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HIGHLIGHTS

Back-contact device efficiency is

driven by majority carrier diffusion

Electrode-induced spatial

segregation of charge carriers

increases diffusion range

Diffusion lengths exceed 12 mm in

thin-film back-contact

architecture devices

Electron diffusivity is twice that of

holes for polycrystalline MAPbI3
films
A detailed understanding of charge transport is vital to maximize the efficiencies of

optoelectronic devices. Using a back-contact architecture, the authors probe

transport of electrons and holes separately in polycrystalline hybrid perovskite thin

films. Isolating photoexcited charge carriers in separate regions of the device

leads to long diffusion ranges of carriers. The authors demonstrate a back-contact

perovskite solar cell that operates on majority-carrier diffusion. These results

highlight electrode interfaces as limiting aspects of current back-contact

architectures, indicating opportunities for improvement.
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Context & Scale

Metal-halide perovskites are

promising sustainable low-cost

materials for optoelectronic

devices such as solar cells and

LEDs. To optimize performance in

these applications, a detailed

understanding of charge

transport characteristics and the

influence of interfaces, such as

grain boundaries, is vital. At

present, a wide range of transport

parameters have been reported,

often via indirect measurements,

since direct measurement has

proven challenging. Here, we

demonstrate an approach based

on measurements in a back-

contact geometry that is capable

of probing electron and hole

transport mechanisms separately.

Such insights are not typically

accessible in vertical

architectures. We demonstrate a

back-contact perovskite device,

which we find to operate by

majority-carrier diffusion and find

that charges diffuse remarkable

distances in such scenarios.

Diffusion over remarkably long

distances over electron-extraction

electrodes enables efficient

charge collection in short-circuit

conditions.
SUMMARY

Metal-halide perovskites are promising solution-processable semiconductors

for efficient solar cells with unexpectedly high diffusion ranges of photogener-

ated charges. Here, we study charge extraction and recombination in metal-

halide perovskite back-contact devices, which provide a powerful experimental

platform to resolve electron- or hole-only transport phenomena. We prepare

polycrystalline films of perovskite semiconductors over laterally separated

electron- and hole-selective materials of SnO2 and NiOx. Upon illumination,

electrons (holes) generated over SnO2 (NiOx) rapidly transfer to the buried

collection electrode, leaving holes (electrons) to diffuse laterally as majority car-

riers in the perovskite layer. Under these conditions, we find recombination is

strongly suppressed. Resulting surface recombination velocities are below

2 cm s�1, approaching values of high-quality silicon. We find diffusion lengths

exceed 12 mm, an order of magnitude higher than reported in vertically stacked

architectures. We fabricate back-contact solar cells with short-circuit currents as

high as 18.4 mA cm�2, reaching 70% external quantum efficiency.

INTRODUCTION

Metal-halide perovskites hold great promise as cost-effective, solution-processable

thin-film semiconductors for use in solar cells,1 light-emitting diodes (LEDs),2 photo-

detectors,3 and lasers.4,5 Design of high-efficiency devices requires an understand-

ing of charge transport lengths and recombination rates. In LEDs, the distance

charges travel limits device dimensions, while non-radiative recombination reduces

solar cell device efficiency. Furthermore, electrons and holes are subject to different

effective masses, recombination processes, and scattering phenomena, so device

design must take into account transport and recombination characteristics of each

species. In the classic semiconductors, gallium arsenide and silicon, transport dy-

namics of the two different charge carrier types were examined in doped n- and

p-type materials.6,7 In halide perovskites, however, excess charge tends to be

compensated by intrinsic defects or mobile ions; thus, no substitutional or chemical

doping has been achieved to date. Similarly, though some success has been

achieved with n-type field-effect transistors (FETs), field-effect mobilities are low

and likely compromised by ionic screening.8 Thus, it has proven challenging to mea-

sure electron-specific and hole-specific charge transport properties in perovskite

materials. In this regard, metal-halide perovskites have been compared to chalcopy-

rites,9 which also possess electrically active defects resulting in high compensation

ratios.10
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Figure 1. Schematic of Investigated Architecture and Spatially-Resolved Charge Transport

