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Multi-layered hybrid perovskites templated with carbazole 
derivatives: optical properties, enhanced moisture stability and 
solar cell characteristics  

Roald Herckensa,†, Wouter T.M. Van Gompela,†, Wenya Songb,c, María C. Gélvez-Ruedad, Arthur 
Mauforta, Bart Ruttense, Jan D’Haene,f, Ferdinand C. Grozemad, Tom Aernoutsc,  Laurence Lutsena,e, 
Dirk Vanderzandea,e,*  

Research into 2D layered hybrid perovskites is on the rise due to the enhanced stability of these materials compared to 3D 

hybrid perovskites. Recently, interest towards the use of functional organic cations for these materials is increasing. 

However, a vast amount of the parameter space remains unexplored in multi-layered (n > 1) hybrid perovskites for solar cell 

applications. Here, we incorporate carbazole derivatives as a proof of concept towards the use of tailored functional 

molecules in multi-layered perovskites. Films of low-n carbazole containing perovskites show high photoconductivity half-

lifetimes. Higher-n (<n> = 40) multi-layered perovskite films possess charge carrier diffusion lengths comparable to MAPI 

thin films. Solar cells containing these materials have comparable efficiencies to our MAPI and phenethylammonium (PEA)-

containing multi-layered perovskite reference devices. Moisture stability tests were performed both at the material and 

device levels. In comparison to MAPI and PEA-based materials and solar cells, the addition of a small percentage of the 

carbazole derivative to the perovskite material significantly enhances the moisture stability. 

Introduction 

Hybrid organic-inorganic perovskite solar cells have received 

significant attention over the past years due to their interesting 

optoelectronic properties and their rapid increase in power 

conversion efficiency (PCE) up to 22.1% today.1 Three-

dimensional (3D) perovskite materials have mainly been studied 

due to the high efficiency of their solar cells. However, these 

materials generally exhibit an intrinsic instability and can 

degrade when exposed to moisture, heat, oxygen and/or light.2 

Efforts to increase the stability have mostly focused on 

introducing other small cations such as formamidinium (FA) and 

caesium (Cs). Mainly the thermal stability of 3D perovskite 

materials has improved significantly via this methodology.2 

A different approach to develop more resilient hybrid 

perovskite materials involves two-dimensional (2D) 

Ruddlesden-Popper phase layered perovskites. Interest in these 

multi-layered hybrid perovskites (A*2An-1PbnI3n+1, with A* a 

large organic ammonium cation, A a small organic ammonium 

cation and n the number of inorganic layers in the structure) for 

solar cell applications increased due to reports about their 

enhanced moisture stability compared to 3D hybrid 

perovskites.3–5 Although solar cells employing these materials 

are generally less performant compared to 3D hybrid 

perovskites, their PCEs have recently increased up to 12.5% by 

applying techniques such as ‘hot-casting’ (HC).6–12 One of the 

major advantages of the 2D layered perovskite over the 3D 

perovskite is the structural tolerance towards larger and more 

complex organic cations.12–14 Although it has been shown that a 

variety of organic cations13–15 can be used to obtain 2D-layered 

perovskites (A*2PbX4; n = 1), a vast amount of this parameter space 

remains unexplored in multi-layered (n > 1) hybrid perovskites for 

solar cell applications. Until now mainly small alkylic and benzylic 

cations have been applied in such multi-layered perovskites (e.g. 

butylammonium7, iso-butylammonium16, phenethylammonium17,18, 

anilinium19, cyclohexylammonium18, benzylammonium18,20, 

propylphenylammonium20, guanidinium21 and allylammonium22). 

The main advantages of these multi-layered hybrid perovskites over 

their n = 1 counterparts are a lower exciton binding energy and a 

smaller band gap, which is beneficial towards their use in solar cell 

applications.7,17 Moreover, multi-layered perovskites possess 

tuneable properties - such as absorption and emission - depending 

on the number of inorganic layers (n) in the structure.7,12,17 We 

incorporated bulkier, more complex, carbazole (CA) derivatives 

containing an extended π-conjugated system as a first proof-of-

concept towards the introduction of  tailored functional organic 

molecules in multi-layered perovskites for solar cell applications. 

