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O
rganic�inorganicmetal halide per-
ovskite solar cells were reported
for the first time between 2006

and 2009 by the work of Miyasaka and
co-workers,1,2 when they employed small
CH3NH3PbX3 (where X is I or Br) nanocrystals
in replacement of ruthenium complex dyes
in dye-sensitized solar cell architectures em-
ploying either a liquid electrolyte redox
couple or polypyrrole carbon black compo-
site solid-state hole conductor. Significant
research into these materials did not occur
until breakthroughs 3 years later when
use of the molecular solid state hole trans-
porting material, spiro-OMeTAD (2,20,7,70-
tetrakis(N,N-di-4-methoxyphenylamino)-9,90-
spirobifluorene), produced much more
efficient and more stable devices,3,4 and
even enabled completely new device archi-
tectures to be realized with the absence of

mesoporous TiO2.
4 Since then, metal�halide

perovskite materials have garnered an ex-
plosion of interest due to their remarkable
photovoltaic performance, low temperature
and facile processing,4�11 and even exhibit-
ing efficient light emission and lasing
properties.12�14 Verified solar cell PCEs over
20% have been achieved,15,16 with highest
lab determined efficiencies of over 19%,17

which places perovskite PV as one of the
most promising and fastest growing of all
photovoltaic technologies.
The devices are mostly based on hybrid

organic�inorganic solution-processed poly-
crystalline CH3NH3PbX3 films, where X is I,
Br or Cl or a combination of halides.4,5,18�21

The high performance is attributed to the
favorable optoelectronic properties of these
perovskites, such as appropriate bandgap,
long electron and hole diffusion lengths,
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ABSTRACT Organic�inorganic perovskites, such as CH3NH3PbX3
(X = I, Br, Cl), have emerged as attractive absorber materials for the

fabrication of low cost high efficiency solar cells. Over the last 3 years,

there has been an exceptional rise in power conversion efficiencies

(PCEs), demonstrating the outstanding potential of these perovskite

materials. However, in most device architectures, including the

simplest thin-film planar structure, a current�voltage response

displays an “anomalous hysteresis”, whereby the power output of

the cell varies with measurement time, direction and light exposure

or bias history. Here we provide insight into the physical processes occurring at the interface between the n-type charge collection layer and the perovskite

absorber. Through spectroscopic measurements, we find that electron transfer from the perovskite to the TiO2 in the standard planar junction cells is very

slow. By modifying the n-type contact with a self-assembled fullerene monolayer, electron transfer is “switched on”, and both the n-type and p-type

heterojunctions with the perovskite are active in driving the photovoltaic operation. The fullerene-modified devices achieve up to 17.3% power conversion

efficiency with significantly reduced hysteresis, and stabilized power output reaching 15.7% in the planar p�i�n heterojunction solar cells measured

under simulated AM 1.5 sunlight.

KEYWORDS: perovskite . fullerene . self-assembled monolayer . photothermal deflection spectroscopy . microwave conductivity .
traps . passivation
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high crystallinity,22�25 and low nonradiative decay
rates.13 These all stem from the remarkable ease
with which the materials crystallize and the favorable
defect chemistry, which is only just starting to be
understood.26�28 They can act as ann-type, p-type or even
intrinsic (i-type) semiconductor material and, therefore,
assume the roles of both light absorber and long-range
charge transporter in a simple thin-film configuration.
Solar to electrical power conversion efficiencies are

typically determined from current density�voltage
(JV) curves measured under simulated sun light.
The JV curves are obtained during light exposure by
sweeping an applied bias across the terminals of the
cell whilemeasuring the current flowing in the external
circuit. This is intended to closely represent the steady
state power output of a solar cell at any given bias,
and should not be dependent upon bias sweep rate
or sweep direction. Perovskite devices often exhibit
anomalous hysteresis in their current�voltage curves,
with differences in the currentmeasured in the forward
and reverse scanning directions.29,30 Hysteresis inmost
solar cells is due to the capacitance of the solar cell and
should not be significant if the scan rate is slowed to a
suitable level. For perovskite solar cells the hysteresis
effect is particularly pronounced in planar heterojunc-
tion architectures, and unlike what would be expected
from typical capacitive charging/discharging effects,
the hysteresis can persist even at very slow scan
rates.16,29,31 To reach stabilized current output, the
voltage step in some instances has to be held constant
for hundreds of seconds, resulting in impractically slow
scan rates required to determine a true “steady state”
current voltage curve. This effect is problematic for
universal and unambiguous characterization of photo-
voltaic performance of those devices and comparing
efficiencies between changes in materials and device
fabrication processes.
The hysteresis arises due to a change in the effective

operation of the solar cell when held under forward

bias or short-circuit conditions. The parameters inter-
nal to the cell which are different under these two
conditions are electric field and charge density. Since
the current generated and/or collected after holding
the cells under forward bias is larger than under short-
circuit, either the efficacy for charge collection at the
electrodes is reduced at short-circuit, or the electron
lifetime is reduced, or a combination of the two.29

