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Abstract: Different energy loss mechanisms have restricted the breakthroughs in concentrated photovoltaic/thermal
(CPVT) hybrid solar systems that use photoluminescent filters. Reflected and transmitted light, emission spectrum, nonideal absorption, Stokes shift (proportional to f1 f2 ), overlapping absorption, and scattering of light are mechanisms in
photoluminescent filters that restrict optical eﬀiciency to below theoretical limits. In addition, increases in temperature
by light concentration affect the operation of photovoltaic cells and photoluminescent filters because of an increase in
molecular motion and collisions that consequently lead to energy loss. Meanwhile, nanocrystals or quantum dots (QDs)
from groups II�VI hold electrical, optical, chemical, and physical properties that can be used to mitigate the aforementioned limitations. In this study, cadmium sulfide QDs with a diameter of 45 nm and absorption and photoluminescent
spectra centered at 480 and 600 nm, respectively, were deposited in a soda-lima glass to obtain a 200-nm-thick film
photoluminescent filter. The photoluminescent filter was matched to a silicon solar cell and used as an electrical power
eﬀiciency recovery filter in a hybrid CPVT solar system. A recovery of electrical power conversion eﬀiciency higher than
3.1% at temperatures greater than 100 ◦ C was theoretically predicted and practically confirmed. A predicted trend of
increases in recovered electrical power parameters as temperature increases was also verified.
Key words: Concentrated photovoltaic/thermal hybrid solar systems, photoluminescent filter, CdS quantum dots,
Si-based solar cell

1. Introduction
In the same framework, a hybrid photovoltaic/thermal (PVT) solar system combines photovoltaic (PV) and
photothermal conversion to increase the overall utilization of the incident broadband solar spectrum. The main
purpose of this system is to produce electricity in combination with useful thermal energy [1–3]. The first flatplate PVT systems were developed in the 1970s [4] by using PV cells for electricity generation and water or air
as the coolant and heat transfer fluid (HTF). In the last three decades, different studies have demonstrated that
the obtained cogeneration eﬀiciencies of these flat-plate PVT systems are higher than those achieved using two
independent systems [5]. In applications requiring electricity and heat, the production and installation costs of
PVT systems are significantly reduced [6].
An optical concentrator is incorporated into the main framework of a hybrid PVT solar system, thereby
leading to a concentrated photovoltaic/thermal (CPVT) hybrid system. This system should expand the appli∗ Correspondence:
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cations of hybrid PVT solar systems, such as distributed heating, absorptive cooling, and water desalination,
in which the HFT requires temperatures above 80 ◦ C. The CPVT system provides highly concentrated intensity illumination in a reduced area. The electricity output is increased using solar cells with high conversion
eﬀiciency in highly illuminated area to compensate for the extra cost incurred by the aforementioned incorporation. A tracking system is also used to optimize the solar irradiance capture. Given the concentrated sunlight,
the CPVT system in operation increases the solar cell temperature. Increases in solar cell temperature reduce
the system’s electrical conversion eﬀiciency and power output [7–9] and affect the life expectancy of PV cells
[10, 11]. Two different approaches have been proposed to mitigate this negative effect: waste heat recovery
(WHR) and spectral beam splitting (SBS). In a WHR CPVT system, a PVT module is collocated at the focal
point of a concentrator, as shown in Figure 1a. The PVT module consists of a PV cell mounted on top of a
thermal receiver. The HTF in the thermal receiver absorbs the waste heat generated by the PV cells working
as a cooling system and collector of thermal energy [12]. In an SBS CPVT system, a spectral filter is used to
separate the incoming solar irradiance spectrum. Ultraviolet (UV) and visible sunlight is generally conducted to
the PV cells for electricity production, and near-infrared (NIR) sunlight is redirected toward the solar thermal
receiver, as shown in Figure 1b [13]. Hence, the SBS CPVT system is superior to the WHR CPVT system because the thermal load of solar cells is relieved to avoid excessive heating on PV cells that reduces the operation
temperature; moreover, the PV cells do not operate simultaneously as thermal receivers. According to Imenes
and Mills [14], SBS technologies are categorized as follows depending on the spectrum splitting approaches:
refractive and absorptive filtering, transmissive and reflective filtering, holographic filtering, and luminescent
filtering.

