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Abstract 

The industrialization of perovskite solar cells (PSCs) is approaching and demands the 

sustainability of their fabrication processes. To address the toxicity concern of 

extensively used chlorobenzene (CB) and toluene antisolvents, it is urgent to explore 

green and more efficient antisolvents because currently utilized green solvents lead to 

much lower film quality than CB. In this work, we developed a general and highly 

reproducible methodology of employing CsPbI3 nanocrystals (NCs) functionalized 

green alkanes with ultralow-polarity (Alkane/NCs) as antisolvents to fabricate high-

quality perovskite films. Compared with the CB processed, the perovskite films with 

much improved quality and high-orientation were achieved by our Alkane/NCs 

approach. NCs in the alkane antisolvents are proven to provide enough heterogeneous 

nuclei, solving effectively the discontinuous film problem encountered from using pure 

alkanes. Perovskite is a kind of sensitive material to electron beams, which would lose 

its crystallinity quickly and decompose into PbI2 finally under traditional transmission 

electron microscope (TEM). Cryogenic electron microscopy (cryo-EM) is proposed to 

slow down the beam damage to sensitive materials, such as protein, metal organic 

frameworks and perovskite, during structural imaging at low temperature with low 

electron beam dosage. Strikingly, the lattice anchoring effect of NCs accounts for the 

high-orientation growth of the perovskite films as revealed directly by cryo-EM. 

Moreover, the phase segregation that easily occur in the CB processed perovskite film 

was successfully suppressed by our Alkane/NCs method. Owing to the improved film 

quality, the optimal device conversion efficiency was enhanced from 21.59% to 23.10% 

from CB to octane (OCT)/NCs. In fact, all the other alkane/NCs antisolvents involved 

in this work also resulted in superior device performances to CB. Impressively, the 

alkane/NCs processed perovskite films and their devices exhibit much improved 

stability over CB, with the conversion efficiency remaining at 94% of its initial value 

after 500 hrs light soaking for OCT/NCs device while the CB device failed around the 

100 hrs. Our work clearly demonstrates the universality and reliability of the 

Alkane/NCs methodology, and affords a promising way to construct a green and 

sustainable industrialization of PSC. 
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Introduction 

After ten years’ intense study, organic-inorganic metal halides perovskite solar cells 

(PSC) have achieved impressive progress with the conversion efficiency surpassing 22% 

for large scale modules, which demonstrates that its’ commercialization is 

approaching[1]. Inverted perovskite solar cells (IPSCs) are attractive and suitable for 

flexible and tandem applications. Based on the unique photophysical and electrical 

properties of perovskites, the efficiency of IPSC increased rapidly to 25.4% in recent 

years.[2] The improvement is contributed by lots of efforts in the areas, such as bulk 

film modification, device interfaces passivation and charge transfer layers 

engineering.[3] Antisolvent assisted crystallization (ASAC) is widely used for the 

deposition of high-quality perovskite absorber layers[4], where anti-solvents are 

employed to promote the nucleation of perovskites by removing such host solvents as 

N,N-Dimethylformamide (DMF) and Dimethyl sulfoxide (DMSO)[5]. As widely 

accepted, good anti-solvents need meet two criteria: Firstly, the anti-solvents have 

extremely low solubility to the perovskite compounds and therefore cannot damage the 

as-formed perovskite films[6]; Secondly, the anti-solvents should have certain 

interaction with the host solvents (e.g. DMSO) to wash out the excessive host polar 

solvents and herein to facilitate the nucleation of the perovskite films[6]. Currently, 

chlorobenzene (CB) and toluene (Tol) are the most popular anti-solvents utilized in 

ASAC[7]. CB and Tol are toxic and threaten human health and the environment, being 

damaging to the central nervous system, liver and kidney of human, as well as polluting 

the water, soil and atmosphere[8]. Moreover, the dose of anti-solvents used for the 

fabrication of PSCs are estimated to be 50-1000 ul/cm2, which is much higher than the 

safety level for workers and furthermore several times the amount of hazardous host 

solvent used[8d]. This huge use of toxic anti-solvents severely affects the sustainability 

of PSCs, especially in the mass-production process. Therefore, it is urgent to explore 

more green and efficient anti-solvents to replace toxic CB and Tol for the target of 

sustainability. 

