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Perovskite solar cells (PSCs) have garnered significant attention in the photovoltaic field owing to their exceptional

photoelectric properties, including high light absorption, extensive carrier diffusion distance, and an adjustable

band gap. Temperature is a crucial factor influencing both the preparation and performance of perovskite solar

cells. The annealing temperature exerts a pronounced impact on the device structure, while the operational

temperature influences carrier transport, perovskite band gap, and interface properties. 

temperature  annealing  perovskite  hole transport layer

1. Introduction

Solar energy represents a sustainable and environmentally friendly power source, with solar photovoltaic devices

serving as instrumental tools for converting solar energy into electricity. Over the past decade, perovskite solar

cells (PSCs) have undergone rapid development, capturing widespread attention and engendering substantial

research interest within the global scientific community . The exceptional properties of perovskite, including a

broad light absorption range, extensive carrier diffusion length, and low exciton binding energy, underscore its

potential for widespread application . As the conversion rate of PSCs continues to advance, there is an optimistic

anticipation of their large-scale commercial production. Some experts even project the feasibility of achieving mass

production of perovskite photovoltaics by the year 2025 .

PSCs can be generally divided into two categories: flexible perovskite solar cells (FPSCs) and rigid perovskite

solar cells. FPSCs usually use a polymer substrate (e.g., polyethylene 2, 6-naphthalene diformate (PEN), or

polyethylene terephthalate (PET)), and these polymer substrates have poor stability at high temperatures.

Therefore, FPSCs usually need to be prepared under low-temperature conditions, and the preparation temperature

of TiOx and NiOx is relatively high, so FPSCs are not suitable for the high-temperature preparation step of such

substances. In PSCs, the perovskite layer is sandwiched between the electron transport layer (ETL) and the hole

transport layer (HTL). PSCs mainly have two different structural types: normal (n-i-p structure, including

mesoscopic structure) and inverted structure (p-i-n structure). Due to the high preparation temperature of

mesoporous structures, they are generally not suitable for inverted structures. n-i-p-structured devices are

constructed of transparent electrode/electron transport layer/mesoporous layer/perovskite layer/hole transport

layer/counter electrode. The mesoporous layer is a scaffold, and perovskite material is filled in the mesoporous

layer, which is responsible for assisting the separation of photogenerated carriers and avoiding direct contact

between the HTL and the ETL. Sunlight passes through the transparent electrode and the ETL before it is

absorbed by the perovskite film and finally converted into free carriers. The holes are transferred to the outer circuit
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along the HTL and the opposite electrode. Electrons are transferred to the external circuit along the electron

transport layer and transparent electrode. In the planar structure, the perovskite film is deposited on the carrier

transport layer, and direct contact is formed between the two functional layers, which simplifies the device

preparation process.

In contrast to the normal planar structure, the inverted planar structure first deposits HTL on the substrate. p-i-n-

structured devices are constructed of transparent electrode/HTL/perovskite layer/ETL/metal electrode. The

perovskite film absorbs sunlight after passing through transparent electrodes and HTL and is finally converted into

free carriers. The electrons and holes are transferred from the metal electrode and the transparent electrode to the

external circuit, respectively.

Since normal PSCs have a different structure from the inverted PSCs, the ETL and HTL need to have different

characteristics. The structure of PSCs as shown in Figure 1. For normal PSCs, since HTL is located on top of the

perovskite layer, it needs to be highly hydrophobic. It can act as an effective protective layer for perovskite against

moisture exposure. However, in inverted PSCs, HTL is deposited first. Then, perovskite is deposited on top of HTL,

so HTL for inverted PSCs requires suitable surface wettability as a substrate for subsequent deposition and

crystallization of perovskite . In addition, since sunlight needs to pass through HTL first, the light transmissivity of

HTL in inverted PSCs will also affect the light absorption efficiency of the perovskite layer . In addition, the HTL

thickness of inverted devices is always thin, so the requirement for hole mobility is not as high as that of

conventional devices .

Figure 1. The structure of PSCs.