(a)

(b)

Figure 1. Different approaches used to mitigate the negative effect of the solar cell temperature increases due to the
concentrated sunlight in CPVT systems: (a) waste heat recovery (WHR), (b) spectral beam splitting (SBS).

In a photoluminescent filtering approach, a fluorescent material is placed inside a planar transparent
concentrator plate to absorb sunlight within a frequency range f1 and retransmit light within a frequency
range f2 . For the implementation of this approach, two methods have been explored. First, fluorescence light
is trapped inside a concentrator because of the total internal reflection and it is guided toward the edges of the
plate, where it can be converted to heat or electricity by thermal absorbers or PV cells, as shown in Figure 2a
[15]. Second, the fluorescence light from the florescent material is directed toward the PV cells for electricity
and thermal conversion, as shown in Figure 2b [16].
However, in this PCVT system, the thermal effects of temperature increments on PV cells have yet
to be systematically and comprehensively reviewed. Hence, any study focusing on the positive or negative
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(a)

(b)

Figure 2. Photoluminescent filtering photovoltaic/thermal (LF-CPVT) hybrid system, (a) using a light concentrator,
(b) without light concentrator.

effects of temperature increases in PV cells is beneficial for instrumentation, the scientific energy community,
and designers. Specially, the results should facilitate the understanding of the performance, application fields,
research trends, and technical obstacles of such systems. In the last decade, scientific communities and companies
focused on PV and clean energy have turned their attention to the development of applications for semiconductor
nanocrystals or quantum dots (QDs). This attention is due to the electrical, magnetic, optical, chemical, and
physical properties that are unique in these nanomaterials. For example, the quantum confinement of charge
carriers, high extinction coeﬀicient, and photon absorption and emission effective wavelengths can be tuned
from visible to NIR wavelengths by controlling their size, shape, and composition [17–20]. CdS, in particular,
is a direct-band semiconductor from groups II�VI with an energy bandgap ( Eg ) of 2.42 eV in bulk size and Eg
> 2.5 eV in nanoparticle size [21]. CdS QDs are actually being studied in various fields and applications, such
as lasing materials, photoluminescence (PL) blinking, and PV and photocatalysis systems [22, 23]. Although
CdS QDs have been used in several practical applications, few references present their potential in spectral
filtering for SBS CPVT hybrid solar systems. Hence, in the present study, CdS QDs with a diameter of 45
nm are synthetized using a previously reported procedure [24]. The 45-nm diameter is selected to adjust the
central absorption and photoluminescent spectral wavelength of the QDs at 480 and 600 nm, respectively.
The CdS QDs are deposited in a soda-lima glass to obtain a 200-nm-thick film photoluminescent filter. The
photoluminescent filter is matched to a silicon (Si) solar cell and used as an output power and electrical power
eﬀiciency recovery filter in a photoluminescent filtering (LF) CPVT hybrid solar system. Figure 3a shows the
proposed LF-CPVT hybrid solar system. The PVT module consists of a cylindrical concentrated solar spectrum
receiver covered in sections by thermal collector films and Si PV cells. The thermal collector films transfer heat
from the received solar energy to the HTF while the PV cells convert the received solar energy into electricity.
The photoluminescent CdS QDs filter absorbs the sunlight spectra centered at 480 nm (UV and part of the
visible range), avoids the spectra impinging the PV cells, and retransmits thee light spectra centered at 600 nm
(visible range), as shown in Figure 3b. The aforementioned functionality of the photoluminescent filter reduces
UV radiation that is more energetic but less absorbed by PV cells and increases energy in the visible range that
is less energetic but more easily absorbed by PV cells. The theoretical prediction and practical quantification
of UV absorbed and visible retransmitted energy demonstrate an electrical power conversion eﬀiciency recovery
higher than 3.1% at temperatures greater than 100 °C. In addition, a predicted trend of increases in electrical
power conversion eﬀiciency as temperature increases is also practically confirmed.
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(a)

(b)

Figure 3. a) Proposed LF-CPVT hybrid solar system, b) operation of the CdS QDs luminescent filter.