Beyond the field of perovskite materials, carbazole-based 

polymers/semiconductors have primarily attracted attention for 

their photoconductive properties.23 In the context of perovskite, 

carbazole derivatives have been used in a fundamental study on the 

synthesis of 2D layered perovskites ((CA-Cm)2PbBr4), where 

derivatives with different lengths of alkyl spacer (m) were examined 

towards the formation of the n = 1 layered structure.24,25 Although 

this n = 1 layered perovskite is not suitable as a material for solar 

cells, it exhibited an interesting increase of the in-plane conductivity 

in comparison to both polyvinylcarbazole polymers and layered 

perovskites with hexylammonium (an insulator) as an organic layer.24  
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Carbazole derivatives are therefore a prime choice of an extended π-

conjugated organic molecule to be introduced in functional multi-

layered (n > 1) perovskites for photovoltaic applications.  

In this work, carbazole-based organic cations were synthesised with 

an alkyl-spacer length (m) of four CH2 groups. These organic cations 

were used to obtain lead iodide (PbI2) based multi-layered 

perovskites with methylammonium (MA) as small organic cation 

((CA-C4)2MAn-1PbnI3n+1). The formation and the structure of the multi-

layered and quasi-3D perovskites incorporating carbazole were 

investigated. Films of low-n carbazole containing perovskites show 

high photoconductivity half-lifetimes in comparison to films of 

established butylammonium based, low-n multi-layered perovskites. 

Higher-n (<n> = 40) multi-layered perovskite films possess charge 

carrier diffusion lengths comparable to MAPI thin films. It was found 

that the moisture stability of the carbazole containing perovskites is 

superior compared to the reference MAPI and PEA-based 

perovskites. Likewise, the moisture stability of the corresponding 

solar cell devices was significantly improved while maintaining a 

similar initial power conversion efficiency.  

Experimental 

Chemicals and reagents 

Lead iodide (PbI2, 99.999 %) was either obtained from Lumtec or 

from TCI (99.99%) and used without further purification. 

Methylammonium iodide was obtained from GreatCell Solar. 

Hydroiodic acid (HI, 57 % w/w aq., distilled, unstabilised) and 

phenethylamine (PEA, 99%) were purchased from Acros Organics 

and used as received. Carbazole (96%), potassium tert-butoxide 

(98+%), hydrazine monohydrate (65%) and all solvents used for 

synthesis (reagent grade) were purchased from Fisher Scientific. 

Potassium phthalimide salt (95%) was purchased from Fluorochem. 

The SnO2 water dispersion (15 wt%) was purchased from Alfa Aesar 

and was diluted to 2.5 wt% for use. Spiro-OMeTAD was obtained 

from Lumtec. Lithium bis(trifluoromethanesulfonyl) imide, 4-tert-

butylpyridine, dimethylformamide, acetonitrile and chlorobenzene 

were obtained from Sigma Aldrich. 

Synthesis of organic ammonium salts 

The synthesis of the carbazole alkylammonium iodide derivatives 

(CA-C4-NH3I, shortened to CAI) is detailed in the supporting 

information (Figure S1). Phenethylammonium iodide (PEAI) was 

synthesised by neutralizing equimolar amounts of hydroiodic acid 

(HI, 57 % w/w) and phenethylamine at 0 °C in an ice bath. An off-

white precipitate was obtained by evaporation of the solvent using 

rotary evaporation at 70 °C under reduced pressure. The resulting 

precipitate was recrystallised three times from ethanol, washed with 

diethylether and dried overnight under reduced pressure at room 

temperature. 

Thin film deposition and annealing 

Precursor solutions were prepared according to the nominal 

structural formula (CA-C4)2MAn-1PbnI3n+1 (Table 1). Stoichiometric 

amounts of CAI, MAI and PbI2 were dissolved in dry 

dimethylformamide (DMF) at 70 °C for 1 h under constant stirring. 

The resulting clear solutions were filtered through a syringe filter 

(0.45 µm pore size). 

Quartz substrates were cleaned through consecutive sonication 

steps in a series of solvents (detergent water, deionised water, 

acetone, isopropanol) for 15 min each, followed by a UV-ozone 

treatment for 30 min. 

Films for optical measurements, TRMC and XRD analysis were 

deposited on quartz substrates using spin coating in a glovebox with 

nitrogen atmosphere (< 0.1 ppm O2, < 0.1 ppm H2O) at 2000 rpm, 

2000 rpm/s for 20 s. Annealing was performed via hot-casting (HC) 

or by post-annealing on a hotplate in the glovebox, the annealing 

temperature differs for different <n> and is indicated in the relevant 

figure captions. Prepared samples were kept in a glovebox and were 

only removed for analysis. 

