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Abstract 

While perovskite solar cells (PSCs) have been developed with different device architectures, 

mesoporous devices have provided the highest power conversion efficiencies. In this work, thee 

working mechanism of both p-i-n and n-i-p meso-superstructured (MSSC) PSCs, which include a 

thin interlayer of porous alumina at the bottom electrode is explored. Interestingly, both positive-

intrinsic-negative (p-i-n) and negative-intrinsic-positive (n-i-p) architecture, the mesoporous 

configuration was more efficient than its planar counterpart. For MSSC SnO2-based n-i-p devices, 

that result was primarily due to an increase in Voc and Jsc, resulting from improved band alignment 

and filling of the electron trap states (n-doping at the SnO2/perovskite interface), which led to 

devices with 21.0 % efficiency and 20.3 % stabilized power output (SPO). Although MSSC NiOx-

based p-i-n meso-superstructured devices were less efficient due to lower Voc, a slightly higher Jsc 

and fill factor improvement was achieved by the Al2O3 mesoporous layer resulting in devices with 

16.9% efficiency. Importantly, the electronic nature of the perovskite is dependent upon its 

physical confinement within a mesoporous scaffold. Therefore, either p-i or n-i 

perovskite/semiconductor interfaces can be engineered by selectively modifying the 

semiconductor behavior with the introduction of an insulting mesoporous scaffold interlayer.  
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1. Introduction 

Metal halide perovskites have excited the global photovoltaic research community by achieving 

rapid gains in power conversion efficiency, going from just 3% in their first application in 20091 

to over 23% more recently.2,3 These unique organic-inorganic materials utilize Earth-abundant, 

low-cost elements in the ABX3 perovskite structure where A is a small organic cation (typically 

Cs+, CH3NH3
+, CH(NH2)2

+), B is a divalent metal cation (typically Pb2+ or Sn2+), and X is the 

halide anion (I-, Cl-, Br-). The rapid efficiency gains in perovskite solar cells can be attributed in 

large part to the desirable optoelectronic properties of these materials. Among these properties, a 

tunable band-gap, large dielectric constant, long carrier diffusion lengths, low non-radiative 

recombination, and high optical absorption make metal halide perovskites exceptional 

semiconductors for photovoltaic applications.4–7 High quality metal halide perovskite thin films 

can be achieved with a variety of processing methods including vacuum evaporation and solution 

processing. Perovskite solar cells also have potential for commercial viability due to their low 

cost.8,9 

While metal halide perovskites offer desirable optoelectronic properties, advancements in device 

architecture have also played a crucial role in the rapid efficiency improvements in perovskite 

photovoltaics. Initially, Miyasaka and co-workers utilized metal halide perovskites as light 

absorbing nanoparticles.1 In 2012, mesoporous Titania (TiO2) and Alumina (Al2O3) scaffolds were 

developed to achieve power conversion efficiencies of 9.2% and 10.9%, respectively, employing 

a solid-state hole-conductor.10,11 While mesoporous devices had reduced hysteresis and improved 

charge extraction, planar devices fabricated with vapour deposition in 2013 boosted power 

conversion efficiency to 15.4%,12 raising questions as to whether the mesoporous architecture was 
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necessary. While planar devices have made impressive gains since then,13–15 the debate on the 

superior device architecture remains unsettled, with recent state-of-the-art devices still utilizing a 

thin mesoporous TiO2 inter-layers and a solid perovskite capping layers,2 which is an architecture 

first observed to work well with mesoporous alumina scaffolds.16 

While mesoporous layers have typically been utilized in combination with compact TiO2,17 the 

surface defect density of TiO2 and limited stability of perovskites in contact with this 

semiconductor have created concerns about the viability of this selective contact.15,18 As alternative 

materials, other metal oxides have been used, including tin oxide (SnO2),19 which provides a higher 

performance alternative to TiO2 with reduced hysteresis in planar heterojunction cells, and a 

simple chemical bath processing route offers a more scalable and higher performance route than 

atomic layer deposition.20  

In this work, we develop n-i-p and p-i-n devices on planar and mesoporous Al2O3 scaffold 

architectures, referred as meso-superstructured (MSSC) architectures,21 in order to gain a deeper 

understanding of the electronic role of the mesoporous insulating inter-layer. Utilizing kelvin 

probe force microscopy, we have discovered that the mesoporous layer can enhance the p or n 

nature of the perovskite, depending on the underlying semiconductor layer which it is crystallized. 

