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Coupling thermoelectrics (TE) with photovoltaics (PV) has emerged as an approach to solid-state solar
harvesting, directly converting light and infrared heat into electricity. In this work, we compare PV-TE
hybrid devices based on organic semiconductors in three different geometries: a reflection geometry, a
non-contact transmission geometry, and a contact transmission geometry. The temperature rises of
films of common organic thermoelectric materials, including poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS), single-walled carbon nanotubes (swCNT), and poly[2,5-bis(3-
tetradecylthiophen-2-yl)thieno[3,2-blthiophene] (PBTTT), were measured in configurations represen-
tative of the proposed geometries. Because organic semiconductors possess broadband light absorption
and low thermal conductivities, a significant rise in temperature was observed under illumination for all
geometries. We find, however, that the best configuration is, in fact, the transmission contact mode
because it sums two effects. Operating under 1 sun illumination, the temperature of a commercial
organic PV module increased by ~30 K, which leads to an enhancement in OPV performance
compared to room temperature. After attaching a thermoelectric to the OPV module, losses from
convection are reduced, and the OPV module heats up even more, further increasing its efficiency while
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additionally enabling thermoelectric generation.
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1. Introduction

Solar cells can convert incident solar radiation into electricity,
with reported efficiencies well over 25% for silicon- and
perovskite-based solar cells and 18% for organic solar cells.'™
A large amount of solar radiation is also converted into thermal
energy, due to the thermalization of high-energy photons and
parasitic absorption of photons with sub-bandgap energies.
This thermal energy is considered a source of losses in solar
cells, and in some cases detrimental to performance. Further-
more, not all photons are absorbed by the active layer like the
ones with energies below the gap, which are absorbed at the
electrodes, causing additional heating of cells. Photons can
also be reflected or transmitted by the cell.®

In the case of solar cells based on inorganic materials, it is
well-known that performance decreases with temperature due
to the increase in recombination rate.” Much interest has been
devoted to find strategies to cool down solar cells during
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Finally, we calculate theoretical thermoelectric

efficiencies for the materials and their respective power densities.

operation.**° Furthermore, there has been work on developing
hybrid devices that simultaneously cool solar cells and make
use of the generated waste heat."’ ' In one such approach, a
thermoelectric generator (TEG) can be coupled to a solar cell to
either actively cool the solar cell or harvest energy from the
waste heat produced by the solar cell, the former via the Peltier
effect and the latter via the Seebeck effect."*™® In another
approach, a hybrid PV-TE device based on inorganic materials
incorporating a spectral beam splitter has been proposed.*’

Organic photovoltaics (OPVs) have a number of important
differences with respect to their inorganic counterparts. First, it
has been recently shown that organic solar cells can actually
perform better at higher temperatures due to an increase in the
temperature-activated charge transport and enhanced charge
extraction, resulting in an improved fill factor and short circuit
current.?' > Moreover, thermal conductivities of most organic
materials, as well as plastic substrates and encapsulating materials,
are very low (1 W m™" K" or lower ¢f ca. 150 W m™~ ' K * for
crystalline silicon), which slows heat dissipation and could
eventually result in a substantial increase in OPV cell tempera-
ture during operation.”®! Finally, OPVs can be, and often are,
fabricated in a semitransparent geometry, letting not just part of
the visible light pass through, but also most of the IR region of
the solar spectrum.
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The tuneable electronic and optical properties of organic
semiconductors have made them particularly appealing for
thermoelectric and photovoltaic devices. OPV devices typically
have a bulk heterojunction active layer composed of at least two
organic semiconductors that is sandwiched between an electron
and hole transport layer, and a transparent front electrode and a
metallic back electrode. Traditionally, PV devices are opaque,
because of the metallic back electrodes. As a result, light entering
through the transparent front electrode interferes with light
reflected from the metallic back electrode. Recently, semi-
transparent organic solar cells, which use only transparent
electrodes, have gained interest as solar window applica-
tions.**** To compensate for the lost back reflection from the
bottom metallic electrode, semi-transparent organic solar cells
have thicker active layers.**

Organic solar cells tend to be thin to maximize charge
collection, which is hampered by the limited charge carrier
mobilities, thus leading to a large portion of the light being
transmitted through the solar cell.*® Light management techniques
have been proposed to trap more light in solar cells.>***” Addi-
tionally, ternary blends and non-fullerene acceptors have been
proposed as routes to further boost the absorption of single-
junction devices.*® Alternatively, tandem devices have been inves-
tigated to harvest separate parts of the solar spectrum.*>*