Table 1. Composition of precursor solutions for different <n> 

<n> 

Nominal 
structural 
formula 

PbI2 

concentra
tion 
(mol/l) 

MAI 
concentra
tion 
(mol/l) 

CAI/PEAI 
concentra
tion 
(mol/l) 

1 CA2PbI4 0.3 0 0.6 

2 CA2MAPb2I7 0.3 0.15 0.3 

3 CA2MA2Pb3I10 0.3 0.2 0.2 

4 CA2MA3Pb4I13 0.3 0.225 0.15 

10 CA2MA9Pb10I31 0.3 0.27 0.06 

40 CA2MA39Pb40I121 0.3 0.2925 0.015 

40 PEA2MA39Pb40I121 0.3 0.2925 0.015 

∞ MAPbI3 0.3 0.3 N.A. 

Device fabrication 

Devices were made in an ITO/SnO2/perovskite/Spiro-OMeTAD/Au 

configuration. The ITO-coated glass substrates were successively 

cleaned in ultrasonic baths containing detergent water, deionised 

water, acetone and isopropanol for 5 min, respectively. Afterwards, 

these cleaned substrates were treated with oxygen plasma. A 2.5 

wt% water dispersion of SnO2 nanoparticles was then spin coated on 

the substrates at 2800 rpm and pre-heated at 110 °C. Perovskite 

solution in DMF was spin coated on these heated substrates at 3000 

rpm for 60 s, followed by annealing at 110 °C for 15 min. An 80 

mg/mL Spiro-OMeTAD solution doped with 17.5 µl lithium 

bis(trifluoromethanesulfonyl) imide (Li-TFSI) (520 mg/mL in 

acetonitrile) and 28.5 µL 4-tert-butylpyridine was then spin coated 

onto the perovskite films. These films were exposed overnight to air 

with 26 % relative humidity (RH) for oxygen doping. Finally, the 

devices were completed by depositing an 80 nm Au layer onto the 

Spiro-OMeTAD through a shadow mask, defining an active area of 

0.13 cm2.   

Characterization 

X-ray diffraction measurements were performed at room 

temperature in ambient atmosphere on a Bruker D8 Discover 

diffractometer with CuKα radiation. 

Optical absorption spectra were measured on a Cary 5000 UV-Vis-

NIR spectrophotometer from Agilent Technologies, a cleaned quartz 

substrate was used as calibration background.  

Photoluminescence emission spectra were taken with a Horiba-Jobin 

Yvon Fluorolog-3 spectrofluorometer, equipped with double-grating 

excitation and emission monochromators and a 450 W Xe lamp as a 
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light source. An excitation wavelength of either 300 nm or 430 nm 

was used (as indicated in the corresponding figure captions). 

SEM measurements were performed on a FEI Quanta 200F. 

Laser induced time-resolved microwave conductivity (TRMC) 

measurements26,27 were performed on thin films of CA-C4 multi-

layered perovskites (with <n> = 1, 2, 3, 4, 10 or 40) deposited on 

quartz substrates and placed in a sealed resonant cavity inside a 

nitrogen-filled glovebox. The TRMC technique measures the change 

in microwave (8−9 GHz) power upon pulsed excitation (repetition 

rate 10 Hz) of the thin films (the excitation wavelengths used are 

indicated in the relevant figure captions). Before and during the 

photo-conductance measurements, the samples were kept in an 

inert nitrogen environment to prevent possible degradation by 

exposure to moisture. 

 

Results and discussion 

Formation and structure 

The synthesis of the series of functionalized 2D multi-layered 

perovskites featuring carbazole derivatives was achieved by mixing 

stoichiometric ratios of CAI, MAI and PbI2 in DMF. These solutions 

were spin-coated and subsequently annealed to obtain the desired 

perovskites. 

 

Figure 1. X-ray diffraction pattern of a (CA-C4)2PbI4 (n = 1) film 
obtained by post-annealing at 110 °C for 15 min. The structure of the 
CA-C4 ammonium salt is shown as an inset. The reflections were 
indexed tentatively based on ref.28 

As a starting reference, the n = 1 ((CA-C4)2PbI4) was obtained as a 

thin-film. The diffraction pattern (Figure 1) consists of a series of (0 0 

𝑙) reflections characteristic for a n = 1 layered 2D perovskite with 

preferential growth along the (1 1 0) direction, such that the organic 

layers are oriented parallel to the substrate.28 The reflections are 

indexed tentatively based on similarity with literature 2D layered 

perovskites.28  An interplanar spacing (d00l) of ~ 25.5 Å is obtained 

(Table S1). This matches well with two times the length of the 

carbazole molecule (~ 12 Å), indicating that a bilayer of these 

molecules is present in the structure as expected for a 2D layered 

perovskite. 

