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1. Introduction

To achieve environmentally sustainable systems that are energy
neutral, zero emission, and climate positive, utilization of solar
energy has been the main approach to produce clean energy for
many technical, environmental, and ecological advantages.[1–5]

Although photovoltaic (PV) solar panels
have been most popular and widely
employed for a variety of applications,[6–9]

the power conversion efficiencies (PCEs)
of the commercial PV panels have been
limited. The conventional silicon solar pan-
els have so far achieved efficiencies on the
order of 20%�30%.[10–15] A variety of solar
panel materials have also been developed
including amorphous silicon, copper
indium gallium selenide, and cadmium tel-
luride.[16] Recently, the research on the
perovskite solar cells (PSCs) has become
increasingly ubiquitous for their attractive
properties and manufacturing advantages
as compared to some of the conventional
PV solar panels. However, the PCEs of
PSCs remain comparable (23.7%) to those
of the silicon-based PVs.[17]

In retrospect, the improvement in PCE
of all solar panels has been incremental
in the last 30 years, only a few degrees of

increase, due to intrinsic limitations. The key barrier in PCE
enhancement is described by the so-called Shockley–Queisser
limit (SQ limit).[18] The model basically considers all-aspects
of intrinsic limitations, majorly from blackbody radiation, recom-
bination, and spectrum losses. The SQ model assumes black-
body radiation from solar panel at room temperature (300 K)
accounting about 7% of energy falling on the panel. As the
energy lost in a panel is converted to heat, the panel temperature
increases to reach an equilibrium as high as 360 K, resulting in a
lower PCE than that at 300 K. Recombination is an intrinsic
behavior that takes place via a state in the bandgap, associated
with a crystal defect.

Spectral losses originate from distribution of incoming pho-
ton energy in relation to the bandgap (Eg). For Eg of silicon
(1.1 eV), those photons with lower energies, denoted as the
sub-bandgap absorption, will not contribute to the short-circuit
current (ISC).

[19] Within the solar spectrum, about 19% photons
have energies less than 1.1 eV, which is about 33% of the incident
sun light. However, for photons with energies much greater than
Eg, thermalization sets in and contributes to spectral losses.[20]

Within picoseconds, electrons are excited to occupy higher levels
of the conduction band, and then quickly relaxed to near the con-
duction band edge. In this process, thermal energy is dissipated as
a major loss mechanism of thermalization.
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The temperature dependency of photovoltaic power conversion efficiency (PCE)
has been a key challenge to solar applications due to intrinsic processes. Herein,
an alternative strategy is developed by modulating the solar light spectrum with a
series of photonic hybrids. Transparent thin films are synthesized with the
solutions of porphyrin compounds and iron oxides which exhibit strong
absorptions in the UV and IR regions. These spectral modulating thin films are
photonically tuned via compositional optimization to absorb photons near
400 nm and above 1127 nm from solar spectrum to reduce thermalization and
sub-bandgap absorption. These spectral modulators are applied in a particular
configuration above a commercial silicon panel to partially filter the simulated
solar light. The PCE of the silicon panel suffers a significant decrease due to
temperature increase from 22.9 to 92.9 °C after 60 min solar irradiation, resulting
in a PCE decrease from 25.1% to 16.3%. With the transparent spectral modu-
lators, upon solar irradiation for 60 min, the maximum PCE has maintained at
20.5%. The mechanisms of PCE enhancement are identified based on reduced
thermalization and sub-bandgap absorption.
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SQ has considered these intrinsic processes and concluded a
maximum limit of 33.7% of PCE for single p–n junction silicon
with a bandgap of 1.4 eV (using an AM1.5 solar spectrum).[18]

Ever since then, no solar panels have broken this barrier experi-
mentally, therefore setting an upper limit for all current semicon-
ductor PV panels. Among all loss mechanisms, thermalization
originating from high-energy photons near UV is one of the
major losses accounting for a maximum up to 49% of the inci-
dent energy.[21,22] IR heating due to sub-bandgap absorption is
another important factor that limits PCE especially for prolonged
solar irradiation during daytime.

