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Abstract
Operational stability of perovskite solar cells is remarkably in�uenced by the device temperature,
therefore, decreasing the interior temperature of the device is one of the most effective approaches to
prolong the service life. Herein, we introduce the spontaneous radiative cooling effect into the perovskite
solar cell and amplify this effect via functional structure design of a full-carbon electrode (F-CE). Firstly,
by the aid of interfacial engineering, >19% and >23% power conversion e�ciencies of F-CE based
inorganic CsPbI3 and hybrid perovskite solar cells have been achieved, respectively, both of which are the
highest reported e�ciencies based on carbon electrode and are comparative to the results for metal
electrodes. Highly e�cient thermal radiation of this F-CE can reduce the temperature of the operating cell
by about 10°C. Compared with the conventional metal electrode-based control cells, the operational
stability of the above two types of cells have been signi�cantly improved due to this cooling effect.
Especially, the CsPbI3 PSCs exhibited no e�ciency degradation after 2000 hours continuous operational
tracking.

One-Sentence Summary: Thermal radiative cooling effect of full-carbon electrode enhances operational
stability of the perovskite solar cells.

Full Text
Solar cells are sensitive to the temperature, and the temperature enhancement will result in performance
degradation1-6. The elevated temperature of an operating cell mainly comes from the non-photoelectric
conversion of the absorbed solar energy7. For a cell with a power conversion e�ciency (PCE) of 25%, the
maximum heating power under 1 sun AM 1.5 G illumination could reach 750 W m-2. Typically for some
extreme conditions, this heating power can make the cell temperature exceeding 100°C8-9. This high
temperature is a severe threat to the cell operational stability, and also put forward higher demand to the
encapsulation reliability10. Among solar cells, perovskite solar cells (PSCs) are much more sensitive to
the elevated temperature11-16. Firstly, elevated temperature could cause the organic component
volatilization of perovskite absorber materials11,12, accelerate ion (defect) migration and phase
segregation13,14, and induce metastable crystal structure15,16. Secondly, elevated temperature could
change or destroy the microstructures of functional layers, even charge transporting ability of the organic
hole transporting material17,18. Thirdly, elevated temperature could induce and accelerate the atom or
component diffusion between different functional layers19,20.

Numerous works have been reported to overcome this operational stability issue based on improving the
heat resistance of functional layers of the cell. For instance, dimension regulation, additive engineering,
surface passivation, and process optimization routes are employed to suppress the decomposition or
phase transition of perovskite absorber layers at high temperatures21-24. A series of new hole transport
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layer materials with higher thermal stability have also been developed25,26. Although obvious progress
has been achieved in the past few years, the stability performance of the PSC is still less satisfactory
than commercialized inorganic solar cells.

Along with focusing on materials and interfacial stabilities, thermal management toward the complete
cell started to receive attention. The primary concept of thermal management has been introduced to the
PSC solar system by reducing the heating power and enhancing the heat dissipation, for example, doping
higher thermal conductivity materials, optimizing device geometrical structure, and attaching heat
spreaders etc.27-29. Under thermal equilibrium conditions, compared to improving interior thermal
conduction, enhancing the heat dissipation of the cell terminals actually plays a more critical role in
cooling the whole cell. In some practical applications, passive liquid �ow cooling or heat sink structures
have been integrated into the photovoltaic systems for this purpose; however, these external cooling
components would signi�cantly increase the photovoltaic installation and maintenance cost30-32. Thus, it
is still a challenge to actively cool the operating cell in a low-cost, easy scale-up and large-scale way.