State-of-the-art perovskite devices typically utilize a
thin and uniform compact TiO2 layer as an electron-
selective contact, and a p-type organic hole-conductor
as the hole-selective contact.17 Any bias induced
changes to charge collection could either be due to a
change to the bulk property of the perovskite, or due to
a change to the nature of the contact (either at the
surface of the perovskite, nature of interface states or
the contact materials themselves).
Here, we investigate the contact between the per-

ovskite and the planar n-type TiO2 charge collection
layer and find that electron transfer is not very effec-
tive. Bymodifying this contact with an organic electron
accepting fullerene self-assembledmonolayer (C60-SAM)
we significantly enhance electron transfer. We show that
planar heterojunction perovskite solar cells incorporat-
ing the C60-SAM-modified TiO2, as illustrated schemati-
cally in Figure 1, result in a largely improved photovoltaic
performance, a decrease in hysteretic behavior and a
significant increase in the stabilized power output.

RESULTS AND DISCUSSION

The role of the n-type compact TiO2 layer is to collect
electrons and reflect holes. To investigate the ability
of electrons in the perovskite to transfer across to the
compact TiO2, we measured time-resolved photolumi-
nescence decays (Figure 2a) and the photolumines-
cence quantum efficiencies (PLQE; Table 1) of the
perovskite films deposited upon TiO2 compact layers
and glass slides. The lifetime of the emission from the
perovskite is only slightly reduced when coated on the

Figure 1. Schematic of device structure and in the inset binding of SAMs to TiO2 surface.
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TiO2 compact layer with the PLQE remaining half that
of the perovskite film on glass. This suggests extremely
poor or slow electron transfer to the TiO2. This should
be compared to the extremely fast quenching when
the perovskite is coated with a fullerene derivative, as
we have previously shown,22,24 where the PL is almost
entirely quenched. To corroborate the photolumines-
cencemeasurements, we have performed time-resolved
microwave conductivity (TRMC) on similar samples. The
figure of merit typically extracted from TRMC measure-
ments under optical excitation is the product of the yield
of free charge generation per absorbed photon, j, with
the sum of the mobilities of free charges, ∑μ.32 We find
that the peakj∑μ product (at early time) as a function of
absorbed flux does not depend (within experimental
error) on the sample architecture (Supporting Informa-
tion Figure S2a). This implies that the generation of
mobile conductive charge occurs irrespective of inter-
face, consistent with free carrier generation occurring
spontaneously (on shorter than the nanosecond time-
scale) following light absorption within the bulk of
the perovskite film. In particular, samples with spiro-
OMeTADon top of the perovskite film show very similar
initial j∑μt=0 to the neat perovskite film. Hole injection

to spiro-OMeTAD following photoexcitation of the
perovskite is expected tobe efficient4,22 andmicrowave
mobility of holes in the spiro-OMeTAD is expected to be
much lower than that in the perovskite.33 However, our
data show no decrease of j∑μt=0 with the addition of
the spiro-OMeTAD, which suggests that the microwave
conductivity signal is dominated by electrons in the
perovskite. Since j∑μt=0 is also the same for a perov-
skite film on glass and on TiO2, we conclude that
electron injection into the TiO2 is quite inefficient, at
least within the 5 ns excitation pulse used in the TRMC
experiment. Efficient ultrafast electron injection to TiO2

would result in decreased j∑μ values due to the low,
microwave electron mobility in TiO2.