Detection

Charge-selective layers NiOx and SnO2 extract photogenerated holes/electrons, respectively,

leaving the opposite charge in the halide perovskite. Here, charges are photoexcited in the

perovskite layer over SnO2 a certain distance from the NiOx-SnO2 electrode junction. Blue curves

represent the development of hole population with time after initial excitation, where majority

charge carriers diffuse radially until charge generation balances charge recombination and

extraction to reach steady-state conditions. Dark blue curves correspond to early times, while light

blue curves approach steady-state conditions.
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Here, we perform measurements of electron-specific and hole-specific transport in

perovskites by exploiting a back-contact solar cell architecture. To date, most perov-

skite solar cell development has focused on vertical ‘‘sandwich’’ architectures, while

the highest-performing silicon technologies are based on back-contact devices.11

Back-contact architectures rely on efficient lateral transport of photogenerated car-

riers across the absorber layer to alternating hole- and electron-selective contacts

distributed on the rear side of the device. Non-radiative recombination of charge car-

riers negatively impacts photovoltaic device performance in two ways: it lowers the

operating andopen-circuit voltages,12 and it reduces the number of carriers available

for extraction. Low recombination and high diffusivities in crystalline silicon allow for

electrodes as wide as 1 mm,13 whereas grain boundaries in polycrystalline materials

can present obstacles for efficient charge diffusion and therefore require shorter

spacings.14 Studies on single-crystal lead-halide perovskites have reported charge

diffusion lengths exceeding 30 mm, reaching 320 mm formajority carriers in low-injec-

tion conditions.15,16 Diffusion lengths in polycrystalline devices are lower, roughly

1 mm in vertical devices.17,18 Recent reports modeled diffusion lengths of over

70 mmbased on charge lifetimes exceeding 30 ms achieved in uncontacted polycrys-

talline films with improved passivation techniques.19 We show here that unexpect-

edly longdiffusion lengths can be achieved in contacted perovskite films in back-con-

tact devices. Back-contact architectures remove the requirement for a transparent

top electrode, providing two potential benefits: higher currents due to improved

light trapping and more flexibility in processing and passivation treatments.

We prepare contacted thin film structures by depositing polycrystalline methylam-

monium lead triiodide (MAPbI3) on charge-selective hole- and electron-conducting

layers NiOx and SnO2, respectively. Figure 1 provides a schematic of the sample

architecture and the setup used for our measurements (fabrication details in the Sup-

plemental Information). The metal-halide perovskite layer has a thickness of

�300 nm, with topographical features every�500 nm (Figures 4B and S1). As shown

in Figure 1, optical excitation of MAPbI3 deposited over SnO2 will result in electron

extraction by the electron-selective SnO2 electrode, leaving holes to diffuse as the

majority carrier in the perovskite layer and vice versa over NiOx. Under operation,

we thereby achieve regions with excess n- and p-type carriers in the perovskite layer
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Figure 2. Determination of Charge Transport Characteristics via Photocurrent Spectroscopy

Dependence of photocurrent (A) and rise time (B) with distance from the electrode junction. The

photocurrent decays exponentially with distance from the electrode junction, yielding

characteristic charge diffusion lengths of LD,electrons = 12 mm, and LD,holes = 13 mm. By fitting to a

diffusion model (details in Supplemental Information and Lamboll and Greenham21), charge carrier

recombination velocity (v) and diffusion constant (D) are extracted: vNiOx
= 1.7 cm s�1 and vSnO2

=

1.1 cm s�1/ Delectrons = 0.13 cm2 s�1 and Dholes = 0.07 cm2 s�1. The inset to (B) presents the evolution

of photocurrent with time under illumination (the orange area represents illumination time) with

characteristic rise time TRise, which is quantified from the photocurrent phase measured by a lock-in

amplifier. Measurement performed using an average power of 400 nW, corresponding to a local

excitation density of �80 suns (spot size 1.5 mm).
over the NiOx and SnO2 electrode materials, respectively. This device architecture

therefore allows us to probe how electrons and holes diffuse and recombine within

contacted polycrystalline perovskite devices to gain information that is not acces-

sible in vertical architectures.

RESULTS

Probing Charge Transport via Photocurrent Microscopy

We use scanning photocurrent and photoluminescence (PL) microscopy15,20 to

resolve charge population dynamics and transport in MAPbI3 films at short circuit,

which prevents the development of a lateral electric field. A chopped light source

is focused on a local area (�1.5 mm) of the film, and the resulting photocurrent ampli-

tude and phase are measured with high sensitivity using a lock-in amplifier. Upon

local excitation, generated charges diffuse until steady-state conditions are reached

(light blue curve, Figure 1). The temporal response of the photocurrent (inset, Fig-

ure 2B) is determined by the diffusion constant and recombination rate of the elec-

trical carriers. The phase delay between the chopped excitation and the photocur-

rent signal is used to determine a characteristic photocurrent rise time.