Herein, we introduce the spontaneous radiative cooling effect into the PSC to enhance terminal heat
dissipation of the cell. This effect is realized by functional structure design of a full-carbon electrode (F-
CE) that simultaneously has high thermal emissivity and excellent electrical properties. Superior
interfacial contact and charge transporting ability of the F-CEs contribute to >19% and >23% PCEs of
inorganic CsPbI3 and hybrid PSCs, respectively, both of which are the highest reported
e�ciencies, comparative to the results for metal electrodes. The radiative cooling effect of the F-CEs can
reduce the temperature of the operating cell (AM 1.5 G, 1 sun) by  ~10°C. For operational stability test, no
PCE degradation was found in F-CE based CsPbI3 cell under continuously tracking over 2000 hours. For
low/high temperature-cycling test (-20/60 °C), the F-CE based CsPbI3 cell can sustain 95% of the initial
PCE over 100 cycles whereas the relative PCE of the Au electrode-based cell drops by >35%. These results
suggest that thermal radiative cooling approach of the F-CE electrode can provide a universal, convenient
and low-cost solution to overcome the e�ciency degradation of the cell induced by temperature elevation
during the cell operation.

Heat generation and dissipation properties of PSCs

We �rst demonstrate the heat generation and dissipation properties of the PSCs. As shown in Fig. 1a,
thermal conduction, convection and radiation are the three main heat dissipation pathways. Heat
generation properties caused by the light absorption of the PSC are experimentally estimated from light
re�ection/transmission and external quantum e�ciency spectra of the cell (Supplementary Figs. 1-2). It is
estimated that the cell absorbs ~97% of the entire sun illumination by the perovskite absorber layer (46%)
and other functional layers (51%) (see Fig. 1b). Considering 20% PCE, the heating power of the cell
illuminated under AM 1.5G (1 sun) is 770 W m-2. Using these parameters, the cell interior temperature is
simulated while considering various thermal radiation con�gurations (Supplementary Figs. 3-6 and
Supplementary Table 1). As presented in Fig. 1c, at room temperature, the interior temperature can reach
94.8°C if the cell does not have thermal radiative cooling. If the cell emits thermal radiation from a single
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surface, for example, the conductive glass surface, the temperature obviously decreases to 65.9°C. This
could be the practical condition of a PSC with metal back electrode. If the back electrode also emits
thermal radiation, the cell temperature will further decrease to 54.5°C, which can guarantee the cell
working under a relatively moderate condition. This cooling effect of the dual-face thermal radiation will
always work whatever the ambient temperature is. When the cell works in the vacuum, for example, in the
near space, this cell cooling effect bene�ting from the dual-face thermal radiation will be more impressive
(Supplementary Figs. 7).

Inspired by the simulation results, we have designed a triple-layer full-carbon back electrode (F-CE) to
realize dual-face thermal radiative cooling for PSCs, as schematically shown in Fig. 1d and
Supplementary Figs. 8. This F-CE is comprised of a mesoporous layer having excellent contact with the
hole transporting layer (HTL), a highly conductive graphite layer and a thermally radiative layer with
e�cient thermal radiation ability. Thermal radiative properties of varied electrodes are characterized by IR
apparent temperature TIR (measured with IR camera) and their real surface temperature T0 (measured by
thermocouple). When the T0 increases to 90°C, TIR of the Au electrode is 38.7°C (Fig. 1e). For another
alternative electrode, Sn: In2O3 (i.e., ITO), its TIR is 48.6°C. Comparatively, TIR of our triple-layer F-CE
reaches 89.5°C, very close to the T0. If the F-CE does not have the thermal radiative layer, its TIR is 66.4°C.

Thermal radiation ability of these electrodes is further quanti�ed by using emissivity (ε) 33, that is, ε
≈ (TIR/T0)4. The ε of the Au and ITO electrode are only 0.034 and 0.085 (Fig. 1f), respectively, and for the
simplest single-layer carbon electrode, its ε is 0.93. If a graphite layer is introduced to enhance the carbon
electrode conductance, the ε decreases to 0.3 (Fig. 1f and Supplementary Figs. 8). For our designed triple-
layer F-CE, the ε reaches 0.98, very close to an ideal black body. In addition, the triple-layer F-CE has large
charge conductance because of the interior graphite layer, which is suitable for the PSCs (Supplementary
Figs. 9).