When multi-layered perovskites are targeted,  <n> = 2, <n> = 3, <n> 

= 4, <n> = 10 and <n> = 40 will be used to denote the nominal 

composition that is targeted based on the stoichiometry of the 

precursor solution and n will be used to denote the multi-layered 

(CA-C4)2MAn-1PbnI3n+1 perovskite with that specific number of layers 

(n) as identified. It is important to note however that for a targeted 

<n>, a mixture of layered perovskites with a different number of 

layers (n) are generally present in thin-film. This has been frequently 

reported in literature for multi-layered perovskites starting from 

different large organic molecules (A*).29–31 For example, Sargent et 

al. showed, using transient absorption spectroscopy, that a film 

nominally prepared as <n> = 3 using PEAI contains signatures of n = 

2, 3, 4 and 5 phases.29  

 

Figure 2. X-ray diffraction patterns of films based on CA-C4 with 
different <n>. The <n> = 2 film was obtained by post-annealing at 150 
°C for 15 min. The <n> = 3 film was obtained by post-annealing at 130 
°C for 15 min. The <n> = 4, 10 and 40 films were hot-cast at 110 °C. 
The broad diffraction band from ~ 16°-30° 2θ corresponds to 
diffraction of the underlying quartz substrate32 (Figure S2). The main 
reflections for the multi-layered perovskites containing the carbazole 
derivative were indexed tentatively based on ref.28

 

In thin films of multi-layered <n> = 2 perovskites, (0 k 0) reflections 

which are present characteristic28 for a n = 2 layered perovskite with 

the organic layer oriented parallel to the substrate (Figure 2). An 

interplanar spacing (d0k0) of ~ 30.8 Å is obtained for these reflections 

(Table S2). This is a difference of ~ 5.3 Å compared to the interplanar 

spacing of the n = 1 perovskite, which approximately matches with 

the height of a single PbI6 octahedron.33,34 

For <n> = 3, the (1 1 1) and (2 0 2) reflections of the perovskite 

structure, respectively at ~ 14° and at ~ 28°, become much more 

pronounced, indicating that the preferential growth direction is 

changing towards vertical growth.35 Small reflections at lower angles 

are also present indicative of the presence of other low-n 

perovskites. For  <n> = 4 different reflections below 10° 2ϑ are 

present, which points to the presence of a complex mixture of 

multiple n as can be deduced from the absorption and emission 

spectra (vide infra). 

In literature, the hot-casting procedure has been applied for different 

multi-layered and 3D perovskites to improve the perovskite 

crystallinity, morphology and orientation.36,37 SEM pictures of thin 

films of CA-C4 <n> = 40 show that the morphology for post-annealed 
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films is needle-like38–40 and changes to planar structures with less pin-

holes for hot-casted films (Figure S3). The morphology of the hot-

casted films is expected to be more suitable for solar cell devices. 

This hot-casting method was therefore applied on our material for 

the solar cell fabrication (vide infra). 

For films of higher <n> perovskites obtained using the hot-casting 

method (<n> = 4, 10 and 40), the (1  1  1) and (2 0 2) reflections 

dominate the diffraction pattern (Figure 2), indicating that, 

combined with the results of optical measurements (vide infra), 

mostly quasi-3D perovskites are obtained. The weak reflections 

between ~ 20° and 25° 2ϑ  are similar to those of bulk tetragonal 

MAPbI3, pointing to the presence of “quasi-3D” perovskites in these 

higher <n> films. From the absorption and emission spectra of these 

films (vide infra) it is clear that the films still contain multi-layered 

perovskites with optical properties different from bulk MAPbI3.  

For such quasi-3D perovskites it has been hypothesized that the 

organic molecules are present at the lattice surface and at grain 

boundaries of 3D perovskite grains.41 

Optical properties  

The excitonic absorption peaks and/or optical band gaps (Eg) of the 

(CA-C4)2MAn-1PbnI3n+1 were investigated (Figure 3). The absorption 

spectrum for the n = 1 CA-C4 perovskite contains clear signatures 

corresponding to absorption by the carbazole molecules (Figure S7) 