In this study, we designed a series of transparent nanohybrid
thin films to spectrally modulate the solar light in the designated
frequency regions for suppressing both thermalization and
sub-bandgap absorption. The concept of spectral modulator is
schematically illustrated in Figure 1. As shown in this figure, a
transparent spectral modulator (TSM) is placed under the solar
simulator so that the light passes through it, shining on a commer-
cial silicon PV panel (54mm� 54mm 2V 130mA Micro Solar
Panels). These TSMs aremade of various porphyrin and iron oxide
compounds with different absorption spectra. If designed appro-
priately, these spectral modulators can effectively modify the
incoming solar light spectrum by retarding photons in certain fre-
quency ranges to suppress IR heating and thermalization so that
PCE can be further increased under prolonged solar irradiation.
The porphyrin compounds such as chlorophyllin and phthalocya-
nine, and their hybrids with iron oxides were synthesized to
exhibit unique absorption spectra in the UV and IR regions.

As shown in Figure 1, the simulated solar light with typical
spectrum passes the spectral modulator first. The TSM is a trans-
parent film of 500 nm thick with average visible transmittance
(AVT) of 85%. Upon passing TSM, the original simulated solar
light is spectrally modulated in two different regions: retarding
photons near UV to suppress thermalization, while heating can
be reduced by removing the IR portion of the solar light

(Figure 1). The porphyrin compounds typically exhibit a sharp
peak near 400 nm and can absorb some high-energy photons
(�3.1 eV). Fe3O4@CuS is characterized with broad and strong
IR absorption which can be used to suppress heating associated
with sub-bandgap absorption.

2. Experimental Section

2.1. PV Measurement

An AOSHIKE Micro Solar panel with 54mm� 54mm dimen-
sions was used as a standard in this study for PCE and output
power (OPP) measurements. The measurement setup for I–V
characterization is schematically shown in Figure 2. A solar sim-
ulator (Model number: LCS-100) was employed as a light source
for a duration of 60min for each experiment so that the heating
effect was recorded. The solar panel surface temperature was
monitored by using a thermal camera (FLIR, Inc.). The I–V
curve measurement was performed by using Keithley 2400
SourceMeter (Figure 2). Figure 2 shows the experimental setup
for measuring the I–V curves (Figure 2a) and a standard I–V
curve (Figure 2b).

The efficiency of solar panels can be calculated using the fol-
lowing equation

ηPV ¼ Pmax

Pin
¼ ISCVOCFF

Pin
(1)

where Pmax is the maximum OPP, Pin is the input power
(1.58W), ISC is the short-circuit current, VOC is the open-circuit
voltage, IMP is the current at maximum power, VMP is the voltage
at maximum power, and FF is fill factor. The values of ISC, VOC,
Imax, Vmax, FF, Pmax, and Pin are summarized in Table 1.

To maintain light power density on the PV panel surface, the
TSM films are only partially covering the incoming solar light in
the configuration shown in Figure 2c. As shown in this figure,
portion of solar light is able to directly shine on the PV panel
surface in the patterned region marked in yellow (Figure 2c)
for enhanced ISC, while the rest of the solar light is to be modu-
lated by various thin films for reducing thermalization in the UV
and heating in the IR regions in order to increase VOC. The area
ratio of TSM film-covered to the uncovered PV surface can be
optimized for maximum PCE and OPP. It should be noted that
the input power Pin was measured on the PV surface without any
thin film shielding. A thermal camera was used to measure the
PV surface temperature.

2.2. Materials Synthesis

The porphyrin compounds are naturally occurring and character-
ized with the porphyrin ring structures that are typically found in
chlorophyll and hemoglobin.[23–28] The molecular structure of a
porphyrin consists of a union of four pyrrole rings which are
made from four carbons and one nitrogen. These pyrrole mol-
ecules are structurally connected to form a ring structure, known
as porphyrin ring. Within the porphyrin ring, the tetradentate
ligands for chelating metals are four nitrogen atoms holding
the metal ions in the center. The central metal ions act
as Lewis acids for accepting electron pairs from dianionic

Figure 1. Schematic diagram showing the concept of modulated solar
light for enhanced PCE.

www.advancedsciencenews.com www.entechnol.de

Energy Technol. 2023, 2300144 2300144 (2 of 11) © 2023 The Authors. Energy Technology published by Wiley-VCH GmbH

