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Small solar cells based on metal halide perovskites have shown a
tremendous increase in efficiency in recent years. These huge
strides in device performance make it important to understand
processes such as accumulation and extraction of charge carriers
to better address the scalability and stability challenges which have
not been solved yet. In most studies to date it is unclear whether the
limiting factor of charge extraction is charge transport in the bulk of
the perovskite or transfer across the interface with the charge
extracting layer, owing largely to the inaccessibility of buried
interfaces. Separating bulk and interfacial effects on charge extrac-
tion can help the search for new charge extracting materials,
improve understanding of charge transport in active layer materials
and help optimise device performance; not only in the laboratory
setting but also for commercial production. Here we present a
method to unambiguously distinguish between bulk and interface
effects on charge extraction dynamics which is based on time-
resolved photoluminescence with different excitation density
profiles. We use this method to study charge extraction from
solution-deposited CH3;NH3Pbl; films to NiO and PEDOT:PSS layers.
We find that NiO shows faster hole extraction than PEDOT:PSS from
the 300 nm thick perovskite film on the time scale of 300 ps which is
independent of charge carrier density in the region of 10°~10 cm 3.
The interface with NiO is found to only slightly limit charge extraction
rate at charge densities exceeding 106 cm™ as the extraction rate is
fast and does not decrease with time. This is in contrast to PEDOT:PSS
where we find the charge extraction rate to be slower, decreasing with
time and dependent on charge density in the region 10*%-107 cm—3
which we interpret as charge accumulation at the interface. Hence we
find that charge extraction is severely limited by the interface with
PEDOT:PSS. These findings are confirmed by transient absorption
spectroscopy. A hole diffusion coefficient of D = (2.2 + 0.5) cm? s™!
was determined in the perovskite film that is independent of charge
density. This indicates a band-like hole transport regime, not observed
for solution processed films before. Our findings stress the importance
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New concepts

Solution processable hybrid perovskites have emerged in the last few
years as very attractive materials for optoelectronic applications, espe-
cially in photovoltaics. Free carriers generated in the active layer of solar
cells must be quickly extracted to the electrodes to avoid recombination
losses. Carrier extraction includes transport in the active layer and
transfer across the interface towards electrodes. To date it has been very
difficult to determine which one of these processes limits charge extrac-
tion and to separate their effects experimentally. Here we present a
method for unambiguously separating bulk and interface effects on
charge extraction and use it to show that hole transfer from a hybrid
perovskite film to the widely used hole extraction layer of PEDOT:PSS
limits the overall extraction rate at standard solar cell working conditions.
A thin layer of NiO is found to facilitate fast hole extraction even at high
charge densities which occur in solar cells used with light concentrators.
Our results show the importance of interface optimization to improve
charge extraction in perovskite solar cells and provide a window into the
role of buried interfaces not available before.

of interface optimization in devices based on perovskite active layers
as there is still room for improvement of the hole extraction rate even
in the case of the superior NiO layer.

Introduction

Perovskites have had tremendous success in recent years
as materials for optoelectronic applications. Performance of
perovskite solar cells (PSC) has been improving very fast and
has reached efficiencies exceeding 25%. Low exciton binding
energy," strong absorption® and superior charge transport
properties® combined with low cost fabrication from solution
is making them attractive solar cell materials. However, the
problems of scaling-up, short operational lifetimes and choice
of transport layer materials are still not resolved. To solve them
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it is crucial to understand the factors limiting charge extraction
which includes transport in the charge generation and extrac-
tion layers as well as at their interfaces. Many attempts at
measuring and enhancing charge transport in the most popular
perovskite, CH;NH;Pbl; (MAPbI; or MAPI) have been pub-
lished in the literature.>® The reported values of the charge
diffusion coefficient in solution processed MAPbI; films range
from ~107° to 2.7 cm?® s~ ' spanning five orders of magnitude.®
This can be partly explained by different material properties of
the same stoichiometry perovskites depending on the synthe-
sis, deposition method, post processing and substrate choice,
but in addition different measurement techniques and experi-
ment conditions can give different results. Transient grating
technique has revealed weak dependence of the ambipolar
carrier diffusion coefficient on carrier density in perovskites
of high compositional quality whilst other films showed very
strong dependence on carrier density which was attributed to
trap filling.” Another recent study has shown indications of
different lattice reorganizations around excitons and charges
in hybrid perovskites which are very likely to affect exciton
and charge localization and transport.® Here we show carrier
density independent hole transport in solution processed
MAPDI; perovskite films which so far has only been observed
in vapor deposited films at high excitation densities in the
range of 10'®-10" em™>.” Furthermore, we demonstrate this
trap-free transport at low excitation densities, more relevant to
solar cell operation.

