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HIGHLIGHTS

•	 Joule heating is the dominant cause of elevated device temperature in perovskite solar cells (PSCs) under operation, significantly 
degrades their long-term thermal stability.

•	 High temperatures degrade PSCs primarily through accelerated material decomposition and interfacial reactions, posing a major 
barrier to commercialization.

•	 Key thermal management strategies, such as integrating thermally conductive materials, radiative cooling layers, and tandem struc-
tures, effectively suppress heat accumulation and enhance device durability.

ABSTRACT  Perovskite solar cells (PSCs) have achieved excellent power con-
version efficiencies; however, under direct sunlight, device temperatures can 
exceed ambient temperatures by more than 50 ℃, making thermal stability a 
critical challenge for commercialization. This review first summarizes the deg-
radation mechanisms of PSCs induced by elevated temperatures, followed by a 
discussion of heat generation, with Joule heat identified as the primary contribu-
tor. Advanced thermal management strategies are then highlighted, including 
the use of high thermal conductivity materials, integration with thermoelectric 
devices, external radiative cooling layers, down-conversion approaches, and 
tandem structures. By systematically presenting these strategies, this review 
provides guidance for enhancing both the efficiency and thermal stability of 
PSCs, thereby supporting their pathway toward commercialization.
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1  Introduction

Energy is one of the most critical infrastructures in mod-
ern society, playing a vital role in industrial production 
and daily life. In recent years, as global climate change has 
intensified, governments worldwide have begun to increase 
their support for energy transitions, investing in and using 
renewable energy sources [1]. Among various renewable 
energy sources, solar energy is widely regarded as the most 
abundant, renewable, and environmentally friendly form on 
Earth. Research has shown that if we harness solar energy 
for photovoltaic (PV) power generation, utilizing just 0.1% 
of the solar radiation that reaches the Earth’s surface with an 
average power conversion efficiency (PCE) of 10%, the con-
verted energy would be sufficient to meet our energy needs 
[2]. Therefore, converting solar energy into electricity is one 
of the most promising directions for achieving sustainable 
development [3, 4].

To date, silicon (Si) solar cells have dominated the PV 
market due to their high efficiency, mature manufacturing 
technology, and excellent stability. However, after achiev-
ing a PCE of 26.7% in 2017, the room for improvement 
in Si solar cells has become increasingly limited [5, 6]. In 
2009, organic–inorganic perovskite solar cells (PSCs) first 
gained global scientific attention [7]. Perovskite materials 
have attracted widespread interest due to their high light-
absorption coefficients, long carrier lifetimes, low cost, 
simple preparation processes, and scalability. Over the past 
decade, PSCs have become the most dazzling solar cells, 
showing immense commercial potential [8, 9]. Their PCEs 
have rapidly increased from 9.7 to over 26.7% [10]. How-
ever, alongside the rapid development of PSC technology, its 
poor thermal stability has gradually become evident, posing 
a significant challenge to large-scale commercialization [11].

Currently, researchers have made significant progress in 
improving the efficiency and stability of PSCs, with the main 
focus on strategies on such as interface engineering and bulk 
doping [12–17]. However, compared to these research areas, 
studies on thermal management of PSCs remain relatively 
scarce. The issue of thermal stability primarily stems from 
the thermal sensitivity of perovskite materials themselves. 
Under high-temperature conditions, ions within PSC tend to 
migrate, leading to material decomposition, interface deg-
radation, and performance deterioration [11, 18]. This heat-
induced degradation not only affects the long-term stability 

of PSCs but also severely limits the reliability in practical 
applications. Although interface engineering, bulk doping, 
and other methods can improve the thermal stability of PSCs 
to some extent, these strategies mainly target the chemical 
and physical properties of materials, enabling them to retain 
original characteristics at higher temperatures. However, 
they fail to effectively address the heat accumulation within 
PSCs [19].

Thermal management, which refers to effective strategies 
for regulating heat associated with devices by controlling 
temperature through heating or cooling (i.e., conduction, 
radiation, and convection) based on the specific require-
ments of object, has been widely applied in many fields such 
as light-emitting diodes, perovskite lasers, and Si solar cells 
to achieve longer lifespans [20, 21]. Many researches have 
shown that thermal management strategies can efficiently 
handle the waste heat generated within PSCs, thereby sup-
pressing thermal degradation [19, 22–25]. However, there 
is a lack of systematic reviews summarizing and analyzing 
the current research status and future development directions 
in thermal management field of PSCs, which has motivated 
us to write this review, aiming to provide researchers with 
a comprehensive reference to advance the field of thermal 
management in PSCs.

In this review, we first delve into the thermal degradation 
mechanisms of PSCs under high–temperature conditions, 
focusing on analyzing the impact of high temperatures on 
the structural stability of perovskite materials, the proper-
ties of interfaces, and the overall performance of PSCs. 
Understanding the mechanisms of thermal degradation is 
the foundation for developing effective thermal management 
strategies. Next, we analyze the heat generation mechanisms 
within PSCs, which are divided into two parts: One part 
explores the internal heat sources, mainly including non-
radiative recombination of photogenerated carriers and 
Joule heat during current transport; the other part focuses 
on external heat sources, such as increases in ambient tem-
perature and solar irradiance. The combined effects of these 
heat sources lead to elevated device temperatures, accelerat-
ing the degradation process. A deep understanding of heat 
generation mechanisms helps guide the development of sub-
sequent thermal management methods.

Finally, we concentrate on discussing thermal manage-
ment strategies for PSCs, which are also the core content. 
We categorize the thermal management strategies into two 
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major categories: The first category addresses the heat that 
has already been generated, taking measures to effectively 
dissipate or transfer it. Specific strategies include incorpo-
rating high thermal conductivity materials to improve heat 
dissipation, integrating external radiative cooling structures 
to release heat into the environment, and combining thermo-
electric device to convert waste heat into electrical energy. 
The second category focuses on suppressing heat genera-
tion within the PSCs. It highlights the introduction of down-
conversion (DC) materials inside PSCs and the construction 
of tandem solar cells (TSCs), where the energy that would 
otherwise be lost as heat is instead effectively harnessed for 
photoelectric conversion, thereby reducing heat generation 
at its source and enhancing the power conversion efficiency 
(PCE).

We systematically summarize the thermal degradation 
mechanisms, heat generation mechanisms, and existing ther-
mal management strategies of PSCs, aiming to raise aware-
ness of thermal stability issues and provide guidance for 
future research. We believe that with more in-depth research 
on thermal management, the thermal stability of PSCs will 
be significantly improved, creating more favorable condi-
tions for commercialization. In future, as strategies such as 
thermal conductivity materials, radiative cooling structures, 
novel thermoelectric integration, DC materials, and TSCs 
continue to develop, the thermal management capabilities 
of PSCs will be continually enhanced, ultimately helping 
this emerging technology mature and become widespread.

2 � Thermal Degradation Mechanisms of PSCs

Solar panels are often installed outdoors and exposed to 
direct sunlight, especially under hot weather conditions, 
causing the operating temperature of PSCs to sometimes 
exceed 85 ℃. To enter the commercial market, PSCs must 
exhibit long-term stability at a temperature of at least 85 ℃ 
[26]. Therefore, we typically test PSC at 85 ℃ to assess 
issues such as thermal degradation or performance decline, 
ensuring the reliability and durability of PSCs. At present, 
different degradation mechanisms of perovskite materials 
under the influence of temperature have been proposed. 
Taking commonly used MAPbI3 with ABX3 structure as an 
example, the degradation reactions of MAPbI3 and MAI are 
as follows [27]:

Equation 1 depicts that MAPbI3 first decomposes into 
PbI2 upon long-term heat treatment in a range of 85–200 °C 
[28]. The PbI2 formed is dispersed in perovskite layer of 
PSC, acting as defect centers that exacerbate electron–hole 
recombination. Figure 1a illustrates the schematic diagram 
of low formation energy (0.1 eV) synthesis of tetragonal 
MAPbI3, implying that the reversible reaction shifts to left at 
elevated temperature, decomposing into PbI2 and MAI [29]. 
Based on differential scanning calorimetry and quadrupole 
mass spectrometry measurements, Zhang et al. showed that 
MAPbI3 and MAI eventually decompose into PbI2, NH3 gas, 
and a toxic CH3I solution, leading to a rapid decrease in 
PCE during this process [11]. Fan et al. studied the degra-
dation mechanism of highly crystalline MAPbI3 under ther-
mal stimulation using in situ high-resolution transmission 
electron microscopy (HRTEM) (Fig. 1b). After heating at 
85 °C for 100 s, nearly 75% of the original tetragonal per-
ovskite phase reverted to the orthorhombic PbI2 phase [30]. 
Kumar et al. employed low-frequency noise measurements 
to investigate the degradation mechanisms in PSCs. Their 
research indicated that the significant decline in PSCs per-
formance at elevated temperatures was primarily due to the 
increased recombination of charge carriers, which affected 
the open-circuit voltage (Voc). Furthermore, the aging stud-
ies conducted at various temperatures demonstrated that 
PSCs exhibited high stability at temperatures below 70 °C, 
but underwent severe irreversible degradation at higher tem-
peratures [31].

Apart from the perovskite layer, other functional layers 
also undergo changes at high temperatures. Malinauskas 
et al. presented that the amorphous Spiro-OMeTAD, widely 
used as a hole transport material (HTM), was unstable at 
temperatures above 100 °C due to crystallization [32]. The 
large crystals formed in the amorphous Spiro-OMeTAD 
lead to hole traps, which then affected the charge transport. 
Although hole dopants are very important to increase the 
conductivity of Spiro-OMeTAD, they also play a vital role 
in the thermal degradation of PSCs [33]. Dopants employed 
to increase the hole transport and reduce the glass transi-
tion temperature of Spiro-OMeTAD tend to result in crys-
tallization under high temperature, which leads to the poor 
performance of PSCs. Kim et al. analyzed iodine ions at 

(1)MAPbI
3
→ NH

3
+ CH

3
I + PbI

2

(2)MAI → NH
3
+ CH

3
I
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MAPbI3/Spiro-OMeTAD interface using high-angle annular 
dark-field (HAADF) scanning transmission electron micros-
copy (STEM) and energy-dispersive X-ray spectroscopy 
(EDX), and found that the initial distribution of iodine ions 
was within a depth of less than 20 nm from the interface. 
After heating at 85 °C for two hours, time-of-flight second-
ary ion mass spectrometry (TOF–SIMS) confirmed iodine 
ions migrated to a depth of approximately 80 nm into Spiro-
OMeTAD (Fig. 1c–e). Additionally, X-ray photoelectron 
spectroscopy (XPS) results showed that not only iodine ions, 

but also methylammonium ions diffused from perovskite 
layer into Spiro-OMeTAD, altering the chemical property 
of Spiro-OMeTAD and severely affecting the performance 
of hole transport layer (HTL) [34]. Domanski et al. observed 
significant gold migration from the electrode through the 
HTL to the perovskite layer during PSC aging at 70 °C, as 
revealed by TOF–SIMS analysis (Fig. 1f, g). The presence 
of gold in the perovskite layer not only forms short-circuit 
pathways leading to a sharp decline in Voc but also creates 
deep trap states that enhance non-radiative recombination, 

Fig. 1   a Schematic diagram of tetragonal MAPbI3 [29]. b Degradation process of an individual MAPbI3 grain [30]. HAADF STEM images of 
the MAPbI3/Spiro-OMeTAD interface: c before and d after heating at 85 ℃ for 2 h. Inset shows EDX line maps for lead and iodine [34]. e TOF–
SIMS depth profiles of the aged PSC devices [34]. f TOF–SIMS depth profiles of the concentration of selected species across the control device. 
The profile of Au– is compared to that of the devices aged at 30 and 70 °C [35]. g Reconstructed elemental 3D maps for the ions traced in the 
depth profile. The xy dimensions of the analyzed area are 10 × 10 μm [35]
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reducing Jsc; it increases series resistance and decreases 
shunt resistance, jointly lowering FF, and accelerates irre-
versible PCE decay under prolonged thermal stress, worsen-
ing long-term stability [35].

3 � Heat Generation Mechanisms in PSCs

The temperature rise in PSCs primarily stems from two 
sources: external environmental thermal effects and intrinsic 
thermal effects generated during operation. Environmental 
thermal effects include factors such as solar radiation, ambi-
ent temperature, wind speed, and humidity. Intrinsic thermal 
effects involve thermalization heat, non-radiative recombi-
nation heat, Peltier heat, and Joule heat [36]. Reducing the 
generation of these two types of heat is a primary goal for 
optimizing the overall thermal performance of PSCs. There-
fore, a deep understanding of the heat generation mecha-
nisms in PSCs is crucial for researchers.

Figure 2a illustrates the microscopic energy conversion 
processes between photons, charge carriers, and phonons 
in PSCs. From the perspective of recombination sources, 

the thermal effects can be categorized into six types: 
(1) Thermalization heat generated by energy relaxation, 
where photo-excited electrons (holes) with excess poten-
tial energy (hv-Eg) beyond the bandgap release this energy 
within picoseconds, returning the electrons (holes) to the 
conduction (valence) band edge; (2) Joule heat generated 
as charge carriers pass through the depletion region under 
the influence of the built-in electric field [37]; (3) Bulk 
recombination heat caused by Shockley–Read–Hall (SRH) 
and Auger recombination; (4) Surface recombination heat 
generated when carriers are captured by surface defects; 
(5) Peltier heat at heterojunction interface due to the 
energy band offset; (6) Peltier heat at the semiconductor/
metal interface, where the transport carriers have to flow 
from conduction/valence band of semiconductor region to 
the quasi-Fermi level before being collected by the respec-
tive electrodes [38]. Additionally, there are macroscopic 
heat exchange processes, including thermal convection and 
thermal radiation. It is also worth noting that these heat 
generation mechanisms are not entirely independent but 
often interact within the device. For instance, excessive 
Joule heat can accelerate non-radiative recombination by 

Fig. 2   a Energy conversion processes of a PSC concerning: (I) thermalization heat, (II) Joule heat, (III) bulk recombination heat, (IV) surface 
recombination heat, Peltier heat at (V) heterojunction interface and (VI) metal/semiconductor interface. Heat dissipation processes include VII) 
convective heat and (VIII) radiative heat [36]. b Pie chart of microscopic energy conversion components at MPP [39]. c Simulated power density 
of heat conversion as a function of forward bias [39]
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increasing carrier scattering and defect activation, thereby 
amplifying recombination heat. Similarly, thermalization 
and recombination processes may locally modify carrier 
distributions, indirectly affecting current flow and thus 
Joule heat. Moreover, Peltier effects at interfaces can 
either mitigate or enhance local heating depending on 
current direction and contact properties. These coupling 
effects highlight the complex thermal dynamics in PSCs, 
emphasizing the need for comprehensive thermal manage-
ment strategies that consider both individual and synergis-
tic heat generation processes.