To investigate how far charges travel in ourdevice, photocurrent amplitude ismeasured

while varying the distance between the excitation spot and the NiOx–SnO2 junction

(Figure 2A). The measured photocurrent follows an exponential decay with increasing

excitation-junction distance, both when exciting over NiOx or SnO2. We extract the

electron and hole carrier diffusion lengths for this device from exponential fits to the

data (details of the diffusion models given in SupplementaI Information), which yield

values of LD,electrons = 12 mm, and LD, holes = 13 mm. Near the position of the junction,

we observe a deviation from expected mono-exponential decay of photocurrent.

This could be due to optical edge effects, inconsistencies in film thickness, or field ef-

fects at the junction, for which reason we exclude the central region in our fits. The

amount of photocurrent collected over the two regions differs, with 40% more photo-

current collected over SnO2 than over NiOx at 40 mm excitation-junction distance.
Joule 3, 1301–1313, May 15, 2019 1303



We note that in either direction, over 3% of peak photocurrent is still collected at dis-

tances of 40 mm. This suggests that grain boundaries, which occur every �500 nm in

the investigated system, do not prevent charge diffusion.

We investigate the temporal evolution of carrier populations from the photocurrent

rise time versus distance (Figure 2B). The rise time increases linearly with distance, as

expected, since the phase of the lock-in amplifier measures the signal onset time,

not the arrival time of the integrated photocurrent.21 Excitation over SnO2 (p-type

perovskite) results in larger values of rise time than excitation over NiOx (n-type

perovskite). This indicates that holes take a longer time to travel to the electrode

junction, indicative of a lower diffusion coefficient. Summarizing photocurrent

results, both photocurrent amplitude and rise time are higher over SnO2, indicating

that holes diffuse more slowly than electrons and that charges moving over SnO2

recombine at a lower rate.

To quantify diffusivities and carrier lifetimes from our photocurrent measurements,

we use a reported diffusion model that accounts for the radial diffusion of generated

charge carriers.21 This model maps the complex radial diffusion problem presented

in our measurements to one dimension and translates the measured photocurrent

phase to the photocurrent transport time (details in the Supplemental

Information). By using the results of photocurrent amplitude and rise time, the

diffusion constant, D, and rate of recombination, k, can be calculated. It is has

been proposed that surface recombination dominates for perovskite thin films,22

but photocurrent measurements are unable to distinguish between recombination

mechanisms. Therefore, we report an effective surface recombination velocity of car-

riers diffusing laterally through the perovskite film, assuming recombination at one

interface is dominant. Effective surface recombination velocity (v) is presented

assuming a film thickness (h) of 300 nm (v=hk). We find effective surface recombina-

tion velocities of v NiOx = 1.7 (G 0.5) cm s�1 and v SnO2
= 1.1 (G 0.3) cm s�1, as well as

diffusivities of Delectrons = 0.13 (G 0.05) cm2 s�1 and Dholes = 0.07 (G 0.03) cm2 s�1.

Notably, the surface recombination velocity in the operating quasi-interdigitated

back-contact (QIBC) devices is very low compared with isolated ‘‘non-contacted’’

materials,23–25 approaching well-passivated crystalline silicon, where surface recom-

bination values as low as 0.25 cm s�1 have been reported.26 Comparing presented

surface recombination velocities to the film thickness (h) to calculate carrier lifetime

(tl), tl =
h

v
, we find majority-carrier lifetimes of 27 ms for holes in MAPbI3 over the

SnO2 electrode and 17 ms for electrons over the NiOx electrode.
Electrode-Induced Charge Segregation

To investigate the origin of the low recombination rate over the electrode materials,

we perform photoluminescence quantum efficiency (PLQE) experiments on MAPbI3
films prepared over electrode materials and on glass. When MAPbI3 is deposited

over electrode materials, the quantum yield is reduced (Table 1). This PL quenching

suggests either (1) increased interfacial non-radiative recombination or (2) charge

segregation, which would lower radiative rates because of reduced overlap of elec-

tron and hole populations and hence increase the competitiveness of non-radiative

recombination channels. While we find a higher rate of recombination over NiOx in

contact measurements (Figure 2), we find less PL quenching in the case of MAPbI3 on

NiOx than on SnO2.