2. Theoretical formulation and analysis
As PV cells are generally exposed to temperatures ranging from 15

◦

C (288 K) to 50

◦

C (323 K) [25, 26]

in terrestrial applications and even higher temperatures in space and concentrator systems [27, 28], different
authors have reported the dependence of PV cell behavior on temperature and defined different parameters
to quantify the temperature effects. The parameters worth of noting are those that have been adopted by
manufacturers to define the characteristics and performance of commercial PV cells. Among these parameters,
the cell/module electrical eﬀiciency ηTref and temperature coeﬀicient βref at a reference temperature Tref are
the most preferred because they can be obtained from flash tests in which the module’s electrical output is
measured at two different temperatures for a given solar radiation flux [29]. In particular, βref depends not
only on the PV material but also on Tref , as shown in Eq. 1.
1
βref =
,
T0 − Tref

(1)

where T0 is the temperature at which the electrical eﬀiciency of the PV module/cell drops to zero [30]. For
crystalline Si PV cells, T0 = 270 ◦ C [31]. By using Eq. 1, the net effect of temperature on the PV cell conversion
eﬀiciency ηc can be obtained Eq. 2 as [32]
ηc = ηTref [1 − βref (Tc − Tref ) + γ log10 GT ] .

(2)

Here, Tc is the operation temperature of the PV cell, γ is the solar radiation coeﬀicient, and GT is the solar
radiation flux (irradiance) given in W/m2 . βref and γ are material properties with crystalline PV cell values
of about 0.004 K-1 and 0.12, respectively [33]. However, as explained by Evans [34], the term γ log10 GT can be
taken as zero to derive Eq. 3. This equation represents the traditional temperature dependent linear expression
for PV electrical eﬀiciency [35].
ηc = ηTref [1 − βref (Tc − Tref )] .
(3)
Similarly, the electrical output power (P) of a PV module can be obtained using Eq. 4. The equation is a linear
temperature dependent equation where τP V is the transmittance of the outside layer of PV cells and A is the
aperture surface area of the PV module.
P = GT τP V ηTref A [1 − 0.0045 (Tc − 25)]
(4)
Once, the irradiated spectrum impinges on an absorbing material, the absorbance profile can be obtained using
the relation χ(λ) = 1/ expdα(λ) , where d is the width of the material and α(λ) is the absorbance coeﬀicient
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given by Eq. 5. Here, kj is the extinction coeﬀicient obtained from the material complex index of refraction
that is λ dependent. Similarly, the PL spectra of a material can be obtained using the modified nonequilibrium
van Roosbroeck–Shockley relation given by Eq. 6 [36].
α(λ) =

ℑ(ℏω) =

4πki
λ

(5)

n2 [ℏω] ri
fc (1 − fv )
,
α(ℏω)
2
3
2
π ℏ c
fv − fc

where ℏω is the photon energy, n is the index of refraction, fc = [(exp (Ec − EF c ) /kB T ) + 1]

(6)
−1

is the

Fermi–Dirac distribution representing the probabilities of the conduction band states being occupied, and
(1 − fv ) = [(exp (EF v ) /kB T ) + 1]

−1

denotes the probabilities of the valence band states being empty. Ec and

Ev are the top of the conduction and valence bands, respectively; and EF c and EF v denote their corresponding
quasi-Fermi energies. Hence, by calculating the absorbance profile and PL spectra, photoluminescent filters can
be designed such that the material properties are adjusted to absorb and retransmit sunlight centered at desired
wavelengths.
3. Practical implementation
A thin film of CdS QDs was deposited in a soda-lima glass substrate to fabricate the photoluminescent filter.
The CdS QDs were synthesized using a previously reported colloidal solvothermal technique. The QDs were
obtained by dissolving the reagents polyvinylpyrrolidone (PVP K30, MW=10,000), thiourea (TU), and cadmium
nitrate (Cd (NO3)2 · 3H2O) in 350 mL of ethylene glycol (EG) by constant stirring until the solution became
homogeneous. The solution was then heated at 140