An et al. developed an opto-electro-thermal (OET) model 
to elucidate the mechanisms of heat generation, dissipation, 
and regulation in PSCs [39]. Through detailed calculations, 
they provided an energy conversion diagram for PSCs 
operating at the maximum power point (MPP). The results 
showed that photovoltaic conversion (Ppv), thermalization 
heat loss (Pth), Joule heat (PJoule), heterojunction interface 
Peltier heat (PSS

Peltier), semiconductor–metal interface Peltier 
heat (PSM

Peltier), and total recombination heat (PU) accounted 
for 46%, 26.5%, 12.1%, 7.4%, 4.6%, and 3.4% of incident 
energy, respectively. This result indicates that only 46% of 
the incident energy is converted into electricity, and nearly 
54% is converted into heat, with the thermal impact of ther-
malization heat on PSCs being the greatest (Fig. 2b).

Given that the heat sources arise from different mecha-
nisms, An et al. also simulated the relationship between 
thermal conversion power density and forward bias voltage 
(Fig. 2c) and proposed corresponding thermal manage-
ment strategies: (1) Thermalization heat is solely deter-
mined by material bandgaps and is independent of applied 
bias. Constructing gradient bandgap materials or multi-
junction configurations is an effective strategy to reduce 
thermalization heat generation [40–42]; (2) Increasing 
forward bias reduces the built-in electric field in PSCs, 
thereby lowering carrier separation capability and increas-
ing recombination current, gradually leading to increased 
recombination heat. Optimizing carrier transport dynam-
ics can significantly reduce recombination heat [43–45]; 
(3) Joule heat is typically regarded as an inherent self-
heating effect in PSCs, making it difficult to modify [46]; 
(4) Peltier heat (PSS

Peltier and PSM
Peltier) depends on current 

density in PSCs and varies with current density. Effective 
suppression of Peltier heat can be achieved by reducing 

band offsets at heterojunctions and semiconductor–metal 
interfaces.

In summary, the heat sources in PSCs primarily include 
external environmental factors and intrinsic thermal effects 
generated during operation. These heat sources not only 
affect the efficiency of PSCs but also pose significant 
threats to long-term stability. By deeply analyzing the 
mechanisms of thermalization heat, recombination heat, 
Joule heat, and Peltier heat, we can better understand their 
impacts on the performance of PSCs and propose targeted 
thermal management strategies. In the following section, 
we will systematically introduce and discuss various exist-
ing thermal management strategies, aiming to address the 
issue of poor thermal stability in PSCs and pave the way 
for the practical applications.

4 � Strategies for Heat Dissipation within PSCs

PSCs have functional layers with extremely low thermal 
conductivity [23, 47, 48]. It means that any heat generated 
during operation accumulates within the PSCs, leading 
to a continuous increase in operating temperature, which 
significantly impacts performance. Yang et al. monitored 
the surface temperatures of PSC’s various functional layers 
under standard sunlight exposure [19]. The temperature of 
perovskite layer was approximately 20 °C higher than the 
ambient air temperature, while the temperatures of other 
functional layers were about 10 °C higher (Fig. 3a). Choi 
et al. used infrared cameras to observe the thermal response 
of functional layers under standard sunlight exposure for 2 h, 
revealing significant temperature differences among the lay-
ers [49] (Fig. 3b, c). The results had shown that perovskite 
layer reached a maximum temperature of 75 °C due to its 
excellent light-absorption characteristic. In real world with 
intense and prolonged sunlight exposure, temperatures could 
even exceed 75 °C. Elevated temperature directly leads to 
performance degradation in PSCs. In this section, we review 
the existing thermal management strategies that effectively 
address the heat accumulation in PSCs, such as improving 
thermal conductivity of functional layers, integrating ther-
moelectric device, and radiative cooling strategy. Further-
more, the key parameters of each strategy are summarized 
in Table 1 at the end of this section.
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4.1 � Innovative Thermal Conductivity Materials 
in Thermal Management of PSCs

The u l t ra - low ther mal  conduc t iv i ty  (a round 
0.2 W m−1 K−1) of perovskite layer severely affects heat 
dissipation within PSCs [23, 47, 48]. Yang et al. first pro-
posed introducing hexagonal boron nitride (h-BN) with 
high thermal conductivity into perovskite layer to create 
thermal pathways and accelerate heat dissipation internally 
[19] (Fig. 3d). It was verified that h-BN mainly distributes 
at the grain boundaries of perovskite layer, where heat 
tends to accumulate. Additionally, h-BN possessed prop-
erties such as high spatial hindrance and weak electron 

affinity, which does not disrupt the perovskite crystal lat-
tice but coexisted with it complementarily in the perovs-
kite layer. PSCs fabricated using this method, both n-i-p 
and p-i-n structures, exhibited exceptionally high T80 (time 
required for efficiency to decrease to 80% of the initial 
PCE) lifetimes under aging at 85 °C. It was noteworthy in 
their study that besides enhancing internal heat dissipa-
tion, additional Cu heat sink was installed at the top elec-
trode, resulting in n-i-p-structured PSC based on h-BN/Cu 
heat sink retaining 88% and 93% of its initial PCE after 
thermal aging for 1776 h and MPP tracking for 2451 h 
under 85 °C, respectively. Simultaneously, p-i-n-structured 
PSC based on h-BN/Cu heat sink maintained 96% and 92% 

Fig. 3   a Real-time temperature tracking for each functional layers in PSCs under continuous illumination (AM 1.5G, 100 mW cm−2) [19]. IR 
thermal images of each functional layers prepared on the glass substrate b before and c after 1 sun illumination [49]. d Schematic diagram of 
PSCs with improved heat transfer by using h-BN [19]. e Normalized PCE of PSCs aging under different conditions [19]. f Schematic diagram of 
PSCs with h-BN [50]. g Annealing process of perovskite layers with h-BN nanosheets over time [50]
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of its initial PCE after thermal aging for 1704 h and MPP 
tracking for 2164 h under 85 °C (Fig. 3e).

Yin et al. also incorporated 2D h-BN nanosheets with high 
thermal conductivity as additives into perovskite layer [50]. 
They found that h-BN nanosheets enhanced the heat transfer 
of perovskite layer, leading to faster and more uniformly 
distributed heating during the annealing process (Fig. 3f, g), 
which promoted phase transitions and grain growth within 
perovskite layer. Moreover, although h-BN is electrically 
insulating, its effect on charge transport is minimal because 
it localizes primarily at grain boundaries rather than within 
the conductive perovskite grains. In this position, h-BN 
can passivate defects and suppress ion migration without 
obstructing carrier pathways. Consequently, the improve-
ments in Voc and FF indicate that its insulating nature does 
not compromise device performance. The combined benefits 
of enhanced heat dissipation and interface passivation con-
tribute to increased efficiency and operational stability of 
perovskite device.

Li et al. improved the thermal conductivity of perovs-
kite layer using multi-walled carbon nanotubes (MWCNTs) 
where the outer layer was functionalized to enhance inter-
action with perovskite, while the inner layer maintained 
excellent thermal conductivity [51] (Fig. 4a). They measured 
the thermal diffusivity and thermal conductivity of modi-
fied perovskite using laser flash and Hot-Disk techniques, 
respectively, demonstrating significant enhancement in 
thermal performance. Ultimately, the MWCNT-modified 
devices demonstrate outstanding stability (Fig. 4b). Inno-
vatively, they applied finite element analysis based on 
COMSOL software to model the internal thermal conduc-
tion during annealing of perovskite layer, explaining micro-
scopic changes not characterized by existing testing methods 
(Fig. 4c). The simulation results showed that MWCNTs can 
improve heat transfer and reduce longitudinal temperature 
gradients during annealing, ensuring uniform annealing for 
the formation of dense, large-grain perovskite layers.

Ionic liquids are commonly used as heat transfer fluids 
in thermal conductivity materials, and they also can act as 
passivating agents in PSCs [52]. Zhang et al. first discovered 
an ionic liquid 1-butyl-3-methylimidazolium dibutylphos-
phate (BMDP) with high electrical conductivity and good 
thermal stability, which was widely used as a green solvent 
in chemical reactions and flame-retardant additives [53]. Its 
low viscosity and high fluidity allowed easy filling into grain 
boundaries of perovskite, forming liquid domains in grain 

boundaries as excellent heat transfer media [54]. Further-
more, the negatively charged imidazole group and phosphate 
group can interact with perovskite via Lewis acid–base reac-
tion and ion interaction, and may act as an efficient passiva-
tor in grain boundaries and the surface of perovskite layers 
to reduce the defects [55] (Fig. 4d). The excellent thermal 
stability and performance of PSC based on BMDP achieved 
the T90 over 970 h at 85 °C and the high PCE of 21.98%, 
which was much better than that of control PSC (Fig. 4e). 
This work presented a novel multifunctional thermal man-
agement strategy for PSCs.

While the low thermal conductivity of perovskite layers 
is a critical factor leading to heat accumulation inside PSCs, 
effective thermal pathways constructed in other functional 
layers can also accelerate internal heat conduction. Choi 
et al. first introduced metal oxide Al2O3 nanoparticles (NPs) 
into HTL utilizing their thermal conductivity and porous 
scaffold structure to dissipate heat accumulated within PSCs 
[49] (Fig. 4f). Unencapsulated PSC modification with Al2O3 
NPs retained 91% of initial PCE after 31 days under harsh 
environments (85 °C, RH = 85%) (Fig. 4g). This method for 
improving the thermal conductivity of HTL was proposed 
for the first time by them. Subsequently, Pei et al. introduced 
thermal conductivity SiO2 NPs into HTL [23]. SiO2 not only 
enhanced the thermal performance of HTL but also coordi-
nated with under-coordinated Pb2+ as a passivation agent for 
the perovskite surface. Ultimately, the unencapsulated PSC 
based on SiO2 retained 91 and 95% of its initial PCE after 
1126 h of thermal aging at 85 °C and 1235 h of operation in 
a N2 atmosphere, respectively (Fig. 4h).

Zeolites are a class of structurally ordered porous inor-
ganic aluminosilicates known for high chemical and ther-
mal stability [24, 56]. Zeolites with high framework den-
sity are typically composed of alternating TO4 tetrahedra 
connected by shared vertex O atoms, exhibiting potential 
thermal conductivity along with long-range organized 
frameworks [57, 58]. Alternating TO4 structural units 
provide zeolites with efficient thermal diffusion pathways, 
facilitating the heat transfer through T–O chemical bonds 
and diffusion within the three-dimensional TO4 tetrahe-
dral frameworks. Additionally, lattice pores with negative 
charges can effectively transport cations [59, 60]. Wang 
et al. utilized these properties of zeolites by incorporating 
them into HTL, enabling rapid cooling of the entire PSC 
and promoting charge transfer [61]. Zeolite-modified PSC 
exhibited excellent stability after heating at 85 °C under 
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N2 conditions for 1000 h (Fig. 4i). Currently, there is lim-
ited research on improving the heat transfer performances 
of electron transport layers. Zhang et al. blended PC71BM 
with a small amount of the commonly used insulating 

polymer polystyrene (PS) to improve the thermal conduc-
tivity of PC71BM [25].

In summary, the integration of high thermal conductivity 
materials into PSCs has emerged as a pivotal thermal man-
agement strategy, significantly enhancing heat dissipation 

Fig. 4   a Schematic diagram of heat transfer in perovskite modified by MWCNTs [51]. b SPO stability of PSCs operating at bias near maximum 
power output point at 25  °C and 30% RH with encapsulation [51]. c Thermal diffusion coefficients under 85 ℃ of various perovskite layers 
[51]. d Schematic diagram of thermal management based on BMDP [53]. e IR thermal images of ITO/PTAA/MAPbI3 and ITO/PTAA/MAPbI3/
BMDP films under a cooling test [53]. f Schematic diagram of PSC using Al2O3 NPs as thermal conductivity materials [49]. g Long-term stabil-
ity of encapsulated devices based on doped Spiro-OMeTAD at various conditions [49]. h Long-term thermal stability of unencapsulated PSC 
using SiO2 NPs as the interfacial material [23]. i A universal zeolite-assisted heat conduction strategy was employed to maintain the high effi-
ciency and stability of overheated PSC [24]
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and operational stability. However, the efficacy of these 
materials is contingent upon their intrinsic properties and 
integration methodology. Materials such as h-BN, SnO2, and 
Al2O3 exhibit high thermal conductivity (20–30 W m−1 K−1) 
but are electrically insulating, which can compromise 
charge transport if not optimally incorporated. In contrast, 
CNTs offer exceptional thermal and electrical conductivity 
(~ 600–3000 W m−1 K−1), yet face challenges with aggrega-
tion and interfacial defects. Ionic liquids (e.g., BMDP) pro-
vide a multifunctional solution, combining moderate thermal 
conductivity (~ 0.76 W m−1 K−1) with defect passivation and 
ion migration suppression, though their low thermal conduc-
tivity requires complementary strategies. Zeolites leverage 
their ordered porous structure to facilitate heat transfer and 
defect passivation, but their complex synthesis may limit 
scalability.

Future advancements should focus on optimizing the 
compatibility and distribution of these materials within func-
tional layers to minimize adverse effects on electrical perfor-
mance. Combining multiple strategies (e.g., CNTs with ionic 
liquids) and employing advanced manufacturing techniques 
could synergistically enhance both thermal and electrical 
performance, paving the way for commercially viable PSCs.

4.2 � Thermoelectric Integration for Heat Management 
of PSCs

Thermoelectric generator (TEG) is a solid-state device that 
converts thermal energy into electrical energy through the 
Seebeck effect. As shown in Fig. 5c, when a temperature 
gradient is applied across a semiconductor, charge carriers 
migrate from the hot side to the cold side, resulting in the 
accumulation of charge carriers and the formation of an elec-
tric potential difference [62, 63]. This potential difference 
drives a reverse charge flow until dynamic equilibrium is 
reached between the thermal motion and the internal elec-
tric field, establishing a stable thermoelectromotive force. 
The theoretical foundation of photovoltaic-thermoelectric 
(PV-TE)-integrated systems dates back to the 1970s [64]. 
Early research primarily focused on Si solar cells [65, 66] 
and other photovoltaic technologies [67–70]. In recent years, 
significant progress has been made in applying this strategy 
to PSCs. When integrated with PSCs, TEGs can effectively 
utilize waste heat to improve both efficiency and stability.