To investigate further recombination and the origin of PL quenching, we measure

time-correlated single-photon counting (TCSPC) PL of MAPbI3 films prepared over
1304 Joule 3, 1301–1313, May 15, 2019



Table 1. Carrier Recombination Parameters over Electrode Materials

Electrode Material External PL Quantum Yield PLðt = 50 nsÞ=PLðt = 0 nsÞ
SnO2 0.18% 0.01

NiOx 0.48% 0.06

Glass 5.2% 0.17

Photoluminescence yields and TCSPC PL signal 50 ns after excitation on MAPbI3 films deposited over

SnO2, NiOx, and glass surfaces. The lower PL yields of MAPbI3 deposited over SnO2 and NiOx are

correlated with significant initial decay over the first 50 ns after excitation. MAPbI3 deposited over

SnO2 exhibits the largest level of PL quenching. PLQE measurements were performed at �1 sun

(75 mW cm�2, 532 nm). PLQE and TCSPC measurements were performed on large spot sizes on isolated

films at open-circuit conditions.
electrodematerials and on glass (Figure 3A). In all samples, we find an initial drop in PL

intensity in the first�50 ns after excitation, after which the PL intensity decays at amuch

slower rate with a lifetime of the order of 1 ms. The magnitude of the initial drop varies

significantly between samples, with the initial drop being most pronounced for the

films prepared on electrode materials. This observation agrees with our hypothesis

of quenching by charge transfer to the buried electrode. The return to a long-lived

component of PL lifetime, however, is more surprising. This long-lived process demon-

strates that non-radiative interface recombination is not the primary driver of PL

quenching in our system since such a recombination process would continue after

50 ns. Our results imply that after �50 ns, the number of charges being extracted by

electrode materials is equal to the number of charges flowing back into the MAPbI3.

The PL intensity at 50 ns after excitation (Table 1) over SnO2 is reduced by a factor of

�6 relative to the case of NiOx. This implies a larger spatial charge segregation in

the case of excitation over SnO2 (more complete extraction of electrons), which further

reduces PL intensity. We suggest that the driving force for segregation is the built-in

field at the electrode junction,27 which our results suggest is larger over SnO2.

Figure 3B presents predicted steady-state carrier population distributions for vary-

ing excitation distances to the electrode junction, which illustrates the changes in

electron and hole population overlap. For this visualization, a one-dimensional

model that incorporates two-particle diffusion,21 extraction, and monomolecular

and bimolecular recombination is used (details presented in Supplemental Informa-

tion). Most injected electrons (dashed lines) are extracted by the electrode material.

Populations of both charges are present only at the point of excitation, while a

relatively high density of holes (>1015 cm�3) is present within 40 mm of the excitation

spot. In the case of excitation near the electrode junction, holes have only a short

distance to travel to the junction, and the resulting buildup of generated carriers

at the point of excitation is reduced relative to excitation further from the electrode

junction. We observe that the efficient extraction and separation of charge carriers

reduces the chance for radiative recombination, and therefore, photon recycling28

will play a limited role outside the point of excitation.

EFFICIENT CHARGE COLLECTION UNDER OPERATING CONDITIONS

In order to investigate the potential of this device architecture and the potential

to harvest carriers with long extraction lengths, we fabricate QIBC devices.29,30

Instead of continuous sheets of electrode materials, interdigitated NiOx fingers

are deposited over a 3 3 3 mm active area. The distance between fingers varies

from 1 to 10 mm (Figures 4A and 4B). The current-voltage characteristics of the

QIBC device under AM 1.5 conditions (Figure 4C) shows a short-circuit current den-

sity (JSC) of 18.4 mA cm�2, which is the highest JSC reported to date for a perovskite
Joule 3, 1301–1313, May 15, 2019 1305
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Figure 3. Charge Segregation Effects on Time-Resolved Photoluminescence Measurements and

Predicted Device peration

(A) Time-resolved photoluminescence measurements for MAPbI3 films on glass (black), NiOx on

nickel (blue), and SnO2 on FTO (gray). Data are presented in open circles together with smoothed

curves. The decay in photoluminescence shows two regimes: (1) a fast decay in the initial �50 ns and

(2) a long-lived decay approaching similar lifetimes (fits detailed in Table S2). The inset focuses on

the early decay of PL intensity. Over SnO2 and NiOx materials, the fast decay is more pronounced,

with the largest rate of PL decay observed in MAPbI3 deposited over the electron-extracting

material SnO2. The long lifetime component in the case of SnO2 and NiOx approaches the long

lifetime observed in MAPbI3 deposited on glass (see also Figure S7; Table S2). Measurements were

performed at excitation fluences of 5 nJ cm�2.