◦

C under a vacuum of 40 Torr for 50 min. The CdS

nanoparticles were precipitated with acetone in a ratio of 5:1 (colloidal solution: acetone) and centrifuged at
6000 rpm for 20 min. The precipitated nanoparticles were placed in a desiccator under room temperature to dry
them completely. To identify the morphology and elemental chemical composition of the synthesized CdS QDs,
a scanning electron microscope JEOL JSM-6010LA and field emission microscope Lyra3XMU from TESCAN
were used for imaging and X-ray analysis. Figure 4a shows the energy dispersive spectroscopy (EDS) results
of the CdS QDs synthesized under vacuum conditions. The EDS analysis reveals the presence of a very well
defined S and Cd peaks in the synthesized spheres. Also, a very small carbon (C) peak appears, which is due
to traces of organic compounds such as EG or absorbed CO 2 from the environment [37, 38]. Figure 4b shows
a scanning electron microscope (SEM) image of the synthetized CdS QDs. The image reveals the formation
of uniform QDs with sizes of ∼ 45 nm according to the scale bar. This uniform QD sizes is attributed to the
purity of the synthesized particles given by the uniform temperatures inside the chamber due to the vacuum
condition. Figure 5 shows a scanning electron microscope (SEM) image of the synthetized CdS QDs. The image
was obtained using the SEM JEOL JSM-6010LA and reveals the formation of QDs with sizes of approximately
45 nm according to the scale bar.
In depositing the CdS QDs onto the soda-lima glass, the dried nanospheres were prepared in a solution
by mixing 50 % of CdS QDs, 40 % of EG, and 10 % of IPA. The deposition was performed using the spray
pyrolysis technique. Figure 6 shows the SEM images of one and two deposited layers of CdS QDs before and
after 15 min of thermal treatment at 130 ◦ C. The one layer sample showed a noncontinuous film with large
areas without nanoparticles. The two layer sample reached a thickness of 200 nm after thermal treatment and
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displayed a higher density of deposited nanoparticles. After thermal treatment, the two layer sample presented
a better covered surface and higher density of nanoparticles than the one layer sample. The thermal treatment
was realized to reduce stress, passivate dangling bonds, and improve crystalline structure.

(a)

(b)

Figure 4. Elemental chemical composition and morphology of the synthesized CdS QDs: (a) EDS obtained using a field
emission microscope Lyra3XMU, (b) SEM obtained using a scanning electron microscope (SEM) JEOL JSM-6010LA.

Figure 5. SEM image of one and two layers of CdS QDs before and after 15 min of thermal treatment at 130

◦
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Figure 6. XRD patterns for the deposited CdS Qds layers after thermal treatment.