The fabrication of PSCs almost invariably involves high-temperature annealing . This crucial step not only

enhances film quality by increasing grain size, eliminating inter-grain cracks, and achieving a compact, smooth film

but also boosts light absorption, reduces internal defects, and extends carrier lifetime. Consequently, annealing

temperature emerges as a pivotal factor significantly influencing both the fabrication process and the performance

of PSCs . In summary, temperature exerts influence across various aspects: (i) concerning the electron

transport layer (ETL), it accelerates crystallization, eliminates defects, and enhances substrate adhesion; (ii)

alongside the conventional hotplate annealing method, new approaches such as rapid thermal annealing (RTA),
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intense pulsed light (IPL), liquid medium annealing (LMA), and post-annealing microwave treatment (MPAT) have

emerged; (iii) the actual operational environment, marked by fluctuating temperatures, significantly impacts the

performance of photovoltaic devices, altering the band gap of the light-absorbing layer and influencing carrier

transport at the interface.

2. Temperature Control in Processing and Preparation

2.1. Electron Transport Layer

2.1.1. TiO

The TiO  is generally used as the ETLs of PSCs, which guarantee electron injection from the perovskite layer to

the ETL by direct contact, and its VBM is at a shallow position, which gives TiO  excellent hole-blocking properties.

In addition, it is easy to control the morphology well, and its refractive index is low. There are many methods to

prepare TiO2 layers for PSCs, such as spin-coating (hydrolysis , nanoparticles ), spray pyrolysis , chemical

bath deposition (CBD) , atomic layer deposition (ALD) , and electrochemical deposition .

2.1.2. ZnO

ZnO is a widely used ETL material that has attracted much attention. ZnO is a semiconductor material with a direct

band gap (3.11–3.36 eV) with an exciton binding energy of 60 meV. Compared with TiO , ZnO has higher electron

mobility and lower growth temperature. In addition, ZnO-based PSCs are superior in fulfilling application demands

owing to their relatively lower cost, more straightforward deposition process, milder sintering temperatures, and

higher electron mobility (~200 cm /Vs). It is stable, low in price, provides environmental protection, and has other

chemical characteristics. Since ZnO is almost soluble in water, it is often used for solution-based processing at

lower temperatures. Its appearance is a white to yellowish-white crystalline substance. There are three forms of

ZnO: cubic zinc blende, hexagonal wurtzite, and cubic rock salt .

2.1.3. SnO

SnO  is an efficient ETL material with excellent bulk electron mobility, deep conduction bands, and good energy

levels. SnO  exhibits excellent chemical stability, U.V. resistance, good antireflection, and less photocatalytic

activity. In addition, SnO  has a small refractive index and wide optical band gap (3.6–4.0 eV), resulting in high

transmittance across the entire visible spectrum . SnO2 compact ETLs were prepared through a simple sol–gel

technique and used for the first time as an ETL in PSCs by Dong et al. in 2015 , the sintering process in a

furnace at 450 °C. The best PCE is 9.83%.

2.1.4. PCBM

Phenyl-C61-methyl butyrate (PCBM) is one of the most used ETL materials in inverted PSCs. PCBM is considered

to be a good electron acceptor (Lewis acid) and is inactivative to the perovskite layer . PCBM was first used to

invert PSCs in 2013 . Lam et al. used PCBM as an ETL to understand the high performance of MAPbI3 solar
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cells . It was found that PCBM plays a decisive role in inhibiting halide ion migration in the perovskite layer

through halide-π non-covalent interaction. This interaction increases electron transport in the ETL .

2.2. Hole Transport Layer

The role of the hole transport layer is to transport holes to the TCO. Therefore, hole transport layer (HTL) materials

should have high hole mobility and be able to block electrons. The hole transport layer should also have a certain

degree of stability, not readily react with adjacent layers, and not quickly decompose under wet and high-

temperature conditions. To save the cost of preparing PSCs entirely, studying HTL materials that can be prepared

at lower temperatures is necessary. Materials commonly used as hole transport layers include spiro-OMeTAD,

PTAA , PEDOT:PSS, and NiOx.

2.2.1. NiOx

NiO is a direct bandgap inorganic material with a band gap range of 3.6~4.0 eV and a work function of 5.4 eV . It

has the characteristics of high light transmission and electron blocking and should have good ohmic contact with

the electrode. NiO also has good thermal stability, reasonable price, and abundant reserves and is often used for

inverted PSCs. Studies have found that inorganic materials have good stability, carrier mobility, and lower cost.

There are many preparation methods for NiO.

2.2.2. Polymer Material

Currently, the commonly used polymer HTL for inverted PSCs is PTAA, and spiro-OMeTAD is often used in normal

PSCs. Polymer-based PSCs can be prepared at relatively lower temperatures than conventional PSCs.