Photovoltaic performance of PSCs

We use the F-CE to fabricate inorganic CsPbI3 and hybrid (FA0.97Cs0.03PbI0.97Br0.03) PSCs. The cell
structure of the CsPbI3 solar cell, comprising of FTO (F: SnO2) glass, TiO2, CsPbI3, spiro-OMeTAD and F-
CE, is shown in Fig. 2a. Carbon quantum dots (CQD) are introduced to improve the energy alignment of
the F-CE/HTL interface. The CQDs are synthesized from hydrothermal method and evenly dispersed in
water (Fig. 2b and Supplementary Figs. 10-11). These CQDs with the size of ~ 10 nm, can �ll into the
undulating area of the F-CE to reduce the surface roughness and modify the work function as well
(Supplementary Figs. 12-14). The F-CE is thermally pressed onto the top of the cell, which can guarantee
the F-CE robustly contacted with the HTL with adhesive force reaching 3.6 N cm-2, about two orders of
magnitude higher than that of the HTL/Au contact (0.07 N cm-2) (Supplementary Figs. 15). This is mainly
attributed to the thermal-press approach can make the CE and HTL embed into each other, which will
obviously change the �lm surface morphology and electrical potential (Fig. 2c and d). This not only
bene�ts for the charge interface transfer but also facilitates the heat conduction within the cell.
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With the designed F-CE, a record 19.68% PCE (steady-state PCE: 19.23%) has been achieved for the
CsPbI3 cell with short-circuit current density (JSC) of 20.36 mA cm-2, open-circuit voltage (VOC) of 1.170 V
and �ll factor (FF) of 0.826 (Fig. 2e, Supplementary Figs. 16-20, and Supplementary Table 2). In addition,
a certi�ed PCE of 19.6% (reverse scanning) is also obtained, comparable to the corresponding Au
electrode-based cell (PCE: 20.39%) (Supplementary Figs. 21). In the past few years, PCEs of the carbon-
based inorganic perovskite cells (including CsPbI3, CsPbI2Br, CsPbIBr2 and CsPbBr3) indeed rises linearly
(Fig. 2f, Supplementary Table 3). As in mid-2021, the highest reported PCE was ~15% while the PCE gap
between the Au and carbon-based devices has exceeded 5% in absolute value. Our current result has
already narrowed the PCE gap to <1.0%. Besides the CsPbI3 cells, the state-of-the-art carbon-based hybrid
PSCs have also been achieved with 23.5% PCE (Supplementary Figs. 22-24). These results demonstrate
that the F-CE is a promising electrode technology for the PSCs.

Phase stability of CsPbI3

We further experimentally evaluate the cooling effect of the F-CE on the temperature of the operating cell
under AM 1.5 G illumination (Fig. 3a-b). It is found that, the F-CE can reduce the cell surface temperature
by ~10°C, from 53.1 (Au electrode) to 45.2 °C; under 2 sun illumination, the cell temperature will reduce
from 73.6 to 62.7 °C (Supplementary Figs. 25). This cooling effect will signi�cantly enhance the ambient
phase stability of the CsPbI3 �lm in the cell. As indicated by time-dependent X-ray diffraction (XRD)
shown in Fig. 3c-d, β-phase CsPbI3 in the Au based PSC gradually transforms into δ-phase after being
illuminated for several hours in ambient conditions. Comparatively, the CsPbI3 in the F-CE based PSC
exhibits stable β-phase and constant XRD intensity in the whole illumination aging duration. It is also
demonstrated that the temperature itself has obvious in�uence on the shelf life of the cell. Elevated
temperature (such as 65°C) can easily cause PCE degradation and CsPbI3 phase transition in a complete
cell, whereas only 10°C reduction will effectively improve the device stability (Supplementary Figs. 26-
27). 

