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Excitation Density Dependent Photoluminescence
Quenching and Charge Transfer Efficiencies in Hybrid
Perovskite/Organic Semiconductor Bilayers

Jinhyun Kim, Robert Godin, Stoichko D. Dimitrov, Tian Du, Daniel T. J. Bryant,
Martyn A. McLachlan, and James R. Durrant*

1. Introduction

This study addresses the dependence of charge transfer efficiency between

bilayers of methylammonium lead iodide (MAPI;) with PC¢,BM or poly(3,4-
ethylenedioxythiophene): polystyrene sulfonate (PEDOT:PSS) charge
transfer layers on excitation intensity. It analyzes the kinetic competition

Photovoltaic cells based on solution pro-
cessed, organolead halide perovskite mate-
rials have surpassed 20% solar energy
conversion efficiencies, and are attracting

between interfacial electron/hole transfer and charge trapping and recom-
bination within MAPI; by employing a range of optical measurements
including steady-state (SS) photoluminescence quenching (PLQ), and
transient photoluminescence and absorption over a broad range of excita-
tion densities. The results indicate that PLQ measurements with a typical
photoluminescence spectrometer can yield significantly different transfer
efficiencies to those measured under 1 Sun irradiation. Steady-state and
pulsed measurements indicate low transfer efficiencies at low excitation
conditions (<5E + 15 cm~3) due to rapid charge trapping and low transfer
efficiencies at high excitation conditions (>5E + 17 cm~3) due to fast bimo-
lecular recombination. Efficient transfer to PC4;BM or PEDOT:PSS is only
observed under intermediate excitation conditions (=1 Sun irradiation)
where electron and hole transfer times are determined to be 36 and 11 ns,
respectively. The results are discussed in terms of their relevance to the

increasing interest for commercial appli-
cations.!l' Such materials exhibit a range
of favorable optoelectronic properties for
photovoltaic device function, including large
absorption coefficients for light absorption
and high charge carrier mobilities to enable
rapid charge transfer from the photoactive
layer.”! A key consideration determining the
efficiency of such devices is the kinetic com-
petition between the extraction of photo-
generated charges from the photoactive
perovskite layer to the external circuit versus
charge recombination and trapping pro-
cesses within this layer and at its interfaces.
This kinetic competition, which determines
transfer efficiency, is strongly dependent on

excitation density dependence of device photocurrent generation, impact
of charge trapping on this dependence, and appropriate methodologies to
determine charge transfer efficiencies relevant to device performance.
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film processing and device architecture, and
also dependent on light irradiation intensity
and device operating condition (e.g., short
circuit vs maximum power point). In par-
ticular, whilst several studies have reported
a strong, and complex, dependence of
charge carrier recombination and trapping processes upon light
intensity in methylammonium lead iodide (MAPI;) films,?!
studies of the impact of this light intensity dependence upon the
kinetics and efficiency of charge transfer from the MAPI; layer
to electron and hole transfer layers have been limited to date.l
This dependence is not only important to understand the irradia-
tion intensity dependence of device efficiency but also critical in
determining the relevance of steady-state (SS) and pulsed assays
of these transfer processes to device operation. Such assays are
often undertaken under irradiation conditions very different from
steady-state solar irradiation, a consideration which has received
little attention to date in studies of the impact of these charge
transfer processes upon device performance. In the study herein,
we therefore investigate the light intensity dependence of these
charge transfer processes employing a range of both steady-state
and transient optical measurements, and discuss the relevance of
these studies to the efficiency of photocurrent generation under
solar irradiation.

(10f11) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Photoluminescence (PL) spectroscopy is the most widely
used technique to study excited state dynamics in hybrid perov-
skite films and devices. Such studies include the determina-
tion of charge carrier diffusion lengths and transfer yields in
the presence of electron/hole charge transfer layers, and in
complete devices.?>%! In particular the measurement of steady-
state PL quenching efficiency (PLQE) has been used in many
of the pioneering works on perovskite photovoltaics to assess
the relationship between interfacial charge transfer, charge
extraction, and device performance.’® In such studies the
PLQE is calculated from the ratio of the PL emission intensity
of the perovskite layer with and without the quencher inter-
layers, where the loss of PL is interpreted as a marker of charge
transfer. Such PLQE measurements have indicated hole transfer
efficiencies for many perovskite materials higher than 95% for
a broad range of p-type materials used as hole extracting layers
in cells, including NiO, Spiro-OMeTAD, poly(3,4-ethylenedi-
oxythiophene): polystyrene sulfonate (PEDOT:PSS), and V,0Os.
Similarly, the PLQE measurements with n-type contacts such
as PFN and PCyBM have also been found to be very high,
often >98%,! indicative of near unity electron transfer efficien-
cies. However, despite PLQE measurements indicating near
unity electron and hole transfer efficiencies, the resulting device
photocurrents have often shown wide variations. This may
in part result from contact layer selectivity, with for example
PEDOT:PSS having the potential to accept both holes and elec-
trons from MAPI;, thereby potentially resulting, in the absence
of appropriate electric fields, in enhanced surface recombina-
tion losses.®! In addition, almost all such PLQE studies have
been undertaken in standard PL spectrometers, where the irra-
diation intensity is typically of the order of a few mW cm™2, one
to two orders of magnitude lower than solar irradiation. This
key consideration has not been taken into account in most such
studies. More limited studies have reported a strong excitation
intensity dependence of PL intensity and quenching yields in
MAPI; films in the presence of charge transfer layers, although
the relevance of this to the kinetics and efficiency of inter-
facial charge transfer and its impact on device performance
remains unclear.l”) Several studies have also reported that the
PL intensity of the MAPI; films alone is strongly dependent
not only upon film processing but also may evolve following
deposition depending upon storage conditions (light exposure,
temperature, environment, etc.), further complicating the use
of photoluminescence measurements as an assay of charge
transfer efficiency.'” As such, it is apparent that employing
conventional PLQE spectrometer measurements may not be a
reliable tool to assay the efficiency of charge transfer processes
in MAPI; devices operating under 1 Sun irradiation.