Upon NiOx, the mesoporous layer induces p doping at the perovskite and therefore the external 

quantum efficiency (EQE) declines sharply at shorter wavelengths as the thickness of the scaffold 

layer is increased, corresponding this to photons that are absorbed near the interface. Regarding n-

i-p architecture, where infiltrated perovskite crystallizes on n-type semiconductor, in our case 

SnO2, the mesoporous layer strengthens the n-type behavior of perovskite at the 

semiconductor/mesoporous layer interface, improving the EQE for thin mesoporous layers; this 

result is consistent with findings that electron traps dominate and limit performance in metal halide 
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perovskites. Finally, for the first time, we apply this knowledge of the mesoporous doping effect 

by MSSC p-i-n and n-i-p devices with NiOx and SnO2, respectively, with optimized scaffold layer 

thicknesses.  These interface modifications allowed us to improve the power conversion efficiency 

over the p-i-n and n-i-p planar devices, in the latter case from 20.2% to 21.0%, while boosting the 

stabilized power output from 19.0% to 20.3% for MSSCs. 

2. Experimental Section 

All chemicals were purchased from Sigma Aldrich unless stated otherwise. 

 

2.1. Fabrication of n-i-p Devices 

 

n-i-p devices were fabricated on top of Fluorine-doped tin oxide (FTO) coated glass substrates 

(Pilkington TEC 7). Substrates were scrubbed with detergent (2% Hellmanex in water) and then 

sequentially sonicated for 2 min in acetone, isopropyl alcohol, and nanopure deionized water. The 

FTO was treated in oxygen plasma for 10 min immediately prior to the spin-coating the SnO2 

electron transporting. For that, 0.05 M tin (IV) chloride pentahydrate (SnCl4⋅5H2O) was dissolved 

in 2-propanol and stirred for 30 minutes. The solution was spin-coated onto FTO at 3000 rpm for 

30 s. Substrates were dried at 100 °C for 10 min and then annealed at 180 °C for 60 min. Substrates 

were then treated with a chemical bath deposition. 1.25 g urea was dissolved in 100 ml nanopure 

deionized water. 25 μL of 3-mercaptoproprionic acid (99%, Alfa Aesar) and 1.25 mL HCl (37%, 

Alfa Aesar), 0.012 M SnCl2.2H2O were added, and the solution was stirred vigorously for 2 min. 

The substrates were covered in the solution and placed in an oven at 70 °C for 3 h. Finally, the 

substrates were sonicated in deionized water for 2 min and then annealed again at 180 °C for 60 

min. The substrates were treated with UV-ozone for 15 min immediately prior to perovskite or 
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Alumina deposition. The mesoporous Al2O3 layers were deposited by spin-coating solutions of 

commercial alumina nanoparticles dispersion (50 nm Sigma Aldrich) diluted at 1:20, 1:5 and 1:3 

volume ratio of dispersion:isopropanol to give 50 nm, 100 nm and 200 nm. 1.45 M 

FA0.83Cs0.17Pb(I0.83Br0.17)3 precursor solution was prepared with 64 mg CsI (Alfa Aesar), 207 mg 

FAI (Dyesol), 538 mg PbI2 (TCI), and 104 mg PbBr2 (TCI). The perovskite solution was prepared 

in a mixture of anhydrous DMF (800 µL) and DMSO (200 µL). The precursor solution was stirred 

on a hot plate at 70 °C for 15 minutes.  Room temperature precursor solution was deposited in a 

dry box (10-15% relative humidity) and spin-coated at 1000 rpm for 10 s and then at 6000 rpm for 

35 s (ramp of 2000 rpm s-1). 80 μL of anisole was quickly dispensed onto the substrate 10 s before 

the end of spin-coating, and then the substrate was annealed on a hot plate at 100 °C for 45 min. 