34 Furthermore,
we compare photoconductance transients measured
by TRMC in Figure 2b, for perovskite films on glass and
on compact TiO2, which are essentially indistinguish-
able. If substantial electron transfer occurred from the
perovskite to the TiO2 we would expect a significant
difference in the photoconductance decay profiles
for these two samples, indicative of the removal of
electrons from the perovskite films.35 Since this is not
observed, it again suggests that after photoexcitation in
the perovskite, electron transfer to the compact TiO2 is
poor. Unexpectedly, the perovskite sample with a hole-
quenching spiro-OMeTAD layer on top shows an even
slower decay of the TRMC transient (Supporting Infor-
mation Figure S2b). As mentioned earlier, we expect to
observe efficient hole transfer to spiro-OMeTAD, and
would hence expect to observe a faster TRMC transient
decay if both electrons and holes were detected. How-
ever, the results are explicable if the hole mobility is
significantly lower than the electronmobility within the
perovskite film at the 10 GHz range. Then, following
hole extraction22 the lifetime of the electron conduc-
tivity signal would be extended since recombination is
inhibited by the fact that the holes have been extracted
from the perovskite film.
These results suggest that for the current planar

heterojunction perovskite solar cells which employ
compact TiO2 as the electron collection layer, themajor
heterojunction generating the voltage and photo-
current is the perovskite:hole-transporter junction.
Under illumination, the perovskite will transfer holes
to the hole-conductor then accumulate electrons until
the quasi-Fermi level for electrons within the perov-
skite is suitably low (close to vacuum) to allow a flow of
electrons across the TiO2 interface and enable a steady
state current to flow.
Since we already know that fullerene molecules

can act as a good acceptor of electrons on
perovskites,36�38 here we investigate the impact of
modifying the compact TiO2 with a fullerene self-
assembled monolayer. The C60-SAM we employ binds
to the TiO2 surface hydroxyl groups through the
carboxylic acid anchoring group,39�41 as we show in
the schematic in Figure 1. In Supporting Information

Figure 2. (a) Normalizedphotoluminescence decays follow-
ing pulsed excitation (507 nm, 1 MHz, 0.03 μJ/cm2/pulse)
and (b) normalized time-resolved microwave conductivity
(TRMC) decays following pulsed excitation (500 nm, 10 Hz,
0.1 μJ/cm2/pulse) of perovskite both with and without
electron quenching layers.

TABLE 1. PLQE Values of Perovskite Films with and

without C60-SAM Functionalization of the TiO2

sample PLQE (%)

No quencher 7.6
TiO2 3.8
TiO2/C60-SAM 0.5
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Figures S1a�c, we present SEM images ofmodified and
unmodified TiO2 surfaces. We show the PL and TRMC
data for perovskite films coated on C60-SAM-modified
TiO2 in Figure 2. The PL quenching is dramatically
enhanced, which is consistent with the C60-SAMmono-
layer enabling better extraction of photoinduced elec-
trons from the perovskite. The TRMC traces also show a
significant reduction in decay time upon modification,
again consistent with effective electron transfer to the
fullerene-modified TiO2. Notably, we expect that the
C60-SAM-modified TiO2 should only extract electrons,
yet the rate of decay of the TRMC transient increases by
an order of magnitude following photoexcitation.
Again, if the 10 GHz hole-mobility was similar to the
electron mobility, we would expect this transient to
lengthen as the recombination processes was dimin-
ished. These results are once again consistent with the
hole-mobility being lower than the electron mobility.
In previous investigations,22,24,35,43 the data have sug-
gested that the long-range electron and holemobilities
are balanced, hence this discrepancy with the values
predicted at 10 GHz warrants further investigation to
determine if it is a property of the material or measure-
ment. In particular, charge confinement effects and
scattering associated with grain size. Recently it has
been shown by DFT calculations that effective mass of
electrons is lower than holes, which is in agreement
with our findings of higher electron mobility.42

The above data are consistent with the fullerene-
modified TiO2 significantly enhancing the efficacy
with which photoinduced electrons can flow out of
the perovskite. Themodification itselfmay also have an
impact upon the TiO2. It has been previously shown
that crystalline TiO2 contains inherent localized trap
states due to under-coordinated surface Ti(IV) ions.
Those states give an exponentially decreasing tail in
the density of states below the conduction band.44