at low wavelengths, as well as an excitonic absorption peak at ~ 494 

nm (2.51 eV). This is in the same energy region as the excitonic 

absorption peaks for other n = 1 layered iodide hybrid perovskites 

reported in literature (e.g. ~ 2.4 eV for (PEA)2PbI4).34 It has been 

shown that the excitonic absorption peak position is mainly 

dependent on the distortion of the inorganic perovskite layer by the 

organic cation.42,43 

Going to higher <n>, the excitonic absorption peaks shift towards 

lower energy (Figure 3, Table 2) due to decreased quantum 

confinement.44,45 The excitonic peak positions for the n = 2, n = 3 and 

n = 4 multi-layered perovskite are assigned on the absorption 

spectrum of a CA-C4 <n> = 3 film in Figure S8. For <n> > 2 multiple 

excitonic peaks belonging to low- n perovskites are clearly present in 

the spectra and for <n> > 3 also a band gap at much lower energy (~ 

1.6 eV) is present (Table 3), indicative of the formation of quasi-3D 

perovskites together with the low-n phases. Note that the band gap 

(and emission peak; Figure 4) belonging to the quasi-3D perovskites 

that are formed together with the low-n phases also shifts to lower 

energy with increasing <n> (Table 3). This indicates that the quasi-3D 

part of the films contains progressively higher n CA-C4 perovskites 

when using higher <n> precursor stoichiometries. This matches well 

qualitatively with the results of the recent article by Quintero-

Bermudez et al.51 

 

Figure 3. Tauc plots of CA-C4 films with different <n> obtained by 
post-annealing at 110 °C (<n> = 1), 130 °C (<n> = 3) and 150 °C (<n> 
= 2) for 15 min. The <n> = 4, 10 and 40 films were obtained using hot-
casting at 110 °C. A zoomed-in version is shown in Figure S5 to more 
clearly distinguish the absorption onsets. The absorption spectra 
used to make the Tauc plots are shown in Figure S6. 

Table 2. Excitonic absorption peak energies for multi-layered 
perovskites with different n. 

CA-Cm n Excitonic 
absorption peak 
energy (eV/nm) 

CA-C4 1 2.51/494 

 2 2.21/561 

 3 2.06/602 

 4 1.96/633 

 

Table 3. Optical band gap energies for quasi-3D perovskites obtained 
for films from precursor solutions targeting different <n>. A 
representative Tauc plot with tangent intersecting the energy axis is 
shown in Figure S9. 

CA-Cm <n> Optical band gap 
energy (eV/nm) 

CA-C4   4* 1.688/735 

 10 1.626/763 

 40 1.617/767 

*Formed together with low-n perovskites (see Table 2) 

The photoluminescence (PL) emission spectra for these materials 

show similar trends as the absorption spectra. Going from lower to 

higher <n>, the emission peaks shift towards lower energy (Figure 4, 

Table 4 and Table 5). Looking at the PL emission in the low 

wavelength region (320 nm – 500 nm) for CA-C4 n = 1, one notices 

the same emission peaks as for the CA-C4 precursor salt (Figure S10). 

However, the relative intensities of these peaks are different. This 

can be related to the incorporation of the carbazole molecules into 

the perovskite structure. The excitonic emission peaks for the n = 1 

is located at ~ 501 nm (2.47 eV). Hence, there is a small Stokes shift 

(0.04 eV) between the excitonic absorption and emission peaks. For 
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n = 1, a broad emission feature at lower energy can be noticed that 

disappears for higher-n CA-C4 layered perovskites. Similar features in 

the emission spectra of 2D layered perovskites have been assigned 

to luminescence from self-trapped excitons or long-lived colour 

centers.46–48 Determining the origin of this broad emission feature 

goes beyond the scope of this article and is the subject of further 

work. For higher <n>, emission peaks at lower wavelengths 

corresponding to quasi-3D perovskites are present (Table 5). From 

this analysis it is clear that we can tune the absorption and emission 

properties of the carbazole containing perovskites by changing the 

stoichiometry of the precursor solutions.  

 

Figure 4. Photoluminescence emission spectra of CA-C4 films with 
different <n> obtained by post-annealing at 110 °C (n = 1), 130 °C 
(<n> = 3) and 150 °C (<n> = 2) for 15 min. The <n> = 4, 10 and 40 films 
and the MAPI film were obtained using hot-casting at 110 °C. The 
samples were excited at 430 nm. 

Table 4. Excitonic emission peak energies for multi-layered 
perovskites with different n. The emission peaks are assigned on the 
emission spectra in Figure S11 for each n. 