Recently, it has been shown that solar OTEGs (SOTEGS) can
be used to harvest the sun’s energy with little to no concentra-
tion.”® SOTEGs can transform solar radiation into heat and
convert heat into electricity via the Seebeck effect. SOTEGs
might be able to attractively complement organic solar cells,
as they can make use of waste light and heat from the solar cell,
yet there has been little research carried out on a completely
organic-based hybrid PV-TE device. In one such work, Lee et al.
fabricated an organic hybrid PV-TE device with a single PED-
OT:PSS film as the OTEG, reporting a 0.01 percentage point
increase in efficiency.'®

Inspired by this work and similar works using inorganic
materials, we report on different geometries of hybrid photo-
voltaic-themoelectric (PV-TE) solid-state devices based on
organic semiconductors and investigate their photothermal
properties with the aim to provide insight on optimal geometries
for such devices. As reference organic thermoelectric materials,
we use conducting polymers, doped semiconducting polymers,
carbon nanotubes and mixtures of carbon nanotubes with
bacterial cellulose. As photovoltaic systems, we explore a large
range of organic materials, most of them used in OPVs, with
varying bandgaps.

2. Experimental details
2.1 Materials

eDIPS CNTs were bought from Meijo Nano Carbon. An aqueous
dispersion of poly(3,4-ethylenedioxythiophene) polystyrene sulfonate
(PEDOT:PSS Heraeus Clevios Al 4083) was bought from Heraeus.
Sodium dodecylbenzenesulfonate (SDBS), poly(3-hexylthiophene-2,5-
diyl) (P3HT), poly(sodium-4-styrene sulfonate) (pNaSS), Triton X-100,
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poly(9,9-dioctylfluorene-alt-benzothiadiazole) (PFBT), dimethyl sulf-
oxide (DMSO), chlorobenzene (>99%), and dichlorobenzene
(>99%) were purchased from Sigma-Aldrich. 2,3,5,6-Tetrafluoro-
7,7,8,8-tetracyanoquinodimethane (FATCNQ) was purchased from
TCI Chemicals. The ZnO nanoparticles dispersion was obtained
from Avantama. Silicon solar cells were purchased from
AOSHIKE and commercial organic solar cells were purchased
from infinity PV. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylen-
evinylene] (MEH-PPV), poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)-benzo[1,2-b:4,5-b'|dithiophene))-ait-(5,5-(1',3'-di-2-thienyl-5’,7'-
bis(2-ethylhexyl)benzo[1’,2'-c:4",5'-c'|dithiophene-4,8-dione)] (PBDB-T
or PCE12), poly[(2,6{(4,8-bis(5-(2-ethylhexyl-3-fluoro)thiophen-2-yl)-
benzo[1,2-b:4,5-b'|dithiophene))-alt-(5,5-(1',3'-di-2-thienyl-5',7’-
bis(2-ethylhexyl)benzo[1’,2'-c:4’,5'-¢'|dithiophene-4,8-dione]] (PBDBT-
T-2F or PCE13) and poly[2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-
blthiophene] (PBTTT-C14) were purchased from 1-material. Poly[[2,3-
bis(3-octyloxyphenyl)-5,8-quinoxalinediyl]-2,5-thiophenediyl] (TQ1),
poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b' |dithiophene-
2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-
carboxylate-2-6-diyl)] (PTB7-Th or PCE10), poly[(5,6-difluoro-
2,1,3-benzothiadiazol-4,7-diyl)-alt-(3,3"'-di(2-octyldodecyl)-2,2';5’,
2";5" 2""-quaterthiophen-5,5""-diyl)] (PffBT4T-20D or PCE11),
poly([N,N'-bis(2-octyldodecyl)-naphthalene-1,4,5,8-bis(dicarboximide)-
2,6-diyl}-ait-5,5'{(2,2'-bithiophene)) (N2200), poly(9,9-di-n-octylfluorenyl-
2,7-diyl) (PFO) and indium tin oxide (ITO) substrates were purchased
from Ossila.

