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Abstract:

Photovoltaic-thermoelectric (PV-TE) hybrid systems offer a platform for enhancing the energy
conversion efficiency of photovoltaic devices. However, they still suffer from energy losses and
limited efficiency improvements owing to underutilized parasitic thermal energy and electrical
parameters mismatches between PV and TE components. Here, we presented a comprehensive
theoretical analysis and simulation based on a PV-TE Thermo-Electrical Coupling Model,
predicting that the maximum efficiency of the system could reach 60.34% with state-of-the-art PV
and commercial TE technologies. Following this model, we fabricated hybrid systems with organic
and perovskite solar cells coupled with thermoelectric cells, achieving record-high efficiencies of
34.85% and 42.03% at 298 K, and 43.16% and 50.28% at 313 K, respectively, under AM 1.5G
illumination, with optimal thermal utilization and current matching between series-connected PV
and TE modules. This work highlights the potential of PV-TE hybrid systems and could offer

guidance for designing higher-efficiency systems, driving future advancements in photovoltaics.

Keywords: Organic solar cells, perovskite solar cells, thermoelectric conversion, photovoltaic and

thermoelectric hybrid systems, energy lossless coupling output.



Introduction

Sunlight, as a clean and sustainable energy, has long been harnessed through photovoltaic
technology on a global scale to generate electricity. Recently, significant advancements have
sparked renewed excitement in the field. Notable progress has been made recently in areas such as
organic solar cells (OSCs)!? and perovskite solar cells (PSCs)**, as well as in thermophotovoltaics
(TPV)>¢ and concentrating photovoltaics (CPV)”®. TPV and CPV technologies have garnered
considerable interest due to their relatively high efficiencies®®. However, they require ultrahigh-

temperature heat sources'® and condensers!'!, which complicates their structural design.

As emerging photovoltaic technologies, solution-processed solar cells such as OSCs and PSCs
are catching more interest due to their many unique advantages, such as simple fabrication process,
low cost, lightweight, and potential for roll-to-roll large-area production®!>!3. To date, the best
power conversion efficiency achieved for single-junction OSCs and PSCs and silicon-based solar
cells has risen to 21%>'%15, 27% #1617 “and 28%!3, respectively. However, further efficiency
improvement remains challenging, as these cells can only utilize a limited portion of sunlight in
the visible and near-infrared regions, and also the parasitic heat, mainly generated from the sub-
bandgap photons and thermalization loss, has been wasted'*?°. For any photovoltaic technology,
following the law of conservation of energy, to achieve the maximum electricity output , the
sunlight must be used in the maximum manner and the parasitic heat generated in the process

should be minimized or used at the maximum?'22.

Meanwhile, as it is well-known, the heat generated during the operation of solar cells, primarily
from infrared sunlight?’?* and the parasitic heat'®?°, not only reduces the efficiency
(Supplementary Fig. 1) but also impacts their operational lifespan. This issue is particularly critical
for emerging OSCs and PSCs technologies. Therefore, converting the parasitic heat from solar
cells into electricity, while maintaining a low operating temperature, could not only enhance the
utilization of solar energy and boost power conversion efficiency but also extend the lifespan of

the solar cells?224,



Thermoelectric (TE) technology, which can directly convert thermal energy into electricity via
Seebeck effect®?®, has been long used for parasitic heat recovery and utilization in many
scenarios®”?°. Thus, it would be a perfect fit to combine PV and TE cells together*"??. Indeed,
since the concept of PV-TE hybrid system was first proposed in the 1970s*’, many pioneering
theoretical simulations and experimental studies have been carried out?>*'-*3. But surprisingly, a
comprehensive investigation of the literatures finds that, up to date, the best reported simulated
efficiency is only 33.8% for PV-TE hybrid systems®**. Regarding the experimental studies,
unfortunately, the highest reported efficiency of PV-TE hybrid systems is merely approximately
23% under AM 1.5G solar illumination®>*. These surprisingly low efficiencies in literatures for
PV-TE hybrid systems in terms of both theoretical and experimental studies indicate that there
must be some fundamental issues, and thus some serious and comprehensive analysis is warranted.
It should be noted that the prevailing efficiency measurement for PV-TE hybrid systems is
typically defined as the ratio of electrical energy output to incident solar energy input, which is
consistent with the calculation of the power conversion efficiency (PCE) for standalone PV
cells?!?%3 Contributions from ambient thermal energy or additional cooling sources are typically
not considered. This method enables a direct comparison of the performance improvement of PV-

TE hybrid systems relative to standalone PV cells.

Above the obvious requirement that the PV and TE cells themselves should be state-of-the-art
in the PV-TE hybrid systems, it is crucial that the parasitic heat generated from the sunlight must
be efficiently converted into electricity through the TE module to maximize overall system
efficiency>®3¥. Moreover, the output power (efficiency) of any PV-TE hybrid system must adhere
to basic physics principles for multi-cell systems to achieve the maximum or energy lossless
coupling output®*°. Clearly, the possible maximum output power of the PV-TE hybrid system is
the sum of the two given individual PV and TE cells/modules according to the energy conservation
law, and this requires the two modules of PV and TE in the hybrid system to have electrically
matchable characteristic parameters (note the PV and TE cells are very different in their electrical

parameters)*!*3. Therefore, to achieve the best-performed PV-TE hybrid system, it is essential to



optimize the overall configuration of the hybrid system to simultaneously maximize parasitic heat
utilization and achieve energy lossless coupling output between the PV and TE submodules.
Considering the overwhelming complexity, systematic modeling is first required. Thus, we
constructed a PV-TE Thermo-Electrical Coupling Model (PT-TECM) to analyze the conditions of
maximizing heat utilization and matching electrical parameters, and then simulated the efficiency

of PV-TE hybrid systems through the COMSOL Multiphysics® platform.