Adsorption of electron-donating ligands at the surface,
such as H2O molecules, decreases the work function
(shifts closer to vacuum) and reduces the number of
available states in the sub-bandgap region. However,
hydration does not saturate those sites entirely, since
water adsorption is not stable and is difficult to control. To
investigate the influence of C60-SAM treatment on trap
states in TiO2 we performed photothermal deflection
spectroscopy (PDS) measurements.26,45,46 PDS is a tech-
nique which allows us to probe with high sensitivity the
sub-bandgap optical absorption, and thus the trap
states due to under-coordinated surface Ti(IV) ions.
The slope of the absorption at the band edge defines
the Urbach energy, and provides a measure for the
degree of disorder of a material. During the first mea-
surements we found that the spectrum of TiO2 films
modified with C60-SAM showed a strong contribu-
tion from the fullerene (see Supporting Information
Figure S3), which overlaps with the TiO2 sub-bandgap
absorption, and makes it difficult to probe any change

in the TiO2 density of states (DOS). However, the
C60-SAM is anchored to the TiO2 surface via a benzoic
acid group (see Figure 1), which is linked to the
fullerene via a pyrrolidine derivative group (no π con-
jugation with the C60), therefore we used benzoic acid
to mimic the effect of the C60-SAM anchoring group
on the sub-bandgap absorption of TiO2. In Figure 3a
we compare PDS spectra of TiO2 and TiO2 modified
with benzoic acid on quartz substrates. We observe a
significant reduction in the sub-bandgap absorption in
TiO2 upon benzoic acid functionalization.
To show that the effect of the benzoic acid on

the TiO2 trap states is comparable to the C60-SAM,
we performed impedance measurements on simple
diodes made by a stack of FTO/TiO2/spiro-OMeTAD/Au
layers, where the TiO2 was modified with benzoic acid
and C60-SAM.We extracted capacitance�voltage char-
acteristics at 1 kHz (Figure 3b). At this frequency a high
variation of capacitance occurs with increasing bias
voltage, which is indicative of charge accumulation at
the compact layer and can represent its capacitance,
which we show further evidence for in Supporting
Information.47,48 Upon assembling benzoic acid or
C60-SAM, which can be seen in the absorption in the
sub-bandgap region, the capacitance of TiO2 is clearly
reduced. This confirms that the sub-bandgap DOS in
the TiO2 is reduced after modification with C60-SAM.
We note that benzoic acid reduces the capacitance
even more effectively than the C60-SAM. This effect
could be explained by the contribution of fullerene in

Figure 3. (a) PDS spectra of TiO2 films, unmodified (red curve
with triangles) andmodifiedwith amonolayerof benzoic acid
(green curve with diamonds); (b) capacitance�voltage char-
acteristics of TiO2films, unmodified (red curvewith triangles),
modified with a monolayer of C60-SAM (black curve with
squares), benzoic acid (green curve with diamonds).
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the charge accumulation and observed capacitance,
but it may also be due to the fact that small mole-
cules like benzoic acid bind with a higher density as

compared to the bulkier C60-SAM. We have previously
demonstrated a similar decrease in the overall capaci-
tance of a solar cell upon C60-SAM functionalization
of mesoporous TiO2.

39�41 However, in the previous
instancewe found that subsequent electron transfer to
the mesoporous TiO2 did not occur readily, and the
reduced capacitance was interpreted as being due to
blocking of the electron transfer to the TiO2, and little
change was observed with the benzoic acid. This is
distinct from the effect which we are observing here
with the compact TiO2 layers in the planar junction.
Presumably the electron density in the C60-SAM
is considerably enhanced in this instance enabling
forward electron transfer.
We constructed complete planar heterojunction

perovskite solar cells, both with and without the full-
erene modification to the compact TiO2. Before we
present the solar cell results, we also measured the
electroluminescence EL of the photovoltaic devices
with and without C60-SAM modification (Figure 4a).
Nonradiative recombination is indicative of inefficient
PV operation.49 EL is a simplemeasurement to perform
that can quickly give information about any changes to
the radiative versus the nonradiative recombination.
Here, we observe a 5- to 10-fold increase of the
electroluminescence signal for a fullerene-modified
sample compared to standard cell. We also find that
the dark current density is higher for any given applied
bias, but by a smaller factor of 2�3 with the C60-SAM
treatment (see Supporting Information Figure S5). This
indicates that the EL efficiency has increased, and as
such the nonradiative recombination at the hetero-
junction reduced with the C60-SAM treatment. This
observed increase of EL intensity also suggests that the
functionalization has led to a reduction of interface
defect sites, either on the TiO2 or in the perovskite, which
would otherwise cause nonradiative recombination
of injected carriers. This is also consistent with recent
results by Q. Wang et al., who suggested that fullerene
can passivate trap states in the perovskite itself.37

Moving to the solar cell operation, in Figure 4b
we present JV curves of the planar heterojunction
perovskite solar cells with and without the C60-SAM-
modification. We show all the photovoltaic param-
eters extracted from the JV curves in Table 2.