(B) Modeled steady-state charge distribution for excitation-junction separations of 5 (green), 20

(red), and 50 mm (blue) for excitation over the electron-extracting layer. In the model, excitation is

centered at 0 mm distance, and no hole extraction occurs at negative distances. Hole populations

are represented by solid lines, and electron populations are represented by dashed lines.

Increasing the distance to the extraction point increases the accumulation of charges away from the

electrode junction. Details of model parameters are provided in Table S1.
back-contact device.29,31,32 These high short-circuit current values agree with the

low recombination velocities found in Figure 2. The device’s power conversion effi-

ciency (PCE) reaches 4.1%, which is limited by a fill factor (FF) of 38% and an open-

circuit voltage (VOC) of 0.57 V. These values are mainly affected by substantial dark

leakage (or shunting) current, indicative of an imperfect shunt resistance, which may

be caused by the imperfection of the Al2O3 insulator.

Figure 4D shows the variation of photocurrent and PL over a 30 mm subsection of the

active area of a device with 10 mm pitch. Illumination over the NiOx fingers provides

higher PL intensity but reduced photocurrent, while illumination between fingers,

over SnO2, has the opposite effect. Here, we observe a difference in photocurrent

behavior to that presented in Figure 2A. In Figure 4D, photocurrent peaks between

junctions, in the middle of the SnO2 region, while in Figure 2A, photocurrent peaks

toward the electrode junction. Figure 2 presents measurements over quasi-infinite

electrodes of each type, while the limited area of electrodes measured in Figure 4D

likely limits charge extraction. This argument is supported by TRPL results in Fig-

ure 3A, where charge segregation is more pronounced over SnO2, and by the

marked effect of electrode geometry on charge collection as evidenced in Figure S9.

In Figure 4D, photocurrent is dominated by the fast extraction of electrons over

SnO2, compared to slower extraction of holes over NiOx, where limited NiOx surface

area results in increased charge accumulation. Therefore, the shape of the photocur-

rent in Figure 4D is limited by charge collection rather than charge transport, result-

ing in a higher PL intensity and lower photocurrent over NiOx fingers.

The reported short-circuit current of 18.4 mA cm�2 highlights the possibility for effi-

cient charge collection in halide-perovskite solar cells with a QIBC architecture.
1306 Joule 3, 1301–1313, May 15, 2019



A B

C D

Figure 4. Quasi-Interdigitated Back-Contact Devices with High Short-Circuit Current

(A) Schematic of QIBC solar cell cross section. An electron-selective SnO2 layer covers FTO-coated

glass, and hole-selective fingers, composed of a Ni core with a NiOx shell, are electrically isolated

from SnO2 with an Al2O3 layer. MAPbI3 was spin coated over this structure and topped with PMMA.

The NiOx contacts are 1 mm wide.

(B) Colorized SEM of the device cross section; see also Figure S6.

(C) JV curve of QIBC device with NiOx finger separation of 1 mm. (PCE = 4.1%, FF = 0.38, VOC = 0.57

V, JSC = 18.4 mA cm�2). See also Figure S8.

(D) Variation in photoluminescence intensity and photocurrent over the active area of a device with

10 mm separation between NiOx electrodes. PL and photocurrent intensity is anti-correlated,

though shape and magnitude in variation remain distinct. The <15% variation in photocurrent over

the 10 mm pitch distance demonstrates that charges generated over either electrode have similar

collection efficiencies.

See also Figures S3 and S4.
However, the high dark leakage current in our devices under applied bias require

improvements in electrode fabrication. Although effort is clearly required for

further optimization of cell fabrication, there appears to be no fundamental reason

why rear QIBC perovskite cells cannot achieve FFs and open-circuit voltages compa-

rable with the state-of-the-art sandwich-structure devices, with the advantage of the

feasibility of delivering a higher short-circuit current, ultimately leading to improved

efficiency.

DISCUSSION

We have presented photocurrent and PL measurements revealing remarkably long-

range charge transport in contacted polycrystalline metal-halide perovskite films.