The preparation of charge extraction layers is also crucial to
the operation of the PSC as the transfer across the interface
with the active layer is the second factor determining charge
extraction from the solar cell. In traditional n-i-p solar cell
geometry, where the top transparent contact is the anode and
the bottom electrode is the cathode, Spiro-OMeTAD and PTAA
are commonly used as hole extraction layer (HEL) materials,
adjacent to the anode. This structure leads to one of the highest
power conversion efficiencies reported® but problems with
charge transporting materials, such as the high temperature
needed to fabricate the mesoporous TiO,, complex doping and
high cost of the commonly used HELs"® are making researchers
look towards both different device architectures and HELs. One
interesting proposition is to use the “inverted” p-i-n architecture,
where the top contact is the transparent cathode, the bottom
contact is the anode and the perovskite is deposited on the HEL.
To date this has been attempted mainly with PEDOT:PSS as the
HEL. The simplicity of fabrication, low processing temperature
and compatibility with roll-to-roll manufacturing processes make
this an attractive solar cell architecture but it suffers problems
with efficiency and stability, partly due to its acidity, temperature
sensitivity and hygroscopic properties.'® A low processing tem-
perature and stable hole transporting layer based on NiO nano-
particles has been proposed as a superior HEL recently by
Jagadamma et al.'' but it is still unclear what the underlying
reasons for improved charge extraction from the solar cell are and
what role charge transport and interfacial transfer rate play in
charge extraction, making it very difficult to compare between
different charge extracting materials even for the same perovskite
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composition and preparation method. This information is crucial
when aiming to develop solar cells with hot carrier extraction
which potentially can break the Shockley-Queisser limit."?

Surface quenching of time resolved photoluminescence (PL)
has been previously employed to measure the charge carrier
diffusion coefficient in perovskites®* as well as the exciton
diffusion coefficient in organic semiconductors.”® In this tech-
nique it is common to assume that quenching is transport limited
and quenching occurs on the first passage to the interface (perfect
quencher condition). However, if excitons or charges can escape
quenching by diffusing away, then the perfect quencher assump-
tion underestimates the diffusion coefficient. It is difficult to
access information directly about the processes at embedded
interfaces on the time scales relevant to charge extraction using
surface spectroscopy techniques. Here we demonstrate that by
creating photogenerated charge carrier populations at opposite
ends of the studied films we can simultaneously determine the
value of the diffusion coefficient and interfacial quenching rate.
We show that hole extraction from MAPbI; perovskite to Nickel
Oxide (NiO) layer occurs on a timescale of about 300 ps, which
is about twice longer than the value predicted by the perfect
quencher model. In the case of PEDOT:PSS hole transfer across
the interface limits the overall extraction rate severely, espe-
cially at higher charge densities, and slows down as time
progresses. This indicates hole accumulation at the interface
with PEDOT:PSS which can be explained by low hole mobility in
this extraction layer and can lead to detrimental effects on
device performance.™*

Experimental

The solution to make the perovskite active layer was prepared
by mixing 461 mg of Pbl, (Alfa Aesar 99.999%) and 159 mg of
CH;NH;I (Dyesol) in a mixed solvent of dimethyl sulfoxide
(66 pL) (DMSO, Sigma Aldrich, anhydrous, 99.9%) and dimethyl-
formamide (636 pL) (DMF, Sigma Aldrich, anhydrous, 99.9%). The
precursor solution was stirred for 1 hour at room temperature
and then spin-coated onto the glass/ITO/NiO substrates at
4000 rpm for 30 seconds. During the first 7 s of the spin-
coating process, a diethyl ether wash (700 puL) was carried out.
After completing the spin coating process, the perovskite film
was annealed in reduced pressure of nitrogen (~ 100 mbar) at
100 °C for 1 minute followed by annealing in nitrogen in the
glovebox for another 2 minutes. Film thickness was measured
by a Dektak profilometer to be 300 nm.