Following the proposed model above, we predicted that the maximum efficiency of the
optimized PV-TE hybrid system could reach 60.34% by using the best single-junction PSCs*!6!7
and commercialized TE materials®****. Guided by these simulations, our fabricated optimized
solution-processed solar cells (OSCs and PSCs) and thermoelectric hybrid systems connected in
series achieved record efficiency of 34.85% / 43.16% and 42.03% / 50.28% at environmental
temperatures (7am) of 298 K/313 K (with the active area of 0.24/0.28 cm?) under AM 1.5G solar
illumination, respectively. To demonstrate scalability, we further fabricated a larger-area 1.0 cm?
OSC-TE hybrid system using the same strategy. This larger system also exhibited a high efficiency
of 33.48% at 298 K, with an efficiency similar to that of the small-area OSC-TE hybrid system.
Furthermore, we fabricated a large-area, flexible and wearable OSC-TE hybrid system capable of
directly powering a sensor for real-time pulse monitoring, while the individual OSC module could
not achieve this due to its relatively low output power. We believe the results of both theoretical
modeling and experimental results demonstrated in this work would provide valuable design

guidelines for high-performance PV-TE hybrid systems, particularly for solution-processed PV

cells, and significantly expand their application potential in various fields.



Results and Discussions
Theoretical analysis and modeling for optimized utilization of thermal energy and electrical

parameter matching

As mentioned above, to address the overwhelming complexity and guide the fabrication and
optimization of such high-performed hybrid systems, the PT-TECM was established
(Supplementary Notes 1 and 2) to achieve both the conditions for optimal parasitic heat utilization
and electrical parameter matching and further simulate the efficiency () of the PV-TE hybrid
systems. The simulation involved the development of heat transfer and equivalent circuit models
using the COMSOL Multiphysics® platform (Supplementary Note 2). For efficient harvesting of
parasitic thermal energy, TE cells are configured as a stacked module located beneath the PV
module in the PV-TE hybrid system (Supplementary Note 1.1). In terms of electrical parameter
matching, the maximum output power of the hybrid system can be achieved either by connecting
two different types of batteries in parallel or in series (Supplementary Note 1.2). However, as
detailed in Supplementary Note 1.3, due to the changing temperature and light intensity of the
actual application environment, the voltage and current of both PV and TE cells (modules) vary
correspondingly. This would lead to severe charging/discharging between the PV and TE cells if
connected in parallel, even leading to overheating or battery damage. But for the system connected
in series, the PV and TE cells (modules) can still operate relatively stable. Therefore, the
connection of PV and TE modules in series would be the best choice and was thus used in this
study. For a series-connected PV-TE hybrid system, current matching must be achieved to
maximize output power. This means that the PV and TE modules must produce the same output
current at their respective maximum output power points to ensure the highest efficiency of the
entire system.

Guided by the theoretical analysis above, a heat transfer model of stacked TE modules was used
to optimize thermal energy utilization (Supplementary Note 2.1). Current matching between the
PV and TE modules was achieved through the appropriate series and parallel configuration of their

respective sub-modules, and then the efficiency of the PV-TE hybrid system was calculated using



an equivalent circuit model (Supplementary Note 2.2). Importantly, without maximizing parasitic
heat utilization and electrical matching, the series-connected OSC or PSC and TE hybrid systems
showed a very limited efficiency improvement of ~ 2-3% (Supplementary Fig. 2), similar to
previous reports>!?*. Using the PT-TECM, it is possible to simulate and optimize the output power
and efficiency of any combination of PV and TE cells with different types, and the simulated
results subsequently were used to guide us to carry out relevant experiments. Fig. 1a illustrates the
structure of the PV-TE hybrid system used in both simulations and experiments, where the PV
(OSC or PSC) module (top) is connected to the TE module (bottom) in series with a thermal
conductive layer between them, and the effective area of the PV and TE modules keeps always the
same. Fig. 1b shows the detailed structure of the OSC, PSC, and TE cell units used in this study.
The TE cells are made of bismuth telluride (Bi2Tes)-based thermoelectric materials, due to their
high thermoelectric performance and stability at room temperature*®*’. The equivalent electrical
circuits for the PV-TE hybrid systems are shown in Fig. 1c. AFM images of the OSC and PSC
films reveal smooth surface topography. GIWAXS analysis of the OSC indicates well-defined
molecular packing and orientation, while XRD patterns of the PSC confirm the formation of a
well-crystallized perovskite phase (Supplementary Figs. 3-4). UV-vis absorption spectra
demonstrate the spectral complementarity between the PV and TE components for efficient solar
energy harvesting (Supplementary Fig. 5). These characterizations demonstrate the reproducibility
of device fabrication and provide a solid physical foundation for the integration of the PV-TE

hybrid system.

Simulations and experiments for optimized thermal energy utilization

To optimize the utilization of parasitic thermal energy generated by solar cells, a heat transfer
model of the stacked PV-TE hybrid structure was established (Supplementary Note 2.1). Using
this model, the thermoelectric temperature difference (A7) and voltage (¥'1E) can be obtained by
solving Equations S3-S8 (Supplementary Note 2.1). The established general heat transfer

framework was then applied to a specific OSC-TE hybrid configuration, consisting of a single



OSC (with a reported efficiency of 18% in our previous work*®) and multiple commercial TE cells
(see Supplementary Note 2.1 and Supplementary Fig. 6 for details). Both the OSC and each

individual TE cell possess an identical active area of 0.04 cm?.

To find the best conditions for heat utilization, the AT with different numbers (k) of TE layers
in the system was simulated using the model, where £ € [1, 10] (Supplementary Fig. 7). The hot-
side temperature of the PV-TE hybrid system is determined by the heat generated from the solar
cell under AM 1.5G solar illumination, while the cold-side temperature could be controlled by
various cooling methods. To achieve a large temperature difference and evaluate the maximum
efficiency of the hybrid system, the cold-side temperature of the system was maintained at 0 °C
(273 K). In the likely practical applications scenarios, without external energy input, the condition
(0 °C) might be achieved when the PV-TE hybrid system is deployed in marine environments with
seawater cooling (from the equator to the poles, seawater temperature decreases gradually from ~
25 °C to ~ 0 °C or even below 0 °C), as well as in polar regions or space, as detailed in the final

applications section.

