figure 3a evaluates the normalized absorptance of three arrangements under TM
and TE polarization modes: the ITO-PbS QDs-W (entire structure), PbS CQD-W, and the
free-standing PbS CQD layer. The active layer thickness in all three configurations is
40 nm. It is found that without the upper ITO strip, the absorptance peak for the TM and
TE modes of polarizations at (λ = 0.58 µm, λ = 0.45 µm, and λ = 0.41 µm), as well as at
(λ = 1.6 µm, λ = 0.6 µm, λ = 0.45 µm, and λ = 0.35 µm), respectively, disappear. The peak at
λ = 1 µm remains but shifts slightly. For a bare active layer, there is a single peak of 0.98
at a wavelength of λ = 0.7 µm to the bandgap due to the smallish intrinsic absorptance
coefficient of the PbS CQDs layer.
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Figure 3. (a) Normalized absorptance of three configurations: PbS CQD-on-W, the free-standing
active layer (PbS CQD), and the entire structure under TE and TM modes of polarization. (b) Normale
absorptance of HSTPVC compared to EQE of the active layer and the absorbed energy per material
in the suggested HSTPVC under (c) TM; (d) TE modes of polarization.
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Although the absorptance can be notably improved in the HSTPVC structure by
exciting MP, SPP, and LMR under a normal incoming wave, the useful photon for the
cell (zone in blue) can be represented by the external quantum efficiency (EQE) of the
active layer, and the adequate absorption can display a straight contribution to the photon-
generated carriers as depicted in Figure 3b. Furthermore, the light absorbed by metals
might be considered a leakage power. Hence, it is necessary to assess the amount of
power absorbed by the active layer instead of by the whole cell. The entire design can be
segmented into three layers: the first layer is the ITO grating, the second is the PbS CQD
layer, and the third is the Tungsten layer. The formula for calculating the energy absorbed
by the entire design per unit volume within each layer is [25]:

Pabs =
1
2

ε0ε
′′
i ω|Ei|2 (3)

The absorbed energy per layer can be normalized to the incident energy [25]:

αi =

∫
PidVi

0.5c0ε0|Einc|2 A
(4)

where ε
′′
i represents the imaginary part of the relative permittivity of the layer, Vi is the

volume of layer (i), A is the area exposed to the light source, Ei is the electric field inside layer
(i), and Einc is the incoming electric field. The total absorbed energy is the summation of
the power absorbed by each layer. Figure 3c,d represent the normalized power absorptance
in the PbS CQD layer, the ITO strip, the W film, and the whole structure. It can be observed
that the majority power is absorbed by the PbS CQD active layer, while some significant
power that exists between 1.4 µm and 2 µm is absorbed by ITO under TE polarization,
as shown in Figure 3c. According to Figure 3c,d, HSTPVC has functioned as a thermal
converter in the infrared region (zone in red) while also being effective as a solar cell
converter in the visible zone. The combination of QD tunability and good absorption
demonstrated by the plasmonic’s metamaterials allows for the acquisition of a device
working under hybrid conditions (thermal/solar conversion).

To help clarify the underlying mechanism for the absorptance peaks, Figure 4 illus-
trates the amplitude of magnetic field |H|’s distribution in the x-z cross-section inside the
HSTPVC structure at the peaks: A(λ = 1 µm), B(λ = 0.52 µm), C(λ = 0.40 µm), D(λ = 0.65 µm),
and E(λ = 0.52 µm). The absorptance peak at (A, B, D, and E) for the proposed HSTPVC
under TM waves is ascribed to the excitation of SPP at the PbS CQD-W interface, as shown
in Figure 4a,b,d. SPP waves describe the interchange between EM and the oscillatory
behavior of free charges in the interface metal/dielectric when the real component of the
metal permittivity is negative and more significant than the real part of the active layer’s
permittivity [42]. At the same time, the LMR mechanism emerges when the real part of the
PbS CQD layer’s permittivity is positive and exceeds in magnitude, both in its own imagi-
nary part and the real part of the ITO strip’s permittivity as depicted in Figure 4b,c,e [42].
The resonance peak (B) is ascribed to the excitation of magnetic polariton modes (MP). It is
evident that the H field creates a current loop between the two trapezoidal ITO gratings
and exhibits light solid confinement in the PbS CQD layer. These are the basic properties of
MP resonance, as previously stated [25,43].
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3.3. SPP, MP, and LMR Behaviors at Oblique Incidence

To further explain the behaviors of MP, SPP, and LMR at an oblique angle of incidences,
colormaps of HSTPVC absorptance varying with both wavelength and incident angle (θ)
were displayed for TM and TE incident waves in Figure 5. The device operates via two
hybrid modes of functionality, photovoltaic (PV) under solar source illumination and
thermophotovoltaic (TPV) under blackbody radiation at both TM and TE polarization.