NiO nanoparticle thin films were prepared from the NiO
nanoparticle suspension (Avantama, P-21, product number
10128, 7 nm particle size) from Avantama. The as-received
NiO nanoparticles were ultra-sonicated for 1 minute followed
by diluting (1:10 by volume) the suspension in anhydrous
ethanol. The diluted NiO nanoparticle suspension was soni-
cated for 5-10 minutes before spin coating. The spin coating
was carried out under ambient conditions, at 2000 rpm for
60 seconds. After spin coating, the glass/ITO/NiO substrates
were annealed at 100 °C for 10 minutes.

This journal is © The Royal Society of Chemistry 2020
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The absorbance spectra of the films were measured using a
Varian Cary 300 UV-Vis Spectrophotometer. Time resolved
photoluminescence was measured using a Hamamatsu C6860
synchroscan streak camera. The films were excited using 200 fs
pulses at 640 nm with a 200 kHz repetition rate. For surface
quenching, measurements from two sides of the samples were
taken, the perovskite side and the substrate side.

Transient absorption spectroscopy was carried out using
HARPIA spectrometer from Light Conversion. The films were
excited using 640 nm pump pulses of 200 fs duration at 50 kHz
repetition rate from a PHAROS regenerative amplifier (Light
Conversion). The white light continuum used as the probe was
generated using a sapphire plate and its total energy was kept
below 1% of the pump pulse energy.

Results and discussion

To optically characterize the solution processed thin films of
MAPbI;/glass, MAPDbI;/NiO and, MAPbI;/PEDOT:PSS we used
UV-vis absorption, time resolved photoluminescence and transient
absorption spectroscopies. Fig. 1 shows the UV-Vis and time
integrated PL spectra along with a TA spectrum at 2 ps after
excitation.

The films show strong absorption with the absorption edge
half height at 765 nm. The shape is characteristic of band-to-
band absorption with no pronounced exciton peak visible at the
band edge. The absorbance increases with the photon energy
resulting in short absorption lengths compared with sample
thickness (300 nm) in the whole of the visible light region. The
absence of additional peaks also suggests the dominance of
a single crystalline phase which is further supported by a
narrow PL spectrum which shows a single peak at 772 nm.
The photoluminescence spectra of the MAPbI; film deposited
on NiO and on PEDOT:PSS and integrated from 0 to 1.6 ns after
excitation show the same spectral shape as a bare MAPDbI;.
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Fig. 1 UV-Vis absorption spectrum of a bare MAPbIs film on glass and
normalized photoluminescence spectra (PL) of the perovskite on glass
(black empty squares), perovskite quenched by PEDOT:PSS (red line) and
perovskite quenched by NiO (blue line) integrated in the time window from
0 to 1.6 ns after excitation at 640 nm. Transient absorption (TA) spectrum
at 2 ps after excitation at 640 nm is shown by a dashed line.
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This indicates that morphology and composition of the bare
MAPDI; film and on NiO and on PEDOT:PSS is very similar.
This is further supported by very similar transient absorption
(TA) spectra of bare MAPDI; film and on NiO and on PEDOT:
PSS. TA spectra are dominated by the ground state bleach at the
band edge where the onset of steady state absorption is
observed and show no spectral evolution from 1 ps to 2 ns
(Fig. S1, ESIf). The narrow spectral shape of TA spectra and
absence of spectral dynamics on a picosecond time scale suggest
very few trap states present in the bulk of the perovskite, further
supported by the narrow shape of the PL.

To investigate the morphology of the perovskite layer deposited
on top of the different substrates further, we performed scanning
electron microscopy (Fig. S2, ESIt). The perovskite grown on top
of both substrates forms a dense film with no visible pinholes.
The domain sizes for both cases are similar and range between
100-350 nm. Some aggregate features are seen on the grain
boundaries in both films. It was therefore concluded that the
perovskite morphology is similar for films grown on top of
PEDOT:PSS and NiO. To check the crystallinity, we performed
X-ray diffraction measurement (Fig. S3, ESIt). We observed that
the perovskite films deposited on top of the different substrates
had the same intensity of diffraction peaks. We therefore con-
cluded that the crystallinity of the different samples was similar.

