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Abstract: Lead-halide perovskites have emerged as high-performance photovoltaic materials 

and present a promising candidate for thin film photovoltaic applications. We map the 

propagation of photogenerated luminescence and charges away from a local photoexcitation 

spot in thin films of lead tri-iodide perovskites, and observe light emission at distances of 

50 μm and beyond. Over these distances, the peak of the internal photon spectrum red-shifts 

from 765 nm to ≥800 nm. Using a lateral-contact solar cell with selective electron- and hole-

collecting contacts charge extraction for photoexcitation at distances over 50 μm away from 

the contacts is observed. We show that these large transport distances arise from repeated 

recycling between photons and electron-hole pairs. Energy transport in these perovskites is 

therefore not limited by diffusive charge transport, but can occur over long distances through 

multiple absorption-diffusion-emission events.  This process creates high excitation densities 

within the active perovskite layer, and, as with GaAs solar cells, allows high open circuit 

voltages. 

Keywords: Photon recycling, lead-halide perovskites, long-range energy transfer, back-

contact solar cell 

One Sentence Summary: We demonstrate photon recycling in lead iodide perovskite solar 

cells, which allows for high long charge extraction lengths through multiple absorption-

emission events, and contributes to the exceptionally high reported open circuit voltages. 
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Main Text: 

 

Hybrid lead halide perovskite photovoltaics have shown an exceptional rise in power 

conversion efficiency since their original publication (1) to efficiencies which are almost 

comparable to crystalline silicon (2–7). This excellent photovoltaic performance has been 

attributed to well-suited material properties such as high absorption cross-sections (8), long 

charge carrier lifetimes (9) and high emission yields (10). Recent studies in single crystals 

have reported charge diffusion lengths of 175 μm (11, 12), and in polycrystalline thin films 

vertical diffusion lengths have been found to be longer than one micron (13, 14) . Together 

with high radiative recombination yields and long carrier lifetimes this raises the question if 

absorption and reemission of excited carriers can occur during the transport.  We report here 

that such ‘photon recycling’ does indeed play a central role, allowing considerable increases 

over current descriptions in the characteristic lengths for charge and energy transport.  This 

implies that some reinterpretation of the perovskite solar cell literature is therefore required. 

Highly crystalline inorganic semiconductors with high internal quantum yields, such as 

GaAs, demonstrate the current record efficiencies in single junction solar cells (15, 16). The 

low non-radiative recombination rates, and high photoluminescence (PL) yields, of these 

materials allow one photoexcited state to undergo multiple radiative emission-absorption 

events before it is lost through non-radiative decay (17, 18). This photon recycling effect, 

together with photonic confinement due to the difference in refractive index between the 

active material and its surroundings, leads to a built-up of excited state population in the bulk 

of the material, similar to a solar concentration effect (17). Additionally, the length scales for 

energy transport are not limited to a single charge diffusion length, but can occur through 

multiple recombination-emission events in an interchange between light and charge states, 

which dramatically enhances the transport length scales.  



Previous work on lead iodide perovskites has found a sharp absorption onset at the optical 

band-edge, with an Urbach Tail slope close to that of GaAs (8, 19), while the PL spectrum is 

homogeneously broadened by interaction with phonons, leading to a considerable intensity 

beyond the band-edge (20). Additionally, long carrier lifetimes and low non-radiative losses 

have been reported (9, 10).  These are conditions that could support photon recycling. 

We study thin perovskite films (details of preparation and characterisation in the SI) on glass 

substrates, with a thickness of ~100 nm.  Under these conditions, only 10-15% of internally 

generated PL escapes to the air above or to the glass below (calculation in the SI), and 

remaining emission is guided within the film (21).  We measure the spatial distribution of 

photo-generated emission using a confocal optical microscope setup with separately-

controlled excitation and collection objectives and a spatial resolution of ~1.5 μm, see Figure 

1A and Supporting Fig. S1. Photons propagating in the film can be scattered out of the film 

or be absorbed and re-emitted isotropically. We measure the emission from the edge of the 

film, allowing the detection of both components. These results provide a direct probe of the 

internal photon distribution traveling through the film.  Figure 1B shows spatial emission 

mapping.  When excitation is close to the edge (≤ 4 μm), the observed spectrum is similar to 

the macroscopic PL of this film, centred around 765 nm (cf. Figure 1C). However, when the 

excitation objective is moved further away from the collection spot, the internal spectrum 

continuously red-shifts, beyond 800 nm after a separation of 50 µm. Unexpectedly, at these 

distances, we still detect a blue (765 nm) component in the spectrum at wavelengths similar 

to the initial emission spectrum, the origin of which we discuss below. 

