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Methylammonium lead iodide (MAPI) is a prototypical photoabsorber in perovskite solar cells (PSCs),
reaching efficiencies above 20%. However, its hygroscopic nature has prompted the quest for water-
resistant alternatives. Recent studies have suggested that mixing MAPI with lower dimensional, bulky-A-
site-cation perovskites helps mitigate this environmental instability. On the other hand, low dimensional
perovskites suffer from poor device performance, which has been suggested to be due to limited out-
of-plane charge carrier mobility resulting from structural dimensionality and large binding energy of the
charge carriers. To understand the effects of dimensionality on performance, we systematically mixed
MA-based 3D perovskites with larger A-site cations to produce dimethylammonium, iso-
propylammonium, and t-butylammonium lead iodide perovskites. During the shift from MAPI to lower
dimensional (LD) PSCs, the efficiency is significantly reduced by 2 orders of magnitude, with short-circuit
current densities decreasing from above 20 mA cm™2 to less than 1 mA cm™2. In order to explain this
decrease in performance, we studied the charge carrier mobilities of these materials using optical-
pump/terahertz-probe, time-resolved microwave photoconductivity, and photoluminescence
measurements. The results show that as we add more of the low dimensional perovskites, the mobility

decreases, up to a factor of 20 when it reaches pure LD perovskites. In addition, the photoluminescence
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recombination dynamics. These findings indicate that changes in structural dimensionality brought about
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by mixing A-site cations play an important role in determining the measured charge carrier mobility, and

rsc.li/materials-a in the performance of perovskite solar cells.

perovskites such as (PEA),(MA),[Pbsl,,], where PEA is phene-
thylammonium and MA is methylammonium, forming layered
Organic lead halide perovskite solar cells (PSCs) have reached structures (or lower dimensional, LD) instead of 3-dimensional
high efficiencies in just 9 years, with a current record efficiency ~ (3D) structures as in the case of MAPI, can improve the long-

Introduction

of 24.2%."* However, PSCs still face challenges towards
commercialization, such as environmental stability. The most
widely studied perovskite, methylammonium lead iodide
(MAPI), decomposes readily into lower dimensional perovskite
structures at standard temperature and pressure, and in some
cases where oxygen, ultraviolet radiation, and moisture are
present, the methylammonium iodide can degrade further.?
Mixing MAPI perovskites with bulkier A-site cations, to produce
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term stability of the PSCs.*® Researchers have also tried mix-
ing 3D perovskites with small amounts of bulky A-site cations,
such as n-butylammonium,”® ethylenediamine,” and 2-hydrox-
yethylamine.' However, adding high amounts of bulky A-site
cations in 3D perovskite mixtures results in lower device
performance in comparison to their 3D analogues.**"'> A recent
study investigating the effects of LD perovskites on solar cell
performance suggests that LD perovskites with a layered
structure have a strong preferred in-plane orientation due to
air-liquid interface nucleation.” This suggests that most charge
transport occurs in the in-plane instead of the out-of-plane
direction, which is unfavorable for charge extraction in solar
cells. In addition, the interplay between the perovskite dimen-
sionality and its solar cell performance is not well understood.

Important parameters which determine solar cell perfor-
mance are the charge carrier diffusion coefficient (D) and
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lifetime (7). The carrier lifetime of various halide perovskites,
both lead-based and lead-free, is relatively long, and exceeds
hundreds of nanoseconds.***” On the other hand, the diffusion
coefficient, which linearly depends on the charge-carrier
mobility, is still not well understood for LD perovskites.
Hence, a deeper look at the charge-carrier mobility of LD
perovskites will give a more complete picture of the diffusion
length, and its relationship with solar cell performance. This
understanding will serve as an initial proxy for the interplay
between device performance and structural dimensionality.

In this study, we intentionally broke down the high-
performance, 3D-based perovskite devices by systematically
mixing 3D perovskites (methylammonium lead iodide, MAPI)
with LD ones, which allowed us to investigate the fundamental
mechanism behind performance reduction incrementally.
Three bulky A-site cations were used to impose structural
changes within the lattice: dimethylammonium, iso-
propylammonium, and ¢butylammonium. Based on pre-
defined precursor volume ratios of MAPI and the LD APbI;,
the MAPI 3D structure with octahedral corner-sharing was
forced to split into single-chained edge-sharing and corner-
sharing (1D) perovskites. The solar cell performance was
dramatically affected. In addition to efficiency (PCE), short-
circuit current density (Jsc), and open-circuit voltage (Voc), we
also calculated Wy (bandgap-voltage offset under open-circuit
conditions) and AJs¢™ (short-circuit current density deficit
normalized) using the following equations (eqn (1) and (2)):

E,
Woc = ?g - Voc (1)