To determine the hole diffusion coefficient of MAPbDI;
we performed a variation on the photoluminescence surface
quenching experiment, a well-established method for organic
semiconductors,* that has been previously applied to perovskites.>*
In this experiment the perovskite active layer is in contact with a
layer of quenching material in a bilayer geometry as shown in Fig. 2.
Following a pulsed laser excitation, the time-resolved photolumines-
cence intensities from the perovskite films with the quenching layer
and without it carry information about charge extraction dynamics.
The absorption profile is calculated using Beer-Lambert law and
over 90% of the incident laser pulse intensity is absorbed in the
perovskite active layer. A model, based on the diffusion equation
(eqn (1)), is then used to simulate the dynamics of charge carriers
within the material and the resulting simulated PL decay is fitted to
the experimental data by adjusting the value of the fitting para-
meter, most commonly the diffusion coefficient.

Ip(x,1) _ [ Pp(x;1)  plx,1) )

ot 0x?2 T

Laser
pulse

i

0 L O L
Fig. 2 Layout of the surface quenching experiment with perovskite side
illumination (left hand side) and substrate side illumination (right hand side)
and the initial hole density profiles at t = 0.
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here p(x,f) is the spatio-temporal density of holes, D is the hole
diffusion coefficient [(cm?) s™*] and 7 [s] is the PL lifetime in the
absence of a quencher.

The initial distribution of charge carriers as well as their
behavior at interfaces is determined by the choice of the initial
and boundary conditions in the model. In most surface quench-
ing experiments to date, the choice of the boundary conditions at
the quenching interface has been such as to assume perfect
quenching at one interface and perfect reflection from the other
interface, hence, p(x = L,t) = 0 and 9p(x = 0,¢)/0x = 0. As long as the
charge carrier diffuses to the interface it is quenched immediately
and with 100% efficiency. In the case of slow diffusion in organic
semiconductors with relatively fast interfacial quenching, it has been
shown this is a good approximation.* However, it is unclear if this
can be applied to hybrid perovskites with high charge carrier
diffusivity and if imperfect quenching boundary condition should
be used instead as discussed in previous work by other researchers
on organic semiconductors’® and quantum dots.'® A finite rate of
quenching should be applied instead which can be represented
by the boundary condition DOp(x = L,t)/ox = —k x p(x,t), where
the quenching rate at the interface is equated to the diffusive
flux of species across the interface. Further details about the
solution to the diffusion equation and the parameters used are
provided in ESL{

Here we demonstrate that performing the conventional
surface quenching experiment for hybrid perovskites with high
charge diffusion coefficients is not an appropriate method for
determining the diffusion coefficient as it leads to a severe
under-estimation of its value unless the interface is a perfect
quencher. We further notice that this is only apparent when
applying the diffusion model to two distinct cases as seen in
Fig. 2. In the first case, when the laser light is incident on the
film from the perovskite layer side, a distribution of photo-
generated charge carriers is created that has a maximum far
from the interface. This way the charged species can diffuse
towards the interface giving us information about the diffusion
process [Fig. 2]. When the laser light is incident from the
substrate side [Fig. 2] a high concentration of charged species
is created directly next to the interface with the quencher,
providing us with more information about the quenching
process at the interface as diffusion becomes less important.
We note that this allows us to determine if charge extraction is
diffusion or interface limited as well as to determine the value of
the diffusion coefficient and the quenching rate simultaneously.

The time resolved PL data for the bare perovskite on glass,
MAPDI;/NiO and MAPDI;/PEDOT:PSS films are presented in
Fig. 3 and clearly show a much faster decay of the MAPbI;/NiO
film compared with both MAPbI;/glass and MAPbI;/PEDOT:PSS
films indicating that NiO facilitates faster hole extraction as
compared to PEDOT:PSS. This is further supported by the faster
decay of the ground state bleaching observed at 760 nm for
MAPDI;/NiO as compared to MAPbI,/glass and MAPbIL;/PEDOT:PSS
(Fig. S3, ESIY).