Spiro-OMeTAD was first applied to the hole transport layer of PSCs in 2012, providing significantly improved

stability compared to liquid junction PSCs . Many devices that have set PSC efficiency records have used Spiro-

OMeTAD as the hole transport layer . Spiro-OMeTAD is easy to process, matches the common perovskite

absorption layer level, and has good hole conductivity. A smooth, uniform, and pinhole-free Spiro-OMeTAD can be

obtained using solvents such as chloroform, which is conducive to improving its overall performance. The glass

transition temperature of Spiro-OMeTAD is approximately 125 °C . Using dopants such as TBP and Li-TFSI can

enhance the electrical conductivity and reduce this temperature to below 100 °C .

2.3. Perovskite Layer

In organic and inorganic metal perovskite halide ABX , A represents a valence organic or inorganic cation, such as

formamidine ion (HC(NH ) ), ammonium (CH NH ), cesium ion (Cs ), rubidium ion (Rb ), or a variety of cations

mixed; B represents divalent metal cations, such as lead ion (Pb ), tin ion (Sn ), germanium ion (Ge ), or a

mixture of metal ions, etc. X represents a single halogen anion, such as bromine ion (Br ), iodide ion (I ), chloride

ion (Cl ), or a mixture of halogen ions.

2.3.1. Effect of Annealing Temperature on Perovskite Material
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The crystallization process of perovskite is an essential factor affecting the quality of the film, and the film

preparation temperature plays a crucial role in the crystallization, nucleation, and growth process of perovskite.

Researchers have carried out much work on the preparation temperature of the film. The perovskite solution, which

is still in the solution state after the spin coating, contains a complex internal crystalline phase regulated by the

intermediate phase of the polar solvent . In addition to regulating the crystal structure of perovskite, annealing

can also evaporate the solution and promote the transformation of perovskite mesophase into pure α phase .

2.3.2. Annealing Methods

High-performance perovskite devices need to prepare perovskite films with high crystallinity and good surface

morphology . Most current methods for preparing PSCs involve depositing a perovskite precursor solution,

adding antisolvent (AS) such as chlorobenzene to induce nucleation, and finally, thermal annealing to vaporize the

solvent and promote the crystallization of the perovskite in the desired form . However, this traditional annealing

method cannot recover organic solvents, causes much waste, and cannot be applied in large-area preparation.

The perovskite layer needs to be annealed at more than 100 °C for 30 min, resulting in a significant increase in

manufacturing costs. Hence, people began to work on other low-temperature, rapid annealing methods, such as

the solvent vapor annealing method , flash infrared annealing method (FIRA) , and intense pulsed light

annealing .

2.3.3. Effect of Temperature on Perovskite under Working Conditions

The performance of the perovskite light absorption layer depends on the electronic structure and other microscopic

characteristics, such as band gap carrier effective mass, among which the band gap size is closely related to its

light absorption capacity. In addition to the intrinsic structural factors, temperature is one of the critical external

factors affecting the material band gap: experiments have found that perovskite materials change band gap at

different temperatures, and the band gap of perovskite materials increases with the increase in temperature, which

has a significant impact on the photoelectric properties. Studies have shown that the change in material band gap

with temperature is mainly caused by two aspects: lattice thermal expansion and lattice thermal vibration.

3. Temperature Coefficient of Perovskite Cells in Operation

The temperature of the working environment has a strong influence on the stability and performance of the

perovskite layer. For example, the band gap, surface tension, charge diffusion, and recombination process will

adjust with the temperature change . A positive temperature coefficient (T.C.) value means the performance

increases with increasing temperature, while a negative T.C. value means the performance decreases with

increasing temperature . a-Si, CdTe, and cupric indium gallium selenide (CIGS) are negative T.C. values for thin

film solar cells . The T.C. of PSCs is between 0.18%/K  and 0.33%/K , and several studies also show

nonlinear T.C.

Methylammonium lead iodide (CH NH PbI , MAPbI ) perovskite exhibits two phase transitions, one occurring

under actual working conditions (310 K). Compared with MAPbI , triatomic perovskite exhibits this phase transition
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at temperatures higher than 420 K . Research has revealed that carrier transport does not limit device

performance at medium to high temperatures . However, ion migration also influences transport properties,

which has been shown to be related to the temperature . The optical properties of perovskite are essential for

optimizing the design of optoelectronic devices and are analyzed to be relevant to the temperature . Unlike most

semiconductors, the band gap of perovskite increases with the rising temperature. In addition, the degradation

often appears in the interface of the perovskite layer with the hole transport layer or ETL.