The SEM image in Figure 5 shows nonuniform layers of porous morphology in the one and the two
layer CdS QD samples before and after thermal treatment. As reported by different authors [39, 40], the
nonuniform layers of porous morphology can exert positive and negative effects on the PV characteristics of
thin semiconductor layers. The positive effects relate to the coupling of light in oblique angles and hence to a
reduced reflectivity, which helps to increase photon absorption. The negative effects lead to the recombination of
excitons within porous media that results in the position shift of the luminescence peak dependent on incident
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light intensity because of a redistribution of PL wavelengths and increases in the temperature of PV cells.
Figure 6 shows the X-ray diffraction patterns obtained from the deposited CdS layer after thermal treatment.
A scanning Empyrean X-ray diffraction system from Malvern PANalytical was used for identifying the crystalline
phases of the deposited materials. We observed intense and sharp peaks belonging to the greenockite phase of
CdS, space group: P63 mc. The peaks at 2 θ values of 25.11 ◦ , 26.82 ◦ , and 28.53 ◦ , correspond to the (100),
(002), and (101) crystallographic planes, respectively with a hexagonal crystalline structure.
The photon emission spectra for three incident light intensities were measured over a wavelength range
of 350–800 nm by using a Fluorolog-3 spectrofluorometer to evaluate the shift of the luminescent peak and its
dependence on the incident light intensity of the proposed CdS QD filter. The incident light intensities of 1,000,
450, and 75W/m2 were established for the measurements by using Xenon lamps set with suitable filters that
provides a good overlap with the standard AM1.5G. Figure 7 shows the measured PL versus wavelength for the
three incident light intensities. Specifically, the highest PL peak was at 602 nm for 1, 000 W/m2 of incident
light intensity. The second-highest half PL peak was noted at 617 nm for 450W/m2 of incident light intensity.
The lowest PL peak was at around 649 nm for 75W/m2 of incident light intensity. The observed PL shape and
intensity could partly be attributed to the recombination of excitons within the porous media. As the dielectric
constant of pores (εp = 1) is smaller than that of the CdS semiconductor (εbulk = 10) , the coulombic electronhole interaction increases [41, 42]; hence, the quantum localization of excitons within pores affects the exciton
energy in porous media [43, 44]. Meanwhile, the correlation between light intensity and frequency shift can be
attributed to the redistribution of the luminescence centers inside the porous structure [45]. The exciton energy
E depends on exciton position r in between the pores as well as on the pores’ configuration. Consequently E(r)
is distributed in a broad range of energies, starting from a bulk value Ebulk up to some maximum value Emax,
which corresponds to the exciton which is confined near the largest concentration of pores [46]. Under low
light intensity, small pores near the surface trap exciton pairs, thereby achieving absorption and light emission
dominated by energetic photons. Under a high light intensity, all pores trap most exciton pairs to achieve a
strong absorption and emission of light dominated by the intensity distribution of the incident spectra.
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Figure 7. Photoluminescence (PL) vs. the wavelength of the proposed CdS QDs filter for different incident light
intensity.
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Figure 8 shows the implemented LF-CPVT hybrid solar system. It had a concentration factor of 13.8
obtained using the relation C = Aef /Ata , where Aef = (W Do )L is the effective aperture area, W = 113 cm is
the concentrator aperture, Do = 2.54 cm is the diameter of the thermal absorber tube, Ata = πDo L is the area
of the receiver, and L is the concentrator length. In the implemented system, a cylindrical concentrated solar
irradiance receiver was covered in sections by the combination of the CdS photoluminescent filter and silicon
solar cell (CdS-PV). The solar irradiance receiver transferred heat from the received solar energy to the HTF,
and the CdS PV combination converted the received solar energy into electricity and transferred the heat back
to the HTF. Figure (8) also presents the matched combination of the CdS QDs based photoluminescent filter
and the Si solar cell devices. The used solar cell was an array of the model 2509 cell from JSsolar that was
connected to generate 12.5 V of Voc and 20 mA of Isc. The individual model 2509 cell had a width of 0.8 cm
and a length of 3 cm; and at standard test conditions (AM1.5 1, 000 W/m2 ), it yielded PCE = 21.7, Voc =
2.5 V, Isc = 3.34 mA, and FF = 0.8. Five individual cells were connected in series to obtain 12.5 V of Voc , 20
mA of Isc , and 90 cm long grooves in the thermal concentrator. Six arrangements were in turn connected in
parallel to obtain 20 mA. Then, the arrangements were mounted, as shown in Figure 8. The LF-CPVT hybrid
solar system was illuminated with Xenon lamps set with suitable filters that provided a good overlap with the
standard AM1.5G.

Figure 8. Implemented LF-CPVT hybrid solar system.

4. Analysis of results
The absorbance and photon emission spectra of the CdS QDs with a diameter of 45 nm were calculated using
Eqs. 5 and 6 and measured over a wavelength range of 350–800 nm by using a Shimadzu model 3101PC
UV�vis�NIR scanning spectrophotometer and a Fluorolog-3 spectrofluorometer, respectively. Figure 9 shows the
calculated and measured absorbance and PL versus the wavelength. The CdS QD sample was used as prepared
and loaded into a quartz cell for measurements. Figure 9 shows that a high absorbance was obtained below 500
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nm and that a low absorbance was obtained at 550 nm. For the PL measurement, the excitation wavelength
was set to 440 nm, and the photon emission was scanned from 480 nm to 900 nm.
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Figure 9. AM 1.5G solar irradiance spectrum standard, measured and calculated absorbance profile of 45-nm diameter
CdS QDs, and measured and calculated photoluminiscent profile of 45-nm diameter CdS QDs.