2.2 Preparation of the pure eDIPS and eDIPS:cellulose films

eDIPS single-walled CNTs (swCNTs) were dispersed in an aqueous
solution of SDBS. 50 mL SDBS solutions with an initial concen-
tration of 1 mg mL " were mixed with 10 mg of CNTs. The
dispersions were sonicated at 15 &= 5 °C in a bath sonicator and
then centrifuged at 6000 rpm for 6 h. The supernatant was filtered
through porous filter paper (PVDF membranes with a 0.2 um pore
size) to achieve thick buckypaper films. Buckypaper thicker than
~5 pum can easily be removed from the supporting filter paper,
giving freestanding samples. The preparation of bacterial cellulose
CNT composites is explained in detail elsewhere.>® Briefly,
bacterial cellulose fibers are grown in an aqueous medium, in
the presence of dispersed swCNTs, forming well-intermixed
films. After washing and drying, the 10 pm films resemble
buckypapers, yet contain only about 10 wt% CNTs, and corre-
spondingly have lower electrical and thermal conductivities.

2.3 Preparation of the free-standing DMSO-treated
PEDOT:PSS film

DMSO was added directly (5%, v/v) to the aqueous PEDOT:PSS
dispersion. Thick, freestanding films (>5 pm) were prepared
by drop-casting the aqueous DMSO/PEDOT:PSS dispersion
onto PET substrates and allowing them to dry. Due to the
poor adhesion of PEDOT:PSS on PET substrates, freestanding
films of PEDOT:PSS can be achieved by carefully peeling the
dried PEDOT:PSS films thicker than 5 um from the PET
substrates.

This journal is © The Royal Society of Chemistry 2021
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2.4 Preparation of the FATCNQ-Doped PBTTT film

Freestanding films were fabricated from a solution of 20 mg of
PBTTT dissolved in a mixture 1:1 vol% of chlorobenzene and
dichlorobenzene. 100 puL were drop-casted at reduced pressure
onto a preheated glass substrate at 60 °C using a custom-built
chamber. The dry film was immersed in a water bath at 50 °C to
detach the polymer film from the glass substrate and picked up
in a metal washer. Finally, the film was dried under vacuum at a
constant temperature of 60 °C for 20 min. For doping, approxi-
mately 5 mg of F,TCNQ were placed on the bottom of the
custom-built chamber and heated to 180 °C.>° Then, the polymer
film was fixed face-down to the lid of the chamber and simulta-
neously heated to 130 °C. The chamber was then closed and left
undisturbed for 20 min.

2.5 Preparation of the solar cell filters

Filters made of the relevant materials were used instead of
complete photovoltaic cells to evaluate the role of the active
layer bandgap on the performance of the hybrid devices. For
the glass filter, a glass substrate was cleaned in ethanol and
used without further processing. For the glass with ITO filter, a
glass substrate with ITO was cleaned with ethanol and used as
is. For the glass with ZnO filter, a glass substrate was rinsed in
ethanol and a layer of ZnO was deposited by spin-coating. For
the glass/ITO/ZnO, a glass substrate with ITO was cleaned with
ethanol, and a layer of ZnO was deposited by spin-coating. For
the rest of the filters, all materials were dissolved in chloro-
benzene (CB) at a concentration of approximately 30 mg mL™".
pNaSS was dissolved in an aqueous solution of Triton X100 (1% v/v).
A glass substrate was cleaned with ethanol, and then a thin layer of
pNaSS was deposited through spin-coating. Once dry, a thick
polymer layer was deposited on top of the pNaSS layer through
drop-casting. Finally, the samples were submerged in water to
dissolve the pNasSS layer, releasing a freestanding layer of the filter
materials. Filters were made of the following materials with
increasing band gap: PFO, MEH-PPV, PFBT, P3HT, PCE12,
PCE13, TQ1, PCE10, PCE11, N2200.

2.6 Optical and photothermal characterization

Temperature response as a function of irradiance was measured
on freestanding films with a SAN-EI Electric, XES-100S1 AAA
solar simulator and an Optris PI 450 IR camera. The free-
standing films of TE materials were mechanically supported
on 3D printed supports and placed under the solar simulator.
For the non-contact transmission experiments, a filter was
placed directly above the TE materials. For the non-contact
reflection experiments, a 3D-printed holder was printed so that
the filters were at a 45° angle to the TE materials. The TE
materials were covered to ensure no direct sunlight contributed
to heating them up. For the contact experiments, the free-
standing filters were placed on a 3D printed support under
the solar simulator. In all cases, the IR camera measured the
temperature in the middle of the materials (away from
the supported edges) under illumination. The materials were
illuminated for 5 min to allow them to reach a steady-state
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temperature. For the different 3D pieces, we printed PLA slabs
using an ION V6 3D printer.