Absorption coefficients  of the films are measured using photothermal deflection 

spectroscopy (PDS), and are compared with photoluminescence excitation spectrum (PLE) in 

Figure 1C. Under conditions where photons are mostly confined within a slab (formed here 



by the glass/perovskite/air structure) the Beer-Lambert law gives a decay in spectral photon 

population I away from a point-like excitation spot with radius r0:  
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This relation indicates that the decay is mono-exponential for each wavelength, with an 

additional radial factor. Using this equation the predicted spectral decay map following this 

law is plotted in Figure 1D. We find that the measured decay in the different spectral regions 

is significantly slower than the prediction from the Beer-Lambert law. To illustrate the 

difference, the decay for selected wavelengths is extracted in Figure 1E. Beer-Lambert 

predictions do not take scattering into account, which may further reduce the emission 

intensity, particularly in spectral regions of very low absorption.  

We attribute the main, red-shifted peak to photons guided within the film.  These are 

absorbed by the tail of the band-edge and generate electron-hole pairs far from the original 

excitation spot. The internal photon spectral distribution is biased towards longer wavelength 

photons since these travel further between emission and absorption events.  When these 

recombine, they regenerate the original emission spectrum that peaks near 765 nm. We note 

that the photon energy gain between absorption and re-emission occurs via phonon-assisted 

thermalization.  

With the observed spatial decay of photon intensity, charges are expected to be generated at 

comparable distances. To measure the spatial charge distribution directly, we designed a 

lateral solar cell with electron and hole selective electrodes. Figure 2A shows the fabrication 

process of this back-contacted device. It starts with a plain sheet of ITO covering a glass 

substrate. Photolithography is then used to make a pattern of ITO with interdigitated 

electrodes. The channel and electrode width is ~4 µm. This relates to a pitch distance, 

measured from the centre of each electrode, of 8 µm in total. Electrodeposition is employed 



to selectively deposit electron- and hole-blocking layers. On half of the electrodes TiO2 was 

deposited from a solution of Ti(O2)SO4, and poly-3,4-ethylenedioxythiophene (PEDOT) from 

an 3,4-ethylenedioxythiophene (EDOT) monomer-based solution is deposited in the 

remaining electrode surface. The TiO2 layer is formed by hydrolysis, whilst the PEDOT film 

forms by polymerization under an external bias. Finally, a layer of perovskite is spincoated 

from a standard precursor solution based on methylammonium iodide mixed with lead acetate 

in DMF (22). (see experimental section in the SI for a full description). 

The electric response of this device was measured in the dark and a diode-like rectifying 

behavior was found. Under solar irradiation a photovoltaic response of the device with an 

open-circuit voltage of 0.5 V was observed (Figure S14), showing effective carrier selectivity 

at the electrodes. Photocurrent extraction appears however to be limited compared to vertical 

solar cells, which we postulate to be due to energy barriers at the electrodes and an 

unfavorable charge collection geometry. For comparison, a lateral solar cell without selective 

layers is shown in the supplementary information (Figure S15), which shows a reduced 

charge selectivity, and very limited voltage and photocurrent. 

We used a confocal microscope setup to map the spatially resolved photocurrent generation 

in these devices with an excitation resolution below 1 m. The photocurrent then probes the 

number of photo-excited carriers which reach the electrodes.  Figure 2B shows a spatial map 

of photocurrent both across the interdigitated electrodes (< 0 μm) and for photoexcitation 

beyond the electrodes (0 to 100 µm).  The full operation of this ‘back-bottom contact’ solar 

cell will be reported elsewhere, but we draw attention to the very slow fall-off in photocurrent 

for excitation beyond the edge of the electrode structure, see also Figure 2C.  This extends 

significantly beyond reported diffusion lengths of lead halide perovskite thin films. 



In the range of excitation fluences used here, PL in perovskites is mainly due to bimolecular 

recombination of charge carriers with volume density n, i.e.      , consistent with 

electron-hole recombination (10, 23, 24). Hence, we can relate the locally generated PL, 

taken around the PL emission peak (765 nm), with the local charge density, and √     is a 

probe of the spatial charge distribution. Since √   decays cylindrically, it has to be 

geometrically corrected by performing a line integral of √   over the length of the electrode, 

in order to compare it with the photocurrent measurements.  

In Figure 2C we compare the decay of the integrated √   with the measured spatial decay of 

the photocurrent. We observe a very similar decay in photocurrent and integrated √   

beyond 8 µm, which is the resolution set by the electrode geometry,  The agreement between 

these two quantities indicates that the red-shifted component of the recycled photons allows 

excitation transport over long distances, beyond carrier diffusion lengths, which eventually 

can be extracted as photocurrent from a solar cell. 