The CdS QDs with a 45-nm diameter were selected to adjust the central absorption and photoluminescent
spectral wavelength of the QDs at 480 and 600 nm, respectively. Hence, the photoluminescent CdS QD filter
could absorb sunlight spectra centered at 480 nm (UV and part of the visible range), avoid the spectra impinging
the PV cells, and retransmit the light spectra centered at 600 nm (visible range). Figure 9 shows the calculated
and measured absorbance and PL profiles of the CdS QDs with 45-nm diameter over a wavelength range of
350–800 nm. The absorbance plot referred to as “measured α (CdS QDs)” was measured using a Shimadzu
model 3101PC UV-vis-NIR scanning spectrophotometer. The absorbance plot referred to as “calculated α (CdS
QDs)” was calculated using Eq. 5, where kj is the extinction coeﬀicient and is λ dependent. kj was obtained
from the CdS QD complex index of refraction measured using an m-2000 ellipsometer from J. A. Woollam. The
PL plot referred to as “measured PL(CdS QDs)” was measured using a Fluorolog-3 spectrofluorometer, and the
plot referred to as “calculate PL(CdS QDs)” was calculated using Eq. 6, and the values from Table .
Figure 10 shows the curve of external quantum eﬀiciency (EQE) spectra versus wavelength for the
arrangement containing the PL filter with CdS QDs and the arrangement containing the PL without CdS QDs.
The EQE measurements were obtained for a spectral range from 350 to 800 nm using a SpeQuest quantum
eﬀiciency system. The EQE spectrum was calculated as the ratio between the spectral response data and the
incident light spectrum, measured with a photodiode S120VC from ThorLabs. The arrangement containing the
PL filter with CdS QDs shows a red-shift spectra with higher EQE response that suggests better charge carrier
generation and collection compared with the arrangement containing the PL without CdS QDs. Specifically,
the arrangement containing the PL filter with CdS QDs has the highest EQE peak around 600 nm and shows
wider shape compared to the arrangement containing the PL filter without CdS QDs where the highest EQE
peak is around 510 nm. This behavior is attributed to the absorbance and photon emission spectra of the CdS
QDs with a diameter of 45 nm used in the PL filter.
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Table . Parameters value for 45 nm of diameter CdS QD used in calculations.

External Quantum Efficiency (EQE)

Parameter
CdS QD index of refraction
Planck constant
Dirac constant
Boltzmann constant
Temperature
Speed of light
Top of the conduction band
Top of the valence band
Quasi-Fermi energy in the conduction band
Quasi-Fermi energy in the valence band

Symbol
n
h
ℏ
KB
T
C
Ec
Ev
EF c
EF v

Value
2.3
6.63 × 10−34 m2 · kg · s−1
6.582118 × 10−16 eV · s
8.61733326 × 10−5 eV · K −1
300K
299792458 m · s−1
27 meV
11 meV
79 meV
6 meV

1
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Figure 10. External quantum eﬀiciency (EQE) versus wavelength for the arrangement containing the PL filter with
CdS QDs and the arrangement containing the PL without CdS QDs. The EQE was measured in the 350–800 nm spectral
range.

Two arrangements were evaluated herein to characterize the PV conversion behavior versus temperature
of the implemented LF-CPVT hybrid solar system. The first arrangements involved the combination of a Si
solar cell with CdS QDs. The second arrangement involved a Si solar cell without CdS QDs. The LF-CPVT
system with each arrangement was exposed to light irradiance from a 1000 W/m2 Xenon lamp that provides a
good overlap with standard AM1.5G. The thermal energy carried by the concentrated light increased the solar
cell temperature from room temperature (25 ◦ C) to 105 ◦ C in approximately 40 min. The temperature in the
solar cell was measured using the data switch model 34972A from Keysight and a thermocouple type T. The
measurement had a margin error of 0.01 ◦ C with a correction factor of A+0.5604381, where A is the temperature
value. The current�voltage (I-V) curves were obtained when the solar cell reached the values of 35 ◦ C, 55 ◦ C,
75