In addition to PL quenching measurements, transient photo-
luminescence, absorption, and microwave conductivity meas-
urements have been used to study the kinetics and yields of
charge transfer from between the MAPI; layer and electron/
hole transfer layers.*d!1 Such studies have been conducted
with widely varying light excitation densities.['l Typically, tran-
sient PL measurements are conducted using time-correlated
single photon counting (TCSPC) spectrometers, which employ
very low energy pulsed irradiation (usually =10 p] cm™ per
pulse) but at relatively high repetition rates (MHz), whilst
transient absorption measurements are undertaken at much
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higher pulse energies (usually 1-10 uJ cm=2) and lower repeti-
tion rates (kHz). Both of these irradiation conditions are signifi-
cantly different from steady-state solar irradiation, complicating
considerations of the relevance of the data obtained to device
operation.

In the study herein, we investigate the impact of excitation
density dependence on the steady-state and transient photolu-
minescence and transient absorption properties of MAPI; thin
films and MAPI;/PC;BM and PEDOT:PSS/MAPI; bilayers.
PCy;BM and PEDOT:PSS correspond to two widely employed
electron and hole transfer layers.>3] We note that whilst
PC4BM’s energy level alignment results in it being a selective
contact layer for electron transfer from MAPI;, the high doping
of PEDOT:PSS results it being potentially able to accept both
electrons and holes from MAPI;, as discussed above. For sim-
plicity, and consistent with its function in perovskite devices, we
will assume herein its functions as primarily as a hole transfer
layer; a point we return to in the discussion below. Four dif-
ferent experimental techniques were applied to investigate the
dynamics of charge transfer as a function of excitation inten-
sity, namely femtosecond time resolution transient absorption
spectroscopy (fs-TAS), steady-state PL (ss-PL) spectroscopy and
two pulsed PL measurements operating under very different
excitation density ranges: TCSPC under high repetition rate,
low pulse energy excitation conditions, and nanosecond time
resolution PL measurements operating under low repetition
rate, high pulse energy excitation conditions more comparable
to those employed in fs-TAS measurements (ns-PL). These
techniques allow us to probe the efficiency and kinetics of
charge transfer over a broad range of excitation conditions, gen-
erating carrier densities in the MAPI; film ranging from 10!
to 10'® cm™3. The results from these studies allow us to eluci-
date how charge density-dependent monomolecular and bimo-
lecular recombination in the MAPI; film competes with charge
transfer under different excitation densities, with important
implications for the light intensity dependence of device opera-
tion and the identification of suitable experimental protocols
to assay these transfer processes under conditions relevant to
such device operation.

2. Results

For this study, MAPI; perovskite films were prepared by the tol-
uene antisolvent dripping method with y-butyrolactone (GBL)
and dimethyl sulfoxide (DMSO) precursor solvents, as detailed
previously.'¥ This is an established fabrication methodology
known to produce dense and highly crystalline MAPI; films
reasonably reproducibly.'”! The “inverted” device structure of
Glass/indium tin oxide (ITO)/PEDOT:PSS/MAPI;/PCgsBM/
LiF/Al was fabricated to test the quality of the films studied and
their relevance to published work (following film storage in the
glove box as discussed below). Such devices had J-V curves typ-
ical of those reported for this structure (Figure S1, Supporting
Information), with power conversion efficiencies in the range
13-16%.716 For spectroscopic studies of electron and hole
transfer, three film structures were prepared following the same
procedures as for device preparation: MAPI; (=290 nm thick),
MAPI;/PCy;BM, and PEDOT:PSS/MAPI;. The film absorption
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spectra were typical of well-formed MAPI; crystals, as seen
from the SEM images in Figures S2 and S3 in the Supporting
Information. Consistent with previous reports,[1*? the photo-
luminescence (PL) intensity of MAPI; films was observed to
evolve significantly following film fabrication, even for films
stored in the dark in a glove box, showing an increase in inten-
sity over a 10 d period before stabilizing (Figure S4, Supporting
Information). As such, we controlled for the evolution of the PL
behavior by performing all measurements on samples kept in
the dark in a glove box for 12 d prior to measurement. We note
that after this storage treatment, film PL intensity was relatively
insensitive to light soaking, thereby simplifying data analysis
(Figure S5, Supporting Information).