Figure 4. (a) Electroluminescence spectra from photovoltaic
devices held at forward bias (1.1 V) containing C60-SAM-
modified (black curve with squares) and unmodified TiO2 com-
pact layer (red curve with triangles). The spectra presented are
the peak EL emission following a slow rise (see Supporting
Information Figure S5). Inset: EL spectra after accounting for
differences in injected current density (EL/J). (b) JV curves of
perovskite solar cells with C60-SAM-modified (black curve with
squares) andunmodifiedTiO2 (red curvewith triangles) compact
layerobtainedat thescanningrateof0.15V/s (toppanel),0.03V/s
(middle panel), and 0.0015 V/s (bottom panel). (c) Stabilized
power output measured close to the maximum power point.

TABLE 2. Photovoltaic Parameters Extracted from JV Curves presented in Figure 4a
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Upon modification there is a significant increase in all
parameters. At the scanning rate of 0.15 V/s devices
reach PCEs up to 17.3% on the forward bias to short-
circuit scan (FB-SC). We show the results for a large
batch of devices in Supporting Information Figure S6
and Table S1.
We present two scan directions, forward bias (FB) to

short circuit (SC) and short circuit (SC) to forward bias
(FB). For the C60-SAM samples, when we decrease the
scanning rate, the hysteresis for the cells with C60-SAM-
modified TiO2 blocking layer becomes negligible, while
it is still very pronounced for the standard unmodified
planar heterojunction devices, even at scanning rates
100 times slower (0.0015 V/s, 934 s to scan the entire JV
curve). We observe a small decline in fill factor in the
fullerene-modified devices when the scanning rate is
slower than 0.15 V/s. To corroborate the current vol-
tage curves, we present stabilized power output close
to the maximum power point, which reflects the true
sustainable power conversion efficiency of the solar
cell. Fullerene-modifieddevices exhibit a faster rise and
significantly higher PCE, reaching 15.7% (Figure 4c).
To discriminate between the improved electron

extraction and the reduced defect density as a result
of incorporating the C60-SAM, we fabricated cells with
benzoic acid-modified TiO2. We observed no improve-
ment in device performance and persistent large
hysteresis in JV curves, even at reduced scanning rates
(Supporting Information Figure S7). This is consistent
with the primary function of the C60-SAM being to
enhance electron extraction from the perovskite layer.
To summarize our observations, photoinduced elec-

tron transfer from the perovskite to the compact TiO2

does not appear to occur efficiently. In the standard
devices, good operation relies upon slow electron�
hole recombination within the perovskite and at
the perovskite-hole-transporter interface since a large
electron density is likely to reside within the perovskite
absorber. Upon modification with C60-SAM, electron
transfer is enhanced. At the same time, the C60-SAM
appears to reduce the sub band gap density of states
in the TiO2 and reduce the nonradiative recombination
at the perovskite TiO2 heterojunction. The solar cells
are dramatically improved with this modification, and
specifically the time to reach stabilized power output,
and the magnitude of the stabilized power output, are
improved.
We propose the following mechanism to explain

these findings. Electron trap states at the interface
(both in TiO2 and perovskite) at the short-circuit con-
dition are only partially filled and are likely to result in
a depletion region on both sides of the interface, and
pinning of the electron quasi-Fermi level (Figure 5) to
the occupation level of the interface states. This would
result in band bending within the perovskite layer and
an electrostatic barrier for electron transfer across this
interface. When the solar cells are under illumination

and forward bias, charge density can be built up,
resulting in the filling of those states, a reduction in
the degree of depletion and resulting in a flattening
of the bands at this interface. When the scanning rate
from forward bias to short-circuit is fast enough, deep
trap states can remain filled since the lifetime of an
electron in those states can be very long.27 Passivation
of the interface traps or permanent doping of the
interfaces could overcome this problem and provide
good selective charge collection. We note, however,
that the time scale over which the photocurrent rises
on the order of seconds. This is indicative of the sort of
time required for long-range ionmigration, rather than
simply filling of defect sites.50 We therefore postulate
the phenomenon arises due to a combination of
trapping and ion migration, but full understanding will
require much more investigation.