To address the toxicity concern discussed above, such low-toxicity molecules as 

isopropanol, isobuthyl alcohol, n-butanol, ethanol, ethyl acetate, anisole, diethyl ether 

and etc. have been investigated as green anti-solvents[6b, 6c, 8c, 9]. Unfortunately, these 

green solvents result in device performances, much inferior to CB and Tol, due to their 

intrinsically higher polarity which would generate high nucleation density and result in 
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smaller grain sizes[10], and even wash out organic components in the perovskite 

compounds, such as FAI or MAI, and therein lead to the decomposition of the 

perovskites[6a, 6b, 11]. Obviously, therefore, the currently used green anti-solvents cannot 

replace toxic CB and Tol, and cannot meet the sustainable requirement for the future 

mass production of PSCs. An alternative way to boost the successful application of 

green anti-solvents is the engineering of NCs decorated anti-solvents. Wang et al. have 

reported a series of highly efficient perovskite solar cells processed with laser treated 

green anti-solvents, where laser was used to in-situ produce ligand-free NCs to create 

“anti-colloidal solution”. The NCs were finally embedded in the perovskite films and 

helped to reduce the interfacial carrier transfer barrier, carriers recombination and boost 

the charge extraction at grain boundaries[12]. 

In fact, according to the first criterion, the polarity of anti-solvents should be as low as 

possible, which led to our consideration of environment-friendly alkanes. As Fig. 1a 

shows, such suitable alkanes as hexane (HEX), octane (OCT) and decane (DEC), have 

ultralow polarities in contrast to previously studied green anti-solvents and well-utilized 

CB. Their donor numbers (DNs) are close to 0, much lower than 2.3 of CB[13]. In 

principle, those alkanes are promising to overcome the problems occurring in the use 

of the green anti-solvents mentioned above. In the past years, some researchers reported 

the introduction of alkanes as additives into the above green anti-solvents to obtain 

dense and smooth perovskite films with larger grains by suppressing the excessive 

nucleation or decomposition caused by dissolution. This suggests a promising function 

of alkanes, although in these studies they were used as additives only[14]. Lin et al. 

utilized HEX as the anti-solvent to obtain a device conversion efficiency of 11.7%, 

which results from the ineffective removal of residual DMSO due to its weak 

interaction with DMSO and herein incompact films without enough nuclei[15]. The 

study on utilizing alkanes as anti-solvents is very rare[16], since the poor perovskite film 

morphology and corresponding poor device performance have dissuaded researchers 

from further studying alkanes as green anti-solvents despite their excellent low-polarity. 

Nevertheless, anti-solvent engineering of alkanes seems imperative for the sustainable 

mass production since PSC has run in the commercial way currently. Wang et al.  

In this work, we developed a general approach of employing alkanes with different 

boiling points as green antisolvents to address the above issue. As a representative, 
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CsPbI3 nanocrystals (NCs) were innovatively introduced as heterogeneous seeds to 

solve the insufficient homogeneous nucleation problem encountered by using pure 

alkanes. We call this approach as “Alkane/NCs” method. In contrast to extensively 

utilized CB, our Alkane/NCs method enables the growth of highly oriented and highly 

crystalline perovskite films. Remarkably, this approach can suppress detrimental phase 

segregation that easily occur in the CB processed perovskite films. Particularly, the 

nucleation seeds function of CsPbI3 NCs is revealed to have a lattice anchoring effect 

by cryogenic Electron Microscopy (cryo-EM). Systematic structure analysis and 

optoelectronic properties characterizations provide comprehensive evidence of the 

power of our Alkane/NCs methodology. Owing to the improved perovskite film quality, 

the device conversion efficiency and stability were shown to be greatly enhanced. 

 

Alkane-NC Methodology and Kinetic Analysis of Film Growth 

The pure alkanes, HEX, OCT and DEC, were employed as green anti-solvents to 

prepare perovskite films, which resulted in discontinuous film morphology as shown in 

the Scanning Electron Microscope (SEM) images (Fig. 1b-d). This can be attributed to 

their weak interaction with DMSO to remove residual host solvents and therein lead to 

deficient nucleation[17]. To solve the issues shown from previous reports, we introduced 

CsPbI3 NCs into the above alkane anti-solvents to induce the nucleation and growth of 

the perovskite films. The schematic illustration of Alkane/NCs method with (w/) and 

without (w/o) CsPbI3 NCs for the growth of perovskite films is shown in Fig. 1e. 