Figure 1a shows the conventional SS-PL spectra of MAPI;,
MAPI;/PCsBM, and PEDOT:PSS/MAPI; films recorded with
635 nm excitation at a light fluence of 1.5 mW cm™2, corre-
sponding to typical fluorimeter excitation conditions. This

104 a ' ' ' '—NeaiMApls ' l
—~ . = = =MAPI,/PC4BM
=) Conventional PL ++++++ PEDOT:PSS/MAPI,
< 08 Excitation 635nm -
2> Fluence ~1.5 mW+cm™
7}
§ 0.6 s
£
|
Q_ 04' N
£
o 0.2 E
Z

00 N N I TR L L AR 7..'..':-9.—......__

700 720 740 760 780 800 820 840
Wavelength (nm)

1.04 b l I ' ——Neat MAPI, I
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,é‘ Fluence ~ 1Sun
2 064
0
£
-
o 044
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o i
> 0.2
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Figure 1. a) Steady-state PL (SS-PL) spectra of MAPI; (blue line), MAPI;/
PC¢BM (red dashed line), and PEDOT:PSS/MAPI; (purple dotted line)
films collected in a conventional PL spectrometer with 635 nm excitation
at a light fluence of 1.5 mW cm™2. b) Equivalent PL spectra of the same
films collected using a white light LED excitation source with a power
output selected to be equivalent to 1 Sun fluence.
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excitation is much lower than the photon fluence under 1 Sun
AM 1.5 conditions (=1.8% of 1 Sun). The neat MAPI; (blue
line) film shows typical strong emission with a maximum at
=765 nm, as expected for this material.[''#17] The photolumines-
cence from MAPI; in the MAPI;/PCyBM (red dash line) and
PEDOT:PSS/MAPI; (purple dot line) films is strongly quenched
by the presence of the interlayers. This quenching efficiency
was quantified using the equation PLQE(%) = (I, — I/I,) x 100,
where I, is the neat MAPI; film peak intensity of the emission
and I is the peak intensity of the emission from the bilayers. The
PLQE obtained for MAPI;/PC¢;,BM is 91% and for PEDOT:PSS/
MAPI; it is 97%. Following the fabrication and storage proce-
dure detailed above, this PLQE measurement was found to be
reproducible within 2% and insensitive to light presoaking.
These PLQE data are consistent with the values reported
in the literature.’**11d However and indicate reasonably effi-
cient transfer of electrons and holes from MAPI; to PCs;BM
and PEDOT:PSS respectively under this irradiation condition.

In addition to this standard method for assessment of PLQE,
the PL spectra of the films were recorded using a white light
LED excitation source with a power output selected to cor-
respond to =1 Sun photon fluence (estimated by normalizing
against current densities obtained with AM1.5 irradiation).
Figure 1b presents the PL spectra of the samples, which show
differing relative amplitudes from those measured with the
standard spectrometer light excitation source (Figure la). In
particular, while the PLQE of the PEDOT:PSS/MAPI; film is
unchanged at 97%, the PLQE of MAPI;/PC¢;BM is substan-
tially lower, dropping from 91% down to 46%. This result
clearly indicates the importance of light intensity when con-
ducting PLQE measurements, particularly when considering
the ability of electron transfer to compete with charge trapping
and recombination within the MAPI; film.

Figure 2a (open symbols) shows the integrated PL intensi-
ties of neat MAPI;, MAPI;/PC¢;BM, and PEDOT:PSS/MAPI;
films plotted as a function of excitation intensity (I.) from a
white light LED source with irradiation intensities equivalent to
0.0008 to 3.7 Suns. The results, plotted with double-logarithmic
scales, show that for the neat MAPI; film, the PL intensity (PL)
follows approximately PLyc I8 where B = 2 at low intensities
and =1 at high intensities (Figure S6, Supporting Information).
Similar super-linear behavior has been reported previously318]
and assigned to a transition from primarily monomolecular
processes at low intensities to bimolecular processes at higher
intensities, as discussed further below. Both bilayer films also
showed super-linear, but more complex, dependencies of PL
intensity upon excitation intensity, as analyzed further below.

The PL data shown in Figure 2a were employed to deter-
mine the light intensity dependence of the PLQE for the
bilayers MAPI;/PC4;BM and PEDOT:PSS/MAPI;, as plotted in
Figure 2b (open symbols). The PLQE of MAPI;/PCyBM peaks
near 84% at a low fluence (0.15% of 1 Sun) and decreases to 50%
at 0.93% of 1 Sun before plateauing. The PLQE decreases again
for intensities above 100% of 1 Sun. The PLQE of PEDOT:PSS/
MAPI; rises from an initial value of 83% and reaches 98% at
about 0.5% of 1 Sun, and retains this high value until drop-
ping slightly (by =1%) for excitation intensities above 100%
of 1 Sun. We note that the PLQE was also observed to exhibit
a modest dependence upon excitation wavelength (Figure S7,
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Figure 2. a) Integrated PL intensities acquired with steady-state PL spec-
trometer of neat MAPI; (blue triangle), MAPI;/PC¢;BM (red square), and
PEDOT:PSS/MAPI; (purple circle) films plotted on a double-logarithmic
scale for excitation densities ranging from 0.08 to 370% 1 Sun equivalent.
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Supporting Information), which explains the modest difference
in PLQE’s determined from the monochromatic excitation data
in Figure 1 and the white light excitation in Figure 2.