 21944296, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202300144 by U

N
IV

E
R

SIT
Y

 O
F C

IN
C

IN
N

A
T

I M
E

D
IC

A
L

 C
E

N
T

E
R

 L
IB

R
A

R
IE

S, W
iley O

nline L
ibrary on [03/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.entechnol.de


porphyrin ligands. Due to the ring structure of the conjugated
double bonds of porphyrins, porphyrins and their derivatives
show unique absorption spectra, emission, charge transfer,
and chelating properties.[24–28] The optical absorptions of por-
phyrins are typically characterized in the Soret (380–500 nm) and
Q (500–800 nm) bands.[26] The unique optical behaviors of por-
phyrins have been applied in spectral selective solar harvesting
and energy generation.[29–32] These compounds also utilize
environmentally friendly green materials and processes.[28–33]

In this study, we synthesized porphyrin compounds of chloro-
phyllin, phthalocyanine, and their hybrid: chlorophyllin:phthalocy-
anine with 1:3 ratio. Hybrid between chlorophyllin and
Fe3O4@Cu2�XS with 1:3 ratio (chlorophyllin:Fe3O4@Cu2�XS)
was also developed for spectral modulation. Chlorophyllin,
phthalocyanine, chlorophyllin:phthalocyanine, and chlorophyllin:
Fe3O4@Cu2�XS were dispersed in 10wt% polyethylene glycol
(PEG)/THF solution for thin film deposition.[33] The substrates
used in this study were 2.54� 2.54 cm2 microscope glass slides
which were sonicated in acetone for 10min, and then sonicated

in IPA for another 10min. Spin coating was employed to develop
thin films with a spin coater (Laurell WS-400-6NPP\LITE).
A 500 μL solution was dropped on the glass slide at the spinning
speed of 3000 RPM. The film thickness and surface morphology
were controlled by various spin coating parameters to control AVT.

Figure 3a shows the optical photographs of various solutions
(from left to right): phthalocyanine (3.57� 10�5 g cm�2), chlor-
ophyllin:phthalocyanine (1:3, v:v) hybrid (3.72� 10�5 g cm�2),
chlorophyllin (1.86� 10�5 g cm�2), chlorophyllin:Fe3O4@
Cu2�XS (1:3, v:v) hybrid (7.29� 10�5 g cm�2), and
Fe3O4@Cu2�XS (3.41� 10�5 g cm�2). The corresponding films
of these solutions are shown in Figure 3b. As shown in
Figure 3b, these films are quite transparent (AVT= 85%) due
to their unique optical characteristics and 500 nm thickness.

Fe3O4 and Fe3O4@Cu2�XS nanoparticles were synthesized by
following a previous report.[33] Both Fe3O4 and Fe3O4@ Cu2�XS
nanoparticles were characterized by using transmission electron
microscopy (TEM). Figure 4 shows the TEM image of the Fe3O4

(Figure 4a) and Fe3O4@Cu2�XS (Figure 4b) nanoparticles. As

Figure 2. Schematic diagrams showing a) experimental setup of I–V measurement, b) the standard I–V curve with specified parameters, and
c) configurations of solar light spectral modulation via transparent thin films over a commercial silicon PV panel.

Table 1. Values of ISC, VOC, Imax, Vmax, FF, Pmax, and Pin of silicon solar panel with different modulators at 60min.

Modulator ISC [A] VOC [V] Imax [A] Vmax [V] FF Pmax Pin [W]

Without TSM 0.192 1.94 0.156 1.59 0.666 0.248 1.58

Fe3O4@Cu2�xS 85% AVT 0.164 2.29 0.151 1.94 0.780 0.292 1.58

Chlorophyllin 85% AVT 0.167 2.27 0.161 1.84 0.781 0.296 1.58

Phthalocyanine 0.161 2.27 0.146 1.99 0.795 0.290 1.58

Chlorophyllin:Fe3O4@Cu2�xS 1:3 85% AVT 0.157 2.32 0.148 2.04 0.829 0.302 1.58

Chlorophyllin:phthalocyanine 1:3 85% AVT 0.151 2.27 0.154 2.02 0.904 0.310 1.58
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shown in this figure, these nanoparticles are monodispersed with
an average particle size of 10 nm for Fe3O4 and 15 nm for
Fe3O4@ Cu2�XS. The particle size of Fe3O4@ Cu2�XS is slightly
larger due to the Cu2�XS coating on the Fe3O4 nanoparticles.

[33]

3. Results

3.1. Optical Characterization

For developing the TSMs, the optical absorptions of these
compounds and hybrids were characterized, including

Fe3O4@Cu2�XS, chlorophyllin, phthalocyanine, chlorophyllin:
phthalocyanine, and chlorophyllin:Fe3O4@Cu2�XS hybrids for
manipulation of the solar light spectrum. These compounds
and hybrids exhibit unique absorption characteristics providing
a versatile optical base for making spectral modulators in a wide
range of photon frequency.