CA-Cm n Excitonic emission 
peak energy 

(eV/nm) 

CA-C4 1 2.47/501 

 2 2.15/576 

 3 2.03/610 

 4 1.93/642 

 

Table 5. Emission peak energies for quasi-3D perovskites obtained 
for films from precursor solutions targeting different <n>. The 
emission peaks are assigned on the emission spectra in Figure S11 as 
“quasi-3D”. 

CA-Cm <n> Emission peak 
energy of quasi 
3D perovskites 
(eV/nm) 

CA-C4 3 1.79/694 

 4 1.72/721 

 10 1.66/748 

 40 1.65/751 

Photoconductivity and charge-carrier dynamics 

To study the charge carrier dynamics of the carbazole and PEA multi-

layered perovskites we performed photo-conductivity 

measurements. Details on this technique and on the calculation of 

the charge carrier mobility, lifetime and diffusion lengths can be 

found in ref.26 In these measurements, the laser-induced change in 

conductivity of the material, ΔG, is measured as a function of time. 

Typical conductivity measurements are shown in Figure 5 (a) for CA-

C4 <n> = 40 (for other <n> this is shown in Figure S12). ΔG increases 

during the pulse as charge carriers are generated and subsequently 

decays as the charge carriers recombine or become trapped. The 

time resolution of these measurements are limited by the width of 

the laser pulse (3.5 ns full width at half maximum) and the response 

time of the microwave cavity (~ 18 ns). The product of the yield of 

free charges (𝜑) and mobility of the charge carriers (∑ 𝜇 = 𝜇𝑒 +

 𝜇ℎ) for CA-C4 (<n> = 1, 2, 3, 4, 10, 40) and PEA <n> = 40 are shown 

Figure 5 (b). These values were calculated from the maximum change 

in photoconductivity, ∆𝐺𝑚𝑎𝑥, according to equation 1. Where, I0 is 

the number of photons per unit area per pulse, β is the ratio of the 

inner dimensions of the microwave cell, e is the elementary charge, 

and FA is the fraction of light absorbed by the sample at the 

excitation wavelength. 

𝜑 ∑ 𝜇  =
∆𝐺𝑚𝑎𝑥

𝐼𝑜𝛽𝑒𝐹𝐴
                                                               (1) 

It is clear in Figure 5 (b and d) that the photo-conductivity of CA-C4 

<n> = 40 is larger than the photo-conductivity of CA-C4 <n> = 1, 2, 3, 

4, 10. A magnified version of <n> =  4 and 10 is shown in Figure S13. 

A similar general trend is observed in the half-lifetime of the charge 

carriers shown in Figure 5 (c, e). The photo-conductivity and half-

lifetime for PEA <n> = 40 are also large. The low photo-conductivity 

and short lifetime of CA-C4 n = 1 are similar to previous 

measurements on other 2D perovskites with the same experimental 

technique.49 This behaviour is explained by the large exciton binding 

energy of 2D perovskites, which decreases the yield of free charges 

(𝜑) and increases the recombination.49 In the case of our CA-C4 <n> 

= 1, 2, 3, 4, 10 samples the photoconductivity and half-lifetime do not 

follow a clear increasing trend with n. This is contrary to what has 

been shown previously for another 2D multi-layered material.49 A 

probable reason for this is the presence of phases with different n. It 

can be noticed that the expected increase in photoconductivity and 

half-lifetime is present going from <n> = 1 to  2. This fits with the XRD 

and absorption results of these films. Whereas the <n> = 2 film is 

mostly pure phase, for <n> > 2 phases with different n are more 

clearly present. In conclusion, the half-lifetimes for the novel CA-C4 

based 2D multi-layered perovskite thin films with <n> = 2, 3 and 4 are 

longer than for the reported butylammonium (BA) based multi-

layered perovskite thin films prepared with the same procedure.49 

This is an encouraging result showing the potential benefit of using 

organic cations with an extended π-system in multi-layered 

perovskites. 

Interestingly, the mobility of charge carriers of CA-C4 <n> = 40 and 

PEA <n> = 40 is respectively ~ 8 cm2/Vs and 16 cm2/Vs which is 

relatively high. We estimated the diffusion length of charge carriers 

to be ~ 2.4 µm and ~ 4 µm; which largely exceed the thickness of 

the films (0.3 µm for CA-C4 <n> = 40 and 0.8 µm for PEA <n> = 40). 