Film reflectance and transmittance of the freestanding
materials was measured using an FTIR spectrometer (Bruker
Vertex 70) attached to an optical microscope (Hyperion).

3. Hybrid devices
3.1 Device geometry

Three different alternatives come to mind as possible geometries
for hybrid PV-TE devices: a non-contact reflection geometry, a
non-contact transmission, and a contact transmission geometry.
The three proposed geometries are shown in Fig. 1. In a reflec-
tion geometry (Fig. 1a), an opaque solar cell is placed at an angle
to reflect light, Px py, towards the SOTEG. In a working solar cell,
a fraction of the incident light is lost due to reflection at the front
of the solar cell and reflection from the back electrodes,*!
another fraction of the incident light is also transformed into
heat, Qpy, and the rest of the incident light can be transformed
into useable power, Ppy. The SOTEG can convert the reflected
light from the PV into thermal energy and then to useable power,
Prgg. Heat from the SOTEG can also be lost to the environment,
Qg, due to convection or radiation, for example. In this geometry
light transmitted by the solar cell or light reflected by the solar
cell, that is not reflected towards the SOTEG, is considered a loss
mechanism, P py. Similarly for the SOTEG, light transmitted
through the SOTEG or reflected by the SOTEG is a loss mecha-
nism, Py rrc. In a non-contact transmission geometry (Fig. 1b), a
semi-transparent solar cell is placed above the thermoelectric,
allowing a fraction of light to be transmitted by the solar cell,
Py py, which can be absorbed by the SOTEG. Reflection from the
solar cell, P py, and heat generated by the solar cell, Qpy, are
considered loss mechanisms in this geometry.

In a contact geometry (Fig. 1c), the solar cell is placed in direct
contact with the SOTEG. It should be noted that either an opaque or
semi-transparent solar cell can be used in this geometry. In this
manner, the heat from the solar cell can be partially transferred to
the SOTEG. Moreover, if a semi-transparent solar cell is used, the sub-
band gap photons and any non-absorbed light transmitted by the
solar cell could be absorbed by the SOTEG. Under illumination, the
solar cell will inevitably convert a percentage of incoming light into
waste heat through non-radiative recombination. This waste heat can
be partially converted into electricity by the SOTEG. If solar cell
performance is enhanced with increasing temperature, the contact
geometry could be the optimal geometry (see below). A SOTEG in
intimate contact with a solar cell will cause an increase in the thermal
resistance - ie. reduce convection — at the backend of the solar cell,
thus increasing the temperature of the solar cell. The gain in
temperature will improve solar cell efficiency, and the thermal energy
converted by the SOTEG will further raise the overall device efficiency.

3.2 Mathematical framework

The overall output power from a hybrid PV-TE device, Py oy, is
given by:

Py out = Ppy + Prgg (1)

J. Mater. Chem. C, 2021, 9, 2123-2132 | 2125
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(a) Non-contact reflection geometry; the solar cell is placed at an angle such that the reflected fraction of the incident light is directed towards

the TEG; (b) non-contact transmission geometry; the solar cell is physically separated from the TEG; (c) contact geometry; the solar cell is in direct
contact with the thermoelectric generator. The associated process and loss mechanisms of the hybrid device: incident solar radiation on the solar cell
and reflected light from the back end of the hybrid device, P,; optical power losses from the solar cell, P__py; thermal losses from the solar cell, Q| py;
power output from the solar cell, Ppy; transmitted light from the solar cell to the TEG, Py py; heat transferred from the solar cell to the TEG, Qpy; optical
power losses from the TEG, P tea; thermal losses from the TEG, Qg; power output from the TEG, Prec.

where Ppy is output power from the solar cell and Prgg is output
power from the TEG (or SOTEG for non-contact geometries).
Prgg for the non-contact transmission geometry can be calcu-
lated using the following equation:

Prgg = PrpviiTEG (2)

where #rgg is the efficiency of the TEG device. For the reflection
geometry, Prgg can be calculated as

Prgg = PrpvliTEG (3)