To model this, a system of cylindrically symmetric partial differential equations was set up 

and solved (full details in the SI):  
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The charge carrier concentration n and the photon density  were modeled (at different 

wavelengths ) as a function of distance from the excitation spot. Input parameters are 

reported experimental values for carrier diffusion (diffusion constant D = 0.5cm
2
s

-1
, (9, 11, 

12)), mono- and bimolecular recombination of carriers (k1 = 10
6
 s

-1
, k2 = 10

-10
 cm

3
s

-1
, our own 



measurements and (10, 25)), and the measured wavelength-dependent absorption coefficients 

   (cf. Figure 1C). We note that the experimentally measured external bimolecular rate has to 

be adjusted to take photon recycling into account (26, 27). All absorption of photons is 

assumed to result in the creation of charge pairs, but only the bimolecular channel is 

radiative, with the spectrum as shown in Figure 1C, and a proportion 1-Pstay (modelled to be 

12.5%, see the SI) of these are lost due to optical transmission out of the perovskite at the 

interfaces. The external photoluminescence quantum efficiency (PLQE) results from multiple 

internal recycling events and is related to the internal PLQE by the geometric series:  
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The external PLQE varies with distance from the excitation spot and carrier density (Figure 

3A). We find that photon recycling can be very efficient close to the excitation spot, but 

drops off at larger distances where charge carrier densities are smaller. From Eq. 2 we find 

that internal PLQEs can exceed 50% for 1-sun illumination (internal carrier density~10
15

 cm
-

3
), which correspond to lower measured external PLQEs of ~10%. We note that the observed 

recycling effect on extraction would be increased in a solar cell with homogenous 

illumination, which gives constant carrier densities over the full active area. 

Using this model to match the experimental photocurrent, it is clear that recycling has to be 

taken into account to explain the observed long spatial decays (Figure 3B). The model 

predicts on average one recycling event per photoexcited charge carrier under 1-sun 

illumination before the carrier decays non-radiatively (calculation in the SI) in a perovskite 

film in air on glass. This value relates to a photon recycling-assisted average excitation travel 

distance of 20 m (Figure S18). We also find that the average travel distance can be 

enhanced at larger charge densities (for example under high fluences) and can reach values 

beyond 50 m.  



These results demonstrate that externally measured photoluminescence in lead-halide 

perovskites can result from several recycling events. In terms of electron-hole transport, the 

results suggest that the average distance a charge carrier can travel in these materials is not 

limited by the charge carrier diffusion length, for as long as recombination is radiative and 

the photon stays in the film, the electron-hole pair can be regenerated and propagate over 

large distances. This creates a distinction between extraction and charge diffusion lengths, 

and solves the existing contradiction of reported high recombination rates and long 

‘diffusion’ lengths in the literature.  

What are the implications of the observations presented here for standard thin-film perovskite 

solar cells (6, 28)?  The thin film samples used in our work provide useful model systems for 

these structures.  Using the model and parameters developed above, we estimate that, under 

open-circuit conditions, in a device with a thickness of 350 nm and non-quenching 

electrodes, recycling produces a doubling of the internal photon density under 1 sun 

illumination. These effects can be enhanced even further by minimizing non-radiative decay 

channels and under higher fluences, such as in solar concentrators, where high bimolecular 

recombination rates dominate. In the ideal case of unity PLQE and perfect back mirror, 

photon recycling can produce internal photon densities up to 25 suns (4n
2
 with n = 2.5) (29) 

in perovskite solar cells at open circuit. This indicates that photon management, such as the 

use of highly reflective back mirrors to minimize photonic losses and texturing of the top 

surface, are promising approaches to utilize photon recycling to improve photo-conversion 

efficiencies of perovskite solar cells towards the Shockley-Queisser limit. Higher photon 

densities lead to higher internal luminescence and to a build-up of excited charges, which 

increase the split of quasi-Fermi levels and enhance the achievable open circuit voltage in a 

solar cell.  
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Figures: 

 

Fig. 1. Spatial mapping of emission and photon spectrum A) Graphical representation of 

microscope setup and measurement geometry. B) Experimentally measured light emission 

map for different separation distances between excitation and collection. C) Comparison of 

PL with PL emission (PLE) and photothermal deflection spectra (PDS). D) Predicted spatial 

light emission spectra from cylindrically decaying Beer-Lambert law. E) Comparison 

between experiment (solid lines) and expected decay (broken lines) from the Beer-Lambert 

law at 765 and 800 nm. The experimental data is not in agreement with simple linear 

absorption. This suggests additional processes, such as photon recycling, to occur which 

allow to maintain substantial photon intensity at large distances. 

  



  

Fig. 2. Photocurrent mapping of an interdigitated back contact (IBC) perovskite solar cell. A) 

Fabrication process of IBC device: pattern a flat sheet of ITO, electrodeposit TiO2 on half the 

fingers and PEDOT on the other half, spincoat the photoactive perovskite layer. B) 

Photocurrent map at the edge of the active area of an IBC perovskite device. Lateral position 

along the electrode direction. We observe photocurrent several tens of microns beyond the 

last electrode (x-axis position 0 m) C) Comparison between spatial decay of photocurrent 

and square root of PL. These results suggest that photon densities, which propagate over large 

distances through the material assisted by photon recycling, can be extracted as photocurrent. 