AT — e
AJTE

PAA
where AJg* = —e(1-R) (2)
h—

A

norm __
AJge™ =

where E, is the bandgap, e is the elementary charge, Vo is the
open-circuit voltage, P is the spectral irradiance, A is the device
area, A is the wavelength corresponding to the bandgap energy,
h is Planck’s constant, ¢ is the speed of light in a vacuum, and R
is the reflectance. We found that the PCE (power conversion
efficiency) decreased by two orders of magnitude, and that Wy¢
and AJs&™ increased by 3 and 1.8 times correspondingly, as we
increased the amount of LD perovskite. The charge mobilities of
these thin films were investigated using optical-pump/
terahertz-probe (THz) and time-resolved microwave photocon-
ductivity (TRMC) methods. The mobility decreased as more LD
perovskites, such as ¢t-butylammonium lead iodide (¢BAPI), were
added into MAPL.

Results and discussion
Crystallographic information

Methylammonium lead iodide (CH;NH;3Pbl;, MAPI, or M), with
a known 3D cubic structure,'® was mixed in different volume-
based ratios with layered or single-chain perovskites: dimethy-
lammonium lead iodide (((CH3),NH),Pbl,, DMAPI, or D), iso-
propylammonium lead iodide (((CH;),CHNHj;);Pbl;, iPAPI, or
1), or ¢t-butylammonium lead iodide (((CH3);CNH;),Pbl,, {BAPI,
or T). The D, I, and T bulky A-site cations were chosen
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specifically due to their gradual change in ionic radii, which
affects the tolerance factor and the dimensionality of the
perovskite structure. Goldschmidt's tolerance factor is an
empirical unit used to describe the 3D perovskite structure
based on the ionic radii of the A-site cation, the B-site cation,
and/or the X-site anion. The adequate range for 3D perovskites
is 0.8 to 1.0 as shown in eqn (3):****
(ra +rx)

= et ®)

The tolerance factors of D, I, and T are obtained from eqn (3),
using the effective radii for the A-site cations (dimethylammo-
nium = 2.72 A, iso-propylammonium = 3.17 A, and t-buty-
lammonium = 4.94 A), the B-site cation (Pb*" = 1.19 A), and X-
anion (I” = 2.2 A).**>* A tolerance factor of 1.03 was found for D,
1.12 for I, and 1.49 for T, as shown in Fig. 1A, in contrast to M,
which has a tolerance factor of 0.91. In comparison, the
common LD perovskite used, n-butylammonium lead iodide,
has a tolerance factor of 1.001.>> In this study, to mix the
perovskites, the precursor solutions of two different types of
perovskites (for instance, MAPI and ¢BAPI) were mixed in 3
different ratios: 75% : 25%, 50% : 50%, and 25% : 75%. Thin
films were prepared following standard approaches.”® The
perovskite film was made with excess Pbl, (Al: Pbl, = 1:1.09
for APDI;) as this strategy has been shown to yield improved
solar cell performance.***

To understand the effects of mixing on the structural
properties, we prepared thin films with series of different
ratios of MAPI to LD perovskites: MAPI-DMAPI (M-D), MAPI-
iPAPI (M-I), and MAPI-¢tBAPI (M-T) series. We performed X-
ray diffraction (XRD) on these thin films. The results were
then refined using Pawley refinement, and the lattice
parameters of the phases were obtained. Fig. 1B shows how
the addition of T affects the XRD patterns. One signature peak
of 100% M is located at 14.1°. As more T was added to M
perovskites, the intensity of the 14.1° peak decreased, and
another peak emerged at 10.8°, suggesting that a secondary
phase of LD material formed within the polycrystalline thin
film. To quantify how the lattice parameters of M increase
with this mixing, we performed Pawley refinement of the M-T
series. The lattice parameters, lattice constant and cell
volume, are shown in Fig. 1C. As more T was added to the M
perovskite, the lattice constants increased, suggesting that
the larger A-site cation has an effect on the structural features
of the M perovskite, in addition to the secondary phase
formed. Similar trends of lattice parameter increase were
observed for the M-D and M-I series, and the data are
provided in ESI Fig. S3.1

Optical properties

The 3D/LD hybrid perovskite thin films deposited on glass (M-
D, M-I, and M-T) are shown in Fig. 2A. A gradual change of the
film colors, ranging from dark to light yellow, was observed. On
the other hand, mixing LD and other LD hybrid perovskites (D-
I, D-T, and I-T) yielded no visible changes.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 Crystallographic features of the perovskites studied. (A) Various A-site cations (M, D, |, and T) with their tolerance factors. The single crystal
structures for D, |, and T are shown in ESI Fig. S1.1 (B) The peak shift shown for the M—T series in the thin-film form. As more T was added into the
film, the peak of the LD perovskite became more evident. (C) For the thin films, the lattice parameters (c and volume) increased as more T was

added into M, indicating that the large A-site cation did get incorporated into the lattice.