◦

C, and 105

◦

C using the same data acquisition/switch from Keysight. Figures 11a and 11b respectively

show the obtained I-V curves for the arrangement containing the PL without CdS QDs and the arrangement
containing the PL with CdS QDs. As shown in Figures 11a and 11b, a significant increment in the short-circuit
current ( Isc ) were observed in the arrangement containing the PL with CdS QDs relative to the arrangement
containing the PL without CdS QDs. In addition, a small reduction in the open-circuit voltage ( Voc ) were
observed in both arrangements as temperature increases. This increment in Isc was attributed to a combination
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of different effects given by the QD filter. On the one hand, it was attributed to an increase in photon absorption
due the coupling of light in oblique angles and hence to a reduction in incident light reflectivity. On the other
hand, it was attributed to the absorption of sunlight spectra centered at 480 nm, avoidance of the spectra
impinging the PV cells, and retransmission of light spectra centered at 600 nm. The small reduction in Voc was
attributed to the increases in temperature in the Si PV cell due to the retransmission of light of the CdS QD
filter. The CdS QD filter absorbed the UV and part of the visible range sunlight, avoided the spectra impinging
the PV cell, and retransmitted the light spectra in the visible range with high thermal radiation. Hence, as
the temperature in the Si PV cell increases, the bandgap ( Eg ) of the semiconductor decreases because of its
dependence on temperature [47]. As the temperature increases and Eg decreases the density saturation current
( Jo ) increases and the Voc decreases in the PV cell [48–51]. Herein, Voc =

kT
q

ln(Jsc /Jo + 1) , where q is the

electron charge, k is the Boltzmann constant, T is the temperature, and Jsc is the short-circuit current density
[52, 53].
Figure 12 shows the curves of Isc versus temperature for the arrangement containing the PL filter with
CdS QDs and the arrangement containing the PL filter without CdS QDs. In both arrangements, Isc decreased
as the temperature increased, but the difference between the curves decreased. Figure 12b shows the degree of
Isc differences ( ∆Isc ) between the curves as temperature increased.
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Figure 11. I-V characteristics at different temperatures of the arrangement containing the PL filter (a) without CdS
QDs and (b) with CdS QDs

Figure 13a shows the curves of Voc versus temperature for the arrangement containing the PL filter
with CdS QDs and the arrangement containing the PL without CdS QDs. In both arrangements, the Voc
decreased as the temperature increased. Figure 13b shows the degree of Voc differences ( ∆Voc ) between the
curves as temperature increased. The difference between the curves decreased for temperatures below 50 ◦ C
but increased slowly above this temperature. Figure 14a shows a comparison of the fill factor (FF) versus the
temperature curves of both arrangements. In both arrangements, FF decreased as the temperature increased,
but the difference between the curves decreased. Figure 14b shows the degree of FF difference ( ∆ FF) between
the curves as temperature increased.
Figure 15a shows the curves for the calculated and measured PCE versus temperature for the proposed
LF-CPVT hybrid solar system with the arrangement containing the PL filter with CdS QDs and the arrangement
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Figure 12. (a) Curves of the Isc versus temperature of the arrangement containing the PL filter without CdS QDs and
the arrangement containing the PL filter without CdS QDs; (b) difference between the Isc ( ∆Isc ) of the arrangement
with and without CdS QDs versus temperature.
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Figure 13. (a) Curves of the Voc versus temperature of the arrangement containing the PL filter with CdS QDs and
the arrangement containing the PL filter without CdS QDs; (b) difference between the Voc ( ∆Voc ) of the arrangement
with and without CdS QDs versus temperature.
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Figure 14. (a) Curves of the FF versus temperature of the arrangement containing the PL filter without CdS QDs and
the arrangement containing the PL filter without CdS QDs; (b) difference between the FF ( ∆ FF) of the arrangement
with and without CdS QDs versus temperature.