The PL decays in MAPbI;/NiO for the two illumination sides
are very similar (Fig. 3). This suggests that photogenerated
charges diffuse across the film rapidly, so that the rate of
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Fig. 3 PL decays in bare perovskite film on glass (black squares) and
quenched by NiO illuminated from the HEL side (blue circles) and perovskite
side (purple circles). The diffusion model for perovskite side illumination
is shown as the orange line and the substrate side model fit is shown as the
red line.

quenching is mostly determined by charge transfer to the
HEL, rather than diffusion across the film to the HEL. The PL
decays in MAPDI;/PEDOT:PSS measured after illumination
from two sides are also very similar albeit they get substantially
slower at higher excitation densities (Fig. S4, ESIt). This
indicates that the extraction rate slows down when many holes
are extracted to PEDOT:PSS and can be explained by Coulomb
repulsion between the extracted holes and the holes accumulated
at the MAPDbI;/PEDOT:PSS interface.

A model based on the diffusion equation was used to
simulate the spatio-temporal distribution of photogenerated
holes within the perovskite layer and the integrated hole
density over the thickness of the perovskite layer yielded the
simulated PL decays shown in Fig. 3. The perfect quencher
boundary condition was tested first and produced a good fit for
the case of perovskite side illumination for the diffusion
coefficient value of D = 1.06 cm> s~ ', however, the same perfect
quencher model produces a large misfit when applied to the
case where most charge carriers are created near the interface
with the HEL [see Fig. S7, ESIf]. This is because a large
proportion of holes would be immediately quenched in this
case, leading to a pronounced fast PL decay. This emphasizes
the importance of the two-side illumination approach as the
issue with the perfect quenching model would not have been
apparent without the substrate side illumination.

Imperfect quencher boundary condition on the other hand
produces a good fit to both sets of experimental data with a
single value of the diffusion coefficient, D = (2.2 + 0.5) cm” s~ "
and quenching rate k = (3.6 + 0.3) x 10° m s~' [Fig. 3 and
Fig. S8, ESIt]. Values of the diffusion coefficient outside of this
range (larger or smaller) produce misfits which can be seen in
Fig. S9 (ESIY). This result represents a significant improvement
on the diffusion coefficient measurement technique as it allows
for the determination of a relatively small range of values for
the diffusion coefficient, taking into account a finite quenching

This journal is © The Royal Society of Chemistry 2020
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velocity, rather than a lower limit on the diffusion coefficient as
in the case of the perfect quencher assumption. We propose
that all future surface quenching experiments for hybrid perov-
skites with high diffusion coefficients should be performed in
this manner to avoid under-estimating the diffusion coefficient,
as in this case the true value is about twice larger than that
given by the perfect quencher model. Furthermore, quenching
at the interface controls the concentration of diffusing species
near that interface, which in turn is the primary driver behind
diffusive transport. If the assumption of imperfect quenching
does not reflect reality, the concentration gradient near the inter-
face will be much smaller thus affecting transport. Our results
demonstrate that the limiting factor in charge extraction in
both cases is the transfer across the interface, even for the case
of the superior HEL based on NiO nanoparticles. This insight
would not have been revealed without the additional illumina-
tion from the substrate side. The PL decay simulated using the
determined diffusion coefficient of D = 2.2 ecm® s™" and the
perfect quencher model is about twice faster than the measured
decay [Fig. 3]. This shows that charge carriers could be
extracted about twice as fast given the interfacial transfer rate
was much faster. The high value of the diffusion coefficient is
close to the values reported in single crystals® suggesting that
film quality does not suffer much because of using a solution
processing method rather than a more complicated single
crystal growth method.