  



 

Fig. 3.  A) Change in external and internal photoluminescence quantum efficiency (PLQE) as 

a function of distance derived from a photon recycling diffusion model as presented in the 

text, with reported mono- and bimolecular recombination (kmono = 10
6
 s

-1
, kbi = 10

-10
 cm

3
s

-1
) 

and diffusion constants (D = 0.5 cm
2
s

-1
) of photoexcited carriers. B) Predicted spatial 

photocurrent decay for the model with and without photon recycling. We find that photon 

recycling is required to obtain the experimentally observed long extraction lengths. 
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Materials and Methods:  

Perovskite deposition and thickness measurement 

All materials were purchased from Sigma-Aldrich or Acros Organics and were used as received. 

A solution of Pb(Ac)2 and CH3NH3I having molar ratio of 1:3 were prepared in N,N-

dimethylformamide solvent by constant stirring for 5 min. The solution was then spincoated on 

top of clean Spectrosil glass substrate (for confocal PL measurements) or on top of the 

interdigitated selective electrodes (for combined PL and photocurrent measurements) at 2000 

rpm for 60 seconds (accel. of 2000 rpm s-1) and annealed at 100 °C for 5 min to achieve laterally 

uniform perovskite films. The thickness of the films was measured with a Veeco Dektak 

profilometer. 

 

Interdigitated back contact device fabrication 

Samples for photocurrent measurement were prepared on pre-fabricated selective bottom contact 

substrates. Glass substrates covered with a flat film of ITO were cleaned by sonication in acetone 

(10 minutes) and IPA (7 minutes) and dried with a nitrogen blow gun. A layer of S1813 

photoresist was deposited, exposed and developed in MF 319 developer leaving a pattern of 

interdigitated electrodes (see, Figure 2A). The width of each electrode was 4μm with 4μm 

spacing. The total active area covered with the interdigitated electrodes measured 1.5 x 0.8 mm. 

(188 fingers of 0.8 mm length. Following the developing step, the sample was etched in 32% 

mailto:rhf10@cam.ac.uk
mailto:fd297@cam.ac.uk


HCl for 11 minutes on a rotating holder to facilitate a constant flow of etchant. Resist was 

removed by soaking in acetone. The sample was then rinsed with IPA and dried with a nitrogen 

blow gun.  

 

Electron and hole selective layers of TiO2 and PEDOT were deposited on the electrodes by 

electrodeposition. The electrodeposition of TiO2 was performed following the experimental 

procedure reported in (1). Briefly, an aqueous solution containing 0.02 M of TiOSO4 (Sigma), 

0.03 M H2O2, and 0.1 M KNO3 (Sigma) was cooled and kept at 10 °C while N2 was flown 

through the solution. A standard three-electrode configuration was used, with ITO conductive 

glass as working electrode, Pt mesh as counter electrode and an Ag/AgCl reference electrode. 

The cathodic electrodeposition was carried out between -1.15 V and -0.95 V vs. Ag/AgCl for 

times ranging from 200 s to 1400 s, which led to the formation of TiO(OH)2・xH2O gel film on 

the electrode. Subsequently, this film was subjected to heat treatment in air at 400 °C for 1 h 

(heating rate 10 °C min-1) to obtain polycrystalline TiO2 thin films. 

 

Electropolymerisation of poly-3,4-ethylenedioxythiophene (PEDOT) on the remaining fingers 

was conducted using 0.01 M 3,4-ethylenedioxythiophene (EDOT) monomer (Sigma Aldrich) 

and 1.0 M LiClO4 (Acros) electrolyte in propylene carbonate (Sigma Aldrich), contained in a 

sealed chamber through which N2 was bubbled prior to deposition. A three-electrode 

configuration was used, with ITO conductive glass as the working electrode, Pt foil as the 

counter electrode and an Ag pseudo-reference electrode. An Fc/Fc+ redox couple measured in 

the same conditions as used for electropolymerisation displayed an equilibrium potential of 

+0.16 V. The anodic polymerisation was carried out at approximately +1.2 V vs. Ag for 1 s. 

After deposition, the film was rinsed with acetonitrile and dried with N2. 

 

PL and photocurrent measurements 

Combined photoluminescence and photocurrent was measured using a WITec alpha 300 s setup. 

The excitation source was 405 nm cw laser (Coherent CUBE), chopped using a Stanford 

Research SR 540 chopping unit at frequency of 840Hz. The light was coupled though an optical 

fibre to the microscope and focused using 60x Nikon lens (NA = 0.7). Sample rested on a X-Y 

piezo stage of the microscope. The PL signal was collected in reflection mode with the same 60x 

objective and detected using a spectrometer fitted with a CCD detector. A low pass filter with a 

cut-off wavelength of 435 nm was fitted before the CCD detector to block the excitation 

component of transmitted light (405nm). For the photocurrent detection micro needle probes 

were used to feed the signal from sample electrodes into a Stanford Research SR 570 

preamplifier. The signal from the preamplifier was detected with a Stanford Research SR 830 

lock-in amplifier (locked-in with the chopper) as current intensity and phase shift. By movement 

of the sample stage, maps of combined PL and photocurrent were recorded at the edges of the 

pixels (last electrodes) with scan direction both parallel and perpendicular to the electrodes. 