To observe their intrinsic optical behaviors, the absorption
spectra were obtained from the solutions of these compounds
and hybrids to avoid the bulk effects. Figure 5 shows
the absorption spectra of chlorophyllin, phthalocyanine,
Fe3O4@Cu2-XS, chlorophyllin:phthalocyanine (1:3, v/v),
and chlorophyllin:Fe3O4@Cu2�XS (1:3, v/v) in THF. The

Figure 3. Photographs of a) solutions of (from left to right) phthalocyanine (3.57� 10�5 g cm�2), chlorophyllin:phthalocyanine (1:3, v:v) hybrid
(3.72� 10�5 g cm�2), chlorophyllin (1.86� 10�5 g cm�2), chlorophyllin:Fe3O4@Cu2�XS (1:3, v:v) hybrid (7.29� 10�5 g cm�2), and Fe3O4@Cu2�XS
(3.41� 10�5 g cm�2) and b) 25� 25mm2 films of the solutions shown in (a).

Figure 4. TEM images of a) Fe3O4 and b) Fe3O4@Cu2�XS nanoparticle.
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concentration is kept at 0.01 mgmL�1 for chlorophyllin, phtha-
locyanine, and Fe3O4@Cu2�XS in THF. The hybrid chlorophyl-
lin:phthalocyanine contains 0.01 mgmL�1 of chlorophyllin and
0.03 mgmL�1 of phthalocyanine (1:3, v/v) and the hybrid
chlorophyllin:Fe3O4@Cu2�XS contains 0.01 mgmL�1 of chlor-
ophyllin and 0.03 mgmL�1 of Fe3O4@Cu2�XS (1:3, v/v).

As shown in Figure 5a, chlorophyllin has an intense absorp-
tion peak at 404 nm and a small one at 630 nm forming the
so-called “saddle-like” spectrum. Phthalocyanine is characterized
with a moderate peak at 370 nm, and a broad absorption between
550 nm and 750 nm (Figure 5b). These absorption characteristics
are particularly useful for manipulating the solar spectrum

especially in retarding the high-energy photons near 400 nm.
Note that both chlorophyllin and phthalocyanine have low visible
absorptions making their films quite transparent with high AVTs
of 85% as shown in Figure 3a.

The Fe3O4@Cu2�XS nanoparticles are known for their IR
absorptions.[33] Figure 5c shows the absorption spectra of both
Fe3O4 and Fe3O4@Cu2�XS nanoparticles in solutions for com-
parison.[33] As shown in this figure, Fe3O4 typically exhibits a
strong absorption in the UV region and rapidly subsides over
the visible and IR regions. By coating a thin layer of Cu2�XS
on the Fe3O4 nanoparticles, the Fe3O4@Cu2�XS solution exhibits
a broad absorption peak extending beyond 1400 nm. This strong

Figure 5. Absorption spectra of the porphyrins, iron oxides, and their hybrid solutions: a) chlorophyllin, b) phthalocyanine, c) Fe3O4 and Fe3O4@Cu2�xS,
d) chlorophyllin:phthalocyanine (1:3), and e) chlorophyllin:Fe3O4@Cu2�xS (1:3) in THF.
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IR absorption can be used to reduce the IR heating from the solar
light. The IR absorption of Fe3O4@Cu2�XS has been attributed
to the localized surface plasmonic resonance (LSPR) of Cu2�XS
in the IR region.[33]

Figure 5d shows the absorption spectrum of chlorophyllin:
phthalocyanine hybrid with 1:3 ratio. As shown in this figure,
by adding a proportion of phthalocyanine in the chlorophyllin
solution, the peak of chlorophyllin at 409 nm is shifted to
379 nm, while the 629 nm peak is not only broadened but also
intensified with much stronger and double-peaked absorption
between 629 and 723 nm. The overall spectrum is significantly
modified with a more pronounced “U-shaped” spectrum as com-
pared to those of pure chlorophyllin and phthalocyanine. The
absorption spectrum of chlorophyllin:Fe3O4@Cu2�XS hybrid
is shown in Figure 5e. As shown in this figure, there is a wide
absorption with a maximum at 1132 nm while the UV peak has
shifted to 409 nm. The hybrid has developed more pronounced
absorption peaks in both UV and IR regions as compared to
those of pure chlorophyllin and Fe3O4@Cu2�XS. Interestingly,
the absorption peak of chlorophyllin at 629 nm is merged in
the spectrum of the chlorophyllin:Fe3O4@Cu2�XS hybrid. The
spectrum shown in Figure 5e appears to combine the spectral
features of both chlorophyllin and Fe3O4@Cu2�XS: while UV
absorption of the former is remained, the broad IR peak is also
enhanced. These optical characteristics suggest the spectrally
tunable nature of the hybrids in a wide range of frequency.
These hybrid thin films can be used to spectrally modulate solar
light in both amplitude and phase for matching of the photon
energies with the bandgap of the silicon solar panel.