Significantly, the grown perovskite film looks shallow brown and rough without NCs, 

while it becomes dark and smooth with NCs (Fig. 1f,g). The CsPbI3 NCs used in this 

work were synthesized according to a modified hot-injection method as described in 

the experimental section[18]. Low and high-resolution TEM images of NCs confirm the 

lattice distance of 6.2 Å, which corresponds to (001) facet of cubic CsPbI3 (Fig. 1h) [18]. 

Its’ narrow photo-luminescence (PL) emitting peak at 646 nm confirms its high 

crystallization (Supplementary Fig. 1).[18] A typical ternary cations CsFAMA perovskite 

(Cesium (Cs), HC(NH)2
+(FA), and CH3NH3

+(MA)) with an optical bandgap of 1.62 eV 

was used as the platform to examine the effect of “Alkane-NC” method while the 

conventional CB was taken as the control one for comparison[19]. This kind of CsFAMA 

perovskite has cell parameters approaching to that of the CsPbI3 NCs we employed. 

Figure 1i shows the X-ray diffraction (XRD) patterns of perovskite films resulting from 

the Alkane-NC quenching approach (red) and the control of CB quenching process 
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(black), along with the film with pure alkane (OCT) as the anti-solvent (green). The 

XRD pattern of CsPbI3 NCs (blue line) reveal that it has similar cell parameters to 

CsFAMA perovskite. The broad peaks with high-orientation of (001) facets, illustrate 

the nano-size nature of the NCs. Both CB and pure OCT result in perovskite films 

without preferred orientation. However, when CsPbI3 NCs was added into OCT，the 

prepared perovskite film shows outstanding high-orientation with (001) facets 

appearing in the XRD pattern. Depending on our Alkane/NCs approach, HEX and DEC 

can also be utilized for the growth of high-orientation perovskite films (Supplementary 

Fig. 2).  

The remarkably enhanced film quality led us to explore the film growth kinetic behavior 

of our Alkane/NCs approach. In the following kinetic analysis, OCT was chosen as the 

representative alkane anti-solvent. Because CsPbI3 NCs were synthesized with 

oleylamine (OLA) as capping ligand, a little amount of OLA dissociation from CsPbI3 

NCs were believed to be highly likely involved into the growth of perovskite film. This 

can be explained by the high polarity of host solvents and the ionicity of perovskites[20]. 

Moreover, Zhang et al revealed the obvious influence of OLA like ligands on the growth 

of perovskite film[21]. Therefore，to clarify the function of OLA, we designed and 

synthesized the perovskite films treated by CB, OCT, OCT/NC (1mg/ml) and 

OCT/OLA (oleylamine, 0.1%Vol) as anti-solvents, respectively.  

Firstly, we studied the intermediate wet perovskite films after spin-coating before the 

subsequent annealing process. Figure 2a shows the optical images of as-coated 

perovskite films dynamically quenched by OCT, OCT/OLA, OCT/NC and CB 

respectively. For OCT, the light yellow transparent as-coated film turns into a yellow 

and grey film after standing for 1 hour in a N2 filled glove box. This indicates the 

existence of undesired yellow perovskite phase. In contrast，the other as-coated films 

show light brown color and turn into dark brown color finally (Fig. 2a), which indicates 

the dominance of cubic perovskite phase in the films. Fourier Transform Infrared (FTIR) 

were used to compare the amount of residual DMSO in each above wet film (Fig. 2b). 

The peak at 1717 cm-1 is assigned to be the C=N bond of FA+, while the peak at 1020 

cm-1 is identified as the S=O bond of DMSO[22]. When the FA+ contents of each film 

are normalized, the amount of residual DMSO is the highest in the film prepared by 

pure OCT, which can be ascribed to the weak interaction between OCT and DMSO and 

the low miscibility between OCT and host solvents (Supplementary Fig. 3). Excess 
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residual DMSO would hinder the nucleation and growth of the perovskite films, leading 

to insufficient nuclei and therefore discontinuous films after thermal annealing (Fig. 

1b-d). The introduction of OLA or ligands anchored NCs into anti-solvents can improve 

the efficiency of OCT as anti-solvent to extract DMSO out of the wet perovskite film. 

Figure 2c shows the XRD patterns of the intermediate wet perovskite films after spin-

coating. Strikingly, the as-coated films prepared by OCT/NCs and OCT/OLA show 

already highly crystalline and oriented black perovskite phase before thermal annealing, 

while in contrast the dominant diffraction peaks are located at 19.9o (011) for CB and 

OCT processed films, such that thermal annealing is necessary to drive further structure 

transformation into (001) oriented black phase[23]. In principle, the highly oriented and 

crystalline intermediate films would certainly lead to high-quality final perovskite films. 