CONCLUSION

In conclusion, we have demonstrated that the
interface between the n-type collection layer and the
CH3NH3PbI3�xClx perovskite absorber has a strong
influence on the operation of the solar cells. By
modifying the surface of the TiO2 compact layer with
C60-SAM molecules, we have observed a dramatic
alteration to the operational mode of the solar cells.
The standard devices are predominantly driven by
the “i�p” perovskite hole�transporter heterojunction,
whereas the fullerene-modified devices are driven by
both the n�i and i�p heterojunctions in the p�i�n
planar heterojunction solar cell. We find that the
average PCEs increase from 11.5 to 14.8%, with a
maximum stabilized power output of 15.7% for the
C60-SAM-modified devices. In addition to altering the
operation of the solar cell, the C60-SAM passivates or
inhibits the formation of trap states at the interface, on
the TiO2 surface through the anchoring group, and on
the perovskite side by the fullerene moiety, reducing
the nonradiative recombination channels at this inter-
face. This work significantly improves our understand-
ing of the operation of perovskite solar cells, however it

Figure 5. Schematic of the TiO2/perovskite interface at the
short-circuit condition in the dark, representing interface
trap states causing the creation of a depletion region, Fermi
level pinning and, in turn, band bending.
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indicates that many further improvements should be
possible by focusing upon the nature of the interface

between the n-type collection layer and the perovskite
absorber.

METHODS
Materials and Device Fabrication. Unless otherwise stated, all

materials were purchased from Sigma-Aldrich or Alfa Aesar
and used as received. The C60-substituted benzoic acid self-
assembled monolayer (C60-SAM) material was synthesized as
described elsewhere.40,41 Spiro-OMeTAD was purchased from
Borun Chemicals and used as received. The synthesis of the
perovskite, CH3NH3PbI3�xClx has been reported elsewhere.4

Photovoltaic devices were fabricated on fluorine-doped tin
oxide (FTO) coated glass (Pilkington, TEC7). Substrates were
cleaned in hallmanex, then 10min sonication in acetone, 10min
sonication in IPA, and 10 min of oxygen plasma etching.
Compact layers were deposited by spin-coating a precursor
solution (titanium isopropoxide, TTIP) in anhydrous ethanol
(0.254M)with the addition of a 0.02MHCl, followed by sintering
at 500 �C for 45 min. The functionalization of the compact layer
was achieved by immersing hot TiO2 substrates (when cooling
down after sintering, temperature around 120 �C) in the C60-
SAM solution (0.1 mg/mL in chlorobenzene, filtered with 0.2 μm
PTFE filter) for 24�36 h, followed by rinsing with chlorobenzene
and drying for 10min at 120 �C. After deposition of the compact
layer, samples were transferred into a nitrogen-filled glovebox.
Planar heterojunction perovskite films were prepared as re-
ported elsewhere.51 A precursor solution of the concentration
of 400 mg/mL (CH3NH3I and PbCl2, 3:1 molar ratio, in dimethyl-
formamide (DMF)) was spin-coated at room temperature, fol-
lowed by drying at room temperature for 30 min and annealing
at 90 �C for 150 min, and 120 �C for 15 min. Surface passivation
treatment was applied by spin-coating solution of iodopenta-
fluorobenzene on top of formed perovskite, as reported by
Abate et al.52 Thehole transporterwasdepositedby spin-coating
an 8 wt % 2,20 ,7,70-tetrakis(N,N-di-4-methoxyphenylamine)-9,9-
spirobifluorene (spiro-OMeTAD) in chlorobenzene with added
tert-butylpiridine (tBP) and lithium bis(trifluoromethanesulfonyl)-
imide (Li-TFSI) of 80 and 30mol%,with respect to spiro-OMeTAD.
Finally, 50 nm thick gold electrodes were deposited on top of
devices by thermal evaporation at∼10�6 bar, through a shadow
mask.

For PDS measurements, all the films were deposited on
IR-grade quartz substrates.

For PLmeasurements, all the filmswere deposited onmicro-
scope glass substrates. The perovskite layers were then sealed
with a ∼100 nm layer of the inert polymer poly(methyl
methacrylate) (PMMA) (10 mg/mL, 1000 rpm) to reduce the
impact of prolonged exposure to moisture.

Scanning Electron Microscopy. SEM images were obtained from
a Hitachi S-4300 microscope.