Detailed simulation results for AT and Ve of the 0.04 cm? OSC-TE hybrid systems with
different numbers of TE layers are shown in Fig. 2a (the blue shaded area) and Supplementary Fig.
8. In this case, since the overall performance of the series-connected hybrid system is mainly
determined by AT and Vte from the TE module??, the relationship between the Ve and the number
of TE layers (k) were selected to evaluate the efficiency of hybrid system. The shaded region in
Fig. 2a represents the performance fluctuation range of the system due to changes in the
temperature of the surrounding air, which exchanges heat convectively with the system
(Supplementary Note 3). As the k increases from 1 to 10, the AT and Vre gradually increase and
reach approximately constant when k exceeds 6. Then, the efficiency of the OSC-TE hybrid system
was obtained by inserting the V't into the equivalent circuit model and solving Equations S9-S13
(Supplementary Note 2.2). As a result, the OSC-TE hybrid system reaches the maximum efficiency
improvement (An = nosc-Te — nosc) at k = 6 (the red shaded area in Fig. 2a), compared to the

individual OSC.



Guided by the simulation results above, we fabricated a series of PV-TE hybrid systems using
the OSCs with a reported efficiency of 18% in our previous work *® and commercial TE cells with
measured total Seebeck coefticient 0f 9.72 mV/K (Supplementary Fig. 6). The bottom temperature
of the PV-TE hybrid system was maintained at 273 K. The experiment results of A7, V'1e, and Ay

of the system with different values of £ are shown in Fig. 2a and Supplementary Fig. 9a.

Note the overall performance enhancement (A#) of the series-connected hybrid system is mainly
determined by AT and Ve from the TE module. At k = 6, the AT and V'1E reach their maximum
value (approximately 28 K and 0.28 V, respectively), indicating that the TE module achieves
optimal thermal energy utilization. At this condition, the 0.04 cm? OSC-TE hybrid system achieved
its highest efficiency of 23.99% (Supplementary Fig. 9b), corresponding to the Ay of 6.17%. Thus,
we can conclude that the PV-TE hybrid system could maximize thermal energy utilization at k£ =
6. The consistency between the experimental and simulation results demonstrates the accuracy of
our model and the reliability of the experimental data, highlighting the potential of our PT-TECM

for performance optimization.

Simulations and experiments for current matching

Besides maximizing thermal energy utilization, current matching between the PV and TE modules
is also a must for achieving maximum efficiency. Note the current at the maximum output power
point of the TE module (k = 6) was approximately 7.0 mA, significantly larger than the current of
the 0.04 cm? OSC (1.0 mA). Therefore, to achieve the current matching, the PV module must be
constructed with » solar cells connected in parallel to increase its current (Supplementary Fig. 10).
Meanwhile, the areas of the PV and TE modules must be kept the same. Thus, each layer of the
TE submodule was built with m TE cells connected in series, and then each layer of the TE
submodule is again connected in series to form the final TE module, maintaining a constant current
in the TE module. The effective area of the PV and TE modules must be equal to ensure maximum
utilization of parasitic heat, therefore n = m. The corresponding heat transfer model and equivalent

circuit model for current matching are shown in Supplementary Notes 2.1 and 2.2. We can obtain



the J-V curve and efficiency of the PV-TE hybrid system with different areas (corresponding to n
=m € [1, 9], k = 6) by solving the Equations S9-S13 in Supplementary Note 2.2. The simulated
results of Az of the entire hybrid systems with different electrical matching are presented in the
shaded area of Fig. 2b. Again, the shaded region reflected the performance fluctuation of the
system due to changes in the temperature of the surrounding air, which exchanges heat
convectively with the system (Supplementary Note 4). Note the Ay first increases and then
decreases gradually. The PV and TE modules achieved electrical matching (the same current) and

thus the highest simulated system efficiency when n = m =6, k= 6.

Guided by these simulation results, corresponding experiments were conducted using the OSCs
and TE cells mentioned above. To achieve the best and also reliable experimental results, we
prepared various OSC parallel modules with effective areas ranging from 0.04 to 0.36 cm?,
corresponding to n € [1, 9], to have a complete and systematic experimental evaluation. As
indicated by the above results and discussion on heat utilization, the number of TE layers was fixed
at 6 (k = 6) to maximize heat utilization. Infrared thermal imaging of the PV-TE hybrid systems
illustrates the thermal energy harvesting and the cooling effect provided by the TE modules,
highlighting the thermal synergy between the PV and TE components (Supplementary Fig. 11).
The experimental current ratio between OSC and TE modules and An of the OSC-TE hybrid
system with different areas were shown in Fig. 2b. As the system area increases (n=m¢€ [1, 9], k
= 6), the measured current ratio of the OSC and TE modules increased from 0.13 to 1.49, with Ay
initially increasing and then decreasing, peaking when the current ratio reached 1.0 (Fig. 2b and
Supplementary Fig. 12a). At the peak point, the 0.24 cm? OSC-TE hybrid system (n = m = 6, k = 6)
achieved the maximum heat utilization and current matching simultaneously, resulting in the
highest Ay of approximately 16.0% with energy lossless coupling output (Supplementary Fig. 12b),
which is consistent with the simulated results (Fig. 2b and Supplementary Note 4). It is noted that
the efficiency calculation method of the PV-TE hybrid system (Equation S13, Supplementary Note
2.2) follows the widely used approach in this field?1?>% where the efficiency is the ratio of

electrical energy output to solar energy input. Thus, Az represents the ratio of the electricity



generated by the TE module to the input solar energy. Fig. 2c shows that the OSC-TE hybrid
system (n=m = 6, k = 6) achieved the maximum efficiency of 34.85% at 298 K under AM 1.5G
solar illumination (Supplementary Table 1), with statistical distribution confirming reproducibility
(Supplementary Fig. 13a). Furthermore, the efficiency of the 0.24 cm? OSC-TE hybrid system with
different TE layers (keep n=m= 6, k € [5, 7]) was also evaluated (Supplementary Fig. 13b), and
the experimental results further confirm that k = 6 is indeed the optimal value for maximizing

thermal energy utilization.

Following the design guideline for optimal OSC-TE hybrid systems, we further fabricated PSC-
TE hybrid systems using high-efficiency PSCs (approximately 26% efficiency) reported in our
previous work*. As shown in Fig. 2d, the 0.24 cm? PSC-TE hybrid system (n=m= 6, k = 6)
achieved the maximum efficiency of 42.03% at 298 K (Supplementary Table 2), with statistical
distribution confirming reproducibility (Supplementary Fig. 14). Under optimal coupling
conditions, Figs. 2e and 2f show that the total output power of the integrated PV-TE hybrid system
is nearly equal to the sum of the maximum output powers of the PV and TE modules when
operating independently. This demonstrates that the system achieved energy lossless coupling

between the PV and TE components.