δ-phase FAPbI3 (11.9o, marked as “♦”)[24], MAI-PbI2-DMF adduct (13.3o, marked as 

“●”)[25], as well as unconsumed PbI2-xBrx (12.9o, marked as “*”)[26], are presented in the 

enlarged XRD patterns as shown in Fig. 2c. Diffraction peaks belonging to δ-phase 

FAPbI3, are present in the films from OCT, CB and OCT/OLA, while they are absent 

for the films from OCT/NCs. This demonstrates clearly that CsPbI3 NCs can suppress 

the growth of the yellow phase, reinforcing the phase purity modulation effect of NCs 

seeds observed in former reports.[27] Strong diffraction peaks of MAI-PbI2-DMF adduct 

are observed only from CB and OCT/NCs processed films. On the other hand, the 

strong orientation of as-coated wet films from both OCT/OLA and OCT/NCs proves 

unambiguously the oriented function of OLA[21]. OLA would assemble on the 

perovskite grains, restricting the grains’ tilt during growth process and eventually 

resulting in a (001)-orientation-dominant wet film[21]. Here, we also investigated the 

optimal dose of OLA in OCT anti-solvents (Supplementary Fig. 4). A dose as low as 

0.01% in volume fraction can lead to highly oriented and highly crystalline wet films, 

and the film quality was enhanced remarkably with the dose increasing to 0.1%. That 

is why the CsPbI3 NCs with a little amount of capping OLA ligands can result in such 

high film orientation. However, further increasing the dose to 1% would be detrimental 

to the perovskite because of the strong Lewis base property of OLA[28]. To examine the 

interaction between OLA and DMSO in OCT anti-solvent, we calculated the molecular 
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electrostatic potential (MEP) (Fig. 2d), which has been widely used to study the intra-

molecule interaction and interacting sites[6c]. The red color indicates an electron-rich 

area which tends to form hydrogen-bond interactions. It is interesting that the molecular 

structure of OLA is in the form of a surfactant, where the –NH2 end site has strong 

negative MEP and the opposite long-chain alkanes shows very low MEP. The -NH2 

group at one site is favorable for the interaction with DMSO though hydrogen-bonding, 

while the long-chain is mutually soluble to alkanes. Therefore, OLA acts as a surfactant 

in OCT anti-solvent to wash out DMSO from the spin-coated wet film, which promotes 

the homogeneous nucleation of perovskites and then offers effective bulky nuclei 

sites[8c, 17c].  

The above analysis demonstrates unambiguously the power of Alkane-NC 

methodology in modulating the quality of intermediate products. Subsequently, we 

characterized surface morphology and microstructure of perovskite films after thermal 

annealing. For OCT-only anti-solvent, the possibility of homogeneous nucleation by 

OCT quenching is low because of its low miscibility with host solvents and hence large-

size islands form separately (Fig. 1c)[17a, 17b, 17d]. Films prepared with OCT/OLA anti-

solvent show continuous film morphology with large domain size, but still with lots of 

pinholes and cracks both within and between the domains (Fig. 3a). As discussed above, 

OLA can interact with DMSO (Fig. 2d), therefore the evolution of film morphology 

after the introduction of OLA is realized by the removal of the remaining DMSO and 

increasing the nuclei number. Similar to Ostwald ripening, competitive growth would 

consume peripheral smaller grains, which would be responsible for the appearance of 

pinholes and cracks between domains (Fig. 3a)[29]. The δ-phase FAPbI3 impurity in the 

as-coated film would also exacerbate the formation of pinholes and cracks during 

annealing. When using NCs, the NCs can act as nuclei seeds in heterogeneous 

nucleation, which is found to be more effective than the homogeneous nucleation driven 

by conventional antisolvents. The kinetics of NCs as heterogeneous nucleation has be 

explained using Gibbs free energy theory. There are two periods of growth process. The 

first step is the nucleation process, for which a critical free energy G* has to be 

overcome, the crystal grows spontaneously in the second period.[30] Heterogeneous 

nucleation is favorable over homogeneous nucleation during the growth of perovskite 

films, wherein the growth barrier is reduced at the liquid–solid interface[31]. As a result, 
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the addition of NCs compensates the deficiency of seeds and leads to the successful 

formation of a compact and dense film. Compared with the film treated by CB (Fig. 