Theoretical estimation suggests that PSCs with an excel-
lent Seebeck coefficient are more suitable for integration 
into PV-TE systems [71, 72]. Currently, many studies have 
adopted effective thermal management strategies by combin-
ing TEGs with carbon-based PSCs. On the one hand, the 
excellent near-infrared light absorption capability of carbon 
electrode can capture the light that perovskite layer cannot 
utilize. On the other hand, the superior photothermal con-
version capability of carbon electrode provided a good hot 
end for TEG. Liu et al. demonstrated a novel integration 
of carbon-based PSCs and TEG [73]. As shown in Fig. 5a, 
solar radiation was mainly distributed in the spectral range 
of 300–1400 nm, with FTO and TiO2 exhibiting excellent 
transparency in this range. Perovskite exhibited excellent 
light capture capability from 300 to 800 nm. After directly 
printing carbon film on the perovskite layer, the absorption 
range was extended to 1400 nm, and the absorption capac-
ity was further enhanced. They also recorded the tempera-
tures of films under sunlight, both the perovskite film and 
the carbon film exhibited excellent photothermal conversion 
capabilities (Fig. 5b). If this portion of energy is not utilized 
properly, it can lead to a significant decrease in PSCs perfor-
mance. As shown in Fig. 5c, by connecting the PSC and the 
TEG in series (carbon film and TEG hot end directly con-
nected using thermal conductive silicone grease), the carbon 
film transferred the collected heat to TEG, forming a tem-
perature gradient [73]. Based on the Seebeck effect, a volt-
age was obtained from the temperature difference between 
hot end and cold end, compensating for the voltage drop of 
PSC. Additionally, due to the Peltier effect, the conversion 
of thermal energy can lower the temperature of hot end. 
The efficiency and stability of PSCs based on thermoelec-
tric integration were significantly improved, providing a new 
approach for thermal management.

Xu et al. also combined hole-conductor-free PSCs based 
on TiO2/ZrO2/carbon structures with TEG [64]. The band 
diagram is shown in Fig.  5d. The optimized integrated 
device achieved a maximum PCE of 20.3% with a Voc of 
1.29 V under 100 mW cm−2 illumination and demonstrated 
good operational stability. However, so far, PSC–TEG-inte-
grated device has only been implemented in small areas, and 
manufacturing large-area PSC modules with variable series 
and parallel sub-cell configurations to match with the same 
size TEGs remains challenging. Fu et al. prepared large-area 
(16 cm2) PSCs and TEG-integrated device to prove the fea-
sibility of large-area PSC–TEG-integrated device [62]. The 



	 Nano-Micro Lett.          (2026) 18:207   207   Page 12 of 27

https://doi.org/10.1007/s40820-025-02047-x© The authors

integrated device achieved a maximum PCE of 12.7% and 
retained 85% of its initial PCE after continuous illumination 
for 400 h (Fig. 5e, f).

Concentrated photovoltaic (CPV) systems are often con-
sidered as a solution to surpass the Shockley–Queisser effi-
ciency limit of single PN junction solar cells. When using 
CPV systems to increase the irradiance intensity beyond a 
standard solar level, the waste heat generated by solar cells 
also increases [74, 75]. Guo et al. cleverly combined TEG 

with CPV PSCs to fully utilize the entire solar spectrum 
(Fig. 5g, h). Apart from the excellent light utilization effi-
ciency, the waste heat in PSC was also effectively harnessed 
and the integrated devices maintained over 90% of the ini-
tial PCE after 150 h irradiation under 5 suns, indicating 
excellent thermal stability [76]. This novel concept also 
reminds us to develop more optical design strategies to bal-
ance concentrated optics and heat utilization, promoting the 
advancement of cost-effective CPV–PSC–TEG technology 

Fig. 5   a UV–Vis–NIR spectra of FTO, FTO/TiO2, FTO/TiO2/perovskite, and FTO/TiO2/perovskite/carbon layers [73]. b Thermal NIR images 
and photographic images (in the inset) of the FTO, FTO/TiO2, FTO/TiO2/perovskite, and FTO/TiO2/perovskite/carbon layers under sunlight 
(AM 1.5G, 100 mW cm−2) [73]. c Schematic diagram of PSC–TEG-integrated device [73]. d Electron energy band diagram of PSC–TEG inte-
grated device [64]. e Curves of current–voltage (I-V) and power output-voltage (P–V) obtained from PSM1 (6 series-connected sub-cells, active 
area 8.1  cm2) [62]. f Stability test of PSM1 and PSM1/TEG under continuous illumination [62]. g Schematic diagram of flat and concentra-
tor photovoltaics with the architecture of glass/FTO/c-TiO2/m-TiO2/CsPbBr3/carbon [76]. h Schematic diagram for the concentrator CsPbBr3/
Bi2Te3-integrated device [76]. i Schematic of the proposed SECS system consisting of a PSC integrated with a membrane-free TREC-RFB cell 
for concurrent solar energy storage, heat regulation, and waste heat harnessing [77]
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in future. Interestingly, Zhang et al. proposed a technique to 
integrate PSC with a membrane-free zinc/manganese-based 
redox flow battery (RFB), which has a considerable negative 
temperature coefficient and low cost [77]. Since they also 
utilized the waste heat generated by PSCs and converted it 
into electrical energy, their research was also presented in 
this section. As shown in Fig. 5i, the PSC was fixed onto a 
custom graphite cooling plate. The electrolyte of RFB cir-
culated through the cooling plate via serpentine channels, 
dissipating the heat generated by PSCs. Due to the efficient 
cooling effect, the PSC retained 96% of its initial PCE after 
operating at 35 ℃ for 70 h under one sun illumination.

Meanwhile, thermally regenerative electrochemical cycle 
allowed RFB to generate additional electricity from the low-
grade heat gathered from PSC at a high absolute thermo-
electric efficiency, thereby improving the overall system 
efficiency. Furthermore, RFB timely stored the electricity 
produced by PSC, buffering the fluctuation of solar power, 
stabilizing the electrical grids, and reducing the energy cur-
tailment. This solar energy conversion and storage system, 
which featured concurrent solar energy storage, heat regula-
tion, and waste heat harnessing, was of great significance for 
large-scale solar power generation [78–80].

To conclude, while PSC–TEG hybrid systems demon-
strate remarkable potential, their practical deployment is 
hampered by notable challenges related to structural com-
plexity and scalability. The integration demands stable ther-
mal and electrical interfaces between the photovoltaic and 
thermoelectric parts, and it frequently relies on auxiliary 
cooling systems to sustain an effective temperature gradient. 
This not only complicates device design but may also impact 
long-term reliability. Moreover, upscaling these systems to 
the module or panel level brings about engineering hurdles, 
especially in guaranteeing uniform thermal contact and effi-
cient heat transfer across large areas. Future studies ought to 
concentrate on simplifying the integration procedure, opti-
mizing interface design, and evaluating the scalability and 
durability of these systems in real-world scenarios.

4.3 � Advanced Radiative Cooling for Efficient PSC 
Thermal Regulation

Radiative cooling is an effective strategy for passive cool-
ing of PSCs with large surface areas facing the sky under 
outdoor conditions [81]. It utilizes the transparency of the 

Earth’s atmosphere to infrared radiation in the wavelength 
range of 8–14 µm, known as the atmospheric window, to 
achieve passive cooling [82]. Due to the existence of atmos-
pheric window, the infrared radiation emitted by PSCs can 
escape into space without being absorbed by the Earth’s 
atmosphere, effectively dissipating heat and reducing the 
surface temperature of PSCs.

Lee et al. conducted theoretical research on the use of 
polydimethylsiloxane (PDMS) as an effective thermal radia-
tor for flexible thin-film solar cells [83]. Research has found 
that a 200 μm-thick planar PDMS layer can achieve a high 
emissivity of over 0.9 in the infrared range of 4–26 μm, and 
by introducing a pyramid structure on the PDMS, the emis-
sivity can approach 1 in the range of 8–13 μm (Fig. 6a). The 
authors calculated the radiative cooling rate and found that 
the pyramid-structured PDMS layer can reduce the tempera-
ture of organic, perovskite, and microcrystalline Si flexible 
solar cells by 11, 12, and 16 ℃, respectively, compared to the 
commonly used polyethylene terephthalate (PET) substrate.

To gain a deeper understanding of physical mechanisms 
behind the cooling strategies, Dumoulin et al. proposed a 
comprehensive multidimensional and multiphysics OET 
modeling approach to study the radiative cooling systems 
of PSCs [81] (Fig. 6b). They designed a radiative cooler 
with near-ideal spectral selectivity, taking into account the 
coupling effects between radiative cooling characteristics, 
carrier thermodynamics, and electrodynamic behavior. The 
study results indicated that using such a photonic radia-
tive cooler could lower the temperature of PSCs by more 
than 10 °C and increase the PCE by 0.45%. Building on 
this, Perrakis et al. proposed an ultra-thin, sub-micron-level 
organic–inorganic hybrid radiative cooler that was perfectly 
compatible with organic solar cells (OSCs) and PSCs [84]. 
This thermal management strategy can reduce the tempera-
ture by up to 17 K without any external energy input. It 
not only significantly lowered the PSC temperature but also 
improved the PCE while meeting the high-performance 
requirements of light weight, high stability, and flexibility 
(Fig. 6c).

Zhan et al. proposed a radiative cooler based on a grating-
textured PDMS photonic structure that effectively reduced 
the operating temperature of PSCs and improved the PCE 
[85], as shown in Fig. 6d. The radiative cooler exhibited high 
average emissivity in the atmospheric transparency window, 
reflecting the solar radiation and radiating the waste heat 
into cold space. In addition, it had characteristics that were 
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independent of angle and polarization, making it highly suit-
able for PSCs. Numerical analysis showed that this radia-
tive cooler can ideally achieve a temperature reduction of 
11.47 K for encapsulated PSCs.

Although PDMS-based radiative coolers offer a simple 
and effective means of passive heat dissipation, their long-
term stability may be limited by UV-induced degradation 
under continuous outdoor exposure. To address this issue, 
recent studies have proposed the use of inorganic multilayer 
films as durable alternatives. Such designs, exemplified by 
SiO2/Si3N4 multilayer structures, can achieve high infrared 
emissivity and excellent UV resistance. Moreover, these 
multilayer radiative coolers can be directly integrated onto 

PSC surfaces by omitting the back-reflection layer, enabling 
efficient and stable thermal management without compro-
mising optical performance [86].

In summary, as an advanced thermal management strat-
egy for PSCs, the external integration of radiative coolers 
has successfully reduced PSC operating temperatures and 
enhanced overall performance through innovative designs 
of various materials and structures. It should be noted, how-
ever, that the practical implementation of radiative cooling 
also presents certain challenges, such as potential reflection 
losses caused by the cooler layer and compatibility issues 
with existing encapsulation materials, which may influence 
the overall optical efficiency and long-term stability of the 

Fig. 6   a Schematic diagram of solar cells with radiative cooling substrate and calculated emission efficiency contour of the radiative cooling 
substrates with pyramid-structured PDMS [83]. b Schematic illustration of the problem and model parameters [81]. c External quantum effi-
ciency, and absorptivity/emissivity ε spectra (gray-dashed) at normal incidence of OSC (green-solid) and PSC (red-solid) without (top) and with 
a photonic cooler (bottom) [85]. d Structure of the cooling film. It includes multilayer film and PDMS grating layer. The multilayer stack is com-
posed of MgF2, SiO2, Al2O3, and TiO2 [84]
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device. Despite these considerations, current studies not only 
provide effective solutions for the thermal management of 
PSCs but also lay the foundation for the development of 
highly efficient and stable PSCs in future.

5 � Strategies for Reducing Heat Generation 
Within PSCs

While the previous section has focused on the effective dis-
sipation of heat already generated within PSCs (e.g., through 
thermal conduction, radiative cooling, and thermoelectric 
conversion), an equally crucial approach involves suppress-
ing heat generation at its source. In this section, we shift our 
focus to strategies that aim to reduce the intrinsic thermal 

effects in PSCs, primarily through down-conversion (DC) 
materials and tandem solar cell (TSC) structures. By mini-
mizing energy losses that would otherwise be converted into 
heat, these methods complement the dissipation-focused 
strategies, together forming a comprehensive thermal man-
agement framework. The key parameters of the strategies 
discussed in this section are summarized in Table 2.

5.1 � Minimizing Thermalization Losses in PSCs 
with DC Materials

The DC process can be explained as the conversion of 
high-energy photons into two or more low-energy photons, 
also known as quantum clipping [87–89]. Integrating DC 

Table 2   Optoelectronic performance and stability of PSCs with different thermal management strategries to reduce heat generation

Thermal management strategies Voc (V) Jsc (mA cm−2) FF (%) PCE (%) Stability/thermal performance of device Ref

Introducing NaYF4:Eu3+ nanophosphors 
down-conversion materials into PSCs

1.127 23.22 77.10 20.17 Retained 70% of its initial PCE after UV 
irradiation for 10 h

[97]

Introducing Sr2CeO4:Eu3+ nanophosphors 
down-conversion materials into PSCs

1.060 23.70 75.53 18.95 Retained 78% of its initial PCE after 75 days 
under ambient environment

[98]

Introducing Sr2CeO4:Sm3+ nanophosphor 
down-conversion materials into PSCs

1.050 23.65 72.40 17.90 Retained 50% of its initial PCE under ambi-
ent environment conditions for 60 days

[99]

Amorphous mesoporous TiO2 nanocrystals 
with surface-attached Eu3+ as a structural 
strategy for PSCs

1.080 19.34 75.67 15.79 – [100]

Photocurable fluoropolymers for PSCs 1.090 23.23 74.00 18.67 Retained 95% of its initial PCE under ambi-
ent environment conditions for 92 days

[101]

DC layer of sinapoyl malate at the ETL/per-
ovskite interface

– – – 20.50 Retained 95% of its initial PCE after aging at 
100 °C in N2

[103]

Introducing CsPbCl3:Mn2+ quantum dots into 
PSCs

1.105 22.03 76.30 18.57 – [104]

Stable low-bandgap Pb–Sn binary perovs-
kites for TSCs

– – – 19.08 Retained 80% and 94% of its initial PCE 
after 12 and 30 days of storage in ambient 
and inert atmospheres

[111]

A universal close-space annealing strategy 
enabling efficient all-perovskite TSCs

1.956 15.41 83.10 25.05 Retained 90% of its initial PCE for about 450 
h under continuous AM 1.5G solar illumi-
nation in a glovebox

[112]

Perovskite-perovskite tandem photovoltaics 
with optimized band gaps

1.660 14.50 70.00 16..90 – [113]

Perovskite-organic TSCs – – – 14.04 Retained 99.4% of its initial PCE after 120 h 
of strong UV irradiation at 100 mW cm−2

[116]

Perovskite-organic TSCs 2.150 14.00 80.00 24.00 More than 1000 h with no sign of degrada-
tion when the devices were kept under 
inert atmosphere, and a T80 of 130 h under 
continuous operation at the MPP

[120]

Solution-processed perovskite-colloidal 
quantum dot TSCs

– – – 20.55 The 4T tandem devices showed an MPP deg-
radation with time, with the PCE decreas-
ing to 90% of its initial PCE after 12.5 h

[124]
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materials into PSCs is a feasible thermal management strat-
egy because it can eliminate the spectral matching load of 
perovskites and minimize the energy used for thermaliza-
tion heat, thereby reducing the generation of waste heat. 
To achieve a more efficient DC effect, researchers need to 
design and synthesize efficient DC materials which apply to 
PSCs. DC materials must have high emissivity, and light-
absorption band should not overlap with the absorption 
range of perovskite [2]. Therefore, luminescent materials 
with a central absorption peak located in the UV region of 
solar spectrum can be selected as DC materials. DC materi-
als can also effectively reduce the performance degradation 
of PSCs caused by high-energy UV light and recycle UV 
light for photocurrent generation in PSCs. Currently, many 
types of DC materials, including rare-earth-doped materials, 
semiconductor quantum dots, silicon nanocrystals, carbon-
based materials, and metal complexes, exhibit excellent fluo-
rescence properties [90–95]. Therefore, we primarily clas-
sify and summarize the thermal management strategy based 
on the types of DC materials, in order to facilitate readers’ 
understanding of progress and prospects of DC materials in 
PSCs thermal management.