For the contact geometry, we assume a semitransparent device,
such that

Prpg = (Prpv + Qpv)itEG (4)

where Qpy is the heat transferred from the PV to the TEG.
For an opaque solar cell, Prpy = 0. In a real device, SOTEG
efficiency, #soreg, should be used for non-contact geometries
and will depend on the optical and absorber efficiencies of the
SOTEG.** We assume all light transmitted or reflected by the
solar cell is absorbed by the SOTEG and converted into thermal
energy, such that #rgg = fsorec. A detailed discussion of the
mathematical framework for a real device can be found in
Appendix A (ESIT).
The TEG device efficiency is defined as

Vv1i+:zT -1

NTEG :’1077" (5)
V1 +zT+7°
h

where 7. is the Carnot efficiency, T. is the cold side temperature
and Ty, is the hot side temperature, and 27T is the dimensionless
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figure of merit for thermoelectric materials. This metric, com-
monly used to benchmark thermoelectric materials, is
defined as:

_S%

K

zT T (6)
where S is the Seebeck coefficient, ¢ is the electrical conductivity,
K is the thermal conductivity, and T = (T}, + T.)/2 is the average
absolute temperature. An ideal thermoelectric material is one
that sufficiently scatters phonons (possesses a low thermal
conductivity) while exhibiting a high electrical conductivity.
The maximum efficiency of any heat engine is given by the
Carnot efficiency, which is defined as

7Th_Tc

He T )

Currently, the highest reported zT for organic thermoelectric
materials lies around 0.5.** Considering the much higher effi-
ciencies of solar cells compared to SOTEG,® the selection criteria
for device geometry will depend on the temperature coefficient of
the solar cell. A positive (negative) temperature coefficient will
likely indicate that a contact (non-contact) geometry is preferred.

3.3 Selection of materials and systems

To evaluate the potential of organic-based hybrid devices in a
general manner, we have looked at a large number of systems.
Two complete commercially available photovoltaic cells were
compared: an organic module from Infinity PV and a small
polycrystalline silicon module. Furthermore, we fabricated free-
standing films of commonly used organic photovoltaic

This journal is © The Royal Society of Chemistry 2021
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Table 1 Efficiencies of selected solar cell belnds

Solar cell Efficiency (%) Ref.
MEH-PPV:PC60BM 2.9 44
P3HT:PC60BM 4.4 45
PDBD-T(PCE12):PC70BM 7.8 46
TQ1:PC70BM 7.08 47
PCE10:PC70BM 9.01 48
PCE11:PC71BM 10.5 49
PCE13:PC71BM 8.89 50
PFBT:PCBM <1 51 and 52
Infinity PV solar cell 1.4-1.6 This work
Commercial Si cell 7-9 This work

materials, which are here used as “filters”. The filters emulate
organic solar cells of different compositions and are placed
either above or at an angle to the TE materials to absorb
below-bandgap photons or reflect light, respectively. As the
bandgap of the materials will strongly affect the amount of light
reflected or transmitted and, thus, how hot the cell gets, we
fabricated optically thick filters of ten different polymers, with
bandgaps spanning from 1.43 to 2.56 eV.

For the thermoelectric materials, we chose representative
organic materials employed in thermoelectrics, namely, doped
semiconducting polymers, conducting polymers, carbon nano-
tubes (CNTs) of the eDIPS type, and polymer:eDIPS composites.
Samples were prepared as free-standing films. We prepared films
of PBTTT doped with F,TCNQ, PEDOT:PSS treated with DMSO,
pure eDIPS CNTs and a eDIPS:cellulose composite [28,29].

In the calculation of the overall efficiencies, reference values
of photovoltaic power conversion efficiency (summarized in
Table 1) and thermoelectric figure of merit were used.