We turn now to TCSPC measurements of the PL decay
kinetics for the three samples studied. TSCPC is widely
employed to study PL decay dynamics in MAPI; films and is
typically, as based on measurements of single photons, under-
taken at very low excitation fluences. For the study herein, we
employed a pulse repetition rate of 1 MHz and pulse densities
in the range of 5.7 to 178 p] cm™2, corresponding to quasi-CW
irradiation intensities ranging from 0.004 to 0.13 mW cm™.
We note that this excitation range, which is typical of TCSPC
studies, is lower than the excitation densities employed for
the other techniques employed in this study. TCSPC data col-
lected at the 765 nm peak position of PL for neat MAPI; films
and the two bilayers at the lowest and highest intensities are
shown in Figure 2¢,d; full data sets over a range of intensities
for each film, and the double exponential fitting parameter
and the plot as a function of excitation fluence are shown in
Figure S8, Table S1, and Figure S9 in the Supporting Informa-
tion, respectively. For the lowest excitation density (Figure 2c),
almost identical PL decays are seen for the MAPI;, MAPI;/
PC4;BM and PEDOT:PSS/MAPI; films, with all three samples
exhibiting a rapid, exponential (7 = 1.7 ns) decay. At higher
excitation densities, a slower, 10’s of nanoseconds, decay phase
is increasingly apparent, with this phase being largest and
slowest for the MAPI; film alone (Figure 2¢,d and Figure S8,
Supporting Information). Following literature studies, the fast
(1.7 ns) decay phase is assigned to monomolecular charge trap-
ping, and the 10’s of nanoseconds decay phase to bimolecular
recombination, with the increasing dominance of this nano-
second decay phase at higher excitation intensities assigned
to trap filling.' The observation of similar decay kinetics for
all three samples at the lowest excitations conditions indicates
that electron/hole transfer to PC5;BM/PEDOT:PSS is unable to
compete kinetically with charge trapping at this excitation con-
dition. It further indicates that charge trapping is not changed
by the presence of the contact layers, indicating that the photo-
luminescence quenching observed at higher excitation condi-
tions does not derive from increased charge trapping due to
for example the generation of surface defects, but rather from
charge transfer to the contact layers. At the higher excitation
conditions, the 10’s of nanosecond decay phase is strongly
quenched Dby these layers, indicative of electron/hole transfer
competing effectively with bimolecular recombination >
This behavior is further illustrated in Figure 2a,b (solid sym-
bols), where plots of the integrated PL intensity and quenching
efficiencies determined from these TCSPC data are shown to be
in excellent agreement with, and extend to lower light fluxes, the
data obtained with continuous irradiation. For both bilayers,
the slow decay phase time constant saturates at higher excita-
tion densities (Figure S9b, Supporting Information) with decay

Open symbols correspond to data obtained using CW LED irradiation,
whilst closed symbols correspond to integrated TCSPC decays. b) The
corresponding photoluminescence quenching efficiencies are determined
from these PL data. TCSPC decay dynamics of the same films measured
under ¢) 4.1 x 107> mW cm™2 and d) 1.3 x 107" mW cm™2 excitation
densities (=0.0041% and 0.13% of 1 Sun, respectively).
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time constants of 36 and 11 ns with PC¢BM and PEDOT:PSS,
respectively. These correspond to conditions of efficient elec-
tron/hole transfer, and thus indicate with transfer times of =36
and 11 ns for electron and hole transfer, respectively. The sat-
uration of this decay time for both bilayers indicates that the
kinetics of electron/hole transfer are relatively intensity inde-
pendent, as expected for a monomolecular charge transfer pro-
cess. As such, the intensity dependence of the PL decays and
the PLQE data determined from these TCSPC data are assigned
to the intensity dependence of competing charge trapping and
bimolecular recombination processes in the MAPI; film itself.

The nonlinear PL and PLQE intensity dependencies shown
in Figures 1 and 2 can be understood as resulting from varia-
tions in charge carrier density with excitation density. However,
this dependence is difficult to access directly from these (quasi-)
steady-state spectroscopic studies, as the accumulated charge
carrier density will depend upon the carrier lifetimes, which are
themselves excitation density (and transfer layer) dependent.
As such we turn now to slower repetition rate pulsed laser
measurements, where it is reasonable to assume no charge
accumulation between laser pulses. For such measurements,
the pulse energy can be directly converted into initial densities
of photoinduced charge carriers, assuming that all absorbed
photons generate charge carriers. For reference, we note that
previous differential charge measurements on analogous
devices have indicated charge carrier densities in similar MAPI,
films of =10'® cm™ under 1 Sun equivalent irradiation at open
circuit, decreasing with lower light intensities.[%]

We consider first the low repetition rate pulsed PL meas-
urements, employing a pulsed Nd:YAG OPO laser (5 £ 2 ns
pulse width, 20 Hz) and Si-photodiode detector with a 200 ns
response function. The peak PL intensity of the three samples
were recorded for different excitation densities, and there-
fore approximate carrier densities, ranging from 9 x 10 to
3 x 10! cm3, as plotted in Figure 3a. Based on these data, the
PLQE of the samples were calculated and plotted in Figure 3b.
Both bilayers show a rise PLQE up to 10'° cm™ excitation
density, followed by a drop in PLQE for higher excitation den-
sities. The dependence on excitation density is much more
pronounced for MAPI;/PCy;BM, as also observed in the steady-
state PLQE data (Figure 2Db). These data suggest that at carrier
densities =10'° cm™3, further charge trapping into nonradiative
trap states is inhibited, allowing efficient charge transfer of the
excess charge carriers. At higher carrier densities however
the PLQE decreases with increasing excitation intensity due
to speeding up band-to-band bimolecular recombination and
possible Auger recombination.?!