Stability performance of PSCs

Lastly, we used different aging processes to evaluate the operational stability of the cells. After working
at the maximum power point (MPP) under AM 1.5 G (1 sun) for 3000 s in ambient conditions, no PCE
degradation can be found for the F-CE based unencapsulated cell, whereas the PCE of the Au-based cell
dropped to 92% of its initial value (Fig. 4a). Under concentrated 10 suns illumination, the PCE of the F-CE
based cell only decreased to 94% of its initial value, whereas the PCE of the Au electrode-based cell
obviously dropped to 78% (Fig. 4b, and Supplementary Figs. 28-29). We further tracked 2000 hour’s
operational stability in N2 atmosphere while keeping the cell continuously working under a steady-state

bias voltage (0.95 V) and white LED illumination (initial cell current density 20 mA cm-2). The PCE of the
F-CE based cell slightly increased in the �rst 400 hours, then kept almost constant from 500 to 2000
hours (Fig. 4c). To the best of our knowledge, this is one of the best operational stability results among
the CsPbI3 solar cells reported so far (Supplementary Table 4). Instead, the PCE of the Au based cell
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continuously degraded in the whole aging process, only sustaining 82% of its initial PCE after 2000
hours. Finally, we conducted low-high temperature (-20/60°C) aging test (Fig. 4d). The temperature range
between -20 and 60°C was cycled for 100 times by using a semiconductor cooling plate, and the time
duration at each temperature in one cycle is 15 min. After the aging process, the PCE of the Au-based cell
dropped to <70% of its initial value while the F-CE based cell still can sustain 95% of its initial value. This
better temperature-cycling stability mainly bene�ts from both the temperature buffering effect of the F-CE
and the robust HTL/F-CE interface contact (Supplementary Figs. 30).

Conclusions
In this work, we have developed a thermal radiative cooling approach to enhance terminal heat
dissipation of the PSC. This effect is realized by the spontaneous radiative cooling effect of a three-layer
full-carbon electrode (F-CE), which simultaneously has high thermal emissivity and excellent electrical
properties. On the one hand, the superior interfacial contact and charge transporting ability of the F-CEs
contribute to > 19% and > 23% PCEs of inorganic CsPbI3 and hybrid PSCs, respectively, both of which are
the highest reported e�ciencies based on carbon electrode, comparable to PCEs for metal electrodes.
Besides, highly e�cient thermal radiation of this F-CE can reduce the temperature of the operating cell by
about 10°C. This F-CE based cell exhibits excellent operational stability with almost no e�ciency
degradation after 2000 hours of continuous operational tracking. Our work provides a robust solution to
enhancing the operational stability of PSCs based on the F-CEs by the aid of thermal radiative cooling
effect, which thus will facilitate the commercialization of PSCs.

Methods
Materials. Lead (II) iodide (PbI2, 99.9985%), SnO2 colloidal dispersion (tin (IV) oxide, 15% in H2O colloidal
dispersion) and chlorobenzene (CB, 99.9%) were purchased from Alfa Aesar. Formamidinium iodide (FAI,
99.5%) formamidinium bromide (FABr, 99.5%) and methylammonium chloride (MACl, 99.5%) were
purchased by Xi’an Polymer Light Technology Corp. Cesium iodide (CsI, 99.9%) were purchased from
Sigma-Aldrich. Hydroidic acid (HI, 55.0–58.0%), Trimethylphenylammonium iodide (TPAI, 99%) was
purchased from Aladdin. The N, N-Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), chlorobenzene
(CB), and 4-tert-butylpyridine (TBP, 99.999%) were purchased from Alfa Aesar. Spiro-OMeTAD was
purchased from Luminescence Technology Corp. (Lumtec). bis(tri�uoromethane)sulfonimide lithium salt
(LiTFSI) was from Sigma-Aldrich (99.9985%), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt
(III)tris(bis(tri�uoromethylsulfonyl)imide) (FK209 Co (III) TFSI) were from Dyesol. Unless stated otherwise,
solvents and chemicals were obtained commercially and were used without further puri�cation. The
DMAPbI3 and conductive carbon paste was homemade using the methods reported by the previous

literatures 34, 35.