To understand the changes in optical absorption of these
mixed perovskites, UV/Vis spectroscopy was performed from
840 nm to 400 nm (Fig. 2B) in thin films. As we mixed M with
T, two onsets appeared, one at 825 nm (100% M absorption
onset) and another at 525 nm (100% T absorption onset).
Both 100% D and 100% I absorption profiles had similar
onsets to 100% T, as shown in ESI Fig. S4.1 Tauc plot fitting
was then performed to estimate the band gap for these films

(fits can be found in ESI Fig. S51). A non-linear increase in
direct bandgap estimation was observed as the perovskites
were mixed from 3D to LD for both absorption onsets. Addi-
tionally, the steady-state photoluminescence data for M-T
series in ESI Fig. S61 showed a slight emission shift in the
first absorption onset (825 nm). The bandgaps were esti-
mated as 1.57 eV for M, 2.39 eV for D, 2.35 eV for I, and 2.34 eV
for T, as shown in Fig. 2C.

A B 100
O\c |
mh e —100%M
S 60 ——75%M: 25%T
g 50%M: 50%T
. 540 -25%M: 75%T
3 £ —100%T

D h
L f z

0 : :
400 600 800
Wavelength (nm)

- N
o v~ oo

Bandgap (eV)
o

Fig. 2 Optical properties of the 3D/low dimensional perovskites studied here. (A) Thin films of methylammonium lead iodide (M) mixed with
dimethylammonium lead iodide (D), iso-propylammonium lead iodide (I), and t-butylammonium lead iodide (T) with set ratios: 100% : 0%,
75% : 25%, 50% : 50%, 25% : 75%, and 0% : 100%. The 100% M, D, |, and T films are indicated with the corresponding letters on the films. (B)
Absorption of the M—T series, where two absorption onsets are shown at 525 and 825 nm. (C) The direct bandgap estimated by Tauc plots for the
M-D, M-I, and M—T series at the 525 nm onset; a secondary phase bandgap estimation resulting from the 825 nm onset is shown in ESI Fig. S7.+
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Device performance

To understand how mixing 3D with LD perovskites affects the
device performance, we fabricated 120 devices for all M-D, M-I,
and M-T series, and we measured the solar cell performance
under an AM1.5G solar simulator under 1.0 sun operating
conditions. The best solar cell -V (current density-voltage)
curve data from this measurement are provided in ESI Fig. S8,
and the complete device performance results are shown in ESI
Tables S1 and S2.1 We expect that as we shift from 3D PSCs to
LD PSCs, the solar cell performance will be affected due to the
reduction in structural dimensionality. Solar cells were
prepared as shown in the schematic and SEM image in Fig. 3A.
Fluorine-doped tin oxide (FTO) glass was used as the trans-
parent conducting oxide, followed by the electron selective TiO,
compact and mesoporous layers and the hole transport spiro-
OMeTAD layer, followed by a gold layer deposited from
thermal evaporation as the top electrode. The top-down scan-
ning electron microscopy (SEM) images for the M-T series can
also be seen in ESI Fig. S9.1

The solar cell performance parameters, including
AJse™ (short-circuit current density deficit normalized), FF
(fill factor), Woc (bandgap-voltage offset under open-circuit
conditions), and PCE (power conversion efficiency), are
shown in Fig. 3B. W is the difference between the Shockley-
Queisser limit Vo for a specific bandgap at AM1.5G and the
actual device Voc. The Wi shown in Fig. 3B is based on the
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Fig. 3 Solar cell performance parameters of the 3D/LD mixed
perovskites. (A) A schematic and a SEM image (artificially colored) for
the device stack of the 25% M : 75% T device, 500 nm scale bar. (B) The
plot and average of solar cell performance metrics for M—D, M-I, and
M-T series, including AJSE™ (short-circuit current density deficit
normalized), calculated by normalizing the difference between the
theoretical maximum bandgap-specific Jsc with the measured Jsc,
Woc (bandgap-voltage offset under open-circuit conditions), calcu-
lated by subtracting the Shockley—Queisser limit, bandgap-specific
Voc from the measured Vo, FF (fill factor), and PCE (power conversion
efficiency). The shaded area shows the results between the 25" and
75" percentiles.
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525 nm absorption onset, and the Wy based on the 825 nm
onset is shown in ESI Fig. S10.f The Wy values for both
onsets increase with shifting from 3D to LD materials. All
solar cells experienced a decrease in Jsc as the bulky A-site
cations (D, I, and T) were mixed with MAPI. For example,
the Jsc for 100% M was measured to be 16-20 mA cm™ 2,
decreasing to 0.1-0.5 mA cm™> for 100% T, a 1-2 order of
magnitude reduction, which corresponds to a 1.8 times
increase in AJge™. The Woc increased by 4.2 times as we
shifted from 3D (M) to 1D (D, I, and T) perovskites. No major
changes in FF were found as a function of mixing. Both
increases in AJg¢™ and Wo( led to a large drop in solar cell
efficiency across all the series.