Current Voltage Characteristics. JV characteristics of solar cells
were measured under simulated AM1.5 100 mW.cm�2 sunlight
(ABET Technologies Sun 2000)with a Keithley 2400 sourcemeter.
The lamp was calibrated with an NREL-calibrated KG5 filtered
silicon reference with a solar mismatch factor of 1.01. The active
area of the device was defined by a metal mask with square
aperture of the area of 0.0625 cm2. The premasked active area
of the solar cells was approximately 0.12 cm2 nominally defined
by the overlap area of the gold and FTO electrodes. Solar cells
were masked for all the current voltage measurements.

Photoluminescence Measurements. Time-resolved PL measure-
ments were acquired using a time-correlated single photon
counting (TCSPC) setup (FluoTime 300, PicoQuant GmbH).
Film samples were photoexcited using a 507 nm laser head
(LDH-P-C-510, PicoQuant GmbH) pulsed at 1 MHz, with a pulse
duration of 117 ps and fluence of 30 nJ/cm2/pulse. The samples
were exposed to the pulsed light source for ∼10 min prior
to measurement to ensure stable sample emission. The PL was
collected using a high resolution monochromator and hybrid
photomultiplier detector assembly (PMA Hybrid 40, PicoQuant
GmbH).

Time-Resolved Microwave Conductivity. All samples were excited
at 500 nm through the quartz substrate with 5 ns laser pulses
from an optical parametric oscillator (Continuum Panther)
pumped by the 355 nm harmonic of a Q-switched Nd:YAG laser
(Continuum Powerlite) at a frequency of 10 Hz.

The sample is placed inside a resonance cavity at the end of
an X-band (ca. 9 GHz) microwave waveguide and the transient
change in photoconductance,ΔG(t), wasmeasured via changes
in the microwave power in the cavity, ΔP(t), due to absorption
of microwaves by the photogenerated holes and electrons, and
is given by

ΔG(t) ¼ �1=K(ΔP(t)=P)

where K is a calibration factor determined experimentally
from the resonance characteristics of the microwave cavity
and the dielectric properties of the sample.32 The peak photo-
conductance, ΔGpeak, can be related to the product of the yield
of free-carrier generation, j, and the sum of the 9 GHz-
frequency electron and hole mobilities, μe and μh, respectively
(called ∑μ), by

ΔGpeak ¼ βqeI0FAj(μe þ μh) ¼ βqeI0FAjΣμ

where β = 2.2 and is the ratio of the interior dimensions of the
waveguide, qe is the electronic charge, I0 is the incident photon
flux of the excitation laser pulse, and FA is the fraction of
absorbed laser pump photons by the sample.

Photoluminescence Quantum Efficiency Measurements. Photolumi-
nescence quantum efficiency (PLQE) values were determined
using a 532 nmCW laser excitation source (Suwtech LDC-800) to
illuminate a sample in an integrating sphere (Oriel Instruments
70682NS), and the laser scatter and PL collected using a fiber-
coupled detector (Ocean Optics Maya Pro). The spectral re-
sponse of the fiber-coupled detector setupwas calibrated using
a spectral irradiance standard (Oriel Instruments 63358). An
excitation intensity of∼200mW/cm2was used for themeasure-
ments. PLQE calculations were carried out using established
techniques.53

Electroluminescence Measurements. Electroluminescence mea-
surements were carried out directly on the solar cells. Current�
voltage characteristics were measured using a Keithley 2600
Source Measure Unit. A constant forward bias of 1.1 V was
applied to the solar cells and the current monitored simulta-
neously. The electroluminescence was detected using a photo-
multiplier tube (PMT) detector (Fluorolog spectrofluorometer,
Horiba Jobin-Yvon). All spectra were corrected for instrumental
response using a calibration lamp of known emissivity.

Photothermal Deflection Spectroscopy. PDS is a highly sensitive
surface averaged absorption measurement technique. Full
details about this experiment are described elsewhere.46 For this
measurement, compact TiO2 with and without surface modifica-
tion has been prepared in the same manner as for the devices.

Impedance Measurements. Impedance measurements were
taken using FRA-equipped PGSTAT-302N from Autolab; 20 mV
AC sinusoidal signal with the frequency ranging from 1 MHz to
0.1 Hz was applied for each voltage bias (forward bias ranging
from 0 to 1.2 V).
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