Note that all the above simulated and experimental results of the system are based on basic PV
and TE cells with an area of 0.04 cm?. To investigate the scalability of the system, we fabricated a
larger-area 1.0 cm? OSC-TE hybrid system using a single OSC and a six-layer TE module, with
both the OSC and TE units having the same area of 1.0 cm?. As shown in Supplementary Fig. 15
and Table 3, the 1.0 cm? OSC-TE hybrid system also exhibited similar efficiency improvement
from 17.13% to 33.48%. The similar efficiency, independent of the device area, would be
important for advancing larger-area PV-TE hybrid systems with high efficiency, as the large-area
fabrication would be one of the critical factors for practical applications. So far, both the PV (OSC
and PSC) and TE devices have achieved large-area module fabrication. A 204 cm? OSC module
with a certified power conversion efficiency of 14.5% was achieved in 2024, The PSC module,

with a size of 2 m?, achieved a certified record efficiency of 20.05% in 2025°%. Bismuth telluride-



based thermoelectric generators have also been widely produced and applied at large scale®?. These
results indicate that the PV-TE hybrid system could have excellent potential for scalability and

would be capable of large-scale fabrication and application as technology progresses.

Stability would be also one of the critical factors for practical applications. The PV (OSC and
PSC) and TE units have demonstrated excellent stability under continuous illumination and
temperature fluctuations. For the photostability, to date, the OSC could retain about 93% of their
initial efficiency after 2000 hours of continuous maximum power point tracking (MPPT) under 1
sun condition®3, The PSC could also retain about 82% of their initial efficiency after 2500 hours
of continuous MPPT under 1 sun condition®. For the thermal stability, to date, the OSC could
retain 94% of their initial efficiency after 1032 hours of 85 °C/85% relative humidity damp heat
and 200 thermal cycles (- 40 °C to 85 °C) tests®. The PSC could also keep 92% of the initial
efficiency when ageing at 85 °C for 1800 h and 94% after 200 thermal cycles between - 40 °C and
+ 85°C®, Furthermore, bismuth telluride-based thermoelectric generators have successfully

achieved commercial production and application due to their exceptional stability®>°7.

To assess the stability of the PV-TE hybrid system, we compared the stability of the integrated
system with that of each standalone unit under the same testing conditions. The photostability of
standalone PV (OSC and PSC) and PV-TE (OSC-TE and PSC-TE) hybrid systems was evaluated
under the ISOS-L-1 protocol. The experimental results indicated that both the OSC-TE and PSC-
TE hybrid systems exhibited enhanced photostability compared to the standalone OSC and PSC
due to the ability of TE module to harvest heat and provide cooling (Supplementary Fig. 16).
Thermal stability was assessed under the ISOS-T-2 protocol by subjecting standalone PV (OSC
and PSC) and PV-TE (OSC-TE and PSC-TE) hybrid systems to thermal cycles between 25 °C and
65 °C. The OSC and PSC integrated within the hybrid system exhibited similar thermal stability
compared to the standalone OSC and PSC after 100 thermal cycles (Supplementary Figs. 17a -
17b). The TE module exhibited negligible change in output voltage and current after 100 thermal
cycles (Supplementary Fig. 17¢). In summary, the enhanced photostability and similar thermal

stability of PV-TE hybrid system compared with the standalone PV units indicate that the



integrated system could achieve or even exceed the reported stability of the PV units,

demonstrating the system's potential for reliable, long-term practical applications.
Parametric analysis and record-high efficiencies of PV-TE hybrid systems

To investigate the key factors influencing the efficiency of PV-TE hybrid system, a parametric
study was conducted using the PT-TECM. The simulated results indicated that the efficiency of
the PV-TE hybrid system increases with higher TE material figure of merit (z7) and higher PV cell
efficiency (Fig. 3a and Supplementary Note 5). Moreover, a larger AT across the TE module,
achieved by a lower cold-side temperature or a higher environmental temperature, can further
improve the system efficiency (Fig. 3b and Supplementary Note 6). Additional parameters that
might influence system performance, such as the convective heat transfer coefficient and thermal

interface material properties, are presented in Supplementary Fig. 18.

Therefore, to explore the efficiency limit of the PV-TE hybrid system, we further carried out the
simulation using the state-of-the-art PV cells (OSC with ~ 21% efficiency®!*!3and PSC with ~ 27%
efficiency*!®!”) and the best commercial Bi>Tes-based TE materials (z7' = 1.0 at room temperature
264445) (Fig. 3¢ and Supplementary Note 7). At 298 K (room temperature), the simulated optimal
OSC-TE and PSC-TE hybrid systems (n=m =6, k = 6) could achieve maximum efficiency of
40.67% and 47.06% under AM 1.5G solar illumination, respectively. At 313 K (the environment
temperature in a typical hot summer), the optimal OSC-TE and PSC-TE hybrid systems (n =m =8,

k = 6) could reach maximum efficiency of 53.88% and 60.34%, respectively. The reason that » and
m are larger at 313 K compared to 298 K is that the higher environment temperature increases the
AT and current of the TE module, thereby requiring more PV units connected in parallel for current

matching.

To verify the simulated results at 313 K, based on the existing OSC (18% efficiency) *® and PSC
(26% efficiency)® in our laboratory, we further measured the efficiency of the OSC-TE and PSC-
TE hybrid systems at 313K. As shown in Fig. 3d, the OSC-TE and PSC-TE hybrid systems (n=m
=17, k = 6) achieved the maximum efficiency of 43.16% and 50.28% at 313 K under AM 1.5G