We use time-resolved photocurrent measurements to extract diffusion lengths of

more than 12 mm and effective surface recombination rates as low as 2 cm s�1. These

findings are supported by transient PL measurements, which reveal that one charge

type (electrons or holes) is removed by the selective contacts, allowing rejected car-

riers remaining in the perovskite thin film to travel large lateral distances before

contributing to photocurrent. Finally, we have demonstrated back-contact perov-

skite devices that rely on this long-range carrier diffusion for efficient operation.

The observed high short-circuit current demonstrates that efficient charge extraction

is achieved, which will be improved by increasing the PLQEs through further

passivation.
Joule 3, 1301–1313, May 15, 2019 1307



Our results explore the fundamental performance of a back-contact perovskite

device. State-of-the-art silicon back-contact devices are developed using doped

single crystals, and therefore, device dimensions are limited by the distances over

which minority carriers can be harvested. A large range of diffusion ranges have

been reported for perovskite materials, stretching from several mm to several

hundreds of mm.15 As Hodes and Kamat noted in the case of single crystal studies,33

one reason for this is measurement of systems in which one majority carrier is

isolated, which allows the isolated charge to travel large distances, even hundreds

of micrometers for MAPbI3 single crystals.16 The long diffusion lengths reported

here are the result of reaching quasi-doped situations for electrons and holes

separately within the thin film. Furthermore, the dominance of photo-induced exci-

tation over intrinsic carrier concentration combined with selective charge extraction

results in a device that is limited by the majority carrier diffusion length of each car-

rier. Thus, as opposed to minority-limited charge collection in silicon back-contact

solar cells, we present a device where majority carrier diffusion limits charge

collection.

Our findings have implications toward understanding broader phenomena in metal-

halide perovskites and solar cells. One such phenomenon is photo-induced halide

migration in halide perovskite materials,34–36 the origin of which remains under

debate. We find that electron diffusivities are roughly twice that of hole diffusivities

in polycrystallineMAPbI3. The difference in charge carrier diffusivity likely leads to an

excess of holes at the point of excitation, which would result in a radial field under

steady-state, point excitation conditions. We therefore expect any ion migration un-

der these fields to be reversible after the excitation is removed.

Furthermore, while the spread of reported transport parameters is partially due to

variation in measurement architecture, the quality and crystallinity of perovskite mate-

rials have a large impact. Specifically, the effect of perovskite polycrystallinity on device

performance remains an active area of investigation, with reports using spatially

resolved PL to study whether grain boundaries impede charge transport.37,38 While

precisely quantifying perovskite grain sizes is known to be challenging,39 we perform

measurements of photocurrent at excitation-junction separations much larger than

topographical feature size and find that large fractions of excited carriers travel across

multiple grain boundaries. This demonstrates that grain boundaries are not major

impediments to chargemotion in the polycrystallineMAPbI3 films that we have studied

here, although investigating a range of different film types would shed more light on

the preparation route dependency of this observation.

Fundamentally, the diffusivity of electrons/holes (De,h) is related to the effective car-

rier mass (m*) and momentum relaxation time (t) by De;h = kBT
te;h
m�

e;h

, where kB is the

Boltzmann constant and T is the carrier temperature. Our measured diffusivity values

translate to a ratio
t

m� that is �2 times larger for electrons than holes. Reports using

ultrafast spectroscopy provide an upper bound for diffusivity values. Values re-

ported for reduced carrier effective mass (m�
e = 0.14m0 wherem0 is the free electron

mass)40 and carrier scattering times (te,h= 80 fs)41 predict diffusivities of 25 cm2 s�1

on ultrafast timescales before phonon scattering andmorphology start to play a role.

These values are much higher than the diffusivities obtained from our charge trans-

port experiments or from other longer-range transport measurements.17,18 This sug-

gests that, on timescales beyond the nanosecond regime, scattering rates (due to

phonons, impurities, grain boundaries, etc.)42 increase.
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Our results show that charge segregation effectively improves charge collection and

reduces recombination at short-circuit conditions. While the interfaces between

perovskite absorber layers and charge extraction materials are expected to

contribute significantly to current and open-circuit voltage losses,43 we show that

carriers can move across perovskite-NiOx and perovskite-SnO2 interfaces with unex-

pectedly low losses. For these IBC devices, improved fabrication to reduce the dark

saturation current is expected to improve VOC to beyond 1 V, and improved optical

design and charge extraction will increase the photocurrent toward 27 mA cm�2. By

further combining the low recombination velocities demonstrated here with

improved perovskite passivation via chemical treatment44 and compositional tun-

ing,45,46 highly efficient IBC perovskite devices will be achievable.