 

In a confocal configuration used for measurements of PL decay with distance light transmitted 

through the sample was collected with a 40x objective (NA = 0.6). The collecting lens can be 

moved in x, y and z directions which allows to maximise the collected PL intensity. By the 

translational movement of the collecting lens from this point of maximum intensity it is possible 

to separate excitation and collection spot with 0.1 µm stage accuracy, keeping the excitation spot 

in place. By simultaneous movement of the sample stage and collecting lens (in opposite 



directions) it is possible to change the separation of the excitation and collection spots, keeping 

collection spot stationary and moving excitation spot away. Individual spectra were recorded. 

 

All movements of the stage and lenses are controlled from the WITec ScanCtr Spectroscopy Plus 

software in which also all spectral and photocurrent data is recorded. All measurements were 

performed in N2 atmosphere. All PL spectra were measured over 10 averages. 

 

PDS and UV-Vis 

For PDS measurements, a monochromatic pump light beam is shone on the sample (film on 

Quartz substrate), which on absorption produces a thermal gradient near the sample surface via 

non-radiative relaxation induced heating. This results in a refractive index gradient in the area 

surrounding the sample surface. This refractive index gradient is further enhanced by immersing 

the sample in an inert liquid FC-72 Fluorinert® (3M Company) which has a high refractive 

index change per unit change in temperature. A fixed wavelength CW laser Probe beam is passed 

through this refractive index gradient producing a deflection proportional to the absorbed light at 

that particular wavelength, which is detected by a photo-diode and lock-in amplifier 

combination. Scanning through different wavelengths gives the absorption spectra. We note that 

this technique is not affected by scattering and interference effects, but is only sensitive to non-

radiative relaxation processes in the sample. 

 

Photoluminescence excitation measurements 

Photoluminescence excitation measurements were performed by exciting the sample under inert 

conditions with monochromatic light which was generate by passing the broad band emission 

from a halogen lamp through a monochromator. The emission was spectrally resolved by passing 

it through a monochromator and detection on a CCD camera. A narrow emission range was 

selected to quantify the emission intensity, while the excitation was scanned by varying the 

excitation monochromator grating position. The PLE spectrum was corrected for variations in 

the excitation intensity by detecting the intensity of the excitation with a reference photodiode. 

 

Time-resolved photoluminescence  

Time-resolved photoluminescence measurements were taken with a gated intensified CCD 

camera system (Andor iStar DH740 CCI-010) connected to a grating spectrometer (Andor 

SR303i). Excitation was performed with femtosecond laser pulses which were generated in a 

homebuilt setup by second harmonic generation (SHG) in a BBO crystal from the fundamental 

output (pulse energy 1.55 eV, pulse length 80 fs) of a Ti:Sapphire laser system (Spectra Physics 

Solstice). The laser pulses had an energy of 3.1 eV and a fluence of 5 nJ/cm2. Temporal 

resolution of the PL emission was obtained by measuring the PL from the sample by stepping the 

iCCD gate delay for different delays with respect to the excitation. The gate width was 20 ns. 

 

IV measurements 

Current-voltage (IV) characteristics were measured in the dark and under a solar simulator (Oriel 

92250A) using a Keithley 2636A source-measure unit. The current from the solar cell was 

compared to the current of a NIST-traceable calibrated photodiode (Thorlabs SM05-CAL). Both 

the device and the calibration cell were measured against a reference diode (Thorlabs SM05) to 

account for changes in light intensity between the measurements.  



 

Supplementary text:  

 
 

A. Cyclic voltammetry of electrodeposited selective electrodes 

Figure S2 shows a representative cyclic voltammogram (CV) for the electropolymerisation of 

PEDOT on ITO. The CV shows a strong rise in current around +1.2V as polymerisation starts on 

the forward scan, with a current crossover on the reverse scan indicative of nucleated growth. 

There is then a peak in current around -0.8V on the reverse scan, which probably corresponds to 

de-doping of the PEDOT film, with the re-doping giving current peaks around -0.4V on the 

forward scan. These redox features are similar to those found in the literature (2). Since the 

polymerisation was conducted in the non-aqueous solvent propylene carbonate, an Ag wire 

pseudo-reference electrode was used. In order to calibrate this, 0.01M ferrocene was added to the 

electropolymerisation solution and the Fc/Fc+ redox couple was measured. The cyclic 

voltammogram shown in the figure gives the Fc/Fc+ equilibrium potential to be +0.16V. 