The hole transport material (HTM) 2,2',7,7'-tetrakis(N,N'-di-p-methoxyphenylamine)-9,9'-

spirobifluorene (spiro-OMeTAD) was prepared by dissolving 85 mg spiro-OMeTAD (Lumtec) in 

1 ml anhydrous chlorobenzene along with 20 μl lithium bis(trifluoromethanesulfonyl)imide (Li-

TFSI) salt in acetonitrile (500 mg ml-1) and 33 μL tert-butylpyridine  (tBP). 100 μl of spiro-

OMeTAD solution was statically dispensed onto the substrate and then spin-coated at 2000 rpm 

for 45 s. Finally, to complete the devices, 80 nm thick gold electrodes were thermally evaporated. 

 

2.2. Fabrication of p-i-n Devices 

 

P-i-n devices were fabricated on ITO coated glass (Naranjo). The substrates were washed with 

neutral soap (Inmunodet neutro) and sequentially sonicated in DI water, acetone and isopropanol 

for 5 minutes. Then, ultraviolet ozone (UVO) treatment was done for 5 min at 100 °C. The NiOx 

hole transporting material was synthesized by using a chemical precipitation method previously 
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reported.22,23 The resulting NiOx powder was dispersed in deionized (DI) water to a 23 mg/mL 

concentration and spin coated at 3000 rpm for 30 s with a 3 s ramp. The mesoporous Al2O3 layers 

were deposited by spin-coating solutions of commercial alumina nanoparticles dispersion (50 nm 

Sigma Aldrich) diluted at 1:20, 1:5, 1:3 and 1:2 volume ratio of dispersion:isopropanol to give 50 

nm, 100 nm, 200 nm and 400 nm films. These films were then dried overnight under ambient 

conditions. To obtain the perovskite layer, a precursor solution of methylammonium iodide 

(Dyesol) and lead iodide (Alfa Aesar; 1:1 molar ratio; 55 wt%) in N,N-dimethylformamide (DMF) 

was deposited by spin-coating at 4000 rpm for 25 s. During spinning, 500 µL of diethylether were 

dripped on the substrate after 10 seconds and the films were annealed at 65 °C for 1 min and 100 °C 

for 10 min. PCBM (1-Material) was deposited via spin-coating a 20 mg/mL solution in 

chlorobenzene (CB) at 2000 rpm for 30 s. Rhodamine 101 was deposited on top of the PCBM 

layer by spin coating a 0.5 mg/mL solution at 4000 rpm for 30 s. Finally, to complete the devices, 

a 100 nm thick silver electrodes were thermally evaporated under vacuum (≈10−6  mbar) at a 

deposition rate around ≈ 0.1 nm/s. 

 

2.3. Characterization 

All the comparative characterization was performed to the same perovskite composition. AFM 

images were obtained in a MFP-3D infinity from Oxford Instruments. Optical absorption was 

measured in the range of 400-800 nm using a Cary 100 Agilent spectrometer, for the case of total 

reflectance an integrating sphere was employed. Surface roughness and thickness of the different 

layers were obtained using a Bruker DektakXT profilometer. Steady-state and time-resolved PL 

measurements were performed using a time resolved single-photon counting setup (FluoTime 300, 

PicoQuant GmbH) using a 507-nm laser head (LDH-P-C-510, PicoQuant GmbH) at frequencies 
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between 0.5 MHz and 2MHz with a pulse duration of 117 ps and fluence of 0.3 µJ/cm2/pulse with 

a detection wavelength of 775 nm. For transient photoconductivity the Nd:YAG laser excitation 

source was tuned to 470 nm and pumped at 10 Hz with 7 ns pulses is used at the range of fluences 

to have various carrier density as described in the main text. This pulse light is illuminated in entire 

sample area to evenly excite the film. A bias of 24 V is applied across the in-plane (lateral) 

electrodes. Here, as the contact resistance between perovskite film and Au electrode is fairly small 

compared to sample resistance, we employ two electrode conductivity measurement. A variable 

resistor is in series with sample in the circuit to always be <1% of the sample resistance. We 

monitored the voltage drop across the variable series resistor through a parallel oscilloscope 

(1MΩ) to determine the potential dropped across the two in-plane Au electrodes (4mm channel 

length) in the sample. The perovskite film was scribed to have 4mm channel width, and coated 

with inert 200 nm PMMA. Transient photoconductivity (sTransient-Photo) was calculated by the 

equation, σ𝑃𝑃ℎ =  ∆𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂
𝑅𝑅𝑟𝑟×(𝑉𝑉𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏−𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂)

 ×  𝑙𝑙
𝑤𝑤×𝑡𝑡

  where, Rr is variable resistor, Vbias is bias voltage, l is channel-

channel length, w is channel width, and t is film thickness. 