Rare-earth-doped phosphors, also known as lanthanide-
doped phosphors, are ideal candidates for DC materials. The 
electrons of lanthanide elements are individually filled in 
the 4f orbitals [96]. These elements can exist as trivalent 
cations and exhibit sharp and stable luminescence, with 
their emission positions unaffected by the surrounding 
matrix because they are protected by the outermost 5s and 
5p orbitals. Due to the presence of the 4f subshell, energy 
levels are distributed diversely through interactions between 
ions, providing pathways for interband transitions. If an elec-
tron is in a highly excited state, relaxation processes may 
occur twice or more, which is the working principle of such 
DC materials. Jia et al. deposited NaYF4:Eu3+ on the non-
conductive side of conductive glass to expand the spectral 
response range of PSCs. NaYF4:Eu3+absorbed UV light and 
exhibited emission peaks at 595, 614, 650, and 700 nm, cor-
responding to the typical 5D0–7F1, 5D0–7F2, 5D0–7F3, 
and 5D0–7F4 transitions of Eu3+ [97] (Fig. 7a). As a result, 
NaYF4:Eu3+-modified PSC achieved a PCE of 20.17% and a 
Jsc of 23.22 mA cm−2, higher than the control PSC’s 16.99% 
and 20.65 mA cm−2. In addition, NaYF4:Eu3+-modified 
PSC retained 70% of its initial PCE after UV irradiation for 
10 h. Rahman et al. found that Eu3+-based DC nanomaterial 
Sr2CeO4:Eu3+ could also achieve a Jsc of 23.70 mA cm−2 

and a PCE of 18.95% due to the collection and re-emis-
sion of UV light within the visible range via DC process 
[98]. They also reported that Sr2CeO4:Sm3+-modified 
PSC exhibited an enhancement of 11.4% in photocurrent 
and 16.2% in PCE [99]. PSCs based on Sr2CeO4:Eu3+ and 
Sr2CeO4:Sm3+ showed enhanced UV stability. PSC based 
on Sr2CeO4:Eu3+ retains 78% of its initial PCE after 75 days 
under ambient environment with RH = 20–25%. PSC based 
on Sr2CeO4:Sm3+ retains 50% of its initial PCE after 60 days 
of storage under ambient environment conditions. Addition-
ally, Jiang et al. found that Eu3+ ions may adsorb onto the 
surface of TiO2 rather than substitute for Ti in the TiO2 lat-
tice, attributed to the larger ionic size of Eu3+ compared 
to Ti4+ [100]. UV photons are captured by TiO2, and the 
energy is subsequently transferred to Eu3+, after which the 
DC process occurs (Fig. 7b).

In addition to traditional rare-earth-doped DC materials, 
organic materials with high fluorescence efficiency have 
also been developed to improve light utilization in PSCs. 
Bella et al. prepared a fluoropolymer (V570) coating on 
the surface of PSCs, which could enhance UV light utili-
zation and photostability, significantly increasing incident 
photon-to-electron conversion efficiency (IPCE) [101]. At 
the same time, this coating can form a moisture barrier on 
the backside. In addition, PSC based on this strategy exhib-
ited excellent operation stability, maintaining 95% of its ini-
tial PCE after 92 days of aging under ambient environment 
conditions. Gheno et al. introduced an S-tetrazole molecule 
(NITZ) containing polystyrene and N-(2-(6-chloro-tetrazol-
3-oxyethyl)-naphthalimide) as a DC coating on a transparent 
conductive substrate of PSCs [102]. The excitation (magenta 
line) and emission (orange line) spectrum of NITZ molecule 
were shown in Fig. 7c. The molecular structure of NITZ is 
shown in the Fig. 7d, where the naphthalimide had a good 
absorption coefficient and transferred energy to the tetrazole 
via the Förster mechanism. NITZ as a DC layer exhibited 
good optical performance, showing light emission in visible 
region when excited by UV light. However, coatings outside 
PSC inevitably absorbed some light, which can lead to a 
decrease in PCE of PSCs. Therefore, Cao et al. introduced a 
DC layer of sinapoyl malate at the ETL/perovskite interface 
(Fig. 7e), inspired by natural compounds (Fig. 7f), signifi-
cantly improving the PCE up to 20.5%. Furthermore, PSC 
based on this strategy retained 95% of its initial PCE after 
aging at 100 °C in N2 [103].
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Recently, semiconductor quantum dots have been consid-
ered an excellent approach for achieving DC and spectral 
broadening in PSCs and other typical PV devices. Wang 
et al. found that doping Mn2+ into CsPbCl3 quantum dots 
could induce intermediate quantum states and increase 
quantum yield to around 60% [104] (Fig. 7g). Mn2+-doped 
CsPbCl3 quantum dots could enhance PCE and external 
quantum efficiency. Furthermore, the stability of PSCs has 
also been improved from 85% to 97% of their initial effi-
ciency after exposure in the UV region with 5 mW cm−2 
intensity by 100 h. The PCEs of organic and Si solar cells 

using Mn2+-doped CsPbCl3 quantum dots were increased by 
3.21 and 2.98%, respectively. Besides, Si quantum dots are 
also very attractive in PV devices due to their excellent prop-
erties, including highly confined photoluminescence, non-
toxicity, and abundant earth reserves. More importantly, Si 
quantum dots exhibit efficient DC effect, converting shorter 
wavelength excitation light (300–530 nm) into light in the 
visible region (550–800 nm). Wang et al. introduced Si 
quantum dots into PSCs to expand the external quantum effi-
ciency over a wide wavelength range of 360–760 nm [105] 
(Fig. 7h). By converting short-wavelength (300–530 nm) 

Fig. 7   a Photoluminescence emission spectra of NaYF4:Eu3+ powder with an excited wavelength at 375 nm [97]. b Schematic diagram of the 
mechanism explaining the enhanced photoelectric performance of PSC with TiO2:Eu3+ [100]. c Excitation (magenta line) and emission (orange 
line) spectrum of NITZ molecule [102]. d NITZ molecule and associated photophysical steps [102]. e Schematic illustration of sinapoyl malate 
assembled at the interface between TiO2 and perovskite [103]. f Schematic illustration of the source and chemical structure of sinapoyl malate 
[103]. g Energy band gap alignment diagram of CsPbCl3:0.1Mn2+ quantum dots [104]. h Schematic diagram of quantum-assisted sunlight reab-
sorption processes at MAPbI3/Si quantum dot interface [105]. i Schematic diagram of optical processes involved in the graphene quantum dot-
filled luminescent down shifting (LDS) layer on top of PSC [106]. j Normalized absorption and emission spectra of GQD, and IPCE spectra of 
PSCs without and with GQD-filled LDS layer [106]
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light into visible light in the perovskite operating band 
(380–775 nm), Si quantum dots-modified PSC achieved an 
enhanced Jsc of 21.2 mA cm−2 and a PCE of 19.3%, along 
with improved thermal stability. These studies provided suc-
cessful strategies for efficiently utilizing UV light and reduc-
ing thermalization losses of PSCs by introducing quantum 
dots.

Carbon materials are also considered good candidates for 
DC materials. Some typical and well-known carbon materi-
als, particularly graphite, carbon black, carbon nanotubes, 
graphene, and graphyne, possess DC luminescence prop-
erties. From a theoretical simulation perspective, Hosseini 
et al. applied luminescent graphene quantum dots to the top 
of PSCs to improve light capture efficiency and stability 
[106]. Their calculations showed that a graphene quantum 
dots layer with a quantum yield of 94% could significantly 
increase IPCE, boosting photocurrent by more than 40% in 
the 300–400 nm spectral range (Fig. 7i, j).

From the above studies, we can conclude that DC materi-
als play a key role in highly efficient PSCs by effectively 
utilizing UV light to reduce thermalization losses. This 
approach can alleviate the spectral matching load of PSCs 
and minimize thermal degradation caused by heat. In future, 
with the continuous optimization of DC materials and the 
combination with other thermal management methods, the 
photothermal stability and overall performance of PSCs are 
expected to be further enhanced, providing a broad prospect 
for achieving more efficient and stable PV devices.

5.2 � Minimizing Thermalization Losses in PSCs 
with Tandem Solar Cells

Research has shown that the excess energy generated by 
high-energy photons in PSCs is usually lost through ther-
malization [39]. TSCs can maximize light utilization across 
the spectral response range. Typically, TSCs consist of two 
or more sub-cells with complementary absorption spectra, 
featuring a wide bandgap (WBG) and a narrow bandgap 
(NBG). The WBG sub-cell absorbs high-energy photons, 
while the NBG sub-cell absorbs low-energy photons, thereby 
minimizing thermalization losses and managing the thermal 
effects in PSCs [6, 107–109].

TSCs are primarily divided into two types [110]. The 
first type is the 4-terminal (4T) structure, where the two 
cells are independent and not electrically connected. In a 

4T structure, the top cell must be semitransparent to allow 
light to pass through and be absorbed by the bottom cell 
[2]. The second type is the 2-terminal (2T) structure, which 
requires more complex manufacturing processes [10]. In a 
2T structure, the Voc is the sum of the Voc of two sub-cells. 
However, the Jsc is limited by the lower Jsc of sub-cells. 
Therefore, current matching is crucial for 2T TSCs, meaning 
that the bandgaps and thicknesses of the two absorber layers 
must be precisely matched. Compared to the 4T structure, 
the 2T structure can minimize parasitic absorption losses 
and improve practical efficiency.

First of all, all-perovskite tandem solar cell utilizes a 
WBG PSC as the top cell and a NBG PSC as the bottom 
cell. For the 4T structure, each sub-cell can be optimized 
independently during fabrication, without constraints. Ma 
et al. developed an OET model to simulate the suppres-
sion of thermodynamic losses in multi-junction solar cells, 
providing a microscopic quantitative analysis to reveal the 
inherent thermodynamic behavior of multi-junction tandem 
solar cells [36]. Figure 8a, b presents the J–V curves, tem-
perature curves, and energy distribution of single-junction 
and double-junction TSCs at MPP. The results indicate the 
following: (1) Due to more efficient light absorption, ther-
malization losses significantly decrease from 217.8 W m−2 
(single-junction) to 145.4 W m−2 (double-junction), con-
firming the feasibility of tandem design in reducing ther-
malization losses. (2) The predicted temperature at MPP for 
the double-junction device is 37.9 °C, much lower than the 
51.8 °C observed in the single-junction device, due to the 
lower heat generation and higher energy utilization. Yang 
et al. achieved a 19.8% PCE using a bottom cell Sn-based 
PSC with a bandgap of 1.33 eV and a top cell based on 
MAPbI3 [111]. The TSC based on this strategy retained 80% 
and 94% of its initial PCE after 12 and 30 days of storage 
in ambient and inert atmospheres, respectively. Wang et al. 
employed (FASnI3)0.6(MAPbI3)0.4 (bandgap of 1.25 eV) and 
FA0.8Cs0.2Pb(I0.7Br0.3)3 (bandgap of 1.75 eV) to fabricate 
tandem solar cells, achieving an efficiency of 25.15% by 
using a universal close-space annealing (CSA) strategy to 
increase grain size, enhance crystallinity, and prolong car-
rier lifetime in both narrow and wide bandgap perovskite 
layers [112] (Fig. 8d). The unencapsulated TSC presented 
excellent stability that retained 90% of its original PCE for 
about 450 h under continuous AM 1.5 G 1 sun illumina-
tion in a glovebox (Fig. 8c). For the 2T structure, in 2016, 
Eperon et al. first combined a perovskite with a bandgap 
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of 1.2 eV (FA0.83Cs0.25Sn0.5Pb0.5I3) with a wider bandgap 
FA0.83Cs0.17Pb(I0.5Br)3, achieving a PCE of 16.9% and the 
Voc exceeding 1.66 V [113]. All-perovskite TSCs were prone 
to the erosion of sub-cell solution during the deposition of 
the top perovskite layer, which increased the difficulty of the 
fabrication process [41].

OSCs were advantageous candidates for the bottom 
sub-cell of TSCs, as organic materials exhibited excellent 
spectral response in the near-infrared region and dem-
onstrated higher stability compared to tin-based perovs-
kite layers. Additionally, the use of intrinsic orthogonal 

solvent methods to dissolve organic–inorganic perovs-
kite and organic materials makes them more competi-
tive [114]. As a result, perovskite/organic TSCs have 
been extensively studied. Organic materials are prone 
to oxidation and degradation under UV radiation [115]. 
The WBG perovskite on ITO or FTO is advantageous 
for UV shielding. Chen et al. prepared a 4T perovskite/
organic TSC with a structure consisting of a semitrans-
parent perovskite top sub-cell (ITO/ZnO/CsPbBr3/Spiro-
OMeTAD/PH1000) and an organic bottom sub-cell (ITO/
ZnO/PBDB-T-SF:IT-4F/MoO3/Al) [116] (Fig. 8e). They 

Fig. 8   J–V curves and temperature plots under the various biases of the a single- and b double-junction tandem PSCs [36]. The microscopic 
energy conversion components at MPP are inserted in the figure. Here, POpt, PRec, PJoule+Peltier, PThermal, and POut denote the power densities for 
optical loss, recombination, intrinsic loss (including Joule and Peltier losses), thermalization, and electrical output processes, respectively. c 
MPP tracking of one unencapsulated 2T all-perovskite TSC under continuous AM 1.5 g 1 sun illumination in a glovebox; the initial efficiency is 
24.5% [112]. d Schematic diagram of normal annealing, solvent annealing and CSA processes [112]. e Device structure of four-terminal TSCs: 
semitransparent top cell with a structure of glass/ITO/ZnO/CsPbBr3/Spiro-OMeTAD/transfer-laminated PH1000; bottom OSCs with a struc-
ture of glass/ITO/ZnO/organic photoactive layer/MoO3/Al, and molecular structures of donor and acceptor materials used in the corresponding 
organic photoactive layer [116]. f Normalized PCEs versus storage time under UV light (365 nm, 100 mW cm−2) illumination in a N2-filled 
glovebox [116]
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used a dual-source vacuum evaporation (DSVE) method 
to prepare high quality CsPbBr3. This semitransparent 
perovskite not only exhibited an average visible light 
transmittance of about 90% in the 530–800 nm but also 
filtered out harmful UV light for the bottom cell, utilizing 
UV light for PV conversion. The 4T TSC based on PBDB-
T-SF:IT-4F bottom PSC showed the best PCE of 14.03% 
and retained 99.4% of its initial PCE after 120 h of strong 
UV irradiation at 100 mW cm−2, demonstrating good sta-
bility (Fig. 8f). The results indicate that this perovskite/
organic TSC not only reduces thermalization losses of 
unused higher-energy UV light but also improves the 
overall efficiency and stability of the device. For 2T per-
ovskite/organic TSCs, the performance is relatively lower 
compared to all-perovskite TSCs and perovskite/Si TSCs 
due to the lower Jsc of the bottom organic sub-cell and the 
losses introduced by sub-cell interconnection [117, 118]. 
However, the emergence of narrow-bandgap non-fuller-
ene acceptors has led to a rapid increase in the PCE of 
OSCs [119]. Brinkmann et al. demonstrated a perovskite/
organic TSC with an efficiency of 24.0% and a high Voc 
of 2.15 V [120]. Their work used an ultra-thin (1.5 nm) 
metallic indium oxide layer for connection, exhibiting 
unprecedentedly low optical/electrical losses. The device 
showed an excellent stability of more than 1000 h with no 
sign of degradation when the device was kept under inert 
atmosphere, and a T80 of 130 h under continuous opera-
tion at the MPP. This work sets a milestone for perovskite/
organic TSCs. In addition to organic materials, quantum 
dots with low bandgaps can provide more complementary 
absorption in the near-infrared region and reduce energy 
losses. PbS quantum dots, due to the excellent advantages 
such as low cost, ease of processing, and tunable bandgap, 
are expected to become strong competitors for the bottom 
sub-cell of TSCs [121–123]. Importantly, controlling the 
size of PbS quantum dots can effectively adjust the band-
gap to achieve complementary absorption.