Precursor solution preparation. (1) Electron transport layer (ETL) solution: The TiO2 sol-gel precursors
solution was prepared by dissolving 0.125 M titanium isopropoxide and 0.125 M HCl in n-butylalcohol.
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(2) Inorganic perovskite solution: The perovskite precursor solution was prepared by dissolving 462.7 mg
DMAPbI3, 189.6 mg CsI and 0.3 mg thiocyanate molten salt in 1 ml of DMF/DMSO mixed solvent (v: v = 

8.5: 1.5), more details can be seen in our previous work 34. The precursor solution was stirred for 5 hours
at room temperature and was �ltered before use. (3) Organic-inorganic hybrid perovskite solution: The
perovskite precursor solution was prepared by dissolving 800.3 mg PbI2, 275.2 mg FAI, 6.0 mg FABr, 12.5
mg CsI and 34.9 mg MACl in 1 ml of DMF/DMSO mixed solvent (v: v = 8.5: 1.5). The precursor solution
was stirred for 5 hours at room temperature and was �ltered before use. (4) Hole transport layer (HTL)
solution: The spiro-OMeTAD solution was prepared by dissolving spiro-OMeTAD in CB (60 mM) with the
additives of Li-TFSI, FK209 and TBP at doping molar ratios of 0.5, 0.03 and 3.3.

Carbon quantum dots (CQDs) synthesis. CQDs were prepared as follows, citric acid (1.0507 g) and
ethylenediamine (335 µL) was dissolved in DI-water (10 mL). Then the solution was transferred to a
poly(tetra�uoroethylene) (Te�on)-lined autoclave (30 mL) and heated at 200 ℃ for 5 h. After the reaction,
the reactors were cooled to room temperature by naturally. The product, which was brown-black and
transparent, was subjected to dialysis in order to obtained the CQDs.

Carbon electrode (CE) fabrication. Firstly, the lab-made conductive-carbon paste was coated on carbon
graphite paper substrate by doctor-blading, forming wet carbon �lms. Then, the carbon �lms were soaked
into ethanol for 10 min at room temperature to remove residual solvent, obtaining C1 �lms. In order to
obtain a carbon �lm modi�ed with CDs (C2 �lms), C1 is continuously soaked in an aqueous solution of
carbon quantum dots for 2 minutes. Furthermore, in order to obtain the full-carbon electrode (F-CE), a
carbon �lm can be scraped on the back of the carbon graphite paper corresponding to the C1 and C2
carbon �lms for heat radiation heat dissipation.

Solar cell fabrication. (1) FTO substrates preparation: Laser-patterned FTO glass (sheet resistance of 8.5
Ω sq− 1) was sequentially cleaned with a mild detergent, alkali liquor, distilled water, and ethanol in an
ultrasonic bath. The substrate was treated with ozone for 30 min prior to use. The size of the substrate
for preparing small-area (0.09 cm− 1) cells is 1.5 × 1.5 cm2. The size of the substrate for preparing large-
area (1.0 cm− 1) cells is 2.0 × 3.0 cm2. (2) ETL fabrication: The compact TiO2 layer was deposited on the
FTO glass with a 0.125 M titanium (IV) isopropoxide sol-gel precursor solution by spin coating at 3000
rpm (with a ramping rate of 2000 rpm s− 1), and then the samples were sintered at 500℃ for 1 h. To
further improve the electron transport capability, the compact TiO2 layer was treated with 0.025 M TiCl4
aqueous solution for 30 min, and then the samples were sintered at 500℃ for 1 h. For the ETL used in
organic-inorganic perovskite solar cells (PSCs), a thin SnO2 layer needs to be spin coated onto the pre-
cleaned TiO2 substrate using a SnO2 colloidal dispersion solution in water (1.50%) at 5000 rpm for 30 s
and annealed at 150°C for 30 min in ambient atmosphere. (3) Inorganic perovskite �lms: Perovskite �lms
were fabricated by two-step annealing method. In details, the CsPbI3 active layer was spin-coated on 50°C