 

2.4. Solar cell characterization 

Solar cells were measured with an Abet Class AAB solar simulator under simulated AM 1.5 

sunlight at 100 mW cm-2 irradiance, calibrated by an NREL-calibrated KG5 filtered silicon 

reference cell. The mismatch factor was calculated at < 1%. J-V curves were recorded with a 2400 

Series Sourcemeter by Keithly Instruments. The solar cell active area was 0.09 cm2. 

 
3. Results and discussion 

Schematics of the p-i-n and n-i-p mesoporous device architectures are shown in Figure 1, along 

with their related performance data. The p-i-n devices were fabricated on nickel oxide (NiOx), 
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utilizing PC60BM and Rhodamine as electron transport layers, while the n-i-p devices were 

fabricated on tin oxide (SnO2), with Spiro-OMeTAD as a hole transport layer. The mesoporous 

layers were optimized by modifying the spin-coated solution concentration, and further details can 

be found in the ESI.  

 

Figure 1. Comparative photovoltaic parameters for a) n-i-p and b) p-i-n devices with different 

mesoporous layer thicknesses. 

Notably, at low mesoporous layer thicknesses Voc and fill factor increased in both n-i-p and p-i-n 

devices, leading to maximum PCE of 21.0% and 16.9%, respectively (see Table 1 for photovoltaic 
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parameters). However, as the mesoporous layer thickness increases, both the p-i-n and n-i-p 

devices exhibit reduced power conversion efficiency. As we will discuss in detail, this reduced 

efficiency can be attributed to lower current due to insufficient minority carrier diffusion length in 

the p-i-n devices, and increasing series resistance in the normal devices. These results also 

corroborate findings from Leijtens et al.24 that sub-gap, trap mediated recombination is the 

dominant recombination mechanism in perovskite solar cells, with electron trapping being the 

primary decay pathway. Thus, one route to improving Voc is reducing and filling electron traps, 

promoting bimolecular recombination. 

Table 1. Solar cell performance parameters determined from J–V curves 
Device PCE (%) Jsc (mA/cm2) Voc (mV) FF (%) 

n-i-p planar 

Average 19.4±0.6 23.3±0.3 1128±14 75±2 

Best 20.2 23.6 1126 76 

n-i-p meso 50nm 

Average 20.1±0.6 23.5±0.4 1150±11 76±2 

Best 21.0 24.3 1140 76 

n-i-p meso 100nm 

Average 16.3±2.1 23.2±0.3 1095±24 69±7 

Best 18.2 23.45 1135 71 

n-i-p meso 200nm     

Average 16.3±2.1 23.2±0.3 1095±24 69±7 

Best 18.2 23.45 1135 71 

p-i-n planar 

Average 15.0±0.5 20.2±0.7 1026 ±25 71±4 

Best 16.2 21.9 1018 73 

p-i-n meso 50nm 

Average 15.23±0.6 19.9±0.6 1058±13 74±2 

Best 16.2 20.7 1044 74 

p-i-n meso 100nm     

Average 15.3±0.7 19.9±0.5 1061±12 74±2 

Best 16.9 20.4 1080 76 

p-i-n meso 200nm     

Average 12.5±1.3 16.9±1.3 1066±9 72±4 

Best 13.9 18.3 1070 71 

p-i-n meso 400nm     

Average 7.5±1.2 10.1±0.5 1040±9 72±9 

Best 9.2 10.9 1044 80 
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In order to better understand the origin of performance differences in n-i-p and p-i-n mesoporous 

devices, we spin-coated diluted perovskite precursor onto Al2O3 mesoporous substrates to 

characterize the effects of the mesoporous layer on the perovskite (detailed experimental 

information in ESI, as well as raw KPFM images in Figure S1 to Figure S4). As shown in Figure 