Marko et al. used Solar Cell Capacitance Simulator (SCAPS-1D) software to investigate the effect of temperature

on lead-free tin-based PSCs’ electrical and photovoltaic parameters. They calculated the T.C.s of these parameters

. The dark current–voltage analysis shows that the barrier height T.C. is positive, and the ideal factor T.C. is

negative. The light J–V curves show that all photovoltaic parameters are negative T.C.s. The absolute T.C. of Jsc,

Voc, FF, and PCE is 9 lA/cm  per K, 1.6 mV per K, 0.031 per K, and 0.074 per K.

4. ISOS Standard and Influence of Operating Temperature

With the development of perovskite devices, testing the performance of solar cells is inevitable. Different test

conditions will affect the stability results, and the properties of different materials are different. They cannot be

tested using silicon cell standards, so many studies lack consistency in experimental testing, which is not

conducive to data comparison, and it is impossible to deter mine the various degradation factors and failure

mechanisms. Therefore, there is a need to develop test standards to better help us understand the degradation

pattern of solar cells. Mark et al. customized a set of test standards for perovskite cells by drawing on the

International Summit on Organic Photovoltaic Stability (ISOS) protocol developed in the OPV field .

According to the different reasons for the decomposition of perovskite materials, the researchers have set seven

test standards. Each set has three levels: the larger the number, the higher the test level, and the more reliable the

data.

ISOS-D (dark storage studies): The purpose of this test is to provide information on the stability of the solar cell

against oxygen, moisture, and other atmospheric components present in the air (such as CO , NO , and H S)

and high temperatures. The test is performed in the absence of a light source, without load. Level 1 is room

temperature, ambient humidity; Level 2 is 65 or 85 °C with ambient humidity; Level 3 is 65 or 85 °C with 85%

relative humidity.

ISOS-V: Electrical bias can cause the degradation of PSCs by controlling the interaction of ions and charges,

so electrical bias can also affect the stability of PSCs. Test conditions are as follows: no light source, such as

applying positive bias, the bias value can be set to V , V , E /q, J  If negative bias is applied, the bias value

can be set to −V , −J . The difference in levels 1, 2, and 3 for this test is the same as ISOS-D. The negative

bias is mainly applied to simulate the shadow effect during the operation of the module. V  represents the

partially blocked module with an external bypass diode, and J  represents the partially blocked module

without an external bypass diode.
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  ISOS-L (light stability): The light source is recommended to be a sunlight simulator without conditions. It can

also be replaced by LED lights or halogen lamps, but to indicate the nature of the light source (will be described

in detail in the next part). Level 1 is room temperature, ambient humidity, and load is MPP point voltage or open

voltage; Level 2 is 65 or 85 °C, ambient humidity, and the load is MPP point voltage or open voltage; Level 3 is

65 or 85 °C, 50% relative humidity, and the load is MPP point voltage.

 ISOS-O (outdoor stability): The light source is sunlight, and the geographical location should be indicated. All

levels are outdoor temperature humidity. The difference is that the level 1 load is MPP point voltage or open

voltage, the test light source for device performance is sunlight simulator; the Level 2 load is MPP point voltage

or open voltage, and the device performance test light source is sunlight; Level 3 load is MPP point voltage,

device performance test light source is sunlight simulator and sunlight.

 ISOS-T (temperature cycle stability): No light source, no load. Levels 1 and 2 are from room temperature to 65

or 85 °C, ambient humidity; Level 3 is from −40 to 85 °C, with relative humidity of less than 55%.

ISOS-LC (photocycle stability): Since the degradation of PSCs under dark conditions has certain reversibility,

the diurnal cycle is simulated by adjusting the light and dark of the light source, the diurnal cycle is simulated by

adjusting the light and dark of the light source. Level 1 is room temperature, ambient humidity, and load is MPP

point voltage or open voltage; Level 2 is 65 or 85 °C, ambient humidity, and the load is MPP point voltage or

open voltage; Level 3 is 65 or 85 °C, less than 50% relative humidity, and the load is MPP point voltage.

 ISOS-LT (light temperature cycle stability): The light source is recommended to be a sunlight simulator, which

LED lights or halogen lamps can also replace without conditions, and the load is MPP point voltage or open

voltage. Level 1 is from room temperature to 65 °C, ambient humidity; Level 2 is from 5 to 65 degrees Celsius,

50% relative humidity; Level 3 is from −25 to 65 °C with 50% relative humidity.
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