Finally, we turn to fs-TAS studies. TAS is another optical
technique widely used for charge transfer studies in perov-
skite devices.?2l However, due to its lower sensitivity, it is
normally conducted at much higher excitation densities than
most PL techniques. The excitation densities were varied
between 10'° and 10 cm™ and the photogenerated charge
dynamics probed by recording the absorption change at the
maximum of the negative signal at 755 nm (Figure S10,
Supporting Information), typically assigned to the MAPI;
ground state bleaching.>>?%] Figure 4a shows typical fs-TAS
absorption spectra of neat MAPI; film measured in the visible
spectral range.
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Figure 3. a) Integrated PL amplitudes of neat MAPI; (blue triangle),
MAPI;/PC¢1BM (red square), and PEDOT:PSS/MAPI; (purple circle) films
determined using low repetition rate pulsed laser excitation, plotted on
double-logarithmic scales for excitation densities ranging from 9 x 10™
to 3 x 10'® cm™. b) MAPI; film PLQE with PC4BM (red square) and
PEDOT:PSS (purple circle) determined from these data as a function of
excitation density.

Figure 4b plots the dynamics of the MAPI; bleach signal
for time delays up to 6 ns as a function of excitation density
(bilayers are in Figure S11, Supporting Information). There
are two excitation density dependent decay phases apparent in
these data: an initial sub-ps decay which disappears at higher
excitation densities and a much slower (nanosecond) decay
phase which appears only at higher excitation densities. Such
data are similar to those reported previously; the sub-ps decay
phase is assigned to ultrafast charge trapping/relaxation that
saturates at higher laser intensities, whilst the slower decay is
assigned to bimolecular charge recombination./3¢42224.232.24]
Figure 4c,d compares the bleach decay kinetics of neat MAPI;
with MAPI;/PCyBM and PEDOT:PSS/MAPI; bilayers at exci-
tation densities of 3.3 x 10'° and 6.8 x 10'7 cm™3, respectively.
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Figure 4. a) Transient absorption spectra of an MAPI; film for time delays
up to 6 ns and b) the corresponding kinetics at 755 nm acquired at varied
excitation densities. Comparisons of the 755 nm kinetics of neat MAPI;
(blue line) with MAPI3/PCq,BM (red line) and PEDOT:PSS/MAPI; (purple
line) at excitation densities of ¢) 3.32x 10'® and d) 6.77 x 10" cm. Time
axes are linear up to 1 ps and logarithmic for longer times.
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The former excitation density corresponds to carrier densities
near those in devices under 1 Sun irradiation. At this excita-
tion density, negligible bimolecular recombination is observed
for the MAPI; film alone over the timescale plotted (up to 6 ns).
In contrast, both bilayers show significant nanosecond decays,
which can be attributed to electron transfer to PCy;BM and hole
transfer to PEDOT:PSS. We note given the limited time range
of the data, transfer times cannot be accurately estimated from
these data, although they appear consistent with the 10’s of
nanosecond timescale determined from the TCSPC data above.
For the higher excitation density, 6.8 x 1017 cm?, the MAPI;
film alone shows a significant nanosecond decay phase (decay
time =8 ns), assigned to bimolecular recombination (we note
under these conditions, excessive charge accumulation on the
contact layers may also impede charge transfer). Both bilayers
show only marginally faster decay kinetics than the MAPI; film
alone, indicative of the 8 ns estimated bimolecular recombi-
nation time being faster than the time constants for electron/
hole transfer (see Figure S12, Supporting Information, for
lifetime fitting). This result is also consistent with the loss of
PLQE observed at high excitation densities in Figure 3, and is
indicative that under these excitation conditions, electron/hole
transfer is unable to kinetically compete with rapid bimolecular
charge recombination in the MAPI; film.

3. Discussion

Photoluminescence (PL) spectroscopy is a standard technique used
for studying the interfacial charge transfer properties of photo-
voltaic devices, including perovskites. By measuring the PL inten-
sity of the photoactive layer with and without the charge transfer
layers, one can in principle determine the fraction of charge car-
riers that are transferred across the interfaces and, if combined
with time-resolved data, the rate constants for these charge trans-
fers. The efficiency of these charge transfer processes is a key
consideration for photocurrent generation in complete devices.

It is apparent from the data presented herein that measure-
ment of the efficiency of electron transfer for MAPI;/PCy BM
bilayers and hole transfer for PEDOT:PSS/MAPI; bilayers is
strongly dependent upon the excitation conditions employed.
In particular, it is apparent that the PLQE measured in a
standard photoluminescence spectrometer can yield signifi-
cantly different transfer efficiencies to those measured under
1 Sun equivalent irradiation, due to the relatively low excitation
conditions employed in standard spectrometers. Furthermore,
transient spectroscopic measurements measured under pulsed
laser excitation may also yield very different transfer efficien-
cies depending upon the excitation conditions employed. As
we demonstrate, TCSPC measurements can yield relatively low
transfer efficiencies due to the excitation densities being much
lower than 1 Sun irradiation, and ultrafast transient absorp-
tion measurements can yield relatively low transfer efficiencies
for the opposite reason of employing higher excitation density
conditions than those relevant to 1 Sun irradiation.