EXPERIMENTAL PROCEDURES

Substrate Preparation

The glass substrates have been purchased from Pilkington Inc. with a coated fluori-

nated tin oxide (FTO) layer of 7 or 15 U/sq. FTO was partially removed from the

substrate via etching with zinc powder and 2 M HCl to create non-conductive stripes

for later needed counter-electrode fabrication. The etched substrates were rinsed in

deionized (DI) water and cleaned rigorously by brushing Hellmanex solution with a

toothbrush before rinsing again in a stream of DI water. N2 was used to dry the sub-

strates that were then subsequently rinsed in acetone and 2-propanol and then

etched for 10 min in O2 plasma.

Spin-Coated and Chemical-Bath-Treated SnO2 n-Type Layer

The SnO2 layer was prepared by following the method described by Anaraki et al.47

0.05 M SnCl4$5H2O was dissolved over 30 min of stirring in 2-propanol and then

spin coated in volumes of 200 mL onto the cleaned and etched FTO-coated glass

substrates at 3,000 rpm for 30 s with 200 rpm/s acceleration. The substrates were

then dried for 10 min at 100�C and 60 min at 180�C. In the meanwhile, a chemical

bath was prepared by mixing 40 mL DI water with 500 mg urea, 500 mL HCl (37 wt

%), 10 mL of 3-mercaptopropionic acid, and 108 mg SnCl2$2H2O (for a final concen-

tration of 0.012 M). The cooled down, spin-coated substrates were then immersed

into the chemical bath to be well covered by solution, and a lid was placed onto the

beaker to prevent evaporation. The bath was kept at 70�C within an oven for

180 min, and afterward, the samples were sonicated for 2 min in DI water. The sub-

strates were dried under a stream of dry air and then put onto a hotplate at 180�C
for 60 min.

Photoresist Patterning

The image reversal photoresist AZ 5214 E was spin coated at 5,000 rpm for 45 s and

baked for 50 s at 110�C according to the datasheet provided by the manufacturer.

UV-light exposure with a wavelength of 265 nm and 25 mJ intensity through a

chrome patterned glass photomask and subsequent image reversal, by baking for

120 s at 120�C and applying a 250 mJ dose of UV exposure, led to the solubility

of the regions designed for the fingers of the rear contacts. These were dissolved

through immersion for roughly 40 s in a developer bath of AZ 726 MIF, resulting in

a patterned photoresist layer.

Al2O3 + Ni + NiOX Shell Hole-Conducting Electrode

The patterned photoresist layer was coated with 100 nm insulating Al2O3 and

100 nm nickel through e-beam evaporation. The thicknesses of each layer were

established using calibrated microbalances during evaporation. The lift-off of the

remaining photoresist regions was performed in an 80�C heated bath of dimethyl
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sulfoxide (DMSO). The Ni-based devices were subsequently annealed at 300�C for

20 min to create a shell of oxidized Ni as a p-type electron blocking layer.

Perovskite Layer Deposition for Back-Contact Solar Cells

For back-contact solar cells, the 3:0.98:0.02 molar ratio of CH3NH3I:PbCl2:PbI2 was

well dissolved in DMF with a concentration of 38.5 wt % and spin coated onto the

substrates with patterned electrodes at 2,000 rpm for 45 s in a dry air atmosphere.

The drying of the deposited solution was performed under a weak air flow for 30 s

before letting the substrates rest for 15 min at room temperature and an additional

drying step for 15min at 70�C on a hotplate. The films were then annealed in an oven

for 90 min at 100�C and 15 min at 120�C. After the perovskite annealing procedure

and the cooling of the substrates to room temperature, a layer of poly(methyl

methacrylate) (PMMA) was deposited by spin coating a solution of 15 mg PMMA,

dissolved in 1 mL chlorobenzene, at 2,000 rpm for 45 s. Resulting perovskite films

have topographical features occurring every�500 nm.While SEM cannot determine

exact grain size,39 resulting perovskite films have topographical features occurring

every �500 nm (SEMs provided in Figures S1 and S5).