2a, the perovskite infiltrating a mesoporous scaffold on NiOx (p-type/Al2O3/perov) has a deeper 

work function of 5.21 eV than perovskite on planar NiOx (p-type/perov) (5.16 eV), demonstrating 

greater p-type behaviour in the infiltrated one. Conversely, perovskite infiltrating a mesoporous 

scaffold of Al2O3 on the n-type semiconductor has a shallower work function of 4.63 eV, an n 

doping effect. Both, the p-i-n and n-i-p devices on mesoporous insulating scaffolds show improved 

Voc, which we attribute to improved quasi-Fermi level splitting in the perovskite as a result of the 

modified work function. 

 

In addition to measuring the work function shift with kelvin probe force microscopy, the 

perovskite-mesoporous interface was characterized with surface photovoltage (SPV) 

measurements at different illumination intensities, as shown in Figure 2b. As described 

elsewhere,25 the SPV sign is related to the type of surface states while its magnitude relates to the 

density of states. A negative SPV corresponds to superficial acceptor states, capturing electrons at 

the surface (upward band bending) while a positive SPV signal corresponds to donor states, 

injecting electrons into the vicinity of the surface (downward bending).26 Therefore, this technique 

allows confirmation of the p- or n-type surface characteristics of a semiconductor. Remarkably, 

for the reference perovskite grown on n-type and n-type/m-Al2O3 surfaces, the SPV showed a 

positive trend, commonly attributed to a p-type semiconductor surface,27 with a magnitude of SPV 
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reaching a maximum of 117 ± 11 mV  and 213 ± 13.9 mV, respectively. Additionally, the n-

type/m-Al2O3 reached saturation in SPV with just 25% of illumination intensity, which means that 

there is a lower potential barrier for photogenerated carriers than for a planar n-type based device 

and that surface acceptor states are rapidly filled in concordance with the previously demonstrated 

perovskite grown on top of n-type/m-Al2O3.28 These results are in total agreement with the n-i-p 

device operation for the common SnO2/perovskite/Spiro-OMeTAD or SnO2/m-

Al2O3/perovskite/Spiro-OMeTAD configuration in which the perovskite should couple in the first 

side to the n-type SnO2 and in the other side to the p-type Spiro-OMeTAD. For the case of the 

perovskite grown on p-type and p-type/m-Al2O3, SPV showed an opposite behaviour with a 

negative SPV. Even though the magnitude of the SPV was not very different between planar p-

type and p-type/m-Al2O3, the alumina-based sample showed a faster saturation point at 50% 

illumination, while the bare NiOx only started to show a saturation point at 100%. This indicates 

that Al2O3 can also fill trap states in the p-i-n configuration and that the device operation for a 

NiOx/perovskite/PCBM or NiOx/m-Al2O3/perovskite/PCBM corresponds to a more p-type 

perovskite contacting the NiOx layer and an n-type perovskite contacting the PCBM layer. This 

result confirms that the semiconductor character of the infiltrated perovskite is mainly determined 

by the contacting semiconductor interface and not by the m-Al2O3 itself and that in both cases, p-

i-n or n-i-p configurations can be obtained by using Al2O3 as scaffold material while improving 

the band alignment and reducing surface trap states. 
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Figure 2. Surface electronic properties of the infiltrated perovskite.  a) Work function of a thin 

layer of perovskite grown of top of p-type or n-type semiconductor evidencing the band alignment 

induced by the semiconductor and improved by the mesoporous layer, and b) surface photovoltage 

(SPV) analysis of a thick perovskite also indicates lower surface trap states induced by the alumina. 

Note: 100% illumination corresponds to 3mW/cm2. 