The SPP peaks represent the major absorption mechanism for the TPV mode, which
propagates along the (W/PbS CQDs) interface. The static MP modes are observable in the
air and PbS layer between the two neighboring ITO grating at wavelengths lower than the
plasma frequency of ITO material. Because of active layer, the SPP waves can be easily
coupled with MP and LMR modes during the photovoltaic conversion. LMR modes emerge
when the real part of ITO’s dielectric function turns positive [6].
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Figure 5. A colormap of the spectral-directional absorptance of the ultrathin HTPVC varying with
wavelength and angle of incidence of (a) TE modes and (b) TM modes.

3.4. Electrical Performance of HSTPVC

To quantify the performance of the suggested HSTPVC as a conversion device, open-
circuit voltage, short-circuit current density, output electrical power, and cell conversion
efficiency were computed. The short-circuit current Jsc (mA/cm2) density is calculated
by [44]:

Jsc =
∫ hc0

Eg

0

qλ

hc0
α(λ)ηi(λ)Ebλ(λ)dλ (5)

ηi is the quantum efficiency (QE), h = 6.225 × 10−34 is the Planck’s constant,
q = 1.9 × 10−19 C is the electron charge, c0 = 3 × 108 m/s is the light velocity in a vacuum,
and Eg = 0.7 eV is the energy bandgap of PbS CQD cell. The radiative heat flux (Ebλ(T))
defined by Planck’s formula as follows [44]:

Ebλ(T) =
C1

λ5[exp(C2/λT)− 1]
(6)

where C1 = 3.742 × 108 W·µm4/m2, C2 = 1.439 × 104 µm·K, and T is the blackbody
temperature. The total incident radiative flux onto the cell Pin (W/cm2) can be calculated
by:

Pin =

∞∫
0

Ebλ(T)ελdλ (7)

Here, ελ is the spectral emissivity of a diffuse TPV emitter. The open circuit formula is
given by [1]

Voc =

(
kBTc

q

)
ln
(

Jsc

J0
+ 1

)
(8)

where Tc is the cell temperature, which is taken as 300 K, kB is the Boltzmann constant, and
J0 = 1.17 × 10−4 mA cm−2 is the dark current [2].

The output electric power Pcell can be evaluated by involving short current density
Equation (5) and open-circuit voltage calculated by [3]:

Pcell = JscVoc

(
1 − 1

y

)(
1 − ln(y)

y

)
(9)

where

y = ln
(

Jsc

J0

)
(10)
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The overall efficiency of the HSTPVC, which is characterized as the ratio of electric
output power over the heat radiated power, can be computed using the following formula:

ηcell =
Pcell
Pin

(11)

The first stage in optoelectronic devices is to propagate and absorb light in QDs
materials. CQD cells typically have operational thicknesses of less than 300 nm [45].
Consequently, it is not possible to just keep thickening the cell to absorb all those IR
photons. Changing intrinsic characteristics can also boost the overall absorption of a QD
active layer [46]. Increased light absorption in a solar cell often triggers an enhancement
in total electrical current and consequently power conversion. Tong et al. estimate that
the ultrathin cell’s QE is 100% since bulk recombination losses for minority carriers are
greatly decreased, and surface recombination losses can be substantially decreased with
a strong passivation layer [47]. Figure 6a depicts the spectrum distribution of radiation
flux from a blackbody emitter at temperatures ranging from 600 K to 1600 K, as well
as the spectral emittance of an ideal selective TPV emitter, which has unity emissivity
within the wavelength range from λ1 to λ2 and zero emissivity outside this range. The
purpose of selective emitters is to prevent the loss of photons with energy (Eph < Eg), which
cannot generate electron-hole pairs, and to minimize excess energy above the bandgap
and thermally isolate the cell, therefore increasing thermal conversion efficiency. Figure 6b
shows the short-circuit current and conversion efficiency of the PbS CQD under blackbody
radiation at various temperatures. Clearly, the short-circuit current (Jsc) may be significantly
increased with the ITO-coupled structure, which increases with blackbody temperature.
For example, at 1600 K, the short-circuit current of the HTPVC with an ITO-PbS CQD-
W configuration is 0.6 mA/cm2, which is more than twice that of a bare configuration
(PbS CQD-W), which corresponds to the TPV conversion rate of 12.67%. Increasing the
temperature leads to higher Jsc, Voc, and cell efficiency in TPV systems. Higher emittance
bandwidth (lower L1) results in high TPV conversion efficiency. A selective emitter is
necessary for high efficiency, requiring a specific emittance band and high temperature.