Manekkatthodi et al. developed a 4T perovskite/PbS 
quantum dot TSC with a PCE exceeding 20% [124]. In 
this TSC, the front transparent PSC used a dielectric-
metal-dielectric (DMD) electrode, which consisted of 
a metal film (silver/gold) sandwiched between dielec-
tric (MoO3) layers, with the best PCE reaching 20.55%. 
Recently, in-depth research has also been conducted on 
2T TSCs based on perovskite (Eg = 1.55 eV)/PbS quantum 
dots (Eg = 1.0 eV). Karani et al. designed a perovskite/PbS 

quantum dots TSC with a theoretical PCE of 43% under 
standard AM1.5G solar illumination [125]. The radiative 
coupling effect between the sub-cells can recycle emitted 
photons, significantly improving overall efficiency.

6 � Conclusions and Perspectives

In this review, we analyzed the degradation mechanisms 
of PSCs under high-temperature conditions, investigated 
the internal heat sources, and provided a detailed discus-
sion of existing thermal management strategies. Thermal 
instability remains one of the major barriers to the com-
mercialization of PSCs, underscoring the importance of 
effective thermal management. However, current research 
in this field remains limited, requiring deeper exploration 
and multidisciplinary innovation.

Looking ahead, breakthroughs in PSC thermal man-
agement are expected to emerge from several key areas 
(Fig. 9). First, optimizing thermally conductive materials 
within PSCs will be essential for enhancing heat dissipa-
tion efficiency. Future efforts should focus on developing 
materials with high thermal conductivity, chemical sta-
bility, and interfacial compatibility to minimize thermal 
stress and defect formation, thereby extending device 
lifetime. Second, advanced radiative cooling designs will 
continue to evolve, offering passive and energy-free routes 
for temperature regulation. The development of durable 
and spectrally selective cooling layers, as well as the inte-
gration of adaptive temperature regulation mechanisms, 
will be crucial for maintaining stable operation without 
compromising optoelectronic performance. Third, hybrid 
photonic-thermoelectric systems represent a promising 
direction for coupling light management with waste heat 
recovery, enabling synergistic improvement in both energy 
utilization and stability. In addition, interface engineer-
ing and encapsulation technologies will play vital roles in 
mitigating thermal stress and improving long-term reli-
ability, ensuring compatibility between thermal manage-
ment layers and perovskite absorbers.

In summary, future progress in PSC thermal manage-
ment will rely on the multidisciplinary integration of mate-
rials science, device engineering, and photonic design. 
Continued innovations in thermally conductive materials, 
radiative cooling architectures, thermoelectric integration, 
and interface optimization will provide powerful tools to 
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improve both efficiency and durability, ultimately accel-
erating the commercialization of perovskite solar cells. 
In addition, the machine learning (ML) techniques offer 
promising opportunities for advancing PSC thermal man-
agement. ML algorithms can accelerate materials discov-
ery for thermally conductive or radiative layers, optimize 
device architectures for improved heat dissipation, and 
enable predictive modeling of thermal degradation under 
diverse operating conditions. Incorporating data-driven 
approaches could therefore significantly enhance design 
efficiency and accelerate innovation in this emerging field.
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Fig. 9   Schematic diagram of thermal management strategies in PSCs, covering advanced thermal conductive materials [51], radiative cooling 
designs [84], thermoelectric integration [62], DC materials [87], and tandem architectures [126]



	 Nano-Micro Lett.          (2026) 18:207   207   Page 22 of 27

https://doi.org/10.1007/s40820-025-02047-x© The authors

the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Y. Zhao, F. Ma, Z. Qu, S. Yu, T. Shen et  al., Inactive 
(PbI2)2RbCl stabilizes perovskite films for efficient solar 
cells. Science 377(6605), 531–534 (2022). https://​doi.​org/​
10.​1126/​scien​ce.​abp88​73

	 2.	 C. Chen, S. Zheng, H. Song, Photon management to reduce 
energy loss in perovskite solar cells. Chem. Soc. Rev. 50(12), 
7250–7329 (2021). https://​doi.​org/​10.​1039/​d0cs0​1488e

	 3.	 M.B. Hayat, D. Ali, K.C. Monyake, L. Alagha, N. Ahmed, 
Solar energy-a look into power generation, challenges, and a 
solar-powered future. Int. J. Energy Res. 43(3), 1049–1067 
(2019). https://​doi.​org/​10.​1002/​er.​4252

	 4.	 M. Hosenuzzaman, N.A. Rahim, J. Selvaraj, M. Hasanuzza-
man, A.B.M.A. Malek et al., Global prospects, progress, poli-
cies, and environmental impact of solar photovoltaic power 
generation. Renewable Sustainable Energy Rev. 41, 284–297 
(2015). https://​doi.​org/​10.​1016/j.​rser.​2014.​08.​046

	 5.	 T.G. Allen, J. Bullock, X. Yang, A. Javey, S. De Wolf, Pas-
sivating contacts for crystalline silicon solar cells. Nat. 
Energy 4(11), 914–928 (2019). https://​doi.​org/​10.​1038/​
s41560-​019-​0463-6

	 6.	 B. Chen, Z.J. Yu, S. Manzoor, S. Wang, W. Weigand et al., 
Blade-coated perovskites on textured silicon for 26%-efficient 
monolithic perovskite/silicon tandem solar cells. Joule 4(4), 
850–864 (2020). https://​doi.​org/​10.​1016/j.​joule.​2020.​01.​008

	 7.	 A. Kojima, K. Teshima, Y. Shirai, T. Miyasaka, Organometal 
halide perovskites as visible-light sensitizers for photovoltaic 
cells. J. Am. Chem. Soc. 131(17), 6050–6051 (2009). https://​
doi.​org/​10.​1021/​ja809​598r

	 8.	 T. Wu, Z. Qin, Y. Wang, Y. Wu, W. Chen et al., The main 
progress of perovskite solar cells in 2020–2021. Nano-
Micro Lett. 13(1), 152 (2021). https://​doi.​org/​10.​1007/​
s40820-​021-​00672-w

	 9.	 T. Zhang, F. Wang, H.-B. Kim, I.-W. Choi, C. Wang et al., 
Ion-modulated radical doping of spiro-OMeTAD for more 
efficient and stable perovskite solar cells. Science 377(6605), 
495–501 (2022). https://​doi.​org/​10.​1126/​scien​ce.​abo27​57

	 10.	 T. Nie, Z. Fang, X. Ren, Y. Duan, S.F. Liu, Recent advances 
in wide-bandgap organic-inorganic halide perovskite solar 
cells and tandem application. Nano-Micro Lett. 15(1), 70 
(2023). https://​doi.​org/​10.​1007/​s40820-​023-​01040-6

	 11.	 M.T. Mbumba, D.M. Malouangou, J.M. Tsiba, L. Bai, 
Y. Yang et  al., Degradation mechanism and addressing 

techniques of thermal instability in halide perovskite solar 
cells. Sol. Energy 230, 954–978 (2021). https://​doi.​org/​10.​
1016/j.​solen​er.​2021.​10.​070

	 12.	 K.T. Cho, S. Paek, G. Grancini, C. Roldán-Carmona, P. Gao 
et al., Highly efficient perovskite solar cells with a compo-
sitionally engineered perovskite/hole transporting mate-
rial interface. Energy Environ. Sci. 10(2), 621–627 (2017). 
https://​doi.​org/​10.​1039/​C6EE0​3182J

	 13.	 F.H. Isikgor, S. Zhumagali, L.V.T. Merino, M. De Bas-
tiani, I. McCulloch et al., Molecular engineering of contact 
interfaces for high-performance perovskite solar cells. Nat. 
Rev. Mater. 8(2), 89–108 (2023). https://​doi.​org/​10.​1038/​
s41578-​022-​00503-3

	 14.	 Q. Tan, Z. Li, G. Luo, X. Zhang, B. Che et al., Inverted per-
ovskite solar cells using dimethylacridine-based dopants. 
Nature 620(7974), 545–551 (2023). https://​doi.​org/​10.​1038/​
s41586-​023-​06207-0

	 15.	 J.T. Wang, Z. Wang, S. Pathak, W. Zhang, D.W. de Quilettes 
et al., Efficient perovskite solar cells by metal ion doping. 
Energy Environ. Sci. 9(9), 2892–2901 (2016). https://​doi.​org/​
10.​1039/​c6ee0​1969b

	 16.	 H. Zhou, Q. Chen, G. Li, S. Luo, T.-B. Song et al., Interface 
engineering of highly efficient perovskite solar cells. Science 
345(6196), 542–546 (2014). https://​doi.​org/​10.​1126/​scien​ce.​
12540​50

	 17.	 H. Zhu, Y. Ren, L. Pan, O. Ouellette, F.T. Eickemeyer et al., 
Synergistic effect of fluorinated passivator and hole trans-
port dopant enables stable perovskite solar cells with an 
efficiency near 24. J. Am. Chem. Soc. 143(8), 3231–3237 
(2021). https://​doi.​org/​10.​1021/​jacs.​0c128​02

	 18.	 M.I. Asghar, J. Zhang, H. Wang, P.D. Lund, Device stability 
of perovskite solar cells–a review. Renew. Sustain. Energy 
Rev. 77, 131–146 (2017). https://​doi.​org/​10.​1016/j.​rser.​2017.​
04.​003

	 19.	 N. Yang, F. Pei, J. Dou, Y. Zhao, Z. Huang et al., Improv-
ing heat transfer enables durable perovskite solar cells. Adv. 
Energy Mater. 12(24), 2200869 (2022). https://​doi.​org/​10.​
1002/​aenm.​20220​0869

	 20.	 H. Yu, X. Cheng, Y. Wang, Y. Liu, K. Rong et al., Waterproof 
perovskite-hexagonal boron nitride hybrid nanolasers with 
low lasing thresholds and high operating temperature. ACS 
Photonics 5(11), 4520–4528 (2018). https://​doi.​org/​10.​1021/​
acsph​otoni​cs.​8b009​77

	 21.	 L. Zhao, K. Roh, S. Kacmoli, K. Al Kurdi, S. Jhulki et al., 
Thermal management enables bright and stable perovskite 
light-emitting diodes. Adv. Mater. 32(25), e2000752 (2020). 
https://​doi.​org/​10.​1002/​adma.​20200​0752

	 22.	 Z. Han, A. Fina, Thermal conductivity of carbon nanotubes 
and their polymer nanocomposites: a review. Prog. Polym. 
Sci. 36(7), 914–944 (2011). https://​doi.​org/​10.​1016/j.​progp​
olyms​ci.​2010.​11.​004

	 23.	 F. Pei, N. Li, Y. Chen, X. Niu, Y. Zhang et al., Thermal man-
agement enables more efficient and stable perovskite solar 
cells. ACS Energy Lett. 6(9), 3029–3036 (2021). https://​doi.​
org/​10.​1021/​acsen​ergyl​ett.​1c009​99

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/science.abp8873
https://doi.org/10.1126/science.abp8873
https://doi.org/10.1039/d0cs01488e
https://doi.org/10.1002/er.4252
https://doi.org/10.1016/j.rser.2014.08.046
https://doi.org/10.1038/s41560-019-0463-6
https://doi.org/10.1038/s41560-019-0463-6
https://doi.org/10.1016/j.joule.2020.01.008
https://doi.org/10.1021/ja809598r
https://doi.org/10.1021/ja809598r
https://doi.org/10.1007/s40820-021-00672-w
https://doi.org/10.1007/s40820-021-00672-w
https://doi.org/10.1126/science.abo2757
https://doi.org/10.1007/s40820-023-01040-6
https://doi.org/10.1016/j.solener.2021.10.070
https://doi.org/10.1016/j.solener.2021.10.070
https://doi.org/10.1039/C6EE03182J
https://doi.org/10.1038/s41578-022-00503-3
https://doi.org/10.1038/s41578-022-00503-3
https://doi.org/10.1038/s41586-023-06207-0
https://doi.org/10.1038/s41586-023-06207-0
https://doi.org/10.1039/c6ee01969b
https://doi.org/10.1039/c6ee01969b
https://doi.org/10.1126/science.1254050
https://doi.org/10.1126/science.1254050
https://doi.org/10.1021/jacs.0c12802
https://doi.org/10.1016/j.rser.2017.04.003
https://doi.org/10.1016/j.rser.2017.04.003
https://doi.org/10.1002/aenm.202200869
https://doi.org/10.1002/aenm.202200869
https://doi.org/10.1021/acsphotonics.8b00977
https://doi.org/10.1021/acsphotonics.8b00977
https://doi.org/10.1002/adma.202000752
https://doi.org/10.1016/j.progpolymsci.2010.11.004
https://doi.org/10.1016/j.progpolymsci.2010.11.004
https://doi.org/10.1021/acsenergylett.1c00999
https://doi.org/10.1021/acsenergylett.1c00999