3.2. Silicon PV Panel Surface Temperature Profiles

Figure 6 shows the surface temperature profiles of the silicon
solar panel with different TSMs. Note that the PV surface tem-
perature is uniform as monitored by using the thermal camera
As shown in Figure 6, the solar panel surface experiences signif-
icant temperature increase without TSM; the temperature rapidly
increases to 92.9 from 22.9 °C only after 20min. The light power
is turned off at 60min resulting in sharp fall of temperature.

However, with TSMs of different compounds and hybrids, the
temperature increases are considerably reduced. All thin films
of chlorophyllin, phthalocyanine, Fe3O4@Cu2�XS, chlorophyl-
lin:phthalocyanine, and chlorophyllin:Fe3O4@Cu2�XS lower
temperature significantly by absorbing portion of the IR irradia-
tion as shown in Figure 6. Consistently, the silicon solar panel
surface temperatures are reduced to the range of 67.1–70.5 °C,
about 24.1%–27.8% drop in temperature. As shown in this fig-
ure, Fe3O4@Cu2�XS thin film is the most effective in decreasing
the PV surface temperature due to its strong IR absorption. It
should be noted that these thin films (500 nm) are quite trans-
parent with AVTs of 85% allowing majority of photons passing
through them. As is well known, PCE is negatively dependent on
the temperature increase with a temperature coefficient of
�0.25% per °C.[34] As is expected, the temperature reduction
by TSM will gain significant increase in PCE.

3.3. I–V Curves

Figure 7 shows the I–V curves of the silicon solar panel with dif-
ferent TSMs which are obtained at the 0min (Figure 7a) and after
60min solar irradiation (Figure 7b). As shown in Figure 7a, the
VOC values of the PV panels do not vary significantly with differ-
ent TSMs due to insignificant heating at the beginning.
However, ISC values are all lowered slightly because the incom-
ing light power is reduced by various TSMs. As shown in
Figure 7b and Table 1, ISC of the silicon panel at 60min exhibits
a normal value, 0.192 A. Expectedly as shown in Table 1, the ISC
values of those with different TSM films are all considerably
reduced in the range of 0.15–0.17 A but only �3% decrease
attributable to the light power loss through the TSM films,
despite their high AVTs.

However, one can also see considerable increases in VOC with
different TSM films compared to that of the PV panel without
TSM. As shown in Figure 7b, while VOC is 1.94 V for the silicon
PV panel without TSM, the VOC values, respectively, increase
to 2.29 V (Fe3O4@Cu2�xS), 2.27 V (chlorophyllin), 2.27 V
(phthalocyanine), 2.32 V (chlorophyllin:Fe3O4@Cu2�xS), and
2.27 V (chlorophyllin:phthalocyanine). The time (temperature)
dependences of VOC are plotted in Figure 7c. As shown in this
figure, the VOC without TSM sharply decreases as a function of
time (temperature) while all the VOC values with TSMs are con-
sistently higher and becoming less time (temperature) depen-
dent (Table 1). Figure 7d shows the temperature dependences
of VOC with different TSMs. As shown in this figure, VOC without
TSM decreases linearly with temperature up to 92.9, while those
with the TSMs remain at much less rates resulting in plateaus of
VOC versus time curves (Figure 7c).