We employed the imperfect quencher model to investigate
hole extraction from CH3;NH;PbI;/PEDOT:PSS (Fig. S10, ESIt)
and using the same value of the diffusion coefficient as in
CH;NH;PbI;/NiO we determined the quenching velocity. We
find that it slows down by more than an order of magnitude
within the same time window, in contrast to a constant
quenching velocity for the case of CH;NH;PbI;/NiO. We attri-
bute this slowing down of the rate to accumulation of holes on
the CH;NH;PbI;/PEDOT:PSS interface. Further details of the
fitting and analysis are provided in ESLT

To investigate the charge diffusion regime, we carried out a
charge density dependence study of the diffusion coefficient
using the same surface quenching set-up. Measurements were
performed at various excitation densities, revealing the role of
charge density in the diffusion process. Fig. 4a shows the PL
decays and (Fig. 4b) shows the extracted values of the diffusion
coefficient as a function of charge density. The PL decays in
bare MAPbI;/glass films and in the MAPbI;/NiO quenched
films are independent of excitation density. For bare films this
suggests that at the investigated charge densities the leading
recombination process is due to monomolecular rather than
bimolecular recombination, a result consistent with the low
rates of bimolecular recombination reported by other researchers."”
The diffusion coefficient extracted from the PL decays on NiO
shows no dependence on carrier density in the region of
10"°-10"7 em™? a result that can be identified as the band-
like charge transport regime in perovskites.” Even-though
bimolecular recombination is identified as pertaining to the
band-like transport regime it is still much slower in the case of
our perovskite films than monomolecular recombination at the

This journal is © The Royal Society of Chemistry 2020

View Article Online

Communication

1
>
=
)
c
Q
-+
=
T Glass 0.66 pJ/cm? . -
lass 3.3 uJ/ecm
§e
Q
N . 2
% NiO 3.3 uJ/cm
NiO 1.3 pJ/cm?
£
(ZD a)
0.1
T T T
0 500 1000 1500
Time [ps]
4.0+
3.54
Z 3.0
NE B
S,
2 2.5
8 n u . -
% 2.0
Q
(]
.5 1.5
g
£ 1.0
o
0.5 b)
0.0 T T T T
1.3E16 2.7E16 5.4E16 1.35E17

Average charge density [cm™]

Fig. 4 (a) PL decays of MAPbIs films on glass, and on NiO. No depen-
dence on excitation density is observed in the range 3.4 x 10~ J cm™2 to
3.3 x 107%J cm™2 (b) Dependence of the diffusion coefficient D on the
average density of charge pairs created as a result of the above laser
illumination.

charge densities studied which is why the bulk recombination
was modelled as monomolecular.

The high and charge density independent value of the
diffusion coefficient suggests high film quality with very low
density of traps and a large proportion of mobile free charge
carriers, previously reported only for perovskites grown by
evaporation.” Furthermore, the excitation density independent
PL decays indicate that accumulation of charge is not an issue
for the MAPDI;/NiO interface even at charge densities relevant
to devices such as solar concentrator PVs. This is in contrast to
the MAPDI;/PEDOT:PSS pair where the charge density depen-
dence was observed. The almost identical PL decays observed
after illumination from different sides strongly points towards
this being an interface effect rather than a property of the bulk
MAPDI; perovskite. This further supports our claim that inter-
facial processes in devices based on perovskite active layers play
a crucial role in the operation of those devices and should be
the focus of future optimization efforts.
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Conclusions

In summary, we designed a method based on the time resolved
photoluminescence surface quenching experiment to unambigu-
ously resolve bulk and interfacial effects on charge extraction from
hybrid perovskites. We use this method to elucidate the limiting
factors in hole extraction from CH;NH;Pbl; to two hole extracting
layer materials, PEDOT:PSS and solution processed NiO nano-
particle film over a range of charge carrier densities relevant to
solar cell operation. We find that NiO is the superior hole
extracting layer, showing fast hole extraction on the timescale
of 300 ps only slightly limited by transfer across the interface
with the hole extracting layer. This is in contrast to PEDOT:PSS
hole extracting layer which has a slower charge extraction
which is severely limited by the rate of transfer across the
interface. We attribute this worse performance to increased
accumulation of holes at the CH;NH;PbI;/PEDOT:PSS inter-
face. Furthermore, we determine the diffusion coefficient of
holes in CH3;NH;PbI; to be (2.2 &+ 0.5) cm® s, one of the
highest reported for solution processed hybrid perovskites. We
find this diffusion coefficient to be independent of charge
carrier density in the region of 10'°-10"7 ecm? which is a
hallmark of band-like transport, not observed in solution
processed perovskites before. Our findings highlight the impor-
tance of separating the bulk and interfacial effects on charge
extraction and show that charge carrier transfer across the
interface is an important optimization parameter for perovskite
solar cells.
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