4. Results and discussion
4.1 Energy available to the TEG

The first source of energy available to the TEG is the fraction of
the incident light that is either reflected or transmitted by the

10

o
~

Transmittance
o
(V,]
1

0.0 | I I BT |
500 1000 1500 2000 2500

Wavelength (nm)

Fig. 2
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photovoltaic cell. Using FTIR, we measured both the transmittance
and reflectance of the filter materials. Exemplary transmittance
and reflectance data is shown in Fig. 2a and b, respectively, while
the data for the other materials can be found in the ESLf}

In the contact geometry, the solar cell can be thought of as a
heat reservoir with a fixed temperature that is in direct contact
with the TEG. Therefore, it is important to evaluate how hot the
different cells get. An infrared camera was used to measure the
temperature of solar cells (and filters) under constant illumina-
tion. While there will be additional loss mechanisms, the
temperature rise is here used as a proxy of the efficiency of
converting light into heat in the solar cell, i.e. #py pr. In Fig. 3a,
the temperature evolution of a free-standing (black line) com-
mercial organic solar cell and the same cell supported on the
backside by a block of white PLA (dark blue line) under
illumination is shown. In addition, the efficiency of the sup-
ported solar cell was recorded. When the solar cell was sup-
ported by the white PLA block, the temperature increase was
slightly larger than the temperature of the free-standing solar
cell. The efficiency of the solar cell increased by almost 20% as
the temperature increased by over 30 K. Fig. 3b shows the
efficiency of the solar cell as a function of temperature. The
enhancement in efficiency could be due to an increase in the
mobility of charge carriers.***>*** In organic semiconductors
the mobility is known to be enhanced because of the tempera-
ture dependence on charge transport (temperature-activated
hopping). The higher temperature likely contributed to improving
charge transport in the active layer and/or the solar cell’s ITO-free
front electrode. For a commercial Si cell, the expected negative
temperature dependence was observed, with efficiency dropping
by approximately 20% (see Fig. S1 in the ESIT).

In the next experiment, the temperatures of the free-standing
filters and the two commercial solar cells were measured under 1
sun illumination. The equilibrium values are shown in Fig. 4.
Temperature rise will be dependent on the material’s absorption
and thickness. For the commercial Silicon cell, the temperature
was measured on the front and backside of the cell to ensure no

0.250

v 1 " 1 " 1 v 1
b)

P3HT

] [ N2200 7
c
I
)
o
2o0.125
[
(24
oooOL—o 1, 1, 1 ., 1

500 1000 1500 2000 2500
Wavelength (nm)

(a) Transmittance and (b) reflectance spectra of P3HT (blue), N2200 (red) and TQ1 (green).
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(a) Temperature evolution of a free-standing commercial OPV device (black line); temperature (blue line) and efficiency (cyan triangles) evolution

of the same commercial device, supported on the back side with a block of white PLA; (b) Efficiency as a function of temperature for the supported

device.

significant temperature gradient developed through the thick-
ness of the cell, as it was comparably thicker than the rest of the
samples measured. Surprisingly, the commercial organic solar
cell achieved a temperature of 327 K, the highest temperature of
all the materials tested (Fig. 4). It is likely that the PET encapsu-
lation reduced convection losses, thus leading to a higher
temperature. N2200, a common non-fullerene acceptor, heated
up the most compared to the other solar cell materials likely
because of its strong absorption up to 860 nm. Due to the
difficulties of measuring the surface temperature of the TE
materials when in direct contact with the filters, we instead
chose to measure the surface temperature of the free-standing
filters. In reality, we believe that this can serve as a lower limit
since the temperatures will be higher due to the reduction in
convection losses and the SOTEG’s ability to absorb light not
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Fig. 4 Steady-state temperatures achieved by the free-standing films
used as “filters” under 1 sun illumination.
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absorbed by the solar cell. To support our hypothesis, we
observed that putting a support material, such as PET or PLA,
directly in contact with the filter leads to the filter achieving
much higher temperatures (Fig. S2, ESIT).

4.2 Conversion of light into heat at the TEG

Next, IR thermography was used to quantify the maximum
temperatures acquired by the TE materials in each geometry
(see Fig. S3, ESIT). In a first step, the filters were placed at an
angle of 45 degrees to reflect light towards the TE materials.
A thermal power sensor was used to measure the light reflected
by the filter, Prpy in eqn (3). The data for the measured
reflected power can be found in Table S1 in the ESL{ As
previously mentioned, a solar cell should reflect more than
the filters do because of reflection from the metallic back
electrode. In Fig. 5a, we observed that the DMSO-treated
PEDOT:PSS reached the highest temperatures of all the TE
materials. For almost all filters the temperatures were very
similar, i.e. ca. a 10 K rise, with two exceptions being in the
case of the mirror and the white PLA. The mirror’s reflectance is
much higher than the rest of the materials, thus reflecting
more light onto the OTE materials. Conversely, the PLA’s
specular reflectance is much lower than the rest of the
materials.