 

In Figure 3 we examine the current voltage characteristics, EQE, and stabilized power output of 

planar and mesoporous solar cells. As discussed earlier, thin mesoporous layers improve Voc in 

both the n-i-p and p-i-n devices. In the n-i-p devices, the thin mesoporous layer also improves 

current density, indicating improved charge extraction, but also a contribution from increased film 

thickness and light absorption (see Figure S5 for a comparative cross section SEM image of the 

planar and mesoporous devices and top view SEM of the 50 nm and 100 nm Al2O3 mesoporous 

layer). In p-i-n mesoporous devices, current density decreases as the thickness of the mesoporous 

alumina layer is increased. In order to understand this effect more clearly, we fabricated p-i-n 

devices with 400 nm mesoporous Al2O3 (see Figure S6 for full photovoltaic parameters). These 

devices had an average Jsc of 10.1 mA/cm2, while keeping almost the same Voc and FF as the planar 

heterojunction and thinner Al2O3 cells. We also noted that all the mesoporous thicknesses exhibit 
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the same overall specular reflectance (Figure S7), such that the large differences in photocurrent 

are not expected to come from differences in light absorption. However, since the introduction of 

the mesoporous layer increased the total thickness of the active layer and decreased the capping 

layer (Table S1), these results indicate that charge collection from within the mesoporous scaffold 

region, in the p-i-n architecture, is limited. 
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Figure 3. Comparative a) JV curves, b) EQE and c) SPO of n-i-p and p-i-n devices. Note that 400 

nm Al2O3 p-i-n JV curve and EQE was added to show more clearly the reduction in photocurrent 

in the blue region. 

The EQE graphs help to explain this difference in current between the two architectures by 

providing insight into the “minority carrier diffusion length”. In the p-type perovskite film, 

absorption of shorter wavelengths near and within the mesoporous interface results in current 

losses with increasing mesoporous thickness. This is consistent with electron traps being the 

dominant non-radiative recombination pathway,29 inhibiting the diffusion length of the minority 

carrier, which in this case are electrons. In the n-type perovskite film, absorption of shorter 

wavelengths near and within the mesoporous interface results in increased EQE. This indicates 

that both electrons and holes (the minority carrier in this case) have long diffusion lengths within 

the n-type perovskite region. The panchromatic improvement in photocurrent generation for the 

n-i-p cells, suggest that the charge collection efficiency is improved with the insertion of the 

mesoporous scaffold interlayer. This is consistent with the more n-type region of perovskite 

absorber, making improved, lower resistance electronic contact with the SnO2 charge extraction 

layer. It is evident that n-i-p devices are more efficient than p-i-n devices, due to the lower Voc 

obtained in NiOx-based devices. The stabilized power output (SPO) of the best performing n-i-p 

meso-superstructured device with 50nm Al2O3 interlayer, was 20.3% compared to 19.0% of the 

planar counterpart. On the other hand the SPO for the p-i-n meso-superstructured devices 15.8% 

compared to 15.5% of the planar counterpart. Note the fast SPO stabilization of less than 2 seconds 

for the p-i-n devices; this is related to the absence of hysteresis in this device configuration and 

the common pronounced hysteresis of the n-i-p devices18 as shown in Figure S8, which includes 
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representative curves both forward and reverse scans for the fabricated devices. In the latter case 

is reduced by the mesoporous layer. 

 

The improved Voc should be reflected in reduced non-radiative recombination. In order to 

corroborate this we performed steady and time resolved PL. As shown in Figure 4a, the perovskite 

deposited on top of glass showed an initial fast electron trapping process (around 40 ns lifetime). 

After this, the trapped electrons slowly recombine with free holes on tens of µs timescales, 

deviating significantly from the expected trap mediated recombination pathway, as also observed 

by Leijtens et al.28 The perovskite deposited on top of a mesoporous Al2O3 layer, showed a slightly 

longer lifetime up to 1.5 µs, indicating that in this case more surface traps are probably filled,30 

resulting in a situation where most of the traps are filled at solar fluence, allowing the solar cells 

to obtain improved photovoltages, as previously observed. This is also in agreement with the 

higher steady state PL shown in Figure S9. 