Nano-Micro Lett.          (2026) 18:207 	 Page 23 of 27    207 

	 24.	 B. Yue, S. Liu, Y. Chai, G. Wu, N. Guan et al., Zeolites for 
separation: fundamental and application. J. Energy Chem. 
71, 288–303 (2022). https://​doi.​org/​10.​1016/j.​jechem.​2022.​
03.​035

	 25.	 Z. Zhang, Y. Tang, Y. Wang, Z. Zeng, R. Shi et al., Heat 
transfer enhancement of n-type organic semiconductors by 
an insulator blend approach. ACS Appl. Mater. Interfaces 
14(26), 30174–30181 (2022). https://​doi.​org/​10.​1021/​acsami.​
2c055​03

	 26.	 B. Conings, J. Drijkoningen, N. Gauquelin, A. Babayigit, J. 
D’Haen et al., Intrinsic thermal instability of methylammo-
nium lead trihalide perovskite. Adv. Energy Mater. 5(15), 
1500477 (2015). https://​doi.​org/​10.​1002/​aenm.​20150​0477

	 27.	 E.J. Juarez-Perez, Z. Hawash, S.R. Raga, L.K. Ono, Y. Qi, 
Thermal degradation of CH3NH3PbI3 perovskite into NH3 
and CH3I gases observed by coupled thermogravimetry–
mass spectrometry analysis. Energy Environ. Sci. 9(11), 
3406–3410 (2016). https://​doi.​org/​10.​1039/​C6EE0​2016J

	 28.	 Q. Meng, Y. Chen, Y.Y. Xiao, J. Sun, X. Zhang et al., Effect 
of temperature on the performance of perovskite solar cells. 
J. Mater. Sci. Mater. Electron. 32(10), 12784–12792 (2021). 
https://​doi.​org/​10.​1007/​s10854-​020-​03029-y

	 29.	 A. Buin, P. Pietsch, J. Xu, O. Voznyy, A.H. Ip et al., Materials 
processing routes to trap-free halide perovskites. Nano Lett. 
14(11), 6281–6286 (2014). https://​doi.​org/​10.​1021/​nl502​
612m

	 30.	 Z. Fan, H. Xiao, Y. Wang, Z. Zhao, Z. Lin et al., Layer-by-
layer degradation of methylammonium lead tri-iodide perovs-
kite microplates. Joule 1(3), 548–562 (2017). https://​doi.​org/​
10.​1016/j.​joule.​2017.​08.​005

	 31.	 A. Kumar, U. Bansode, S. Ogale, A. Rahman, Understand-
ing the thermal degradation mechanism of perovskite solar 
cells via dielectric and noise measurements. Nanotechnology 
31(36), 365403 (2020). https://​doi.​org/​10.​1088/​1361-​6528/​
ab97d4

	 32.	 T. Malinauskas, D. Tomkute-Luksiene, R. Sens, M. Dask-
eviciene, R. Send et al., Enhancing thermal stability and 
lifetime of solid-state dye-sensitized solar cells via molec-
ular engineering of the hole-transporting material spiro-
OMeTAD. ACS Appl. Mater. Interfaces 7(21), 11107–11116 
(2015). https://​doi.​org/​10.​1021/​am509​0385

	 33.	 Y. Zheng, J. Kong, D. Huang, W. Shi, L. McMillon-Brown 
et al., Spray coating of the PCBM electron transport layer sig-
nificantly improves the efficiency of p-i-n planar perovskite 
solar cells. Nanoscale 10(24), 11342–11348 (2018). https://​
doi.​org/​10.​1039/​C8NR0​1763H

	 34.	 S. Kim, S. Bae, S.-W. Lee, K. Cho, K.D. Lee et al., Rela-
tionship between ion migration and interfacial degradation 
of CH3NH3PbI3 perovskite solar cells under thermal condi-
tions. Sci. Rep. 7(1), 1200 (2017). https://​doi.​org/​10.​1038/​
s41598-​017-​00866-6

	 35.	 K. Domanski, J.-P. Correa-Baena, N. Mine, M.K. Nazeer-
uddin, A. Abate et al., Not all that glitters is gold: metal-
migration-induced degradation in perovskite solar cells. ACS 
Nano 10(6), 6306–6314 (2016). https://​doi.​org/​10.​1021/​acsna​
no.​6b026​13

	 36.	 T. Ma, Y. An, Z. Yang, Z. Ai, Y. Zhang et al., Thermody-
namic processes of perovskite photovoltaic devices: mecha-
nisms, simulation, and manipulation. Adv. Funct. Mater. 
33(15), 2212596 (2023). https://​doi.​org/​10.​1002/​adfm.​
20221​2596

	 37.	 P.B.M. Wolbert, G.K.M. Wachutka, B.H. Krabbenborg, T.J. 
Mouthaan, Nonisothermal device simulation using the 2D 
numerical process/device simulator TRENDY and applica-
tion to SOI-devices. IEEE Trans. Comput. Aided Des. Integr. 
Circuits Syst. 13(3), 293–302 (1994). https://​doi.​org/​10.​1109/​
43.​265671

	 38.	 N. Brinkmann, G. Micard, Y. Schiele, G. Hahn, B. Terheiden, 
Free energy loss analysis of heterojunction solar cells. Phys. 
Status Solidi RRL 7(5), 322–325 (2013). https://​doi.​org/​10.​
1002/​pssr.​20130​7080

	 39.	 Y. An, C. Wang, G. Cao, X. Li, Heterojunction perovskite 
solar cells: opto-electro-thermal physics, modeling, and 
experiment. ACS Nano 14(4), 5017–5026 (2020). https://​
doi.​org/​10.​1021/​acsna​no.​0c013​92

	 40.	 G. Tong, T. Chen, H. Li, W. Song, Y. Chang et al., High 
efficient hole extraction and stable all-bromide inorganic 
perovskite solar cells via derivative-phase gradient bandgap 
architecture. Sol. RRL 3(5), 1900030 (2019). https://​doi.​org/​
10.​1002/​solr.​20190​0030

	 41.	 D. Zhao, C. Chen, C. Wang, M.M. Junda, Z. Song et al., 
Efficient two-terminal all-perovskite tandem solar cells 
enabled by high-quality low-bandgap absorber layers. Nat. 
Energy 3(12), 1093–1100 (2018). https://​doi.​org/​10.​1038/​
s41560-​018-​0278-x

	 42.	 D. Zhao, Y. Yu, C. Wang, W. Liao, N. Shrestha et al., Low-
bandgap mixed tin–lead iodide perovskite absorbers with 
long carrier lifetimes for all-perovskite tandem solar cells. 
Nat. Energy 2, 17018 (2017). https://​doi.​org/​10.​1038/​nener​
gy.​2017.​18

	 43.	 M. Abdi-Jalebi, Z. Andaji-Garmaroudi, A.J. Pearson, G. Divi-
tini, S. Cacovich et al., Potassium- and rubidium-passivated 
alloyed perovskite films: optoelectronic properties and mois-
ture stability. ACS Energy Lett. 3(11), 2671–2678 (2018). 
https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​8b015​04

	 44.	 M. Saliba, T. Matsui, K. Domanski, J.-Y. Seo, A. Ummad-
isingu et al., Incorporation of rubidium cations into perovs-
kite solar cells improves photovoltaic performance. Science 
354(6309), 206–209 (2016). https://​doi.​org/​10.​1126/​scien​ce.​
aah55​57

	 45.	 Y. Wang, T. Wu, J. Barbaud, W. Kong, D. Cui et al., Sta-
bilizing heterostructures of soft perovskite semiconductors. 
Science 365(6454), 687–691 (2019). https://​doi.​org/​10.​1126/​
scien​ce.​aax80​18

	 46.	 A. Shang, X. Li, Photovoltaic devices: opto-electro-thermal 
physics and modeling. Adv. Mater. 29(8), 1603492 (2017). 
https://​doi.​org/​10.​1002/​adma.​20160​3492

	 47.	 R. Heiderhoff, T. Haeger, N. Pourdavoud, T. Hu, M. Al-
Khafaji et al., Thermal conductivity of methylammonium 
lead halide perovskite single crystals and thin films: a com-
parative study. J. Phys. Chem. C 121(51), 28306–28311 
(2017). https://​doi.​org/​10.​1021/​acs.​jpcc.​7b114​95

https://doi.org/10.1016/j.jechem.2022.03.035
https://doi.org/10.1016/j.jechem.2022.03.035
https://doi.org/10.1021/acsami.2c05503
https://doi.org/10.1021/acsami.2c05503
https://doi.org/10.1002/aenm.201500477
https://doi.org/10.1039/C6EE02016J
https://doi.org/10.1007/s10854-020-03029-y
https://doi.org/10.1021/nl502612m
https://doi.org/10.1021/nl502612m
https://doi.org/10.1016/j.joule.2017.08.005
https://doi.org/10.1016/j.joule.2017.08.005
https://doi.org/10.1088/1361-6528/ab97d4
https://doi.org/10.1088/1361-6528/ab97d4
https://doi.org/10.1021/am5090385
https://doi.org/10.1039/C8NR01763H
https://doi.org/10.1039/C8NR01763H
https://doi.org/10.1038/s41598-017-00866-6
https://doi.org/10.1038/s41598-017-00866-6
https://doi.org/10.1021/acsnano.6b02613
https://doi.org/10.1021/acsnano.6b02613
https://doi.org/10.1002/adfm.202212596
https://doi.org/10.1002/adfm.202212596
https://doi.org/10.1109/43.265671
https://doi.org/10.1109/43.265671
https://doi.org/10.1002/pssr.201307080
https://doi.org/10.1002/pssr.201307080
https://doi.org/10.1021/acsnano.0c01392
https://doi.org/10.1021/acsnano.0c01392
https://doi.org/10.1002/solr.201900030
https://doi.org/10.1002/solr.201900030
https://doi.org/10.1038/s41560-018-0278-x
https://doi.org/10.1038/s41560-018-0278-x
https://doi.org/10.1038/nenergy.2017.18
https://doi.org/10.1038/nenergy.2017.18
https://doi.org/10.1021/acsenergylett.8b01504
https://doi.org/10.1126/science.aah5557
https://doi.org/10.1126/science.aah5557
https://doi.org/10.1126/science.aax8018
https://doi.org/10.1126/science.aax8018
https://doi.org/10.1002/adma.201603492
https://doi.org/10.1021/acs.jpcc.7b11495


	 Nano-Micro Lett.          (2026) 18:207   207   Page 24 of 27

https://doi.org/10.1007/s40820-025-02047-x© The authors

	 48.	 W. Lee, H. Li, A.B. Wong, D. Zhang, M. Lai et al., Ultralow 
thermal conductivity in all-inorganic halide perovskites. Proc. 
Natl. Acad. Sci. U. S. A. 114(33), 8693–8697 (2017). https://​
doi.​org/​10.​1073/​pnas.​17117​44114

	 49.	 K. Choi, J. Lee, H. Choi, G.-W. Kim, H.I. Kim et al., Heat 
dissipation effects on the stability of planar perovskite solar 
cells. Energy Environ. Sci. 13(12), 5059–5067 (2020). https://​
doi.​org/​10.​1039/​D0EE0​2859B

	 50.	 Y. Yin, Y. Zhou, S. Fu, X. Zuo, Y.-C. Lin et al., Enhancing 
crystallization in hybrid perovskite solar cells using ther-
mally conductive 2D boron nitride nanosheet additive. Small 
19(15), e2207092 (2023). https://​doi.​org/​10.​1002/​smll.​20220​
7092

	 51.	 J. Li, J. Duan, Q. Guo, Z. Qi, X. Duan et al., Accelerating 
thermal transfer in perovskite films for high-efficiency and 
stable photovoltaics. Adv. Funct. Mater. 33(50), 2308036 
(2023). https://​doi.​org/​10.​1002/​adfm.​20230​8036

	 52.	 M. Shahiduzzaman, E.Y. Muslih, A.K. Mahmud Hasan, L. 
Wang, S. Fukaya et al., The benefits of ionic liquids for the 
fabrication of efficient and stable perovskite photovoltaics. 
Chem. Eng. J. 411, 128461 (2021). https://​doi.​org/​10.​1016/j.​
cej.​2021.​128461

	 53.	 Y. Zhang, Z. He, J. Xiong, S. Zhan, F. Liu et al., Multi-func-
tional thermal management for efficient and stable inverted 
perovskite solar cells. J. Mater. Chem. A 12(17), 10369–
10384 (2024). https://​doi.​org/​10.​1039/​D4TA0​0784K

	 54.	 X. Zhu, S. Yang, Y. Cao, L. Duan, M. Du et al., Ionic-liquid-
perovskite capping layer for stable 24.33%-efficient solar cell. 
Adv. Energy Mater. 12(6), 2103491 (2022). https://​doi.​org/​
10.​1002/​aenm.​20210​3491

	 55.	 D.B. Khadka, Y. Shirai, M. Yanagida, K. Uto, K. Miyano, 
Analysis of degradation kinetics of halide perovskite solar 
cells induced by light and heat stress. Sol. Energy Mater. Sol. 
Cells 246, 111899 (2022). https://​doi.​org/​10.​1016/j.​solmat.​
2022.​111899

	 56.	 X. Liu, L. Chen, H. Xu, S. Jiang, Y. Zhou et al., Straightfor-
ward synthesis of beta zeolite encapsulated Pt nanoparticles 
for the transformation of 5-hydroxymethyl furfural into 2, 
5-furandicarboxylic acid. Chin. J. Catal. 42(6), 994–1003 
(2021). https://​doi.​org/​10.​1016/​S1872-​2067(20)​63720-2

	 57.	 M.-H. Sun, J. Zhou, Z.-Y. Hu, L.-H. Chen, L.-Y. Li et al., 
Hierarchical zeolite single-crystal reactor for excellent cata-
lytic efficiency. Matter 3(4), 1226–1245 (2020). https://​doi.​
org/​10.​1016/j.​matt.​2020.​07.​016

	 58.	 N. Wang, Q. Sun, T. Zhang, A. Mayoral, L. Li et al., Impreg-
nating subnanometer metallic nanocatalysts into self-pillared 
zeolite nanosheets. J. Am. Chem. Soc. 143(18), 6905–6914 
(2021). https://​doi.​org/​10.​1021/​jacs.​1c005​78

	 59.	 P. Cnudde, R. Demuynck, S. Vandenbrande, M. Waroquier, 
G. Sastre et al., Light olefin diffusion during the MTO pro-
cess on H-SAPO-34: a complex interplay of molecular fac-
tors. J. Am. Chem. Soc. 142(13), 6007–6017 (2020). https://​
doi.​org/​10.​1021/​jacs.​9b102​49

	 60.	 H. Kim, G. Park, S. Park, W. Kim, Strategies for manipulat-
ing phonon transport in solids. ACS Nano 15(2), 2182–2196 
(2021). https://​doi.​org/​10.​1021/​acsna​no.​0c104​11