Perovskite Layer Deposition for Films

Perovskite films were prepared on three types of substrates: glass, NiOx-Ni-glass, and

SnO2-FTO-glass. In the case of films deposited on electrode materials, the electrodes

were prepared as described above for devices, save for nickel being evaporated

directly onto glass as opposed to on Al2O3. The perovskite film was accomplished first

by dissolving a 3.05:1 molar ratio of CH3NH3I to Pb(CH3CO2)2 $ 3 H2O into DMF with a

concentration of 48wt%. Solutions were then spin coated onto substrates at 4,000 rpm

for 30 s in a nitrogen-filled glovebox. The films were then annealed on a hotplate for

15 min at 100�C. After the perovskite annealing procedure and the cooling of the sub-

strates to room temperature, a layer of PMMAwas deposited by spin coating a solution

of 15 mg PMMA, dissolved in 1 mL chlorobenzene, at 4,000 rpm for 30 s.

Device Testing

The devices were illuminated from the PMMA side with AM 1.5 simulated sunlight

(ABET Technologies Sun 2000, calibrated with NREL certified KG5 filtered Si refer-

ence diode). Devices, in air at 20�C, were light soaked for �1 min at 1 Sun and

then measured with a Keithley 2400 in forward and reverse bias voltage scan direc-

tion. Scans were performed at 0.38 V/s with a hold time of 5 s at 1.2 V. The devices

were not masked, but the active area was well defined via e-beam lithography, which

established the photomask and covered an area of 0.09 cm2 per device.

Photoluminescence Quantum Efficiency Measurements

The PLQE of the samples was measured using an integrating sphere method,

described elsewhere.48 A continuous wave 532 nm diode laser was used to photo-

excite the samples with an intensity of 75 mW cm�2. Emission was measured using

an Andor iDus DU490A InGaAs detector. PLQE of each sample was measured at

three locations.

Time-Resolved Single-Photon Counting PL Measurements

Two setups were used to perform TCSPC measurements on films. Measurements

were performed using a PicoQuant LDH405 pulsed laser (407 nm and excitation

pulse length and fluence of 100 ps and 5 nJ cm�2) to excite perovskite films. PL

was collected at 90� to the incident beam, passed through a monochromator to

select the wavelength, and then into a photomultiplier detector (Hamamatsu

R3809U-50). In the case of the TCSPC data acquired on perovskite samples
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deposited on SnO2, measurements were performed using a FianiumWhiteLase High

Power Supercontinuum laser (WL-SC-IR-8) using a 10 nm band-pass filter centered at

450 nm to select the excitation wavelength. The excitation pulse length and energy

were 6 ps and 5 nJ cm�2, respectively. Light was collected at 30� to the incident

beam and passed through a 700-nm-long pass filter to remove the contribution of

the excitation.
Microscope PL and Photocurrent Measurements

Combined PL and photocurrent measurements were acquired using a WITec alpha

300 s setup. The excitation source was a 405 nm continuous wave laser (Coherent

CUBE), chopped using a Stanford Research SR 540 chopping unit at 810 Hz with a

50% duty cycle. The light was coupled though an optical fiber to the microscope

and focused using a 403Olympus lens (NA = 0.6, spot size 1.5 mm). Samples rested

on an X-Y piezo stage of the microscope. The PL signal was collected in reflection

mode with the same 403 objective and detected using a Princeton Instruments

SP-2300i spectrometer fitted with an Andor iDus 401 CCD detector. A long pass

filter with a cutoff wavelength of 450 nm was fitted before signal collection to block

the excitation. Example spectra for the different active device regions are provided

in Figure S2.

Photocurrent detection was accomplished using micro needle probes, which feed a

Stanford Research SR 570 preamplifier. The signal from the preamplifier was

detected as current intensity and phase shift using a Stanford Research SR 830

lock-in amplifier (referenced to the chopper frequency). By movement of the sample

stage, maps of combined PL and photocurrent were recorded. An example of a map

taken over the device active region is provided in Figure S3. Measurements as

presented in Figure 2 were performed at the junction of continuous regions of

electron- and hole-conducting layers. All measurements are done at short-circuit.

All movements of the stage and lenses and all spectral and photocurrent data

were recorded using WITec Control 4 software. All measurements were performed

in air. All photocurrent and PL data displayed are the result of averaging over 10

scans. Errors on extracted diffusivity and surface recombination velocities corre-

spond to the standard deviation over 8 separate extraction length measurements

performed.

Conversion of themeasured phase offset (Dq) of photocurrent signal to characteristic

rise time was based off the chopping frequency. For 810 Hz chopping frequency,

conversion was as follows:

Dq

360
3

1

810 Hz
= Trise:

Measurements were performed with 50–3,200 nW average illumination power.

Measurements presented in Figure 2 were performed at 400 nW average power,

while measurements in Figure 4D were performed at 1 mW average power.
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