 

Figure S3 shows a representative cyclic voltammogram (CV) for the electrodeposition of TiO2 

on ITO. It can be observed that a current crossover occurs on the first two backward scans. After 

this potential, the current of the backward scan becomes more negative than the forward scan, 

which is consistent with the thermodynamics of nucleation and growth phenomenon (3). Indeed, 

the deposition of new Ti(IV) species probably requires less energy on existing nuclei than the 

creation of new ones (1). The subsequent scans, as well as those performed after the 

electrodeposition show a characteristic cathodic wave at a potential of approximately -0.85 

VAgAgCl, consistent with the reduction of nitrate moiety (4). The steps involved in the 

electrosynthesis of TiO2 can be described as follows: TiOSO4 is solubilised due to the presence 

of H2O2. For the hydrolysis of the precursor, Ti(O2)SO4, OH- ions are consumed, which are in 

turn generated at the substrate/electrolyte interface by the reduction of nitrate when potentials 

more negative than -0.85 VAgAgCl are applied (4) The film that is created on the substrate is 

partially dehydrated polymeric titanium Ti(IV) hydroxide (5).This material is then transformed 

into TiO2 by firing. 

B. XPS analysis of selective electrodes 

XPS analysis was performed on the electrodeposited PEDOT and TiO2 layers (Figure S4 and 

S5). XPS data for PEDOT is shown in Figure S4. The S 2p region of the XPS spectrum exhibits 

a doublet at 162.4 eV and 163.5 eV, corresponding to the S 2p3/2 and 2p1/2 features respectively 

(6). There is a third feature centered around 165.2 eV, 1.7 eV higher than the main peak at 163.5 

eV. This closely matches the π-π* transition bandgap (7), and hence is likely a ‘shake-up’ feature 

(6). 

The O 1s region of the spectrum exhibits three features, namely the main C-O-C peak at 531.9 

eV (8), a small peak at 534.3 eV, and a third peak at lower binding energies, which can be 

attributed to the ClO4- counter-ion (8). Indeed, the magnitude of this third peak signal relative to 



the first decreases for films which have been partially or fully de-doped by applying a negative 

potential after electropolymerisation (not shown here). 

The C 1s region of the spectrum shows a main peak at 285.1 eV, which is likely to arise from the 

C-O-C and C=C-O bonds, a second peak at 283.6 eV, which corresponds to C-C and C-S bonds, 

and a ‘shake-up’ feature at 286.8 eV (5). 
 

XPS data for TiO2 is shown in Figure S5. Static charge developed on the sample. To overcome 

this problem, all binding energies were referenced to the C1s peak at 284.6 eV of the surface 

adventitious carbon. 

The Ti 2p region is characterised by a doublet at 458.1 and 463.8 eV, corresponding to Ti 2p3/2 

and Ti 2p1/2, and satellites at 472 and 477 eV. The Ti 2p3/2 binding energy exceeds that of Ti 

metal (454.0 eV), TiO (455.0 eV), and Ti2O3 (456.7 eV) (9). On the other hand, Ti 2p3/2 in 

TiO2 has been reported to be 458.0-458.7 eV (9-12), suggesting that Ti is in the Ti4+ oxidation 

state and directly bonded to oxygen. Furthermore, the doublet separation between the 2p3/2 peak 

and Ti 2p1⁄2 peak is in good agreement with the reported value of 5.7 eV for anatase phase TiO2 

thin films deposited by MOCVD (13). 

The region for O 1s was resolved into two components, namely the main peak at 529.7 eV, 

corresponding to TiO2 and the peak at 531.3 eV, which can be attributed to Ti-OH species (11, 

14). While the latter is predominant in as-deposited TiO2 amorphous thin films, it is also present 

in commercially available crystalline TiO2 (11). This suggests that the titanium hydroxide gel 

layer formed during electrodeposition was successfully transformed into TiO2 upon annealing. 

Quantitative XPS analysis determined an atomic ratio of Ti:O of 2.35, which is slightly higher 

than the value found by Gao et al of 1:2.162, but lower than that of amorphous TiO2 layer 

deposited from an aqueous peroxotitanate (1:2.6) (9). The difference can be potentially ascribed 

to surface contamination by oxygenated species. 

The fact that the XPS analysis proves the presence of TiO2 and that its transformation to 

crystalline anatase phase has been reported to start at temperatures from 300 °C4 to 400 °C (9), 

indicates that the electrodeposited TiO2 layers were crystalline. It was, however, not possible to 

detect the anatase phase by XRD analysis due to the low thickness of the layers. 

 

C. Optical images and AFM scans of selective electrodes 

Figures S6 and S7 show optical microscopy and atomic force microscopy images of the 

electrodeposited PEDOT and TiO2 layers. Both layers can be seen clearly under the optical 

microscope and were found to cover the contacted ITO uniformly. AFM scanning showed an 

average thickness of 35 nm for PEDOT and 15 nm for TiO2. 