3b,c and Supplementary Fig. 5), the films prepared by OCT/NCs show larger grain size 

and higher orientation and better crystallinity. Our methodology is general and can be 

adapted to alkanes with different boiling points, such as HEX (68-70℃), OCT (125-

127℃) and DEC (175℃) (Supplementary Fig. 6).  

In contrast to the round grain shape of the CB processed film, the crystal-like grain 

morphology of the OCT/NCs film scanned by atomic force microscopy (AFM) proves 

the improved grain crystallinity (Fig. 3d,e). The surface roughness characterized by 

AFM decreases from 12 nm to 9 nm when the anti-solvent changes from CB to 

OCT/NCs. On the other hand, the cross-sectional SEM images (Fig. 3f,g) show 

vertically “wrap-through” big grains and hence illustrate again the enhanced 

crystallinity and the oriented growth mode of the perovskite films quenched by 

OCT/NCs in contrast to CB, which is favorable for carrier transport in the perovskite 

bulk as well. The oriented growth is further confirmed by the comparison of 

synchrotron-based grazing incidence wide-angle X-ray scattering (GIWAX) patterns 

(Fig. 3h,i), where the bolded red zones show the perpendicularly oriented growth with 

the function of NCs. 

 

HRTEM characterization of perovskite films in two growth modes  

Although such NCs as PVK[28], PbS[32] and carbon[33] were reported to modulate the 

growth of perovskite films by putting them in conventional anti-solvent or precursor. 

He and Wang et al. reported a 2D covalent organic framework nanosheets induced 

growth method for high-quality perovskite with two-step method[34]. Systematic study 

of seeding agents for perovskite films has been summarized in this review[35]. However, 

the anchoring effect of perovskite NCs has been rarely studied and not directly 

evidenced. For the first time in this work we reveal the lattice interaction between NC 

seeds and perovskite films, which was studied by Cryo-EM. Due to the soft structure 

of perovskites, the electron beam in electron microscopy can damage the structure of 

perovskite and decompose them into PbI2 finally[36]. In our characterization, we adopted 

a dose of less than 5 e-/Ǻ2 to prevent that damage and capture the image of lattice. 

Figure 4a shows high resolution EM image of the CsFAMA perovskite film with a NC 

seed embedded in. The corresponding Fast Fourier transform (FFT) electron diffraction 
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of the grown perovskite film and NC show that both are present as the cubic phase (Fig 

4b,c). Supplementary Figure 7 shows atomic level lattice image of the grown perovskite 

film via Cryo-EM, which fits well in the standard perovskite cell parameters. Regarding 

the lattice anchoring effect, we selected three representative areas, P1, P2 and P3 at 

different boundaries to study in detail (Fig 4d-f). P1 and P2 show perfect lattice 

matching between the same NC and the grown perovskite film (Fig. 4d,e). P3 shows a 

little discrepancy of 4° in the lattice mismatching between NC and the grown perovskite 

film (Fig. 4f), which is confirmed by its corresponding FFT electron diffraction shown 

in Fig. 4g. Interestingly, the mismatch at that grain boundary can shrink to 2° gradually, 

which may be attributed to the flexibility of perovskite structure (Fig. 4a). Therefore, 

the NC interlinks the adjacent matrix perovskite crystals together and the strong lattice 

anchoring behavior drives them to grow in identical orientations. In contrast, the lattice 

mismatch can reach over 20o at the grain boundaries in the routinely grown perovskite 

film by CB (Fig. 4h). The enlarged HRTEM image of grain boundaries of the routinely 

grown perovskite is presented in Supplementary Fig. 8, which shows random 

orientation and coincides with the growth mode conclusion drawn above. This 

remarkable comparison reveals for the first time the unique lattice anchoring function 

of NCs visually and provides answers to the different growth modes between OCT/NCs 

and CB antisolvents, especially shown in the XRD patterns in Figs. 1i and 2c. 

 

Optoelectronic properties investigation 

After comparing the difference between perovskite films prepared by OCT/NCs and 

CB, we investigated their optoelectronic properties by means of spectroscopy tools. 

Figure 5a shows their normalized absorption and photoluminescence (PL) spectra. 