The pronounced VOC enhancement is attributable to the tem-
perature reduction via IR absorption as evidenced in Figure 5, 6.
The enhanced VOC compensates for the ISC loss associated with
the reduced light power by TSM. Therefore, greater PCE is to be
expected through improved FF. As shown in Table 1, the FF of
the silicon solar panel with spectra modulators is, respectively,
0.780 (Fe3O4@Cu2�xS), 0.781 (chlorophyllin), 0.795
(phthalocyanine), 0.829 (chlorophyllin:Fe3O4@Cu2�xS), and
0.904 (chlorophyllin:phthalocyanine), all significantly higher
than that without TSM (0.666). Among these thin films, the

Figure 6. Temperature profiles of silicon solar panel with thin films of
various compounds and hybrids as indicated.
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chlorophyllin:Fe3O4@Cu2�xS hybrid outperforms all others
which are attributed to the unique optical absorptions as shown
in Figure 5e. As shown in this figure, the hybrid exhibits a UV
peak near 400 nm while exhibiting a broad range of IR absorp-
tion, combining the characteristics of both compounds.

3.4. Photon Conversion Efficiency

As shown in Figure 8, PCE of the silicon solar panel without TSM
is 25.1% and it decreases to 16.3% after 60min solar irradiation,
resulting from the heating effect manifested by the negative tem-
perature coefficient. However, as shown in Figure 8, the time
dependences of PCE with various TSM films exhibit plateaus,
indicating less temperature-dependent behaviors which are con-
sistent to the data shown in Figure 6 that the PV panel surface
temperatures are significantly reduced from above 92.9 °C to
below 70.5 °C. Due to this surface temperature reduction,
the maximum PCE by hybrid TSM of chlorophyllin:
Fe3O4@Cu2�XS has reached 20.5% after 60min solar irradia-
tion, which is a 25.7% increase. We define PCE at 60min the
“long-term PCE” which is reasonable because it does not seem
to change as a function of time (and temperature) after prolonged
solar irradiation of 60min. The long-term PCEs with other types
of TSMs remain above 19.1% at 60min. It is to be noted that the
PCEs with TSMs are all lower than that without TSM at the
beginning (i.e., no heating effect) due to reduced incoming light

power. However, one can see greater PCEs at 0min from chlor-
ophyllin (22.4%), chlorophyllin:Fe3O4@Cu2�XS (21.7%), and
chlorophyllin:phthalocyanine (21.7%) compared to that with
TSMs of phthalocyanine (20.8%). These differences in PEC at
0min can be attributable to the degree of thermalization associ-
ated with their absorptions in the UV regions. The PCE values of

Figure 7. a) I–V curves of silicon solar panel with and without different spectral modulators at 0 min, b) I–V curves of silicon solar panel with and without
different spectral modulators at 60 min, c) VOC versus time for the silicon solar panel with and without different spectral modulators, and d) VOC versus
temperature for the silicon solar panel with and without different spectral modulators.

Figure 8. PCE versus time for the commercial silicon PV panel with and
without different spectral modulators as indicated.
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those with different TSMs remain almost constant for prolonged
solar irradiation up to 60min. This unique TSM function pro-
vides important practical significance that the PV panels can
retain considerable PCE under long-term solar irradiation and
heating effect.

3.5. PV OPP

Quite similar behaviors were observed in the OPP as shown in
Figure 9. Consistent with the PCEs (Figure 8), all OPPs of the
silicon panel with TSMs exhibit much less time dependences
up to 60min in comparison to that without TSM. As shown
in this figure, all OPPs remain above 0.290W with the highest
at 0.310W for chlorophyllin:Fe3O4@Cu2�XS. This is consider-
ably higher than that without TSM, which is 0.247W, a 25.5%
increase. A common characteristic of OPP is that most of them
are less time (temperature) dependent as compared to that with-
out TSM. This behavior can be directly linked to the heating
effect of the solar panel surface by solar irradiation. As shown
in Figure 6, upon employing the spectral modulators, the solar
panel surface temperatures are decreased effectively depending
upon the optical absorptions of the compounds and hybrids. As
all TSMs exhibit some NIR or IR absorptions, the heating effect
is reduced, responsible for the less sensitive temperature
dependences of the OPPs as compared to the silicon solar panel
without any spectral modulators.

4. Discussion

The limitation of PCE, as explained by SQ model, mainly orig-
inates from thermalization, recombination, blackbody radiation,
and sub-bandgap absorption. Considering recombination and
blackbody radiation only taking small fractions in the losses, ther-
malization and sub-bandgap absorption are the main causes in
limiting PCE. In this study, we consider the factors that influence
PCE (and power) majorly from thermalization associated
with photons near the UV region around 400 nm (�3 eV) and
sub-bandgap absorption above 1127 nm (1.1 eV) which

contributes to IR heating under prolonged solar irradiation. If
the high-energy photons can be partially absorbed by the spectral
modulators, the thermalization effect can be reduced, leading to
enhanced PCE under modulated solar light. On the other hand,
removal of IR portion from the solar spectrum can significantly
reduce PV surface temperature for maintaining PCE at an appre-
ciable level for prolonged solar light irradiation.