In a next step, we placed the filters above the TE materials
emulating a non-contact transmission geometry and measured
the temperature rise of the TE materials. In this configuration,
the filters effectively transmit light frequencies below the
bandgap to reach (and heat) the TE materials. A thermal power
sensor was again used to measure the light transmitted by the
filter, Prpy in eqn (2). In Fig. 5b, we observed that the
eDIPS:cellulose composite heated up the most. The composite
material exhibits a thermal conductivity of ~x1 W m™' K,
which is much lower than the thermal conductivity of the pure
eDIPS material (10 W m~' K ') due to the low thermal
conductivity of cellulose.”® This low thermal conductivity is

This journal is © The Royal Society of Chemistry 2021
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(a) Steady-state temperatures in reflection mode; (b) steady-state temperatures in non-contact, transmission mode (under filtered illumination);

(c) steady-state temperatures in reflection mode plotted against the power reflected by the solar cell filters; (d) steady-state temperatures in non-
contact, transmission mode plotted against the power transmitted by the solar cell filters.

comparable to that of the F,TCNQ-doped PBTTT and DMSO-treated
PEDOT:PSS, which are reported to be 0.3 and 0.42 W m™ ' K/,
respectively.>>* In terms of absorption, the composite absorbed
strongly in the visible and up to 1200 nm, F,TCNQ-doped PBTTT
absorbed strongly in the visible and up to 900 nm, while the DMSO-
treated PEDOT:PSS absorbed weakly in the visible but strongly in
the IR.*®

In Fig. 5b, the cut-on wavelengths for each of the materials
are given on the upper x-axis. We observed that temperature
rise was strongly correlated with the bandgap of the filters in
this geometry, unlike in the non-contact reflection geometry,
where there is no apparent correlation between bandgap and
temperature rise. We note that the temperature rises in the
non-contact reflection geometry were much lower than those
observed using a non-contact transmission geometry due to a
larger percentage of light being transmitted than reflected. In

This journal is © The Royal Society of Chemistry 2021

Fig. 5¢ and d, the measured reflected and transmitted power by
the filter are plotted against the measured temperature rise in
the respective geometries.

4.3 TEG efficiencies

In a working TEG device, the device efficiency is dependent on
the geometry of the device and the zT of the n- and p-type
materials used in the device. Menon et al. demonstrated radial
architectures can enhance the performance of organic TEGs
used in waste-heat recovery applications.>>>® It is important to
note that in general, n-type materials perform worse than p-type
materials and are less stable.>®

In the next part of this work, we calculated the theoretical
TEG efficiencies for the three geometries using eqn (5). We
assumed two hypothetical thermoelectric materials with the
optical and thermal properties of either eDIPS:cellulose, or
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transmitted — i.e. no filter- and represents the upper limit for TEG efficiency in non-contact transmission mode. The green dashed line assumes light is
reflected off a realistic mirror — and represents the upper limit for reflection mode. The open wine squares represent the calculated TEG efficiencies
when the filters are in contact with a slab of black PLA. (b) Calculated TEG efficiencies for DMSO-treated PEDOT:PSS.

DMSO-treated PEDOT:PSS, and a zT value of 0.5, corresponding
to a state-of-the-art organic TE material.*> To investigate the
relative benefit of using SOTEGs with OPV, we compiled
the best reported efficiencies for fullerene solar cells with the
donors used as filters in this study (see Table 1). In Fig. 6a
and b, we plotted the calculated TEG efficiencies for eDIPS:
cellulose and DMSO-treated PEDOT:PSS against the reported
OPV efficiencies, using the temperature data from the previous
experiments for the hot side, and room temperature for the
cold side.

In both figures, the black and cyan dashed lines represent
the theoretical upper limits to efficiency in non-contact trans-
mission mode and non-contact reflection mode, respectively.
The upper limits in non-contact transmission mode were
calculated using temperatures measured when no filter was
placed above the TE material, i.e. 100% transmission, while the
upper limits in non-contact reflection mode were calculated
using temperatures when a mirror reflected light onto the TE
materials. Although the mirror does not reflect 100% of light,
for our purposes, it is a reasonable approximation of ideal
reflection under realistic conditions. The reflectance data for
the mirror along with the other materials can be found in the
Fig. S3 and S4 in the ESL{ The first observation is that,
regardless of the geometry, for both material systems, the
TEG efficiencies are much lower than the theoretical limits
because the solar cells absorb strongly in the visible.