pre-warmed TiO2/FTO substrate (1500 rpm for 10 s with a ramping rate of 500 rpm s− 1 and subsequently

at 4000 rpm for 30 s with a ramping rate of 1500 rpm s− 1). spin-coated at. After spin-coated, the
precursor �lms were �rstly placed onto the hotplate with 70°C for about 3 min (depends on the color of
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the �lm) to afford the transition �lm. Subsequently, the substrates were placed onto the hotplate with
200°C for 10 min in dry air (~ 15% RH) to evaporate the solvents and further enhance the crystallization
of perovskites. (4) Organic-inorganic perovskite �lms: Perovskite �lms were fabricated by anti-solvent
single-step spin-coating method. In details, the perovskite precursor solution was spin-coated at 1000 rpm
for 10 s with a ramping rate of 500 rpm s− 1 and subsequently at 5000 rpm for 30 s with a ramping rate of
1500 rpm s− 1, CB (120 µL) was poured onto the substrate at 15 s during the high-speed stage. The half-
crystallization �lm was heated at 150°C for 10 min in dry air (RH: 20 ~ 30%). After cooling down, 1.3
mg/mL of TPAI in chloroform was spin-coated at 3000 rpm to passivate the surface of perovskite �lms.
(5) HTL �lms: To make a HTL based on spiro-OMeTAD, 20 µl of spiro-OMeTAD (60 mM) was spin-coated
on the top of perovskite layer at the speed of 3000 rpm (with a ramping rate of 2000 rpm s− 1) for 30 s in
a N2-�lled glovebox. The �lms were heated at 60 ℃ for 8 min. (6) Electrode fabrication: For Au electrode-
based devices, Au electrode about 80 nm was deposited via thermal evaporation under the vacuum of 10 
− 7 Torr. For carbon electrode-based devices, two kinds of carbon �lms were directly pressed onto spiro-
OMeTAD layer under a pressure of 0.7 MPa, more details can be seen in our previous work.

Characterization. UV-Vis transmission and re�ection properties (200–3000 nm) was recorded on a
spectrophotometer (UV-3600plus, Shimadzu, Japan). The background noise was subtracted before
testing. XRD patterns were performed by using 40 kV, 40 mA Cu Kα (λ = 0.15406 nm) radiation by Mini
Flex 600 (Rigaku, Japan). Surface morphologies of carbon �lms and complete device were studied by
scanning electron microscopy (SEM, Sigma 300, Zeiss, Germany). The transmission-electron microscopy
(TEM) images were obtained on JEM-F200CF (JEOL). The Atomic force microscopy (AFM) and Kelvin
probe force microscopy (KPFM) measurements were carried out on atomic force microscope (Multimode
9, Bruker, Germany) at room temperature and in the dark. The Tapping mode AFM (TM-AFM) and KPFM
(TM-KPFM) were used to probe top-view surface morphologies and surface potential, respectively.
Infrared imaging measurements were carried out at room temperature (~ 25°C) by using a FLIR thermal
infrared camera (FLIR ONE Pro, FLIR, USA). Optical images of samples were measured on metallographic
microscope (OLYMPUS, BX61). The CQDs for Fourier transform infrared (FT-IR) characterization were
dispersed in deionized water. FT-IR spectra were performed on TENSOR 27 spectrometer. The Current
density-voltage (J-V) characteristics were measured with Keithley 2602 source meter with a scan rate of
50 mV s− 1 under AM 1.5G (100 mW cm− 2) irradiance from solar simulated (Zolix SS150A). The light
intensity of 100 mW cm− 2 was calibrated by using a standard silicon solar cell. The solar cells were
masked with a black mask to de�ne the active area of 0.09 cm2 and 1.0 cm2, respectively. J-V
measurements of non-encapsulated solar cells were performed at ambient condition, the scanning speed
was 50 mV s− 1 with a delay time of 0.3 s. The External quantum e�ciency (EQE) of non-encapsulated
solar cells were measured in air on Enli Technology (Taiwan) EQE system. A standard-monocrystalline
silicon cell was used as the reference for EQE tests. No pre-light soaking and pre-bias were applied over
the measurement time. The Adhesion between different electrodes and HTL tested by tape-tear method.
The strength of the adhesion can be re�ected by the peak reading of the tension meter (HANDPI, HP-100)
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Stability test. The stability studies involved in this work were all on unencapsulated devices. The devices
operating the normal and concentrated AM 1.5 illumination in ambient condition, respectively. The
devices were constantly cooled by blasting air stream onto the devices (FTO side) with the device surface
measuring approximately 25°C. The long-term operation stability of the devices was tested under
continuous white LED illumination in N2 atmosphere and constant bias voltage applied. The devices for
thermal cycle stability were placed on a temperature control platform in N2 glove box, and a certain
program is used to perform high and low temperature cycles.