solar illumination, respectively (Supplementary Tables 4 - 5), with statistical distribution
confirming reproducibility (Supplementary Fig. 19 - 20). Under optimal coupling conditions, the
total output power of the integrated PV-TE hybrid system is also nearly equal to the sum of the
maximum output powers of the PV and TE modules when operating independently at 313 K
(Supplementary Fig. 21). Compared to the simulation results (Fig. 3c), the lower efficiencies
observed in experiments (Fig. 3d) can be attributed to non-ideal practical factors, primarily a lower
zT of the employed TE module (zT = 0.9, compared to zT = 1.0 in simulation) and the neglect of
interfacial thermal resistance in the simulation model. Fig. 3e compares the simulated and
experimental efficiency of our PV-TE hybrid systems in this work with that of previously reported
representative OSC-TE, PSC-TE, and inorganic PV-TE hybrid systems in literatures. Note our
optimal OSC-TE and PSC-TE hybrid systems have achieved record-high efficiency of 43.16% and
50.28% at 313 Kunder AM 1.5G solar illumination, respectively, significantly exceeding the
efficiency of previously reported OSC-TE?*3!, PSC-TE?!2232353 " and inorganic PV-TE33:40-%:60
hybrid systems in literatures (Supplementary Table 6). Our PV-TE hybrid systems also show great
advantages and competitiveness, compared with reported tandem PV devices, PV-TE hybrid
systems with radiative cooling, and concentrated PV-TE hybrid systems (Supplementary Table 7).
Furthermore, as indicated by the simulation in Fig. 3c, it is expected that with continued
advancements in PV and TE technologies, the maximum achievable efficiency of PV-TE hybrid

systems should be even better.
Discussion in application prospect

To explore the application potential of PV-TE hybrid systems, we developed a flexible, large-area
OSC-TE hybrid system, and integrated it into wearable clothing (Fig. 4a, Supplementary Figs. 22
- 24). The integrated system achieved a higher Voc, enabling direct operation of a pulse sensor for
physiological signal monitoring, whereas the individual OSC could not power the sensor (Fig. 4b,
Supplementary Fig. 25). Furthermore, the flexible OSC-TE hybrid system maintained stable
performance after 1000 bending cycles, demonstrating its potential as a wearable power source

(Supplementary Fig. 26).



Beyond wearable applications in daily life, our PV-TE hybrid systems might hold potential for
deployment in some extreme environments. As shown in Fig. 3b, a lower cold-side temperature
can increase the AT of the TE-module and thereby improve the efficiency of the PV-TE hybrid
system. This prompts us to think about some possible practical scenarios. For instance, seawater
serves as a massive constant-temperature source, and Antarctic and Arctic seawater is much cooler
in particular. Under solar irradiation, a large AT across the TE module can be achieved when the
PV-TE hybrid system floats at the seawater surface, providing a possible ideal application scenario
for PV-TE hybrid systems (Fig. 4c). To estimate the power generation potential of the PV-TE
hybrid system in marine environments, outdoor performance testing was conducted under
sufficient sunlight and wind-free conditions, on one day in June (22 June 2025) and three days in
September (7 - 9 September 2025) in Tianjin, China (39.1076° N, 117.1734° E). (Supplementary
Fig. 27). The OSC-TE hybrid system achieved maximum average efficiencies of 35.03% in June
and 29.16% in September, while the PSC-TE hybrid system reached 40.71% in June and 35.83%
in September (Supplementary Fig. 28). The higher efficiency of the hybrid systems in June
compared to September was attributed to higher environment temperature in June, which is
consistent with our laboratory results (Fig. 3b). The outdoor maximum efficiency of the PV-TE
hybrid system experienced an efficiency loss of approximately 9% in June and 14% in September

relative to laboratory measurements under ideal steady-state conditions (Fig. 3d).

Additionally, space provides abundant solar and thermal energy, with sunlight unobstructed by
the atmosphere, enabling solar cells to operate at high efficiency. When integrated into a satellite,
the PV-TE hybrid systems could experience a significant AT between the sunny and dark sides,
enabling the TE module to generate substantial extra amounts of electricity (Fig. 4d). Thus, the
greater potential demonstrated in this work indicates that PV-TE hybrid systems might be much
more competitive than previously thought for many possible applications and even to support

human activities in ocean and space environments in the future (Supplementary Note 8).

It is important to note that these scenarios remain conceptual, and real-world deployment will

require corrosion-resistant encapsulation, mechanical durability, and long-term validation. Further



specific hurdles that must be addressed include the efficiency and stability limitations of OSCs
and PSCs, large-area fabrication and integration of PV and TE modules, and performance
fluctuations of the PV and TE units in dynamic environments. Cost consideration also remains a

potential issue.

Possible strategies to overcome these issues include material design and interfacial
engineering®®1%2 optimizing the fabrication process for both the PV and TE modules®-°, and
dynamic matching circuit design for the integrated systems®® (Supplementary Note 9). The PV-TE
hybrid system currently exhibits a significantly higher LCOE than standalone PV and TE modules,
but reducing the cost of TE modules and extending annual equivalent operating hours of the hybrid
system could make the system a more cost-effective option in the future (Supplementary Note 10).
It is also important to note that the disadvantage of its unfavorable LCOE might be tuned down
for some special environments (e.g., in aerospace, offshore, or payload-limited environments),
where higher power density is prioritized over cost per watt.

In this work, through theoretical analysis and simulation based on a PV-TE Thermo-Electrical
Coupling Model, we have found the requirements and conditions for such a PV-TE hybrid system
to have maximum efficiency with energy lossless coupling output. Guided by the model above,
we predicted that, using the best available PV modules and commercialized TE materials, the
maximum efficiency of PV-TE hybrid systems could reach 60.34%. Following these theoretical
guidelines, we have fabricated such a hybrid system and achieved the highest efficiency with
energy lossless coupling output using solution-processed solar cells (OSCs and PSCs). The
optimized OSC-TE hybrid systems achieved high efficiency of 34.85% and 43.16% at 298 K and
313 K under AM 1.5G solar illumination, respectively. Likewise, the optimized PSC-TE hybrid
systems exhibited remarkable efficiency of 42.03% and 50.28% at 298 K and 313 K under AM
1.5G solar illumination, respectively.

Although the results presented in this work demonstrate great potential for the practical
application of PV-TE hybrid systems, further research remains necessary to advance toward real-

world applications. These efforts include the use of more advanced solar cells and TE modules to



enhance the performance and stability of PV-TE hybrid systems, further studies on large-area
fabrication and integration of PV and TE modules, and exploration of system performance under

varied application scenarios. These aspects are currently being pursued in our group.