The mobility and diffusion lengths of the PEA <n> = 40 thin films are 

comparable to these measured for the 3D MAPI using the same 
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technique.27 The mobility of charge carriers in MAPI thin films 

measured by photoconductivity TRMC varies between 8-40 cm2/Vs, 

while the diffusion length varies between 1.5 and 10 µm.27 In fact, 

the diffusion length is similar to that of planar MAPI films (~  4.1 

µm)27 in spite of having lower charge carrier mobilities (30 cm2/Vs for 

planar MAPI thin-films).27 These relatively high mobilities and large 

diffusion lengths suggest that our CA-C4 <n> = 40 and the PEA <n> = 

40 films are attractive candidates for solar cell applications. The 

improved electronic properties of CA-C4 <n> = 40 and PEA <n> = 40 

over CA-C4 films with lower values of <n> (<n> = 1,2,3,4,10) is most 

likely due to their quasi-3D nature. This will increase the dielectric 

constant in the inorganic octahedral layers and therefore decrease 

the exciton binding energy and recombination rate. The comparable 

diffusion lengths of the <n> = 40 materials with MAPI films in spite of 

having lower mobilities, could be caused by grain boundary 

passivation by the carbazole and PEA molecules. These “high-n” 

quasi-3D perovskites could actually be considered grains of 3D 

perovskites surrounded by the organic molecules. The organic 

molecules passivate defects and might improve the stability and 

performance of the solar cells.27 We focus on high-<n> materials for 

the preparation of solar cell devices (vide infra). The solar cell 

stability and performance are studied in the following sections. 
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Figure 5. (a) Change of photo-conductivity as a function of time for 
CA-C4 <n> = 40. Excited at 633 nm. (b) Change of photo-conductivity 
and (c) Half-lifetime of the charge carriers as a function of <n> for 
<n> = 1, 2, 3  excited at 493 nm, 561 nm and 601nm, respectively. 
Prepared by spin coating and post-annealing at 110 °C, 150 °C and 
130 °C, respectively.  (d) Change of photo-conductivity and (e) Half-
lifetime of the charge carriers as a function of <n> for <n> = 4, 10, 40 
excited at 633 nm. Prepared by hot-casting at 110 °C. 

Environmental stability of films 

One of the objectives in the development of functional multi-layered 

perovskites is to benefit from their potential stability, while 

maintaining as much as possible the PCE associated with their parent 

3D perovskites. The environmental stability of the novel <n> = 40 

multi-layered perovskite featuring CA-C4 was therefore evaluated  by 

XRD over time at 77 % relative humidity (RH) in the dark at room 

temperature. The stability was compared to the references MAPI and 

the <n> = 40 multi-layered perovskite with PEA.  

For the MAPI film, initially the monohydrate50 (Figure 6, main 

reflections at ~ 8.5° and ~ 10.6°) is formed followed by slower 

formation of lead iodide (Figure 7, main reflection at ~ 12.6°). In the 

case of PEA <n> = 40, there is no clear sign of hydrate formation over 

the time of the experiment but lead iodide is slowly formed over time 

(Figure 8). The enhanced moisture stability of films with PEA was 

attributed in literature to the presence of the PEA molecules at the 

perovskite grain boundaries.4,41 However, the small amount of PEA 

used for the <n> = 40 stoichiometry is clearly not sufficient to 

completely prevent degradation over the time period of the 

experiment. For the novel CA-C4 <n> = 40, no significant changes in 

the diffraction pattern can be noticed over the 62 days of the 

experiment (Figure 9). In Figure S4 we show that the morphology of 

hot-casted PEA <n> = 40 films is very similar to that of hot-casted CA-

C4 <n> = 40 films, hence the enhanced stability of the CA-C4 <n> = 40 

films can not be ascribed to differences in film morphology. The 

enhanced stability for CA-C4 compared to PEA could be related to the 

more bulky nature of the carbazole molecules and their strong π-π 

stacking, which could make water intrusion through the organic layer 

more difficult. Although only a relatively small amount (~ 5 mol% 

compared to molMA + molCA) of the large cation CA-C4 is incorporated, 

a significantly enhanced moisture stability is obtained for this novel 

multi-layered perovskite material compared to the known 3D MAPI 

and  PEA <n> = 40 (see supporting information, Figure S14 for optical 

pictures of the films). This result is a clear demonstration of the 

benefit on the intrinsic stability of the use of bulky cations containing 

extended π-systems in multi-layered perovskites. 

 

Figure 6. XRD patterns of a MAPI film hot-cast at 110 °C, measured at 
different times stored at 77% RH. The label H is given to the two main 
reflections of the monohydrate MAPbI3.H2O located at ~ 8.5° and ~ 
10.6° 2ϑ. The label P is given to the main reflection of lead iodide 
located at ~ 12.6° 2ϑ. 