Heat-Transfer simulations. Finite-element (FEM) heat transfer simulations were performed using
COMSOL Multiphysics (COMSOL, Inc.). The Glass, perovskite, spiro-OMeTAD and Au electrode with the
dimensions of 0.5×0.5×2.0 mm3, 0.5×0.5×0.0005 mm3, 0.5×0.5×0.0002 mm3, and 0.5×0.5×0.00008 mm3

was modeled, respectively. The initial temperature was set to 25℃ in the entire model. No temperature
boundary conditions were applied. To simplify the model, we equivalent the perovskite absorption layer
under 1 Suns with heat �uxes of 7.0×108 W m3. The heat transfer analysis required speci�cation of
thermal conductivity, speci�c heat density in this study which are listed in Supplementary Table 1.
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Figures

Figure 1

Thermal properties of the PSC and the radiative F-CE. a, Schematic diagram of the sun illumination and
heat dissipation pathways of the cell. b, Absorption of the AM 1.5 G solar irradiance spectrum by different
parts of the cell, estimated from cell external quantum e�ciency and re�ection/transmission spectra. c,
Simulated cell temperature under heating power of 770 W m-2. d, Schematic diagram of the designed
triple-layer F-CE comprising of mesoporous contacting, transporting and thermal radiative layers. e, IR
camera measured temperature of varied electrodes having surface temperature of about 90 °C. f,
Emissivity and conductance of the electrodes.
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Figure 2

F-CE-based CsPbI3 solar cell. a, Structure of the cell and the F-CE. Carbon quantum dots (CQD) are used
to engineer the rear interface (the thermal radiative layer: dense carbon �lm; transporting layer: graphite
paper; contacting layer: porous carbon �lm). b, Photos of the CQD solution and its photoluminescence,
and high-resolution transmission electron microscope image of the CQDs. Scale bar: 10 nm. Inset: lattice
fringe image. c, d, Surface morphology and contacting potential difference (CPD) of the fresh HTL and F-
CE (c) and of them disassembled from the cell (d), respectively. Scale bar: 1 μm. e, Current-voltage (I-V)
characteristics of champion cells with Au electrode and F-CE, respectively. f, PCE progress of the carbon
electrode (CE) based inorganic CsPb(I, Br)3 PSCs. 
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Figure 3

In�uence of F-CE on the cell temperature and CsPbI3 phase stability. a, Temperature measurement of an
operating PSC under AM 1.5 G illumination. b, In�uence of electrode on the cell temperature. c, d, Time-
dependent X-ray diffraction patterns of the CsPbI3 in the cells with varied electrodes under continuous

light illumination (LED, about 6×105 lx).
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Figure 4

Operational stability test of the cell. a, b, PCE tracking of the cells operating under normal and 10×
concentrated AM 1.5G illumination in ambient conditions. c, 2000 h PCE tracking of the cells
continuously operating under light illumination (initial cell current density 20 mA cm-2) and bias voltage
(0.95 V) in N2 atmosphere. d, Low (-20°C) -high (60°C) temperature cycling test in N2 atmosphere for 100
cycles.
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