Methods

Materials for organic solar cells (OSCs)

Donor polymer PM6 was purchased from Solarmer Materials, Inc. Acceptor molecule L8-BO was
provided by Jiaxing Hyper Optoelectronic Technology Co., Ltd. Indium tin oxide (ITO) was
purchased from Liaoning Advanced Election Technology. Zinc oxide (ZnO) nanoparticles were
synthesized the methods reported in literature®’. The organic molecule named 2-(3-
(dimethylamino)propyl)-1,3-dioxo-2,3-dihydro-1H-benzo[de]-isoquinoline-6,7-dicarboxylic acid

(NMA) were synthesized using the methods reported in literature*.

Materials for perovskite solar cells (PSCs)

Tin(IV) oxide, 15% in H20 colloidal dispersion was provided by Alfa Aesar. Pbl2 (99.99%) was
purchased from TCI. Cesium iodide (Csl, 99.999%) was purchased from Advanced Election
Technology Co., Ltd. 2,2',7,7-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spiro-bifluorene
(Spiro-OMeTAD) was provided by Woerjiming (Beijing) technical developmentinstitute. Lithium
bis  (trifluoromethylsulfonyl)-imide (99.9%) was purchased from Sigma-Aldrich, 4-
tertbutylpyridine  (96.0%) was purchased from  TCI.  Poly[bis(4-phenyl)(2,4,6-
trimethylphenyl)amine] (PTAA) were all purchased from Xi’an Polymer Light Technology in

China. FAI, MACI, and ThPyl were synthesized using the methods reported in literatures®°,

Thermoelectric materials
The micro thermoelectric cells (model 1MD02-024-03, N = 24) were purchased from RMT Co.,
Ltd. Each thermoelectric cell, with dimensions of 2 mm x 2 mm x 0.9 mm, consists of 24 pairs of

p-n junctions made from bismuth telluride (Bi2Tes) material with copper electrodes. The



dimensions of a single Bi2Tes thermoelectric leg were 0.2 mm x 0.2 mm x 0.3 mm, and the internal
resistance and total Seebeck coefficient of each thermoelectric cell were approximately 3.32 - 3.5
Q and 10.0 mV/K, respectively. The Bi2Tes semiconductor grains used for fabricating large-area
flexible thermoelectric devices were sourced from Changsha KunYong New Materials Co., Ltd,

with dimensions of 1.0 mm x 1.0 mm x 2.0 mm.

Device fabrication of OSCs

The OSCs were fabricated following our previous work with an inverted structure of
ITO/ZnO/NMA/PM6:L8-BO/M0oOx/Ag™®. Firstly, the indium tin oxide (ITO)-coated glass
substrates were cleaned by ultrasonic treatment in detergent, deionized water, acetone, and
isopropyl alcohol under ultrasonication for 15 min each and subsequently dried by a nitrogen blow.
Subsequently, a 15 nm thick layer of ZnO was deposited by spin-coating a ZnO precursor solution
(prepared by dissolving 100 mg zinc acetate dihydrate and 28 pL ethanolamine in 4 mL of 2-
methoxyethano) on the top of the ITO glass substrates at 3000 rpm for 40 s. After being baked at
200 °C in the air for 1.0 h, the ZnO-coated substrates were transferred into a nitrogen-filled glove
box. For the hybrid ETL of ZnO/NMA, the NMA film was deposited upon ZnO film from its
solution with a concentration of 0.4 mg/mL in methyl alcohol with ammonium hydroxide of 2%
volume (to ensure good solubility) and then baked on a hot plate at 120 °C for 10 min in ambient
atmosphere. For the active layer of PM6:L8-BO (weight ratio of 1:1.2), the PM6:L8-BO blend
film was generated by spin-coating the blend solution at a spin-coating rate of 3,000 rpm upon the
corresponding ETLs, and then was thermally annealed at 110 °C for 5 min. Then, MoOx (~ 2 nm)
and Ag (~ 150 nm) were successively evaporated onto the active layer through a shadow mask.
The effective area for the devices was 0.04 - 0.36 cm? (step: 0.04 cm?), determined using an optical

profilometer.

Device Fabrication of PSCs
The PSCs were fabricated according to our previous work*. The ITO substrate was washed

sequentially with distilled water, acetone, and isopropanol. Before use, the ITO was cleaned with



ultraviolet ozone for 20 min. The SnO2 electron transport layer (2.5 wt%, diluted by water) was
coated on the ITO substrate and annealed in air at 170 °C for 30 minutes. After cooling to room
temperature, the substrate was treated with ultraviolet ozone for 10 minutes before spin-coating
the perovskite solution. Usually, 1.5 M Pbl2 with 2 mol % Csl was dissolved in DMF/DMSO (v/v,
94/6), and then stirred at 70 °C for 4 hours. The Pbl2 solution was then deposited by spin coating
at 1500 rpm for 30 seconds, dried at 70 °C for 1 minute, and then cooled to room temperature. A
solution of 2D spacer (2 mg/mL) in isopropanol (IPA) was spin-coated on the Pbl: film at a spin
rate of 2000 rpm for 30 seconds, and annealed at 70 °C for 30 seconds. After cooling to room
temperature, a solution of FAI/MACI (90:9 mg mL™) in IPA was spin-coated on top of the Pbl.
layer at a rotation speed of 2000 rpm for 35 seconds, followed by thermal annealing at 160 °C for
12 minutes in the air (relative humidity about 65%). After perovskite formation, the samples were
transferred to a nitrogen-filled glove box for further processing. For the passivation layer, the
ThPyI solution was dissolved in IPA with 4 mg/mL and spin-coated onto the perovskite surface at
a spin rate of 5,000 rpm, without any further processing. Then, spin-coated the Spiro-OMeTAD
solution (80 mg of Spiro-OMeTAD, 30 uL of 4-tert-butylpyridine and 35 pL of lithium
bis(trifluoromethylsulfonyl)-imide =~ (Li-TFSI, 260 mg/mL in acetonitrile) in 1 mL of
chlorobenzene) on the perovskite layer with 6000 rpm for 30 seconds. For the thermal stability of
devices, 20 mg PTAA was dissolved in 1 mL toluene, then 10 puL Li-TFSI (260 mg/ml in
acetonitrile) and 10 uL 4-tert-butylpyridine were added. The PTAA solution was spin-coated on
the surface of the perovskite layer at 2000 rpm for 30 s. Finally, a 12 nm MoOs layer and 100 nm
Ag layer were deposited by thermal evaporation under a pressure of 1.0 x 10~* Pa. The effective

area for the devices was 0.04-0.36 cm? (step: 0.04 cm?), determined using an optical profilometer.