The enhanced PCEs of silicon solar panel at 60min by the
spectral modulators are consistent with their optical absorptions
as shown in Figure 5. Fe3O4@Cu2�XS, due to LSPR, absorbs IR
in a broad range beyond 1300 nm. For silicon, any solar light pho-
tons with wavelengths greater than 1127 nm (1.1 eV) do not con-
tribute to the PV effect but generate thermal heating. The broad
IR absorption by Fe3O4@Cu2�XS can therefore reduce solar sur-
face heating as demonstrated in Figure 6. Therefore, to further
reduce the temperature effect, the IR portion of the solar light
should be effectively removed by TSM.

Among the PCEs with different TSMs at 0 min (i.e., no heat-
ing effect at the initial point of time), thermalization is the dom-
inating factor which is associated with the photon energies near
the UV region. The porphyrins and porphyrins:Fe3O4@Cu2�XS
have absorption peaks at 404 nm which are at the high-energy
boundary of the spectral response plot as shown in Figure 10.
Spectral response (A/W) is defined as the ratio of the current
generated by the solar panel to the power incident on the solar
panel. As shown in Figure 10, the spectral response of a silicon
solar panel is insignificant below 400 nm. It then increases with
wavelength and approaches the ideal value near 1000 nm where
the photo energy is close to the bandgap of silicon (1.12 eV),
beyond which the response falls back to zero. As shown in
Figure 5, both chlorophyllin and porphyrins:Fe3O4@Cu2�XS
have strong peaks near 404 nm; considerable photons near
3.0 eV are absorbed, resulting in lowered thermalization. This
removal of high-energy phones near 3.0 eV is partially responsi-
ble for enhanced PCEs at 0 min for both chlorophyllin and por-
phyrins:Fe3O4@Cu2�XS (Figure 8).

As shown in Figure 10, spectral response decreases sharply
below 400 nm, and those photons with energies above 3.0 eV
are not well utilized for generating electron–hole pairs.[19,20,35,36]

Therefore, photons with energies near 4.1 eV (300 nm) have
insignificant effects on thermalization. The UV peak of
phthalocyanine is around 380 nm (3.2 eV) which is on the higher

Figure 9. OPP versus time for the commercial silicon PV panel with and
without different spectral modulators as indicated.

Figure 10. Schematic diagram showing the wavelength distribution of
spectral response.
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energy side of the spectral response curve. Compared to the
chlorophyllin, it is less effective in suppressing of thermalization.
Consequently, phthalocyanine has the lowest PCE at 0 min.

VOC, the maximum voltage available from a solar panel, is
characteristically dependent on temperature in association with
dark saturation current Io.

[37,38] VOC is logarithmically related to
Io: VOC= ln (ISC/Io), where Io is proportional to the intrinsic car-
rier concentration ni, which is a thermally activated parameter
given by the Boltzmann relationship: ni= Exp (�E/kT ), where
E is the bandgap linearly extrapolated to absolute zero, k is
the Boltzmann constant, and T is the temperature. At elevated
temperatures, VOC will decrease due to increased Io and ni.
On the other hand, the bandgap of a semiconductor decreases
with increasing temperature due to reduction in bond energy.
Smaller energy gap (Eg) will enable more electrons to overcome
Eg, thus increasing ni and Io resulting in lowered VOC.

[39–45] The
temperature profiles of the PV panel under various TSM films
indicate consistent temperature reduction as shown in
Figure 6. As a result of �25% temperature drop, VOC gains a
maximum of 19.8% increase compared to PV panels without
TSMs, responsible for enhanced PCE and power through an
improved FF up to 0.904 (Table 1).

There are two competing factors in maximizing PCE and
power via patterned TSM over the PV panel. Enlarging the area
with direct solar light exposure will increase ISC but introduce
various loss mechanisms such as thermalization and sub-
bandgap absorption. However, increasing the TSM covered area
will lower light power density, and hence decrease ISC.