	 61.	 W. Wang, J. Zhang, K. Lin, J. Wang, B. Hu et al., Heat diffu-
sion optimization in high performance perovskite solar cells 
integrated with zeolite. J. Energy Chem. 86, 308–317 (2023). 
https://​doi.​org/​10.​1016/j.​jechem.​2023.​07.​001

	 62.	 P. Fu, W. Qin, S. Bai, D. Yang, L. Chen et al., Integrating 
large-area perovskite solar module with thermoelectric gen-
erator for enhanced and stable power output. Nano Energy 
65, 104009 (2019). https://​doi.​org/​10.​1016/j.​nanoen.​2019.​
104009

	 63.	 F. Hao, P. Qiu, Y. Tang, S. Bai, T. Xing et al., High efficiency 
Bi2Te3-based materials and devices for thermoelectric power 
generation between 100 and 300 ℃. Energy Environ. Sci. 
9(10), 3120–3127 (2016). https://​doi.​org/​10.​1039/​C6EE0​
2017H

	 64.	 L. Xu, Y. Xiong, A. Mei, Y. Hu, Y. Rong et al., Efficient 
perovskite photovoltaic-thermoelectric hybrid device. Adv. 
Energy Mater. 8(13), 1702937 (2018). https://​doi.​org/​10.​
1002/​aenm.​20170​2937

	 65.	 Y. Deng, W. Zhu, Y. Wang, Y. Shi, Enhanced performance of 
solar-driven photovoltaic–thermoelectric hybrid system in an 
integrated design. Sol. Energy 88, 182–191 (2013). https://​
doi.​org/​10.​1016/j.​solen​er.​2012.​12.​002

	 66.	 Y. Vorobiev, J. González-Hernández, P. Vorobiev, L. Bulat, 
Thermal-photovoltaic solar hybrid system for efficient solar 
energy conversion. Sol. Energy 80(2), 170–176 (2006). 
https://​doi.​org/​10.​1016/j.​solen​er.​2005.​04.​022

	 67.	 X.-Z. Guo, Y.-D. Zhang, D. Qin, Y.-H. Luo, D.-M. Li et al., 
Hybrid tandem solar cell for concurrently converting light 
and heat energy with utilization of full solar spectrum. J. 
Power. Sources 195(22), 7684–7690 (2010). https://​doi.​org/​
10.​1016/j.​jpows​our.​2010.​05.​033

	 68.	 N. Wang, L. Han, H. He, N.-H. Park, K. Koumoto, A novel 
high-performance photovoltaic–thermoelectric hybrid device. 
Energy Environ. Sci. 4(9), 3676 (2011). https://​doi.​org/​10.​
1039/​c1ee0​1646f

	 69.	 Y. Zhang, J. Fang, C. He, H. Yan, Z. Wei et al., Integrated 
energy-harvesting system by combining the advantages of 
polymer solar cells and thermoelectric devices. J. Phys. 
Chem. C 117(47), 24685–24691 (2013). https://​doi.​org/​10.​
1021/​jp404​4573

	 70.	 J.J. Lee, D. Yoo, C. Park, H.H. Choi, J.H. Kim, All organic-
based solar cell and thermoelectric generator hybrid device 
system using highly conductive PEDOT: PSS film as organic 
thermoelectric generator. Sol. Energy 134, 479–483 (2016). 
https://​doi.​org/​10.​1016/j.​solen​er.​2016.​05.​006

	 71.	 D. Yang, X. Zhou, R. Yang, Z. Yang, W. Yu et al., Surface 
optimization to eliminate hysteresis for record efficiency 
planar perovskite solar cells. Energy Environ. Sci. 9(10), 
3071–3078 (2016). https://​doi.​org/​10.​1039/​C6EE0​2139E

	 72.	 J. Zhang, Y. Xuan, L. Yang, A novel choice for the photovol-
taic-thermoelectric hybrid system: the perovskite solar cell: 
energy conversion, storage, and management. Int. J. Energy 
Res. 40(10), 1400–1409 (2016). https://​doi.​org/​10.​1002/​er.​
3532

	 73.	 Z.Y. Liu, B. Sun, Y. Zhong, X.Y. Liu, J.H. Han et al., A novel 
choice for the photovoltaic-thermoelectric hybrid system: 

https://doi.org/10.1073/pnas.1711744114
https://doi.org/10.1073/pnas.1711744114
https://doi.org/10.1039/D0EE02859B
https://doi.org/10.1039/D0EE02859B
https://doi.org/10.1002/smll.202207092
https://doi.org/10.1002/smll.202207092
https://doi.org/10.1002/adfm.202308036
https://doi.org/10.1016/j.cej.2021.128461
https://doi.org/10.1016/j.cej.2021.128461
https://doi.org/10.1039/D4TA00784K
https://doi.org/10.1002/aenm.202103491
https://doi.org/10.1002/aenm.202103491
https://doi.org/10.1016/j.solmat.2022.111899
https://doi.org/10.1016/j.solmat.2022.111899
https://doi.org/10.1016/S1872-2067(20)63720-2
https://doi.org/10.1016/j.matt.2020.07.016
https://doi.org/10.1016/j.matt.2020.07.016
https://doi.org/10.1021/jacs.1c00578
https://doi.org/10.1021/jacs.9b10249
https://doi.org/10.1021/jacs.9b10249
https://doi.org/10.1021/acsnano.0c10411
https://doi.org/10.1016/j.jechem.2023.07.001
https://doi.org/10.1016/j.nanoen.2019.104009
https://doi.org/10.1016/j.nanoen.2019.104009
https://doi.org/10.1039/C6EE02017H
https://doi.org/10.1039/C6EE02017H
https://doi.org/10.1002/aenm.201702937
https://doi.org/10.1002/aenm.201702937
https://doi.org/10.1016/j.solener.2012.12.002
https://doi.org/10.1016/j.solener.2012.12.002
https://doi.org/10.1016/j.solener.2005.04.022
https://doi.org/10.1016/j.jpowsour.2010.05.033
https://doi.org/10.1016/j.jpowsour.2010.05.033
https://doi.org/10.1039/c1ee01646f
https://doi.org/10.1039/c1ee01646f
https://doi.org/10.1021/jp4044573
https://doi.org/10.1021/jp4044573
https://doi.org/10.1016/j.solener.2016.05.006
https://doi.org/10.1039/C6EE02139E
https://doi.org/10.1002/er.3532
https://doi.org/10.1002/er.3532


Nano-Micro Lett.          (2026) 18:207 	 Page 25 of 27    207 

the perovskite solar cell. Nano Energy 38, 456–466 (2017). 
https://​doi.​org/​10.​1016/j.​nanoen.​2017.​06.​016

	 74.	 H. Apostoleris, M. Stefancich, M. Chiesa, Tracking-inte-
grated systems for concentrating photovoltaics. Nat. Energy 
1(4), 16018 (2016). https://​doi.​org/​10.​1038/​nener​gy.​2016.​
18

	 75.	 P. Caprioglio, M. Stolterfoht, C.M. Wolff, T. Unold, B. Rech 
et al., On the relation between the open-circuit voltage and 
quasi-Fermi level splitting in efficient perovskite solar cells. 
Adv. Energy Mater. 9(33), 1901631 (2019). https://​doi.​org/​
10.​1002/​aenm.​20190​1631

	 76.	 Q. Guo, Y. Zhao, Q. Tang, J. Duan, Heat management strat-
egy for all-inorganic, full-spectral concentrator CsPbBr3/
Bi2Te3-integrated solar cells. Solar RRL 6(10), 2200570 
(2022). https://​doi.​org/​10.​1002/​solr.​20220​0570

	 77.	 H. Zhang, Y. Cheng, D.G. Lek, T. Liu, F. Lin et al., Mem-
brane-free redox flow cell based on thermally regenerative 
electrochemical cycle for concurrent electricity storage, 
cooling and waste heat harnessing of perovskite solar cells. 
J. Power. Sources 548, 232081 (2022). https://​doi.​org/​10.​
1016/j.​jpows​our.​2022.​232081

	 78.	 C. Gao, S.W. Lee, Y. Yang, Thermally regenerative electro-
chemical cycle for low-grade heat harvesting. ACS Energy 
Lett. 2(10), 2326–2334 (2017). https://​doi.​org/​10.​1021/​acsen​
ergyl​ett.​7b005​68

	 79.	 S.W. Lee, Y. Yang, H.-W. Lee, H. Ghasemi, D. Kraemer 
et al., An electrochemical system for efficiently harvesting 
low-grade heat energy. Nat. Commun. 5, 3942 (2014). https://​
doi.​org/​10.​1038/​ncomm​s4942

	 80.	 H. Zhang, F. Zhang, J. Yu, M. Zhou, W. Luo et al., Redox 
targeting-based thermally regenerative electrochemical cycle 
flow cell for enhanced low-grade heat harnessing. Adv. Mater. 
33(5), e2006234 (2021). https://​doi.​org/​10.​1002/​adma.​20200​
6234

	 81.	 J. Dumoulin, E. Drouard, M. Amara, Radiative sky cooling 
of solar cells: fundamental modelling and cooling potential 
of single-junction devices. Sustain. Energy Fuels 5(7), 2085–
2096 (2021). https://​doi.​org/​10.​1039/​D0SE0​1536A

	 82.	 A.P. Raman, M. Abou Anoma, L. Zhu, E. Rephaeli, S. Fan, 
Passive radiative cooling below ambient air temperature 
under direct sunlight. Nature 515(7528), 540–544 (2014). 
https://​doi.​org/​10.​1038/​natur​e13883

	 83.	 E. Lee, T. Luo, Black body-like radiative cooling for flex-
ible thin-film solar cells. Sol. Energy Mater. Sol. Cells 194, 
222–228 (2019). https://​doi.​org/​10.​1016/j.​solmat.​2019.​02.​
015

	 84.	 Y. Zhan, H. Yin, J. Wang, C. Fan, Enhanced performance of 
diurnal radiative cooling for solar cells based on a grating-
textured PDMS photonic structure. Mater. Today Commun. 
35, 106117 (2023). https://​doi.​org/​10.​1016/j.​mtcomm.​2023.​
106117

	 85.	 G. Perrakis, A.C. Tasolamprou, G. Kenanakis, E.N. Econo-
mou, S. Tzortzakis et  al., Submicron organic–inorganic 
hybrid radiative cooling coatings for stable, ultrathin, and 
lightweight solar cells. ACS Photonics 9(4), 1327–1337 
(2022). https://​doi.​org/​10.​1021/​acsph​otoni​cs.​1c019​35

	 86.	 H. Ma, K. Yao, S. Dou, M. Xiao, M. Dai et al., Multilayered 
SiO2/Si3N4 photonic emitter to achieve high-performance 
all-day radiative cooling. Sol. Energy Mater. Sol. Cells 212, 
110584 (2020). https://​doi.​org/​10.​1016/j.​solmat.​2020.​110584

	 87.	 R. Datt, S. Bishnoi, D. Hughes, P. Mahajan, A. Singh et al., 
Downconversion materials for perovskite solar cells. Solar 
RRL 6(8), 2200266 (2022). https://​doi.​org/​10.​1002/​solr.​
20220​0266

	 88.	 C.-S. Huang, K. Jakubowski, S. Ulrich, S. Yakunin, M. Clerc 
et al., Nano-domains assisted energy transfer in amphiphilic 
polymer conetworks for wearable luminescent solar concen-
trators. Nano Energy 76, 105039 (2020). https://​doi.​org/​10.​
1016/j.​nanoen.​2020.​105039

	 89.	 T. Trupke, M.A. Green, P. Würfel, Improving solar cell effi-
ciencies by up-conversion of sub-band-gap light. J. Appl. 
Phys. 92(7), 4117–4122 (2002). https://​doi.​org/​10.​1063/1.​
15056​77

	 90.	 X. Huang, S. Han, W. Huang, X. Liu, Enhancing solar cell 
efficiency: the search for luminescent materials as spectral 
converters. Chem. Soc. Rev. 42(1), 173–201 (2013). https://​
doi.​org/​10.​1039/​C2CS3​5288E

	 91.	 K. Li, D. Van, Enhancing the energy transfer from Mn4+ to 
Yb3+ via a Nd3+ bridge role in Ca3La2W2O12: Mn4+, Nd3+, 
Yb3+ phosphors for spectral conversion of c-Si solar cells. 
Dyes Pigm. 162, 990–997 (2019). https://​doi.​org/​10.​1016/j.​
dyepig.​2018.​11.​030

	 92.	 X. Liu, J. Qiu, Recent advances in energy transfer in bulk and 
nanoscale luminescent materials: from spectroscopy to appli-
cations. Chem. Soc. Rev. 44(23), 8714–8746 (2015). https://​
doi.​org/​10.​1039/​C5CS0​0067J

	 93.	 X. Qin, X. Liu, W. Huang, M. Bettinelli, X. Liu, Lanthanide-
activated phosphors based on 4f–5d optical transitions: theo-
retical and experimental aspects. Chem. Rev. 117(5), 4488–
4527 (2017). https://​doi.​org/​10.​1021/​acs.​chemr​ev.​6b006​91

	 94.	 B.S. Richards, Luminescent layers for enhanced silicon solar 
cell performance: down-conversion. Sol. Energy Mater. Sol. 
Cells 90(9), 1189–1207 (2006). https://​doi.​org/​10.​1016/j.​sol-
mat.​2005.​07.​001

	 95.	 B.M. van der Ende, L. Aarts, A. Meijerink, Lanthanide ions 
as spectral converters for solar cells. Phys. Chem. Chem. 
Phys. 11(47), 11081–11095 (2009). https://​doi.​org/​10.​1039/​
b9138​77c

	 96.	 J. Zheng, H. Mehrvarz, C. Liao, J. Bing, X. Cui et al., Large-
area 23%-efficient monolithic perovskite/homojunction-
silicon tandem solar cell with enhanced UV stability using 
down-shifting material. ACS Energy Lett. 4(11), 2623–2631 
(2019). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​9b017​83

	 97.	 J. Jia, J. Dong, J. Lin, Z. Lan, L. Fan et al., Improved pho-
tovoltaic performance of perovskite solar cells by utilizing 
down-conversion NaYF4: Eu3+ nanophosphors. J. Mater. 
Chem. C 7(4), 937–942 (2019). https://​doi.​org/​10.​1039/​
C8TC0​5864D