For the eDIPS:cellulose sample, the TEG efficiencies in non-
contact transmission mode (black squares) are slightly higher
than in non-contact reflection mode (cyan squares). TEGs, like
any heat engine, will naturally have higher efficiencies at higher
temperatures. Since less light is reflected than transmitted by
the solar cells, the temperature rise is lower, and thus the TEG
efficiency is lower.

2130 | J Mater. Chem. C, 2021, 9, 2123—2132

In contact mode (wine squares), the TEG efficiencies spread
over a larger range. On the one hand, the highest theoretical
efficiencies appear for this geometry, but then, for a large
fraction of the OPV materials studied, the TEG efficiencies are
slightly lower than in the other geometries. We are under-
estimating the temperatures in a real device as we are only
measuring the temperature of the free-standing filter, i.e. the
solar cell, as opposed to measuring the actual temperature of
the TE material. As previously mentioned, it is difficult to
measure the temperature of the TE material in contact geome-
try, so the TEG efficiencies were calculated using the tempera-
ture of the filters, which we believe to be the lower limit for this
geometry. We expect there to be an additional gain in tempera-
ture from the absorption of the TE material and a reduction in
convection, thus resulting in higher TEG efficiencies. The latter
is fully demonstrated in Fig. S2 in the ESL.} In order to calculate
an upper limit for this geometry, we placed the solar cell filters
in contact with a slab of PLA to emulate a device with a contact
mode geometry and measured temperature rise of the filters.
Using these temperatures, we recalculated the thermoelectric
efficiencies (open wine squares). We observe that the TEG
efficiencies are higher in the contact geometry than in the
other two geometries.

For the DMSO-treated sample, the same conclusions as
above can be drawn, although the TEG efficiencies in non-
contact transmission mode are closer to those in non-contact
reflection mode than for the eDIPS:cellulose.

In all cases, the SOTEG efficiencies would be greatly
increased by better TE materials. Varying the 27, we can
recalculate the TEG efficiencies for all three geometries as seen
in Fig. S8 and S9 (ESIf). For a device with a non-contact
reflection geometry (Fig. S8a and b, ESIt), eDIPS:cellulose and
DMSO-treated PEDOT:PSS would need zTs higher than 2.5 to

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Calculated TEG efficiency in contact mode for various values of zT.
Efficiency was calculated using the filter temperature as explained in the text.

achieve TEG efficiencies greater than 1%, while a device with a
non-contact transmission geometry (Fig. S9a and b, ESIt)
would need zTs higher than 1 to achieve TEG efficiencies
greater than 1%. In a contact geometry, TEG efficiencies of
1% can be readily attained for materials with z7s higher than
0.5 (Fig. 7).

While this increase in efficiency may look small at first, it
has an important advantage. Compared to other methods
mentioned before, such as light management using patterned
active layers, or tandem cells, this approach does not increase
device complexity. A hybrid PV-TE solid-state device is a rather
simple connection of two separately fabricated devices, unlike
for example a tandem cell, which is a single, more complex
device. For real applications, the increased cost and lower
device yield may need to be quantified rigorously to establish
the viability of a given approach. The potential increase in OPV
power efficiency by the thermal insulating effect of the thermo-
electric might be the dominant factor for all but state-of-the-art
zT values, at least in the short term.

5. Conclusions

In this work, we evaluated three geometries for organic-based
solid-state hybrid PV-TE devices: a non-contact reflection geo-
metry, a non-contact transmission geometry, and a contact
transmission geometry. We investigated the optical properties
and the temperature rise of all OPV and TE materials in the
three aforementioned geometries. With this data, we calculated
TEG efficiencies and theoretical SOTEG output power densities.
We found that the temperature available to SOTEGs would
likely be higher in a transmission geometry than in a reflection
geometry and thus leading to higher TEG efficiencies and
SOTEG output power densities. Furthermore, a SOTEG in a
transmission geometry benefits from operating in contact
mode due to the additional temperature gain from the solar
cell. Moreover, when a semi-transparent OPV is used, the

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

SOTEG can absorb additional light transmitted by the solar
cell. Finally, we observed that the efficiency of a commercial
OPV is significantly enhanced at higher temperatures, which
could add extra efficiency in a hybrid device.
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