The Jsc and (Voc) of HTPVC were displayed as a function of λ1 and blackbody tem-
perature (see Figure 6c–e). It is clear that the emitter bandwidth has a substantial impact
on cell performance. The short-circuit current reduces as the bandwidth decreases (i.e., λ1
increases), whereas open-circuit voltage varies little, even at the most significant source
temperatures. As the bandwidth reduces, the input power (Pin) declines faster, resulting
in a decrease in generated power (Pcell) and conversion efficiency rate (η). With a selec-
tive emitter, the highest cell TPV efficiency can be attained as Nmax = 12.67% when λ1 is
approximately 0.3 µm, which is related to the MP, SPP, and LMR absorption process.

It is important to evaluate the potential of this HTPVC device as a hybrid conversion
cell to harvest both AM1.5 solar and various blackbody sources in combination with
another established similar bandgap cell (Eg = 0.7 eV). The summary of the performance
comparison is presented in Table 1, which compares the parameters of the proposed HTPVC
to similar hybrid solar cells with low-bandgap (Eg = 0.7 eV) STPV cells in terms of Jsc,
Voc, FF, and conversion efficiency. The computations were conducted with λ1 = 0.3 µm
and under various power sources: blackbody (T = 1300 K) and solar irradiation (AM 1.5).
Combining metamaterial actions (SPP, LMR, and MP) can boost the short-circuit current by
increasing the photon absorptance rate across a broadband spectrum, directly impacting
cell efficiency. Yu et al. [32] reported a TPV efficiency of 5.9% at a blackbody temperature
of 1300 K, whereas our proposed cell demonstrated an efficiency of 10.9% under the same
irradiation. Moreover, our HTPVC has an ultrathin active layer (40 nm), which reduces
the active layer by 89.61% compared to Yu’s cell. Moreover, Jsc = 40 mA/cm2, Voc = 0.49 V,
FF = 89%, and efficiency η = 18.08% under AM1.5; these values are three times greater than
in Reference [32]. However, in a new study, Chao et al. used a thick PbS active lattice with
organic films of PMMA:PCBM to reach a maximum conversion efficiency of η = 15.45% [48].
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Table 1. A brief comparison of PV and TPV performance summary under AM1.5G solar and thermal
source radiation, respectively.

Power Sources
Jsc (mA/cm2) Voc (V) FF (%) η (%)

Our Work [32] Our Work [32] Our Work [32] Our Work [32]

(T = 1300 K) 0.24 0.16 0.36 0.27 64 55 10.9 5.9
AM 1.5 40 37.01 0.49 0.31 89 56 18.02 6.39



Crystals 2024, 14, 668 11 of 13

4. Conclusions

We have numerically proved that light management of a metamaterial structure can
significantly improve the absorptance of visible and IR photons in an ultrathin PbS CQs ac-
tive layer. The underlying process for the absorptance peaks above the bandgap is revealed
to be the excitation of MP, SPP, and LMR, which is explained using the electromagnetic
field distribution. With the metamaterial structure, the short-circuit current in the HSTPVC
is greatly enhanced and can achieve 40 mA/cm2 and 0.59 mA/cm2, and the conversion
efficiency can be further increased up to 18% and 12.96% under AM 1.5 and blackbody
radiation (T = 1600 K), respectively. The findings and insights gathered here will aid in the
creation of next-generation, low-cost, high-efficiency ultrathin hybrid solar/thermal cells.
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