	 98.	 N.U. Rahman, W.U. Khan, S. Khan, X. Chen, J. Khan et al., 
A promising europium-based down conversion material: 
organic–inorganic perovskite solar cells with high photovol-
taic performance and UV-light stability. J. Mater. Chem. A 

https://doi.org/10.1016/j.nanoen.2017.06.016
https://doi.org/10.1038/nenergy.2016.18
https://doi.org/10.1038/nenergy.2016.18
https://doi.org/10.1002/aenm.201901631
https://doi.org/10.1002/aenm.201901631
https://doi.org/10.1002/solr.202200570
https://doi.org/10.1016/j.jpowsour.2022.232081
https://doi.org/10.1016/j.jpowsour.2022.232081
https://doi.org/10.1021/acsenergylett.7b00568
https://doi.org/10.1021/acsenergylett.7b00568
https://doi.org/10.1038/ncomms4942
https://doi.org/10.1038/ncomms4942
https://doi.org/10.1002/adma.202006234
https://doi.org/10.1002/adma.202006234
https://doi.org/10.1039/D0SE01536A
https://doi.org/10.1038/nature13883
https://doi.org/10.1016/j.solmat.2019.02.015
https://doi.org/10.1016/j.solmat.2019.02.015
https://doi.org/10.1016/j.mtcomm.2023.106117
https://doi.org/10.1016/j.mtcomm.2023.106117
https://doi.org/10.1021/acsphotonics.1c01935
https://doi.org/10.1016/j.solmat.2020.110584
https://doi.org/10.1002/solr.202200266
https://doi.org/10.1002/solr.202200266
https://doi.org/10.1016/j.nanoen.2020.105039
https://doi.org/10.1016/j.nanoen.2020.105039
https://doi.org/10.1063/1.1505677
https://doi.org/10.1063/1.1505677
https://doi.org/10.1039/C2CS35288E
https://doi.org/10.1039/C2CS35288E
https://doi.org/10.1016/j.dyepig.2018.11.030
https://doi.org/10.1016/j.dyepig.2018.11.030
https://doi.org/10.1039/C5CS00067J
https://doi.org/10.1039/C5CS00067J
https://doi.org/10.1021/acs.chemrev.6b00691
https://doi.org/10.1016/j.solmat.2005.07.001
https://doi.org/10.1016/j.solmat.2005.07.001
https://doi.org/10.1039/b913877c
https://doi.org/10.1039/b913877c
https://doi.org/10.1021/acsenergylett.9b01783
https://doi.org/10.1039/C8TC05864D
https://doi.org/10.1039/C8TC05864D


	 Nano-Micro Lett.          (2026) 18:207   207   Page 26 of 27

https://doi.org/10.1007/s40820-025-02047-x© The authors

7(11), 6467–6474 (2019). https://​doi.​org/​10.​1039/​C9TA0​
0551J

	 99.	 N.U. Rahman, W.U. Khan, W. Li, S. Khan, J. Khan et al., 
Simultaneous enhancement in performance and UV-light 
stability of organic–inorganic perovskite solar cells using a 
samarium-based down conversion material. J. Mater. Chem. 
A 7(1), 322–329 (2019). https://​doi.​org/​10.​1039/​C8TA0​
9362H

	100.	 L. Jiang, J. Zheng, W. Chen, Y. Huang, L. Hu et al., High-per-
formance perovskite solar cells with a weak covalent TiO2: 
Eu3+ mesoporous structure. ACS Appl. Energy Mater. 1(1), 
93–102 (2018). https://​doi.​org/​10.​1021/​acsaem.​7b000​08

	101.	 F. Bella, G. Griffini, J.-P. Correa-Baena, G. Saracco, M. 
Grätzel et al., Improving efficiency and stability of perovs-
kite solar cells with photocurable fluoropolymers. Science 
354(6309), 203–206 (2016). https://​doi.​org/​10.​1126/​scien​ce.​
aah40​46

	102.	 A. Gheno, T. Trigaud, J. Bouclé, P. Audebert, B. Ratier et al., 
Stability assessments on luminescent down-shifting mole-
cules for UV-protection of perovskite solar cells. Opt. Mater. 
75, 781–786 (2018). https://​doi.​org/​10.​1016/j.​optmat.​2017.​
11.​027

	103.	 J. Cao, X. Lv, P. Zhang, T.T. Chuong, B. Wu et al., Plant 
sunscreen and co(II)/(III) porphyrins for UV-resistant and 
thermally stable perovskite solar cells: from natural to arti-
ficial. Adv. Mater. 30(27), e1800568 (2018). https://​doi.​org/​
10.​1002/​adma.​20180​0568

	104.	 Q. Wang, X. Zhang, Z. Jin, J. Zhang, Z. Gao et al., Energy-
down-shift CsPbCl3: Mn quantum dots for boosting the effi-
ciency and stability of perovskite solar cells. ACS Energy 
Lett. 2(7), 1479–1486 (2017). https://​doi.​org/​10.​1021/​acsen​
ergyl​ett.​7b003​75

	105.	 Y.-C. Wang, S.-K. Huang, T. Nakamura, Y.-T. Kao, C.-H. 
Chiang et al., Quantum-assisted photoelectric gain effects in 
perovskite solar cells. NPG Asia Mater. 12, 54 (2020). https://​
doi.​org/​10.​1038/​s41427-​020-​00236-1

	106.	 Z. Hosseini, T. Ghanbari, Designing an efficient graphene 
quantum dot-filled luminescent down shifting layer to 
improve the stability and efficiency of perovskite solar cells 
by simple optical modeling. RSC Adv. 8(55), 31502–31509 
(2018). https://​doi.​org/​10.​1039/​C8RA0​6196C

	107.	 K.A. Bush, A.F. Palmstrom, Z.J. Yu, M. Boccard, R. 
Cheacharoen et al., 23.6%-efficient monolithic perovskite/sili-
con tandem solar cells with improved stability. Nat. Energy 
2(4), 17009 (2017). https://​doi.​org/​10.​1038/​nener​gy.​2017.9

	108.	 R. Santbergen, R. Mishima, T. Meguro, M. Hino, H. Uzu 
et al., Minimizing optical losses in monolithic perovskite/c-Si 
tandem solar cells with a flat top cell. Opt. Express 24(18), 
A1288–A1299 (2016). https://​doi.​org/​10.​1364/​OE.​24.​
0A1288

	109.	 Y. Wu, P. Zheng, J. Peng, M. Xu, Y. Chen et al., 27.6% 
perovskite/c-Si tandem solar cells using industrial fabri-
cated TOPCon device. Adv. Energy Mater. 12(27), 2200821 
(2022). https://​doi.​org/​10.​1002/​aenm.​20220​0821

	110.	 M. Filipič, P. Löper, B. Niesen, S. De Wolf, J. Krč et al., 
CH3NH3PbI3 perovskite/silicon tandem solar cells: 

characterization based optical simulations. Opt. Express 
23(7), A263–A278 (2015). https://​doi.​org/​10.​1364/​OE.​23.​
00A263

	111.	 Z. Yang, A. Rajagopal, C.-C. Chueh, S.B. Jo, B. Liu et al., 
Stable low-bandgap Pb-Sn binary perovskites for tandem 
solar cells. Adv. Mater. 28(40), 8990–8997 (2016). https://​
doi.​org/​10.​1002/​adma.​20160​2696

	112.	 C. Wang, Y. Zhao, T. Ma, Y. An, R. He et al., A universal 
close-space annealing strategy towards high-quality per-
ovskite absorbers enabling efficient all-perovskite tandem 
solar cells. Nat. Energy 7(8), 744–753 (2022). https://​doi.​
org/​10.​1038/​s41560-​022-​01076-9

	113.	 G.E. Eperon, T. Leijtens, K.A. Bush, R. Prasanna, T. Green 
et al., Perovskite-perovskite tandem photovoltaics with 
optimized band gaps. Science 354(6314), 861–865 (2016). 
https://​doi.​org/​10.​1126/​scien​ce.​aaf97​17

	114.	 T. Zhu, Y. Yang, Y. Liu, R. Lopez-Hallman, Z. Ma et al., 
Wireless portable light-weight self-charging power packs 
by perovskite-organic tandem solar cells integrated with 
solid-state asymmetric supercapacitors. Nano Energy 78, 
105397 (2020). https://​doi.​org/​10.​1016/j.​nanoen.​2020.​
105397

	115.	 J. Guo, Y. Wu, R. Sun, W. Wang, J. Guo et al., Suppress-
ing photo-oxidation of non-fullerene acceptors and their 
blends in organic solar cells by exploring material design 
and employing friendly stabilizers. J. Mater. Chem. A 7(43), 
25088–25101 (2019). https://​doi.​org/​10.​1039/​C9TA0​9961A

	116.	 W. Chen, J. Zhang, G. Xu, R. Xue, Y. Li et al., A semitrans-
parent inorganic perovskite film for overcoming ultraviolet 
light instability of organic solar cells and achieving 14.03% 
efficiency. Adv. Mater. 30(21), 1800855 (2018). https://​doi.​
org/​10.​1002/​adma.​20180​0855

	117.	 X. Chen, Z. Jia, Z. Chen, T. Jiang, L. Bai et al., Efficient 
and reproducible monolithic perovskite/organic tandem solar 
cells with low-loss interconnecting layers. Joule 4(7), 1594–
1606 (2020). https://​doi.​org/​10.​1016/j.​joule.​2020.​06.​006

	118.	 C. Li, Y. Wang, W.C.H. Choy, Efficient interconnection in 
perovskite tandem solar cells. Small Methods 4(7), 2000093 
(2020). https://​doi.​org/​10.​1002/​smtd.​20200​0093

	119.	 C. Yan, S. Barlow, Z. Wang, H. Yan, A.K.Y. Jen et al., Non-
fullerene acceptors for organic solar cells. Nat. Rev. Mater. 
3(3), 18003 (2018). https://​doi.​org/​10.​1038/​natre​vmats.​
2018.3

	120.	 K.O. Brinkmann, T. Becker, F. Zimmermann, C. Kreusel, 
T. Gahlmann et al., Perovskite-organic tandem solar cells 
with indium oxide interconnect. Nature 604(7905), 280–286 
(2022). https://​doi.​org/​10.​1038/​s41586-​022-​04455-0

	121.	 A. Andruszkiewicz, X. Zhang, M.B. Johansson, L. Yuan, 
E.M.J. Johansson, Perovskite and quantum dot tandem solar 
cells with interlayer modification for improved optical semi-
transparency and stability. Nanoscale 13(12), 6234–6240 
(2021). https://​doi.​org/​10.​1039/​D0NR0​8375E

	122.	 I. Moreels, K. Lambert, D. Smeets, D. De Muynck, T. Nol-
let et al., Size-dependent optical properties of colloidal PbS 
quantum dots. ACS Nano 3(10), 3023–3030 (2009). https://​
doi.​org/​10.​1021/​nn900​863a

https://doi.org/10.1039/C9TA00551J
https://doi.org/10.1039/C9TA00551J
https://doi.org/10.1039/C8TA09362H
https://doi.org/10.1039/C8TA09362H
https://doi.org/10.1021/acsaem.7b00008
https://doi.org/10.1126/science.aah4046
https://doi.org/10.1126/science.aah4046
https://doi.org/10.1016/j.optmat.2017.11.027
https://doi.org/10.1016/j.optmat.2017.11.027
https://doi.org/10.1002/adma.201800568
https://doi.org/10.1002/adma.201800568
https://doi.org/10.1021/acsenergylett.7b00375
https://doi.org/10.1021/acsenergylett.7b00375
https://doi.org/10.1038/s41427-020-00236-1
https://doi.org/10.1038/s41427-020-00236-1
https://doi.org/10.1039/C8RA06196C
https://doi.org/10.1038/nenergy.2017.9
https://doi.org/10.1364/OE.24.0A1288
https://doi.org/10.1364/OE.24.0A1288
https://doi.org/10.1002/aenm.202200821
https://doi.org/10.1364/OE.23.00A263
https://doi.org/10.1364/OE.23.00A263
https://doi.org/10.1002/adma.201602696
https://doi.org/10.1002/adma.201602696
https://doi.org/10.1038/s41560-022-01076-9
https://doi.org/10.1038/s41560-022-01076-9
https://doi.org/10.1126/science.aaf9717
https://doi.org/10.1016/j.nanoen.2020.105397
https://doi.org/10.1016/j.nanoen.2020.105397
https://doi.org/10.1039/C9TA09961A
https://doi.org/10.1002/adma.201800855
https://doi.org/10.1002/adma.201800855
https://doi.org/10.1016/j.joule.2020.06.006
https://doi.org/10.1002/smtd.202000093
https://doi.org/10.1038/natrevmats.2018.3
https://doi.org/10.1038/natrevmats.2018.3
https://doi.org/10.1038/s41586-022-04455-0
https://doi.org/10.1039/D0NR08375E
https://doi.org/10.1021/nn900863a
https://doi.org/10.1021/nn900863a


Nano-Micro Lett.          (2026) 18:207 	 Page 27 of 27    207 

	123.	 Y. Xia, S. Liu, K. Wang, X. Yang, L. Lian et al., Cation-
exchange synthesis of highly monodisperse PbS quantum 
dots from ZnS nanorods for efficient infrared solar cells. Adv. 
Funct. Mater. 30(4), 1907379 (2020). https://​doi.​org/​10.​1002/​
adfm.​20190​7379

	124.	 A. Manekkathodi, B. Chen, J. Kim, S.-W. Baek, B. Scheffel 
et al., Solution-processed perovskite-colloidal quantum dot 
tandem solar cells for photon collection beyond 1000 nm. J. 
Mater. Chem. A 7(45), 26020–26028 (2019). https://​doi.​org/​
10.​1039/​C9TA1​1462A

	125.	 A. Karani, L. Yang, S. Bai, M.H. Futscher, H.J. Snaith et al., 
Perovskite/colloidal quantum dot tandem solar cells: theoreti-
cal modeling and monolithic structure. ACS Energy Lett. 3(4), 
869–874 (2018). https://​doi.​org/​10.​1021/​acsen​ergyl​ett.​8b002​07

	126.	 R. Wang, T. Huang, J. Xue, J. Tong, K. Zhu et al., Prospects 
for metal halide perovskite-based tandem solar cells. Nat. 
Photonics 15(6), 411–425 (2021). https://​doi.​org/​10.​1038/​
s41566-​021-​00809-8

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1002/adfm.201907379
https://doi.org/10.1002/adfm.201907379
https://doi.org/10.1039/C9TA11462A
https://doi.org/10.1039/C9TA11462A
https://doi.org/10.1021/acsenergylett.8b00207
https://doi.org/10.1038/s41566-021-00809-8
https://doi.org/10.1038/s41566-021-00809-8

	Thermal Management Technologies for Improving the Thermal Stability of Perovskite Solar Cells
	Highlights
	Abstract 
	1 Introduction
	2 Thermal Degradation Mechanisms of PSCs
	3 Heat Generation Mechanisms in PSCs
	4 Strategies for Heat Dissipation within PSCs
	4.1 Innovative Thermal Conductivity Materials in Thermal Management of PSCs
	4.2 Thermoelectric Integration for Heat Management of PSCs
	4.3 Advanced Radiative Cooling for Efficient PSC Thermal Regulation

	5 Strategies for Reducing Heat Generation Within PSCs
	5.1 Minimizing Thermalization Losses in PSCs with DC Materials
	5.2 Minimizing Thermalization Losses in PSCs with Tandem Solar Cells

	6 Conclusions and Perspectives
	Acknowledgements 
	References