Fabrication of PV-TE hybrid systems
In the PV-TE hybrid systems, the photovoltaic (PV) solar cells (OCSs and PSCs) parallel module
was connected in series with the thermoelectric (TE) module. All TE cell units were connected in

series in the TE module. The TE electrodes were soldered with copper wires, while the electrodes



of the solar cells were connected to copper wires using conductive silver paste. Subsequently,
different electrodes were interconnected via copper wires.

Initially, for optimal thermal energy utilization, a 0.04 cm? PV-TE hybrid system with a single
PV and multiple TE cells was constructed. The PV solar cell and each TE cell have an equal area
of 0.04 cm?. In the PV-TE hybrid systems, the TE cells were attached to the bottom of the PV cell
using a phase change thermal interface material (PCM). When multiple TE cells were employed,
they were added one by one in the stack using the PCM (Supplementary Fig. 7). The PCM
(PTM7950 series from Honeywell Co., Ltd.), with a thickness of 0.2 mm and a thermal
conductivity of ~ 8.5 W/mK, can effectively fill interfacial gaps and reduces thermal contact
resistance. Polished brass plates (5 mm x 5 mm) were welded to both sides of each TE cell (2 mm
x 2 mm x 0.9 mm) to homogenize the temperature distribution and limit adverse thermal radiative
losses.

To achieve current matching, parallel modules of OSCs and PSCs with areas ranging from 0.04
to 0.36 cm? were fabricated (Supplementary Fig. 10). Then multiple TE units were employed in
the xy-plane to match the effective area of the PV module. For each layer, the total area of the TE
cells was equal to the effective area of the PV module. In the z-plane, the TE cells were stacked

layer by layer using the PCM.

Fabrication of flexible large-area OSC module
The fabrication of a flexible large-area OSC module was performed following a previously

reported procedure’. The flexible large-area OSC module was fabricated by applying an inverted
architecture of PET/ITO/ZnO/NMA/active layer/MoOx/Ag. 1TO-coated PET substrate was
ultrasonically treated in detergent, deionized water, acetone, and isopropyl alcohol in sequence for
15 min, followed by blowing dry using argon gas. Afterward, the ZnO layer was blade-coated on
the pre-cleaned ITO-coated glass at 50 °C in air with a coating velocity of 10 mm/s and a blade-
substrate gap of 200 pum, followed by annealing at 120 °C for 15 mins in atmospheric air. After
that, a thin film of NMA was blade-coated on ZnO in the air with a coating velocity of 10 mm/s

and a blade-substrate gap of 150 um. PM6: BTP-BO-4ClI (1:1.2, D: 9 mg/mL) in chlorobenzene



with 0.3 vol% 1,8-diiodooctane (DIO) was blade-coated at 60 °C with a coating velocity of 20
mm/s and a blade-substrate gap of 400 um in air. Finally, MoOx (~ 6 nm) and Ag (~150 nm) were
successively evaporated onto the active layer through a shadow mask (2 x 10 Pa). The schematics
of the large-area module consisting of four sub-cells connected in series using the methods
reported in literature’. The photograph of the flexible large-area OSC module with a 14.4 cm?

effective area is shown in Supplementary Fig. 22.

Fabrication of flexible thermoelectric module

The dimensions of the p-type and n-type thermoelectric legs based on bismuth telluride materials
are 1.0 mm x 1.0 mm x 2.0 mm. An array comprising multiple p-n junction pairs, thermally in
parallel and electrically in series, was fabricated with dimensions of 55 mm x 55 mm. Copper
wires were used as electrodes to connect different legs. The assembled thermoelectric array was
then cast using PDMS, which was prepared by mixing PDMS precursor with curing agent at a
mass ratio of 10:1. The embedded array was subsequently cured in an oven at 80 °C for 4 hours.
Finally, a 1.5 mm-thick PDMS composite layer, containing BN and Al203 to enhance thermal

conductivity, was cast and cured on both sides of the thermoelectric array (Supplementary Fig. 23).

Fabrication of PDMS/BN/AI,O3/DM fabrics

The PDMS/BN/AI203/DM fabrics were prepared using a 3D extrusion process and a woven
process (Supplementary Fig. 24a, b). Initially, the PDMS precursor and curing agent were mixed
at a mass ratio of 10:1. Subsequently, BN (500 nm), Al203 (50 nm), and DM (n-Docosane
microcapsule) were incorporated into the PDMS mixture in a container. Then, the mixture was
placed in a vacuum mixer for 5 minutes at room temperature to achieve a homogeneous phase.
The resulting PDMS/BN/AI203/DM mixture was transferred to a syringe, extruded, and
subsequently cured at 80 °C for 4 hours. The fabricated composite fibers had a diameter of 0.6 mm.
Finally, the fibers were woven into a fabric, which was integrated into clothing for cooling and

heat dissipation applications in flexible PV-TE hybrid devices.

Measurement of J-V curves



The current density-voltage (J-V) characteristics of PV-TE hybrid systems were obtained using a
Keithley 2400 source measure unit, the scan speed and dwell times of the J-V curves were fixed at
0.02 V st and 20 ms, respectively. The photocurrent was measured under AM 1.5G illumination
using an SS-X50 solar simulator, calibrated with a standard Si solar cell (Enli Technology CO.,

Ltd., Taiwan, and calibrated report can be traced to NREL).

Measurement of thermoelectric signals
The thermoelectric signals were obtained using a Keithley 2400 source measure unit. Temperature
variation and distribution in this work were recorded through a thermocouple, and the temperature

can be read out in real-time.

Measurement of photostability and thermal cycling stability

The photostability testing was conducted following the 1SOS-L-1 protocol. The standalone PV
(OSC and PSC) and the PV-TE hybrid system (OSC-TE and PSC-TE) were encapsulated and
tested under continuous 1-sun LED illumination at the open-circuit state in ambient air (20 - 30 °C,
40 - 60% RH). The LED spectrum is shown in Supplementary Fig. 16c. J-V characteristics were
recorded using a solar simulator after each 48-hour light-soaking period.