The primary cause of this dependence of transfer efficiency
upon excitation conditions is the dependence of charge trap-
ping and recombination in MAPI; upon charge carrier density.
It is already well established that the recombination dynamics
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Figure 5. lllustration of the excitation density dependence of the com-
peting interfacial charge transfer kinetics and yields versus charge
trapping and recombination. Y-axis corresponds to measured charge
lifetimes.

in MAPI; films is charge density dependent and can be domi-
nated by Shockley—Read-Hall recombination to sub-bandgap
trap states (1st order with respect to charge density) at low
charge densities, by free electron-hole bimolecular recombina-
tion (2nd order with respect to charge density) at intermediate
charge densities, and by Auger recombination (3rd order pro-
cess) at very high charge densities.>**18%] We note that Auger
recombination only becomes dominant at very high charge
densities (=2 x 10'3-5 x 10'® cm™),2¢212] outside the scope of
this study. The transition from 1st to 2nd order recombination
has been suggested to occur when the density of photogen-
erated charge carriers exceeds the trap density, resulting in a
saturation of charge trapping.[*~

The excitation density dependence of PLQE, and there-
fore charge transfer efficiencies, can be understood in terms
of the charge carrier density dependence of charge trapping
and recombination, as illustrated in Figure 5. At low excita-
tion densities, nanosecond charge trapping processes compete
effectively with charge transfer to the PC¢;BM and PEDOT:PSS
layers, resulting in low PLQE’s. At intermediate excitation den-
sities, this charge trapping saturates due to trap filling, ena-
bling efficient electron/hole transfer. This transition to efficient
charge transfer occurs for the bilayers studied at steady-state
light fluxes of =0.01 Sun or a charge density of =5 x 10" cm™
from our pulsed laser measurements. As the excitation
intensity, and resulting charge density, is increased further,
bimolecular recombination accelerates and begins to compete
with charge transfer for densities greater than =3 x 107 cm™.
Under 1 Sun irradiation, hole transfer in PEDOT:PSS/MAPI;
bilayer remains efficient, but the electron transfer efficiency in
MAPI;/PCy;BM bilayers drops to =50%. At higher excitation
conditions, both hole and, particularly, electron transfer effi-
ciency drops further as bimolecular recombination accelerates.

From our TCSPC data, we estimate excitation density inde-
pendent electron/hole transfer lifetimes of =36 and 11 ns,
respectively. We note these measured time constants for
electron and hole transfer may be limited by either charge
transport to the bilayer interfaces or by electron/hole transfer at
these interfaces. In this regard, the faster time constant for the
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PEDOT:PSS/MAPI; bilayer is consistent with the higher hole
mobility reported for MAPI; relative to its electron mobility,
and with the higher PLQE we observe for this bilayer.?%]
Literature data for these charge transfer times to PCg;BM and
PEDOT:PSS are in the range of 0.4-15 and of 6-90 ns for elec-
tron and hole transfer, respectively.l*d?7] It is not clear if these
variations reflects variations in sample preparation, measure-
ment technique or excitation density. We note that some of
these measurements employed very low excitation conditions
where competition with charge trapping is likely to be critical.
We also note that most studies measured kinetics on films
shortly after fabrication, where the subsequent evolution of
film photoluminescence, and therefore MAPI; photophysics,
with storage and/or light exposure time may have significant
impact. We further note that our TCSPC measurements at
low excitation densities indicate that charge trapping kinetics
are not changed by the presence of PCs;BM and PEDOT:PSS
contact layers, indicating that neither contact layer generates a
significant number of surface defects/recombination centers.

As discussed above, our PLQE data as a function of pulse
energy indicate that charge trapping no longer competes effec-
tively with charge transfer for excitation densities of =10'® cm™.
Indeed, increasing the excitation density to only 3 x 10 cm™3
already results in an increase in PLQE, and therefore charge
transfer efficiency, to 40% (Figure 3b). These data suggest that
these relatively low excitation densities are sufficient to result
in enough trap filling to enable efficient charge transfer.?®!
These data, however, contrast with other assays of trap density
in MAPI; films, based on for example analysis of steady-state
photoluminescence versus light flux, which more typically yield
trap densities of =107 ¢cm™.241%] The origin of this apparent
discrepancy is not fully determined. However there is likely
to be a distribution of trap depths in MAPI; films, as we and
others have discussed in refs. 5%, 2% and 1%, with charge trap-
ping being relatively irreversible for deeper traps, but more
reversible (on the nanosecond timescale relevant to charge
transfer) for shallower trap states (sometimes referred to as
“tail states”). It appears reasonable that trapping into a relatively
low density of deeper traps competes effectively with charge
transfer, whilst the presence of a higher density of shallow tail
states, whilst impacting upon PL density, has relatively little
impact upon the efficiency of charge transfer.

The steady-state PLQE versus light flux plot in Figure 2b
shows a drop in PLQE from =84% to 55% between 0.1% and 1%
of 1 Sun for in MAPI;/PC¢;BM bilayers. An equivalent drop in
PLQE is not observed in the low repetition rate pulsed PLQE
measurements (Figure 3b). Whilst a quantitative comparison
between steady-state and pulsed measurements is challenging,
it appears most likely that this drop in PLQE at modest steady-
state light fluxes is associated with charge accumulation in
the PC¢BM layer impeding electron transfer in the steady-
state measurements. In the pulsed measurements, where the
bilayers recover to their dark charge densities between light
pulses, such charge accumulation will have less impact. We
note that such charge accumulation is likely to be particularly
important in complete devices under open circuit conditions,
and less critical at short circuit where charges are extracted to
the external circuit. However, study of such issues requires data
on complete devices, beyond the scope of this study.
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Figure 6. Linearity of Jsc versus excitation light intensity (Int) for an ITO/PEDOT:PSS/MAPI;/PCgBM/LiF/Al device, shown in the insets as direct
dependencies for low and high excitation densities as a function of light intensity and as d(Jsc)/d(Int) versus Int in the main figure.