Their absorption edges are determined at 765 nm and 1.62 eV deduced by their 

correspondent Tauc plot (Supplementary Fig. 9). This optical band gap value coincides 

with their PL emission peaks at 760 nm. However, their difference is a wide absorption 

bump from 780nm to 850nm and a small and extra PL emission peaks around 845 nm 

shown as the inset in Fig. 5a for CB processed perovskite film. This difference indicates 

the existence of phase segregation in the perovskite film prepared with CB, and the 

segregation of OCT/NCs film was much reduced. This drove us to look into their 

magnified XRD patterns (Fig. 5b). In contrast to the OCT/NCs film, the film prepared 

with CB shows a split diffraction at (211) facet around 35o, which demonstrates the 

occurrence of phase segregation in the CB film. By investigating the intermediate wet 
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perovskite films (Supplementary Fig. 10), the phase segregation has already taken place 

before thermal annealing for the film prepared with CB. The phase segregation is likely 

to be FA+/I- rich phase, evidenced by the lower band gap of the new phase[37]. This 

result is also coincident with the appearance of δ-phase FAPbI3 segregation in the as-

coated film discussed in Fig 2c. In this work, this phase segregation is successfully 

suppressed by our OCT/NCs method. Temperature-dependent and time-resolved photo-

luminescence (TRPL) was conducted with the raw data shown in Supplementary Fig. 

11. In contrast to OCT/NCs, the sharp decline of lifetime in the TRPL kinetics of the 

CB film indicates higher defect densities, which is consistent with the conclusion drawn 

above. The CB film shows an almost linear decline from 886 ns to 66 ns when the 

temperature increases from 120K to 300K, whereas, the OCT/NCs film shows a 

different trace with a kink point at 220K (Fig. 5c). Below 220K, the tetragonal phase 

dominates and the lifetime decreases when the temperature increases resulting from the 

meeting of thermal activation for phonon scattering and trap sites[38]. Above 220K, the 

rebound in lifetimes results from the changing rotational motion of organic molecule 

by phase transformation from tetragonal to cubic phase[39]. However, the PL lifetime of 

the CB film keeps declining, which indicates the traps dominate the variation of lifetime 

because the trap density is much higher than that in the OCT/NCs film.  

Besides the bulk quality of film, the interfacial trap density also influences its 

optoelectronic properties and herein device performance. Transient reflection 

spectroscopy (TR) was employed to investigate the NiO/PVK interface. It is apparent 

that the CB film has an extra reflection signal around 660 nm besides the intrinsic 

reflection at ca. 750 nm (Fig. 5d), while the extra absorption of the OCT/NCs film is 

negligible (Fig. 5e). The 660nm-site absorption at the NiO/PVK interface of the CB 

film can be ascribed to Br- rich wide band gap perovskites segregated at the interface 

which is verified by the element profile across the film by means of in-depth XPS 

measurements (Supplementary Fig. 12). In Fig. 5f, the etch time dependent Br-/I- 

composition ratio can clearly demonstrate the higher concentration of Br- at the 

interface of the NiO/ITO side in the CB processed perovskite film. The segregation of 

wide band gap perovskite mainly happens at the NiO/PVK surface, so that the signal 

belonging to the wide band perovskite is absent in transient absorption (TA) both for 

CB and OCT/NCs processed perovskite (Supplementary Fig. 13). The lifetime exhibits 

a slight increase from CB to OCT/NCs processed samples (Fig. 5g). 
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We also conducted surface carrier kinetics measured with transient reflection, excited 

with 2.58 eV (480 nm), 2.07 eV (600 nm) and 1.65 eV (750 nm) pump pulses (Fig. 

5h,i). By simultaneously modeling the decay of the charge carriers with a global fitting 

procedure that includes both diffusion and surface extraction, the best-fit values were 

obtained as shown Supplementary Table 1. The OCT/NCs processed perovskite film 

shows higher diffusion coefficient (0.4950 ± 0.0524 cm2/s vs 0.0265 ± 0.0042 cm2/s), 

which proves the high quality of bulk film, while the obtained higher surface extraction 

velocity (2.31 ± 1.07m/s vs 1.37 ± 0.53 m/s) indicates efficient hole extraction at the 

NiO/perovskite interface. 

 

Device performance and device physics analysis 

Figure 6a shows the performance distribution of devices fabricated by using different 

pure alkanes and alkane/NCs as anti-solvents. The devices with pure alkanes as anti-

solvents show ultralow conversion efficiencies, resulting from their derived 

discontinuous perovskite films (Fig. 1b-d). Benefiting from preferred orientation, 

suppressed phase segregation and smooth perovskite surface, the devices based on the 

Alkane/NCs processed perovskite films, exhibit performance better than CB processed 

devices. The best CB device achieved a conversion efficiency of 21.59% with Voc=1.18 

V, Jsc=22.9 mA/cm2, and FF=79.9% (Fig. 6b). In comparison, the optimal OCT/NCs 

device achieved the PCE of 23.1% with Voc=1.18 V, Jsc=23.3 mA/cm2, and FF=84.1%. 