without CdS QDs. The calculated curve was obtained using 3 with Tref = 25

◦

C, T0 = 270

◦

C, and ηTref

= 0.223. In all cases, PCE decreased as the temperature increased. Figure 15b shows the curves of the PCE
difference ( ∆ PCE) as temperature increased between the arrangement containing the PL filter with CdS QDs
and the arrangement without CdS QDs. It also shows the calculated PCE in the arrangements containing the
PL filter with CdS QDs, and without CdS QDs. The difference between the arrangement containing the PL
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filter with CDs QDs and the arrangement without CdS QDs increased as the temperature increased. Hence,
the recovered PCE using the arrangement containing the PL filter with CdS QDs increased as temperature
increased. Specifically, for temperatures above 90 ◦ C, the recovered PCE exceeded 3%, which is consistent with
theoretical predictions. In addition, the difference in the calculated PCE values of the arrangement containing
the PL filter with and without CdS QDs for temperatures below 60 ◦ C and decreased slowly for temperatures
above 60 ◦ C.
Figure 16a shows the curves of the calculated and measured output power (OP) versus temperature for
the arrangements containing the PL filter with and without CdS QDs. The calculated curve was obtained
using 4 with GT = 1000, τpv = 0.87, A = 0.0035, and ηTref = 0.223. In all arrangements, OP decreased as
the temperature increased. Figure 16b shows the OP difference ( ∆ OP) as temperature increased between the
arrangements containing the PL filter with and without CdS QDs, the calculated OP and the arrangement
containing the PL filter with CdS QDs, and the calculated OP and the arrangement containing the PL filter
without CdS QDs. ∆OP between the arrangements containing the PL filter with and without CdS QDs
decreased as the temperature increased. Hence, the recovered OP using the arrangement containing the PL filter
with CdS QDs decreased as temperature increased. In addition, the calculated ∆OP between the arrangements
containing the PL filter with and without CdS QDs increased for temperatures below 50 °C and decreased
slowly for temperatures above 50 °C.
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Figure 15. (a) Curves of the calculated and the measured PCE versus temperature for the arrangement with the PL
filter with CdS QDs and without CdS QDs; (b) curves of the PCE difference ( ∆ ) as temperature increases between the
PL filter with CdS QDs and without CdS QDs, and between the calculated PCE and the arrangement containing the
PL filter with CdS QDs and without CdS QDs.

5. Conclusion
In this study, a photoluminescent filter was implemented using CdS QDs with a 45-nm diameter and absorption
and photoluminescent spectra centered at 480 and 600 nm, respectively. The CdS QDs were deposited in a sodalima glass to obtain a 200-nm-thick film. EDS and SEM analysis were performed to identify the morphology
and elemental chemical composition of the synthesized 45 nm of CdS QDs. These analyses revealed intense
and sharp peaks belonging to the greenockite phase of CdS, space group: P63 mc and peaks at 2 θ values of
25.11 ◦ , 26.82 ◦ , and 28.53 ◦ , correspond to the (100), (002), and (101) crystallographic planes, respectively with
a hexagonal crystalline structure. The photoluminescent filter was matched to a Si solar cell and used as an
electrical power eﬀiciency recovery filter in an implemented CPVT hybrid solar system. Two arrangements
were evaluated to characterize the PV conversion behavior versus temperature of the implemented LF-CPVT
hybrid solar system. The first arrangement involved the combination of Si solar cell with CdS QDs. The
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Figure 16. (a) Curves of the calculated and the measured OP versus temperature for the arrangement with the PL
filter with CdS QDs and without CdS QDs; (b) OP difference ( ∆ OP) as temperature increases between the arrangement
containing the PL filter with CdS QDs and the arrangement without CdS QDs, the calculated OP and the arrangement
with the PL filter with CdS QDs, and the arrangement with the PL filter without CdS QDs.

second arrangement involved a Si solar cell without CdS QDs. The LF-CPVT system with each arrangement
was exposed to light irradiance from a 1000 W/m2 Xenon lamp that provides a good overlap with standard
AM1.5G, and the I-V curves were obtained at the temperatures of 35 ◦ C, 55 ◦ C, 75 ◦ C, and 105 ◦ C. A
significant increment of Isc were observed in the arrangement containing the PL with CdS QDs relative to the
arrangement containing the PL without CdS QDs. In addition, a small reduction in the open-circuit voltage
( Voc ) were observed in both arrangements as temperature increases. This increment in Isc and reduction in
Voc were attributed to an increase in photon absorption due the coupling of light in oblique angles and hence
to a reduction in incident light reflectivity. They were also attributed to the retransmission of energy of the
wavelengths centered at 600 nm by the luminescent filter. The small reduction in Voc was attributed to the
increases in temperature in the Si PV cell due to the retransmission of light of the CdS QD filter. The increases
of temperature in the Si PV cell decreases the semiconductor Eg , increases Jo , and decreases Voc . In addition,
a recovery of electrical power conversion eﬀiciency higher than 3.1% at temperatures greater than 100
theoretically predicted and practically confirmed.

◦
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