[46–53]

Therefore, this area ratio will have to be further optimized to
achieve well-retained PCE and power for prolonged solar
irradiation time. The high AVT values of TSM thin films are
associated with their optical characteristics that all compounds
and hybrids exhibit the saddle-like or U-shaped spectra with min-
imums in the visible region which allow for a wider frequency
range of solar light to pass TSMs for generating electron–hole
pairs. Furthermore, the TSM films are quite thin of 500 nm ren-
dering them highly transparent (Figure 3).

The spectral modulation can also be photonically tuned to fur-
ther reduce spectral losses. As shown in Figure 1, the photon
energies near 400 nm all contribute to electron excitations to a
broad range of energy states in the conduction band (i.e., the
hot carriers). These excited electrons can interact with phonons
for dissipation of their excess energy to the Si atoms as heat.
However, chlorophyllin typically exhibits the “saddle-like”
absorptions with a strong peak near 410 nm, and a small one
at 630 nm, showing a valley in the visible region. These
characteristics are ideal for solar light modulation because the
peak at 410 nm can effectively remove photons with energies
around 3.0 eV which is the short wavelength edge above which
spectral response increases rather rapidly (Figure 10).[54] The
photons near 1127 nm (1.1 eV) are ideally matched with the
energy gap of silicon for enhanced PCE. The photons with ener-
gies smaller than 1.1 eV do not contribute to the photovoltaic
effect but generate thermal heating. If effectively removed by
spectral modulator, the PV panel temperature can be further
lowered for increasing VOC. Thus, removal of photons in the
UV and the IR regions can effectively improve PCE.
Juxtapositions of both determine the optimum solar spectral

modulation for reaching even higher PCE especially for pro-
longed solar irradiation.

The optical absorptions of the porphyrin and iron oxides have
been previously investigated.[28–33] The hybrids composed of
these structurally different compounds exhibit unique character-
istics with enhanced UV and IR absorptions which can be
converted to thermal energy for more efficient solar light utiliza-
tion.[55] Weinstein et al. reported a hybrid electric and thermal
solar system for high solar-to-electricity efficiency at an operating
temperature of 775 K.[56] This system relies on a quite complex
design with a spectrally selective coating. The system is report-
edly capable of converting solar energy to high-temperature ther-
mal energy and subsequently to electricity via transparent aerogel
layers. However, the light power may experience considerable
attenuation after passing through the aerogel plate and reflected
by light pipes before reaching the PV cell in this design. The
design shown in Figure 2 addresses this problem by a patterned
light path with light partly modulated to reduce heating and
partly reaching the PV panel surface for retained light power.

Spectral splitting via hybrid photovoltaic thermal (PVT) has
also been achieved with perovskite cells.[57,58] By integrating
PV and PT, Wu et al. developed a hybrid PVT system via spectral
selectively utilizing the near-infrared energy from the solar
light.[57] They employed a photonic crystal of Si/GeO2 to spectral
selectively splitting the photon energy respectively for PV and PT
in order to fully utilize the solar spectrum. The hybrid PVT
design has achieved a solar-to-electrical efficiency of 29.3%. In
this study, with a basic commercial silicon PV cell of low
PCE, a simple hybrid coating results in appreciable PCE of
20.5% after 60min solar irradiation. In practical terms, maintain-
ing PCE at a steady level even after prolonged solar irradiation is
highly significant.

5. Conclusions

The major goal of this study is to enhance PCE and OPP of sili-
con solar panel by spectrally modulating the incoming solar light
via photonic thin films based on porphyrins and iron oxides tak-
ing advantages of their unique optical characteristics. By removal
of photons in the UV and IR regions, the major spectral losses
are reduced including thermalization of hot carriers and thermal
heating of IR radiation. As a result, the PCE of the commercial
silicon PV panel has reached the highest of 20.5% with TSMs at
60min, which is significantly higher than that of the original sil-
icon panel (16.3% at 60min). The enhanced PCE for prolonged
solar irradiation time will have important practical significance
for solar energy applications. The spectral modulation approach
is technically straightforward, economically viable, and requiring
no complicated processes in developing new materials and
device architecture. For instance, a spectral modulator above
the solar panel with partial shield can reduce the surface temper-
ature effectively while maintaining the level of ISC. Proportional
removal of some high-energy photons near the UV edge can sup-
press thermalization and reduction of thermal heating can be
achieved by filtering the IR radiation from the solar light.
This solar spectral modulation strategy will show promise in
practical applications of solar panels with much improved
efficiency.
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