We conclude with a brief discussion of the relevance of
the data reported herein to the operation of complete devices
under steady-state irradiation. The current study is limited to
bilayers, and therefore cannot be directly compared to com-
plete devices. However, at least qualitatively, photocurrent
generation in analogous complete devices can be expected to
show similar trends to those reported herein, with irreversible
charge trapping limiting photocurrent generation at very low
light fluxes, and bimolecular recombination limiting photocur-
rent generation at high light fluxes. Details of this behavior
will depend upon contact layer, MAPI; layer thickness and
processing, device operating condition and field distribution,
amongst other parameters. As an initial evaluation of this
issue, Figure 6 presents a plot of d(Jsc)/d(Int) as a function
of 1 light intensity (Int), where the Jsc is measured of a com-
plete Glass/ITO/PEDOT:PSS/MAPI;/PCq BM/LiF/Al device.
d(Jsc)/d(Int) values <1 are a measure of the presence of non-
linear losses limiting photocurrent generation.3% It is striking
that PLQE and d(Jsc)/d(Int) show rather analogous dependen-
cies on light intensity (compare Figures 2b and 3a to Figure 6),
indicating that the effects discussed on bilayers are directly
relevant to complete device performance, with the intensity
dependence of interfacial charge transfer impacting directly
upon the intensity dependence of photocurrent generation. We
are currently undertaking more quantitative analysis of this
issue, including direct measurements of transfer efficiencies
in complete devices, to determine the detailed impact of
these dependencies upon device performance. In particular,
we note that the study herein does not address the issue of
whether charges transferred to the contact layers are efficiently
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extracted to the external circuit (not present in the bilayer sam-
ples studied herein) or undergo surface recombination losses,
a key consideration for many MAPI solar cells.

4, Conclusion

We find that different experimental assays of charge transfer
efficiency in MAPI;/PCs;BM and PEDOT:PSS/MAPI; films can
yield very different results. We link these differences to the exci-
tation conditions employed in terms of excitation density and
pulsed versus steady-state measurements. We find that PLQE
measurements in a typical PL spectrometer can yield significantly
higher transfer efficiencies to those measured under 1 Sun irradi-
ation. To ensure most relevance to device operation, we conclude
that such steady-state PLQE measurements should be done using
irradiation conditions similar to solar irradiation. We further find
that typical TCSPC transient emission studies and ultrafast tran-
sient absorption studies yield transfer efficiencies very different
from those observed under 1 Sun conditions due to the different
excitation conditions typically employed in such studies. Electron
and hole transfer times to PCs;BM and PEDOT:PSS are deter-
mined to be 36 and 11 ns, respectively, for the films studied. The
slower transfer time for electrons results in a stronger depend-
ence of transfer efficiency upon excitation conditions. From
pulsed excitation measurements, we find that excitation densi-
ties of =5 x 10'> cm™ are sufficient to reach the highest charge
transfer efficiencies, indicating that the density of traps in MAPI,
which compete directly with charge transfer is of this order
of magnitude. At higher excitation conditions, accelerating
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bimolecular recombination is observed to reduce charge transfer
efficiencies. The measured excitation density dependencies of
charge transfer efficiency in these bilayers are shown to corre-
late, at least qualitatively, with the linearity of device photocurrent
with light intensity, indicating the relevance of the charge carrier
dependent transfer process in operational devices.

5. Experimental Section

Sample  Preparation—Perovskite ~ Layer:  MAPI;  (CH3NH3Pbls)
from Toluene Dripping Method: All chemicals were purchased from
commercial suppliers. The CH3NH;Pbl; perovskite precursor solutions
were prepared in ambient conditions but the films were deposited in a
N, filled glove box (O, and H,0 level below 0.5 ppm). For the precursor
solution, 199 mg mL™" of methylammonium iodide (Dyesol, PN101000)
and 576 mg mL™" of Pbl, (Sigma-Aldrich, 99%) were dissolved in 7:3
volume ratio in GBL (Aldrich, 99%) and DMSO (Fluka, 99%) mixed
solution, and then stirred for 3 h at 65 °C. The y-butyrolactone and
dimethyl sulfoxide solvents were dehydrated using magnesium sulfate
(VWR chemicals) prior to their use. The precursor solution was filtered
through a 0.2 um PTFE filter and then pipetted onto a cleaned and
oxygen plasma pretreated soda-lime glass substrate (substrate area
= 2.5 cm x 2.5 cm) (VWR chemicals). The film was sequentially spun
for 5 s at 1000 rpm, for 10 s at 1000 rpm, for 19 s at 4000 rpm, and for
5 s at 500 rpm, during which toluene (700 pL) was quickly dropped in
the center of the substrate, and finally spun for 50 s at 4000 rpm. The
samples were then annealed at 100 °C for 10 min.

Sample Preparation—Hole Transport Layer: PEDOT:PSS: PEDOT:PSS
(Clevios P VP Al4083) was filtered through a 0.45 um filter and spin cast
on oxygen plasma pretreated substrate at 3500 rpm for 45 s. The sample
was dried on a hotplate at 150 °C for 15 min in air. Before deposition of
the perovskite layer, the PEDOT:PSS substrate was annealed for 5 min at
150 °C in a glove box.