Moreover, OCT/NCs processed devices show an average efficiency of 22.2%. The 

improvement of efficiency is boosted by the factor of current density and fill factor 

(Supplementary Fig. 14). The enhancement of Jsc is confirmed by EQE measurement, 

where the integrated current density increases from 21.5 mA/cm2 to 22.2 mA/cm2 

(Supplementary Fig. 15). In fact, along with OCT/NCs, HEX/NCs and DEC/NCs also 

obtained the device performance superior to CB (Fig. 6a). To understand the charge 

recombination and transport in devices, we conducted transient photovoltage (TPV) 

and transit photo-current (TPC) measurements by irradiating the devices with a pulsed 

laser under the open-circuit and the short-circuit conditions. The recombination 

lifetimes deduced from the TPV decay curves for the devices fabricated by CB and 

OCT/NCs are 0.74 ms and 0.9 ms, respectively, indicating the suppressed trap centers 

in the OCT/NCs device (Fig. 6c), which is consistent with its superior carrier lifetime 
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discussed above and shown in Fig. 5g. Charge extraction time can be derived from the 

TPC decay curves (Fig. 6d). The charge extraction time for the devices fabricated by 

CB and OCT/NC are 0.5 μs and 0.24 μs, respectively. The faster charge extraction 

confirms the enhanced perovskite film quality by OCT/NCs, especially embodied at the 

interfaces, which coincides with the TA results discussed in Fig. 5h,i and 

Supplementary Table 1. Moreover, the recombination resistance (Rrec) extracted from 

the electrochemical impedance spectroscopy (EIS)56, increases from 1.6 KΩ to 2.3 KΩ 

(Supplementary Fig. 16), which further supports the suppressed defect density and 

improved quality of perovskite films by use of OCT/NCs. 

Then, we investigated the long-term device stability via maximal power point tracking 

(MPPT) measurements in ambient environment at one standard sun irradiation for their 

encapsulated devices (Fig. 6e). The OCT/NCs device show much improved stability 

with the conversion efficiency remaining 94% of its initial value after 500 hrs light 

soaking for OCT/NCs devices while the CB device failed around 100 hrs. We also 

conducted XRD measurements to study the stability of the perovskite layers under high 

temperature (100 oC) and high environmental moisture (60%-80% RH) (Supplementary 

Fig. 17). As a result, the signal of PbBrxI2-x at 12.9º in the CB processed perovskite 

films becomes stronger and gradually dominates in the XRD pattern with a heating 

duration of 6 hrs while the OCT/NCs film exhibits negligible variation, especially 

regarding the phase segregation, this illustrating excellent stability (Supplementary Fig. 

18). When exposed to ambient environment with a humidity between 60%-80% RH up 

to 48h, similar differences were seen, which clearly illustrates the excellent perovskite 

film quality produced by our OCT/NCs methodology. The improvement of humidity 

stability is not only related to the crystallinity of perovskite film, but also resulted from 

the hydrophobicity of long-chain oleylamine and oleic acid ligands from NCs as 

evidenced in previous literature.[40] 

 

Conclusion 

In summary, we report a general and sustainable methodology with green alkane/NCs 

as antisolvent in the fabrication process of PSCs, to address the toxicity concerns of 

extensively utilized CB. Whereas with so ultralow DN and polarity, alkanes with 

suitable boiling points cannot wash out residual host solvent such as DMSO from the 

spin-coated wet perovskite film or provide enough homogeneous nuclei for the growth 

of continuous film, due to lacking favorable interaction with DMSO. Through 
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systematic structure characterizations, NCs along with their OLA ligands in the alkanes 

antisolvents are proven to solve these issues, by providing enough heterogeneous nuclei 

for the growth of compact perovskite films. Strikingly, we are able to observe the lattice 

anchoring effect of NCs for the high-orientation growth of perovskite films directly by 

cryo-EM. Phase segregations were shown to easily occur in the conventional CB 

processed perovskite film as illustrated by steady-state and transient optoelectronic 

spectroscopies and in-depth XPS, which is ascribed to the composition precipitation of 