 

 

 

D. Discussion of JV curves 



 

Figure S14 presents JV characteristics for the IBC device. At a reverse bias the photocurrent 

increases strongly, likely due to an enhanced selectivity at the electrodes interface. To illustrate 

the effect of our selective electrodes, we pre-biased the device in forward bias at 2V for 30 

seconds before doing the sweep, and observed an enhanced photocurrent generation at short-

circuit with a stronger diode-like behavior. Several reports suggest that this enhancement comes 

from a re-distribution of ions in the film, which forms a p-i-n junction. The presence of those 

ions at the interface can form a local electric field which enhances generation. Indeed, in our pre-

biased measurement we observe a slight decrease of the photocurrent when going into reverse 

bias, probably due to ion relaxation which breaks the electric field. For comparison, 

characterization of a lateral solar cell without selective layers is shown  in Figure S15, which 

shows a significant reduction in charge selectivity and reduced voltage and photocurrent. 

 

 

E. Details of emission and photocurrent model 

 

The coupled differential equations of the model have to describe the following processes:  

charges (n) are generated by all incident photons (G) at the excitation spot, diffuse, are 

regenerated by absorption of photons in the perovskite (  ), and recombine with 

mono/bimolecular rates k1, k2. Photons in the perovskite    are generated by bimolecular 

recombination of charges, propagate and get absorbed. This gives the coupled differential 

equations:  
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where D represents the relevant diffusion/propagation coefficients,    the refractive index of lead 

iodide perovskite, c the speed of light,    the measured wavelength-dependent absorption 

constant of the material,    the 1st order (monomolecular) recombination constant, k2 the 2
nd

 

order (bimolecular) recombination constant,       the probability that photons will be emitted at 

angles that lead to total internal reflection (guiding of photons in the film).    the probability that 

light will be emitted at wavelength λ, which is determined from normalized steady state PL 

spectra. It is assumed that the wavelengths will be quantised for numerical solution purposes. 

The excitation profile of the laser G is taken as a Gaussian distribution of full-width half 

maximum 1.5 µm.     
 

  

 

  
 for photon transport.  These parameters are taken from 

spectroscopic data and published results, or can be easily calculated: 

 

Photons will either leave at the air interface or be absorbed at the perovskite interface – we 

ignore them in the first case and only consider the second sort. We will ignore the moderate 

wavelength-dependence of refractive indices and use a value of 2.5 for the perovskite, 1 for air 

and 1.5 for the glass. We can calculate the proportion of photons leaving the perovskite layer 

using the angle-dependent transmission coefficients for parallel and perpendicular light 

polarisations.  
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for    the angle of emission after transmission,    the internal and    the external refractive 

indices. This goes to 0 for angles over the critical angle. We multiply this by the wavelength-

dependent probability that the photon has not been absorbed before travelling the required 

distance to make it to an interface. The photons are then reflected towards the other interface, 

with further absorption and chance of transmission there and so on. Integrating over all emission 

angles, possible starting positions and for the spectral range of the PL, we find that the optical 

probability of escape (1-       is 12.5%.  

 

F. Comparison modeled charge density results with photocurrent experiments 

 

The diffusive current from the excitation spot detected at the electrodes may be approximated as 

the integral      ∫       
 

 
 for dl being a differential element of the 2nd electrode, which 

limits the charge. We can approximate this as: 
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G. Calculation of internal photon density under photon recycling: 

The internal intensity can be estimated using the geometrical series:   

                         ∑                          
 

   

 

Solving the series: 

                     
    

                         
 

 

 

The evaluation of this formula for the standard charge carrier density in a perovskite device 

(~10
15

 cm
-3

), a PLQE of  ~60%, according to our model in Figure 3A, and a confinement factor 

of (1-1/4n
2
), gives an internal intensity of ~2. 

 

 

The internal excitation density in a perovskite film can go well beyond 1 sun, potentially 

reaching 23 suns assuming 100% PLQE and a confinement factor of (1-1/4n
2
). In GaAs this 



number is 48, mostly because of a higher refractive index which leads to a higher confinement 

factor. 
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Figures 

 
Fig. S1 Intensity map of detected laser light around the excitation spot in a film. Each data point 

was obtained by integration of detected light at the laser wavelength as detected with a bottom 

lens at different separation from the exciting top lens. The measurement shows that the spatial 

resolution of our measurement is ~1.5um. 
 

 
 

Fig. S2 Left: Initial voltagrammogram for the electropolymerisation of PEDOT recorded at an 

ITO electrode in a 0.01M EDOT, 1.0M LiClO4 propylene carbonate solution at a scan rate of 

50mV/s. Right: Cyclic voltammogram showing the Fc/Fc+ redox reaction in a 0.01M ferrocene, 

0.01M EDOT, 1.0M LiClO4 propylene carbonate solution at a scan rate of 50mV/s. 



 

 
 

Fig. S3 Cyclic voltammogram (CV) for the electrodeposition of TiO2 on ITO. Initial 

CV for the electrodeposition of TiO2 recorded at an ITO electrode in a 0.02 M of 

TiOSO4, 0.03 M H2O2 and 0.1 M KNO3 solution at 10 °C and a scan rate of 100 mV 

s-1. 
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Fig. S4 XPS characterization of electropolymerized PEDOT. A) S 2p, B) O 1s and C) C1s high 

resolution XPS spectra of the electropolymerized PEDOT on ITO. The film was left in its as-

prepared, ‘doped’ state. 
 