Sample Preparation—Electron Transport Layer: PC61BM: [6,6]-Phenyl-
Ce1-butyricacidmethyleater (PC4;BM) (Nano C) (20 mg mL™") dissolved
in anhydrous chlorobenzene (Sigma-Aldrich, 99.8%) was deposited onto
a predeposited perovskite film at 2000 rpm for 60 s and then 4000 rpm
for 10 s. The film was then left to dry for an hour in the glove box.

Sample  Preparation—Device Fabrication: For complete devices
structure Glass/ITO/PEDOT:PSS/MAPI;/PCs;BM/LiF/Al an “inverted
planar” device was employed. Well cleaned patterned ITO coated glass
slides (Psiotec) were employed as substrates and then treated with
oxygen plasma for 7 min. PEDOT:PSS, MAPI;, and PCgBM layers
were spin coated on the substrate in the order following the above
conditions. Finally, a 10 nm LiF and 100 nm Al top cathode layer was
deposited through a patterned shadow mask by thermal evaporation
at =10~ mbar high vacuum with a deposition rate of 0.2 nm s7'. The
device active area size is 0.045 cm™ (0.3 X 0.15 cm™?). J/V curve was
measured using a Xenon lamp at 1 Sun AM1.5 solar illumination (Oriel
Instruments) calibrated to a silicon reference cell prior to perform with a
source meter (Keithley 2400). Scan rates were 0.125 V s7. Light intensity
dependent short-circuit current density (Js) was measured with a white
light emitting diode with tunable power supply.

Sample Preparation—Sample Encapsulation: All the samples were
encapsulated in a nitrogen-filled glove box to prevent degradation by
air during spectroscopic experiments using a glass coverslip and Surlyn
(Solaronix, Switzerland). The seal was cured by heating to =100 °C the
gasket around the cell with the tip of a soldering iron. After this epoxy
glue was applied to seal more completely the edge of the glass and
coverslip.

Film Characterization—Spectroscopy: All samples were kept for
12 d in a nitrogen-filled glove box at room temperature and in the
dark before spectroscopy measurements to avoid the occurrence of
surface reconstruction and ripening effects during experiments.B'l The
photoluminescence spectra were recorded using Fluoromax 3 (Horiba
Jobin Yvon) and the absorption spectra using Shimadazu UV-2600.
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The optical stability of the samples was checked before and after TAS
and TCSPC experiments by recording their photoluminescence and
absorption spectra.

Film Characterization—Ultrafast fs-TAS: Ultrafast transient absorption
spectra were recorded using an HELIOS transient absorption
spectrometer (Ultrafast systems) with a 715 nm excitation source
generated by an optical parametric amplifier (TOPAS Prime, Spectra-
Physics) and a frequency mixer (NirUVis, Light Conversion) and a probe
pulse generated in a sapphire crystal. These were seeded by a Solstice
Ti:Sapphire regenerative amplifier (Newport, Spectra-Physics), with
a resulting system instrument response time of 200 fs. The excitation
density of the pump beam was modulated using a graded neutral
density filter from 0.25 to 50 p) cm™ pulse energies at a repetition rate
of 500 Hz, monitored with a VEGA energy meter (OPHIR Photonics).
Data analysis was conducted using Origin software.

Film  Characterization—TCSPC: For TCSPC measurements of
transient photoluminescence, a Delta Flex system (Horiba Scientific)
was used. The excitation was a 635 nm diode laser of <200 ps pulse
duration (NanoLED N-02B, Horiba scientific) with a 1 MHz repetition
rate. Neutral density filters were used to modulate the excitation
pulse energies from 5.7 to 178 p] cm™2, corresponding to 0.004 to
0.13 mW cm™2 average power densities. PL transient signal was collected
using a single-photon counting detectors (PPD-900, Horiba scientific)
with 100 ns time window.

Film Characterization—Steady-State Photoluminescence Spectroscopy:
Steady-state PL measurements were conducted using a range of light
sources in an FL 1039 spectrometer (Horiba Scientific). Fixed intensity
measurements were undertaken using 635 nm excitation generated
from the spectrometer’s internal xenon light source with intensity
=1.5 mW cm™2. For variable excitation density white light irradiation, an
external white LED light source (Bridgelux RS Array BXRA-40E7500-j-03)
was employed with 650 and 700 nm short wavelength pass filters (see
Figure S13, Supporting Information, for irradiation spectrum). The
excitation fluence was manipulated using the DC power supply for the
LED from 0.08 to 370% of 1 Sun, and PL from the sample was collected
by passing through a 650 nm long pass filter in order to cut off the

excitation light source.
Film  Characterization—Nanosecond  Pulsed  Photoluminescence
Measurements: Photoluminescence quantum yields using higher

intensity excitation pulses compared to the TCSPC measurements were
recorded using a Nd:YAG pumped Opolette (OPOTEK) laser source
for excitation at 635 nm and a 1 mm diameter Si-photodiode detector
housed in a Constronics preamplifier for detection, corresponding to
380 to 0.1 p) cm™2 pulse energies at a repetition rate of 20 Hz. The
resulting PL transients were measured with 100 ns instrument response
time, recording only the peak PL intensity.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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