The thermal cycling stability testing was conducted following the 1SOS-T-2 protocol. The
standalone PV (OSC and PSC) and the PV-TE hybrid system (OSC-TE and PSC-TE) were
encapsulated, then placed in an oven and thermally cycled between 25 °C and 65 °C under dark,
open-circuit conditions. J-V characteristics were recorded using a solar simulator after every 20

thermal cycling periods.

Data availability
All data are available in the main text or the Supplementary Materials. Additional information can

be obtained from corresponding authors upon request. Source data are provided with this paper.
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Figure Legends/Captions

Fig. 1 | Architecture and working principle of the PV-TE hybrid system. a, Schematic
illustration of the PV-TE hybrid system. PV and TE modules are connected in series, and all TE
cells are connected in series. b, Architecture of OSC, PSC, and TE cells. For the OSC, the active
layer is PM6:L8-BO, with ZnO/NMA and MnOx serving as the electron transport layer and hole
transport layer, respectively. In the PSC, the active layer is the perovskite material, while SnO2 and
Spiro-OMeTAD/MnOx function as the electron transport layer and hole transport layer,
respectively. The TE cell unit consists of multiple p/n Bi2Tes legs connected in series, with a copper
(Cu) layer serving as electrodes. ¢, Equivalent electric circuit of the OSC-TE or PSC-TE hybrid
systems. The OSC/PSC is modeled as a single-diode equivalent circuit, which consists of a
photocurrent source in parallel with a diode and a shunt resistance (Rsh), together with a series
resistance (Rs). The TE cell is modeled as a voltage source (V'1e) with a series resistance (RtE). Ip
is the photogenerated current, Ish is the current through the shunt resistance, lq is the current through
the diode, and I is the output current.

Fig. 2 | Optimization of the performance of PV-TE hybrid systems. a, Experimental and
simulated TE voltage (V1) and performance enhancement (Ax) of 0.04 cm? OSC-TE hybrid
systems with varying numbers of TE layers (k € [1, 10]), compared to the individual OSC. The
cold-side temperature was maintained at 273 K. The shaded regions represent the fluctuation range
of Vte and Az due to the variation in the air temperature of the air that conducting convective heat
transfer with the systems. b, The current ratio between OSC and TE modules, and Ay of OSC-TE
hybrid systems relative to the standalone OSC with varying areas of 0.04 x n cm?, where n € [1,
9]. n represents the number of 0.04 cm? OSC units connected in parallel, and m represents the
number of 0.04 cm? TE units connected in series in each layer. nis equal to m due to the same areas
of the PV and TE units, as well as the final module, to optimize heat transfer. The PV or TE current
i1s measured at maximum power points when modules operate independently. The shaded band
indicates efficiency fluctuation of the systems, due to the variation in the air temperature
conducting convective heat transfer with the systems. In both Fig. 2a and 2b, the center of the
error bar is defined as the average value, and error bar is defined as the standard deviation, which
is calculated from the statistical results of at least five individual devices. ¢, d, Experimental
champion J-V curves of OSC-TE (c) and PSC-TE (d) hybrid systems (n=m= 6, k = 6) at 298 K,
corresponding to a system area of 0.24 cm?. Tam is the environment temperature, Voc is the open-
circuit voltage, Js is the short-circuit current density, FF' is the fill factor, and # is the power
conversion efficiency. e, J-V and P-V characteristics of the TE module in the optimized OSC-TE
and PSC-TE hybrid systems at 298 K. f, Power contribution of the PV and TE components in the
optimized hybrid systems at 298 K.



Fig. 3 | Parametric analysis and efficiency limits. a, Effect of the TE-material figure of merit
(zT) and efficiency of PV cells on the efficiency of the 0.04 cm? OSC-TE hybrid system (n=m =
1, k= 6) at 298 K under AM 1.5G solar illumination, with a cold-side temperature of 273 K. b,
Effect of cold-side and environmental temperatures on the efficiency of the 0.04 cm?* OSC-TE
hybrid system (n=m =1, k = 6) under AM 1.5G solar illumination. The PT-TECM analysis is
based on steady-state thermal equilibrium and does not incorporate transient variations in
irradiance, wind speed, or ambient temperature. ¢, Simulated J-V curves of optimized PV-TE
hybrid systems at 298 K and 313 K under AM 1.5G solar illumination, with a cold-side temperature
of 273 K, based on the state-of-the-art single-junction OSCs*!*!> and PSCs*!%!7 reported in
literatures and the best commercial Bi>Tes-based TE materials?®***. d, Experimental J-V curves
of 0.28 cm? PV-TE hybrid systems (n=m= 7, k= 6) at 313 K under AM 1.5G solar illumination,
with a cold-side temperature of 273 K. Note that these peak efficiencies (e.g., > 50%) are obtained
under controlled steady-state conditions, including AM1.5G solar illumination and a regulated
cold-side temperature. For performance deviations under outdoor conditions, see Supplementary
Figs. 27 and 28. e, Comparison of efficiency in this work with representative OSC-TE***!, PSC-
TE?!:2232:35:38 'Inorganic PV-TE*4%5%0 hybrid systems under AM 1.5G solar illumination reported
in literatures.

Fig. 4 | Application prospect of the PV-TE hybrid systems. a, Photograph of the flexible and
wearable OSC-TE hybrid system. b, Demonstration of the OSC-TE hybrid system driving a sensor
for real-time pulse monitoring under AM 1.5G solar illumination, while the individual OSC cannot
achieve this. ¢, Potential applications in ocean environments. From the equator to the poles,
seawater temperature decreases gradually from ~ 25 °C to ~ 0 °C or even below 0 °C, which
ensures a large and stable temperature difference across TE modules to produce more electricity.
d, Potential applications in space. The sunny side temperature of the solar panel can reach 120 to
150 °C, while the dark side temperature can drop to -100 to -200 °C. This could create a significant
AT across the TE module, which can enhance the output power and efficiency of PV-TE hybrid
systems in space.

Editorial summary:

Photovoltaic-thermoelectric (PV-TE) hybrid systems offer a platform for enhancing the energy conversion
efficiency of photovoltaic devices. Here, the authors present solution-processed PV-TE hybrid systems
optimized for heat utilization and current matching, experimentally demonstrating a maximum efficiency
of 50.28%.
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