 
 

 

 

 



 

 
 

 

 
 

 

 

 

 

Fig. S6 Characterization of the PEDOT film. A, Optical image (x20) of selectively 

deposited PEDOT. This PEDOT is made particularly thick on purpose, in order to be 

visible in the optical microscope. B, AFM Image of PEDOT vs Flat ITO. The PEDOT 

thickness is around 35 nm for a deposition at 1.25 V for 1s. 

Fig. S5 XPS characterization of the TiO2 film. A) Ti 2p and B) O 1s high resolution 

XPS spectra of the electrodeposited TiO2 layer on ITO after annealing at 400 °C for 

1h. 

B A 



 
 

 
Fig. S8 SEM cross-section of perovskite layer deposited on top of an ITO electrode. The 

horizontal bars show the thickness of the ITO layer – 125 nm. A good conformity of perovskite 

layer to the shape of the electrodes can be observed. 
 

 

Fig. S7  Characterization of the TiO2 film. A) Optical image (x50) of selectively 

deposited TiO2 (dark fingers). The fingers on the right are bare ITO. B) AFM Image 

of selectively deposited TiO2 with an average thickness of 15 nm. Conditions: 0.02 

M of TiOSO4, 0.03 M H2O2 and 0.1 M KNO3, 10 °C, -0.95 VAgAgCl, 400 s. 

B A 

A 



  
Fig. S9 SEM cross-sections of perovskite layer on glass (A) and ITO (B). The horizontal bars 

show the thickness of the layer – ~109 nm. Perovskite forms a continuous film on both 

substrates. 
  

 
Fig. S10 SEM - top view of perovskite layer on top of the PEDOT electrode. The scale bar is 

1μm (A) and 200 nm (B). 
  

 

Fig. S11 SEM - top view of perovskite layer on TiO2 electrode. The scale bar is 1 μm (A) and 

100nm (B). 
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Fig. S12 Light transmission map of a typical perovskite film.  
 

 
Fig. S13 PL map of a typical perovskite film. 
  

 
Fig. S14 JV characteristics for IBC device with and without prebiasing 

8 μm 

Figure S 3 XPS characterization of electrodeposited TiO2 

8 μm 



 
Fig. S15 Comparison of the JV characteristics between IBC devices with and without selective 

electrodes. Upon addition of selective electrodes significant increase in charge selectivity and 

increased voltage and photocurrent can be observed. 
 

 
Fig. S16 A. Fluence dependence of external photoluminescence quantum efficiency after pulsed 

excitation. The PLQE strongly depends on the excitation fluence due to the competition of 

radiative and non-radiative decay channels (15).  B. Transient photoluminescence of 100 nm film 

measured with an ICCD after excitation with a 100 fs 400nm laser pulse. The sample shows a PL 

lifetime of 550 ns which corresponds to a carrier lifetime of 1.1 μs assuming that the PL 

originates from a bimolecular recombination process 
  

A B 



 
Fig. S 17 Normalized photoluminescence change with increasing separation of excitation and 

collection lenses in perovskite film. The red component of the spectrum, dominating at 

separation larger than ~5 μm, is accompanied by a weaker peak close to the original emission at 

765 nm. This bluer feature can be a signature of recycled (and guided) photons. 
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Fig. S18 Modelled charge carrier travel distance for a given number of recycling steps as 

estimated from a simple step-count model.  

This simulation is designed to give an intuitive single-particle perspective on the recycling. From 

the PL we can estimate carrier density, as bluer components of light must be locally generated. 

This gives us                     for LE the light emitted and    given by the 

experimental values over which LE/PL is roughly constant. We set the absolute value of n using 

a diffusionless balance between recombination and generation. We use this distribution to fit the 

decay time τ for the particles, 
 

 
        . During this time the particles move 〈   〉  

        m
2
 (for D = 0.5 cm

2
/s) at large distances. As light, the particles move 〈       

 〉  
 

 
∫           ∫     
 

 
 

 

 
  ∫

  

            , where the 2/3 factor comes from ignoring 

the movement perpendicular to the film. We add all the distances in quadrature (the angles 

between different distances being uncorrelated) to get the total expected distance from the centre 

after m rounds of charge diffusion and photon emission. We should note that the expectation 

value √〈       
 〉 is considerably higher than 〈       〉    m, and is largely dependent on the 

high tail of the PL. Results for light emitted at only particular wavelengths show great disparity 

in counts required to go a given distance.  

  



 

Fig. S19 Geometrical correction of the square root of the PL after integration along the electrode. 

The constants a1, b1, a2, b2 are extracted from a bi-exponential fit of the experimentally 

measured PL decay. 
 

 