To have a deeper understanding of the effect of the selective contact in combination with the Al2O3 

mesoporous layer, we also measured PL properties of the meso-superstructured perovskite on top 

of SnO2 and NiOx. We note radiative recombination leading to PL occurs via band-to-band electron 

hole recombination, and non-radiative recombination, which leads to quenching of the PL, occurs 

via trap assisted recombination. We found that the perovskite PL is not strongly dependent on the 

Al2O3 thickness for the films processed on SnO2 devices (Figure S9a), indicating that the trap 

assisted recombination is not strongly altered by the presence of the Al2O3. In contrast, there is a 

large increase of the PL for perovskite films processed on the 200 nm Al2O3 with the NiOx 

configuration (Figure S9b). This is consistent with the electrons predominantly residing in the 

capping layer, where they can-not undergo trapping within the region of p-type perovskite within 
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the mesoporous scaffold. As shown in Figure 4b and 4c, this had a marked difference in the charge 

carrier lifetime for both meso-superstructured configurations. The perovskite deposited on top of 

SnO2 had much slower decay than the one deposited on NiOx with a long tail independent of the 

Al2O3 thickness. Increasing the Al2O3 thickness on the NiOx, increased the carrier lifetime, which 

is consistent with our absolute PL measurements. It is important to note that the long tail in the 

SnO2 might indicate that there are shallow electron traps instead of deep electron traps, with a long 

de-trapping time.31  

 

Figure 4. Time resolved PL for a) planar and mesoporous perovskite deposited on glass, and b) 

on SnO2 and c) on NiOx,respectively. d) Transient photocurrent devices perovskite in the planar 

and mesoporous n-i-p and p-i-n configuration. 
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A large density of sub-gap states, and the degree to which they are filled, should have an influence 

on long-range charge carrier transport. In order to probe this, we performed transient 

photoconductivity measurements as shown in Figure 4d. Excitation densities from 1017 cm-3 

(similar to device operation) to 1019 cm-3 were used to monitor the photoconductivity. Higher 

photoconductivity was observed for the perovskite deposited on top SnO2 compared to the NiOx, 

and the difference in photoconductivity between the planar or meso-superstructured substrates is 

much larger for the films processed on NiOx, than on SnO2. These observations are consistent with 

more trapping, and shorter carrier lifetimes for the films processed on NiOx, than on SnO2. With 

the presence of the mesoporous Al2O3 having negligible impact on SnO2, but increasing the 

trapping rate and reducing the carrier lifetime on NiOx. 

 

To summarize our findings, Figure 5 shows the schematic representation of the proposed 

recombination mechanisms in which an intrinsic perovskite has sub-gap, trap mediated 

recombination with electron trapping being the primary decay pathway. For the case of the n-type 

perovskite infiltrated into the mesoporous layer, the non-radiative recombination is slower due to 

filled electron traps. While the p-type perovskite has more holes in the valence band and fewer 

filled electron traps, resulting in more rapid non-radiative recombination. Consequently, a reduced 

EQE at shorter wavelengths (corresponding to the light absorbed near the p-type contact-

perovskite interface) was observed for the p-i-n devices. This results give new insights into the 

working mechanisms of different PSC architectures, paving the way for boosting the efficiency of 

this photovoltaic technology. 
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Figure 5. Schematic representation of the recombination process of a) an intrinsic perovskite, b) 

n-type and c) p-type perovskite. 

 

4. Conclusions 

While mesoporous perovskite solar cells have often outperformed their planar counterparts, the 

typical reasons given for this difference are reduced hysteresis and improved charge extraction, 

often heralding the mesoporous conductive TiO2 responsible. Here, we discovered that 

mesoporous insulating Al2O3 layers provide a controllable method to strengthen the p- and n- 

nature of the perovskite absorber layer, contacting the selective charge extraction layer. Due to 

shallow electron traps being the primary recombination pathway in perovskite solar cells, devices 

benefit from n-type nature of the perovskite and show improved Voc from better band alignment, 

increased Jsc from thicker films and improved charge collection, and therefore the highest power 

conversion efficiency of 21.0% for a meso-superstructured perovskite solar cell. Notably our 

findings indicate that the design criteria for an “ideal” perovskite solar cell should have an 
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extremely thin p-type region, so as to minimise current loss due to short electron diffusion in this 

region, but can have a much thicker n-type region. It is likely that this factor alone is why the n-i-

p architectures still outperform the p-i-n architectures.    

 
Supplementary information 
 
Additional details of the KPFM characterization, cross-section SEM images of devices, 

photovoltaic parameters of p-i-n devices, reflectance, comparative JV curves including both, 

forward and reverse scans of the devices, and steady-state PL spectra of perovskite films. 
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