 

Figure 7. XRD patterns of a MAPI film hot-cast at 110 °C, measured at 
different times stored at 77% RH, showing the range of 11.5° till 35° 
2θ. The label P is given to the main reflection of lead iodide located 
at ~ 12.6° 2ϑ. 

 

Figure 8. XRD patterns of a PEA <n> = 40 film hot-cast at 110 °C, 
measured at different times stored at 77% RH. The label P is given to 
the main reflection of lead iodide located at ~ 12.6° 2ϑ. 
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Figure 9. XRD patterns of a CA-C4 <n> = 40 film hot-cast at 110 °C, 
measured at different times being stored at 77% RH. 

Solar cell behaviour and device stability under moisture 

The novel multi-layered perovskite material CA-C4 <n> = 40 was 

further integrated in photovoltaic devices and compared to the 3D 

perovskite MAPI and PEA <n> = 40 in terms of efficiency and stability. 

Devices were made in an ITO/SnO2/perovskite/Spiro-OMeTAD/Au 

configuration. The perovskite films are around 200 nm thick, 

therefore the initial short circuit current (Jsc) of the devices are 

between 12.5 and 14.5 mA/cm2 (Figure 10b). The PCEs obtained for 

the devices are moderate (Table 6). We deliberately chose to use the 

basic 3D perovskite MAPI as the parent material of our CA-C4 <n> = 

40 and not the advanced mixed cations/mixed halides 3D perovskites 

which give higher PCE in devices as our main goal here was only a 

comparative study to evaluate directly the effect of using our 

carbazole derivative. Therefore we kept the material system as 

simple as possible for this first proof-of-concept. 

The devices were stored in 77 % RH air for 264 h in the dark. The 

colour of the carbazole <n> = 40 perovskite films stays dark, while 

MAPI and PEA <n> = 40 films turn transparent (Figure S15). The 

degradation of the active layer leads to a drastic decrease of the Jsc 

for MAPI and PEA <n> = 40 devices (Figure 10b). In contrast, the Jsc 

of carbazole <n> = 40 devices only slightly decreases. Open circuit 

voltages of carbazole <n> = 40 devices are also more stable than 

those of MAPI and PEA <n> = 40 devices (Figure 10c). As a result, 

carbazole <n> = 40 devices maintain more than 80 % of their initial 

efficiencies, while MAPI and PEA <n> = 40 devices lose more than 60 

% of their initial efficiencies (Figure 10a and Table 6). These results 

reveal that adding a small percentage of the carbazole derivative to 

the perovskite precursor solutions can remarkably enhance the 

moisture stability of devices and that the stabilizing effect of the 

carbazole derivatives significantly outperforms that of PEA. 

Table 6. Initial and final PCE (with standard deviation) of the devices 
stored at 77 % RH. 

Active layer Initial PCE (%) Final PCE (%) 

CA-C4 <n> = 40 6.6 ± 0.2 5.4 ± 0.2 

PEA <n> = 40 7.6 ± 0.3 2.7 ± 0.3 

MAPI 8.0 ± 0.2 2.9 ± 0.2 

 

Figure 10. Changes of device metrics after being stored in 77 % RH 
air, in the dark, for 264 h. Average value and standard deviation 
shown on each data point are obtained from 12 devices. 

Conclusions 

In summary, multi-layered perovskites templated with 

carbazole derivatives were synthesized. The absorption and 

emission characteristics could be tuned by variation of the 

number of inorganic layers (n) in the perovskite structure. 

Interestingly, films of low-n carbazole containing perovskites 

showed high photoconductivity half-lifetimes in comparison to 

films of established low-n multi-layered perovskites. Higher-n 

(<n> = 40) multi-layered perovskite films possess charge carrier 

diffusion lengths comparable to MAPI thin films. Solar cells 

containing these materials have comparable efficiencies to our 

MAPI and phenethylammonium (PEA) <n> = 40 reference 

devices. Furthermore, moisture stability tests were performed 

both at the material and device levels. These tests showed that 

adding a small percentage of the carbazole derivative 

significantly enhances the moisture stability of the perovskite 

material and of the solar cells, compared to their PEA 

counterparts. The promising results obtained with carbazole as 

a first example of a large organic cation containing an extended 

π-system in multi-layered perovskites open the way to other 

systems in which similar tailored will be incorporated. Future 

work includes applying this concept to state-of-the-art mixed 

cation/mixed halide 3D perovskite formulations to combine the 

higher PCE with enhanced stability. 
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