FA+/I- rich in the bulk and Br- rich at the interface of NiO/PVK. In contrast, those phase 

segregations were successfully suppressed by our novel Alkane/NCs method and the 

film quality is much improved in contrast to the CB processed. Owing to the improved 

film quality, the device conversion efficiency was enhanced from 21.59% to 23.10% 

from CB to OCT/NCs. In fact, all the other alkane/NCs antisolvents studied in this work 

also led to device performances superior to CB. Impressively, the alkane/NCs processed 

perovskite films and their based devices also exhibited much improved stability over 

CB, with the conversion efficiency remaining 94% of its initial value after 500 hrs light 

soaking for OCT/NCs devices while the CB device failed around 100 hrs. Our 

Alkane/NCs methodology therefore unambiguously paves an extremely promising new 

approach to constructing a green and sustainable process for the industrialization of 

PSC. 
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Fig. 1 | Illustration of “Alkane-NC” method for the preparation high-quality perovskite films. a, Diagram of 

boiling point versus polarity of anti-solvents. b-d, Scanning Electron Microscope images of perovskite films dripped 

by pure (b) HEX (c) OCT and (d) DEC as anti-solvents. e, Demonstration of perovskite films fabricated by alkanes 

w/o and w/ CsPbI3 NCs. f,g, Optical photos of perovskite films fabricated by octane (f) w/o and (g) w/ CsPbI3 NCs. 

h, Transmission Electron Microscope and high-solution Transmission Electron Microscope images of CsPbI3 NCs. 

Scale bar: 20 nm (inset 100nm). i, X-ray diffraction patterns of CsPbI3 NCs, perovskite films processed with CB, 

OCT and OCT with CsPbI3 NCs. (*: PbI2-xBrx, #: ITO) 
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Fig. 2 | Characterization of as-coated wet perovskite films. a, Optical photographs of as-coated wet films before 

and after standing in N2 glove box for 1h at room-temperature. b, Corresponding Fourier Transform Infrared spectra. 

c, XRD patterns of as-coated film (left). The detail of patterns ranged from 10o to 20o (right). d, The molecular 

electrostatic potential of OLA and an illustration of interaction between OLA, DMSO and OCT.  
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Fig. 3 | Characterization of annealed perovskite films. a-c, SEM images of (a) OCT/OLA, (b) OCT/NCs and 

(c) CB processed perovskite films. d,e, AFM images of (d) OCT/NCs and (e) CB processed perovskite films. f,g, 

Cross-section Scanning Electron Microscope images of (f) OCT/NCs and (g) CB processed perovskite films. h,i, 

GIWAX of (h) OCT/NCs and (i) CB processed perovskite films. 
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Fig. 4 | Cryo-EM Characterization. a, High-resolution transmission electron microscopy (HRTEM) images of a 

CsPbI3 NC embed in CsFAMA perovskite. b,c, Fast Fourier transform of HRTEM images corresponding to the area 

of (b) CsFAMA perovskite and (c) CsPbI3 NC. d-f, HRTEM images of grain boundary between CsFAMA perovskite 

and NC corresponding to the areas of (d) P1, (e) P2, (f) P3. g, Fast Fourier transform of HRTEM images of P3. H) 

HRTEM image of grain boundary in perovskite prepared without NCs. 
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Fig. 5 | Optoelectronic properties characterization. a, UV-vis spectra and PL spectra of CB and OCT/NCs 

processed perovskite films. b, Diffraction split of (211) facet in XRD pattern for CB processed perovskite film. (#: 

ITO). c, TRPL lifetime dependent on different temperature. d,e, TA spectra of perovskite films processed by (d) CB 

and (e) OCT/NCs from glass side. f, Variation of Br-/I- atom ratio by XPS with different etching times. g, Ultrafast 

carrier kinetics of perovskite films by TA . h,i, Ultrafast carrier kinetics of perovskite/NiO interface processed by (h) 

CB and (i) OCT/NCs by TR spectra excited by lasers with wavelength of 480 nm, 600 nm and 750 nm from glass 

side.  
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Fig. 6 | Devices characterization. a, PCE distribution of devices fabricated by different kinds of anti-solvents. b, J-

V curve of champion devices fabricated by CB and OCT/NCs. c, Transient photovoltage decay. d, Transient 

photocurrent decay. e, MPPT curve of light soaking test of enacapusulated devices in air atmosphere. 

 

 

 