Even at relatively low concentrations of LD perovskites, e.g.
75% M and 25% of the LD perovskites, the efficiency dropped
dramatically. This can be related to the changes seen in XRD
data (Fig. 1B), where as little as 25% of the LD perovskite yields
phase segregation. A study has suggested that there is an
optimum PCE for Ruddlesden-Popper perovskite solar cell
devices, with a low n, which represents the number of 3D
perovskite layers sandwiched between LD perovskites.* There is
a possibility that the optimum device performance can be
reached at an LD perovskite concentration lower than 25%,
which is not captured in Fig. 4B. The introduction of secondary
phases of LD characteristics can also induce changes in how
charge carriers move across the thin film. Mobility of charge
carriers is directly proportional to the diffusion length of the
perovskite material. We studied the charge carrier mobility
using an optical-pump/terahertz-probe (THz) method and time-
resolved microwave photoconductivity (TRMC). According to
our results, 100% T has the highest mobility among the 100%
LD perovskites in this study, and gives the highest signal-to-
noise ratio in both THz and TRMC measurements. Hence, we
decided to focus on the mobility study on the T-series to
understand the effect of large cations on charge transport. We
can also infer that the mobility and structural dimensionality
are independent of the size of the A-site cation for tolerance
factor values above 1.00.

Charge carrier mobility

To understand the mobility of the 3D/LD hybrid perovskites we
measured the time-resolved microwave photo-conductivity
(TRMC) of the thin film series, similar to those for devices, on
quartz glass. In these measurements, microwaves were used to
probe the laser-induced change in conductance of the material,
AG, as a function of time.*” A typical result is shown in Fig. 4A
for a selected mixture: 75% M : 25% T. The photoconductance,
AG, increased during the pulse as charge carriers were created.
After the excitation pulse, as the charge carriers recombined or
became trapped, a decay in the AG was observed. From this
measurement, we obtained the product of the yield of free
charge carriers and sum of mobility, ¢ _u, from the change in
photoconductance, AG, according to eqn (4),>"*

o) = 1o (@)

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Probing the mobilities of mixed perovskites. (A) The change of photo-conductivity in TRMC as a function of time for 75% M : 25% T,
excited at 720 nm (excitonic peak) for different intensities. (B) The product of TRMC mobility and yield of dissociation of free charges as a function
of fluences for the M—T series excited at different wavelengths (490 nm for 100% T and 720 nm for all other series). (C) The AT/Ty across 75%
M : 25% T measured on an optical-pump/terahertz-probe (THz) under different fluences (12, 23, and 45 pJ cm~2). (D) The product of THz
mobility and yield of dissociation of free charges as a function of fluences (12, 23, and 45 pJ cm™2) for the M—T series.

where I, is the laser intensity, § corresponds to the sample
geometry relating the electric field vector of the microwaves,
Emic, and the length of the sample in the direction of E e, € is
the electronic charge, and F, is the optical attenuation or the
fraction of light absorbed at the excitation wavelength. The 3D/
LD hybrid perovskites were photo-excited (A = 720 nm for
100% M, 75% M : 25% T, 50% M : 50% T, 25% M : 75% T, and 1
=490 nm for 100% T, 100% D, and 100% I) varying the photon
intensity, I,, from ~10° to 10"® photons per cm” (which corre-
sponds to ~10" to 10" carriers per cm? for a thickness of ~400
nm).>® These intensities were in the range of standard 1.5 AM
solar illumination.”® We determined the mobility of the charge
carriers from the maximum change in photoconductance,
AGmax, as under these conditions the decay kinetics were not
dominated by trapping or second order recombination. In 75%
M :25% T and 3D/LD hybrid perovskites, AG,.x Was observed
at intensities <~10'® photons per cm?® (which corresponds to
~10"* carriers per cm? for a thickness of ~400 nm),*® as shown
in Fig. 4A. The intensity dependent measurements and half-
lifetimes from TRMC measurement for all materials are
shown in ESI Fig. S11-S14.7

Different photoexcitation densities/fluences affected the
photoconductivity observed for the M-T series, as shown in
Fig. 4B. As the photoexcitation densities were increased, the
effective mobilities of 100% M and the M-T series were reduced,
with the exception of 25% M : 75% T. The LD sample (100% T)
showed a dramatic decrease in the product of mobility and yield
of dissociation of charge carriers with respect to the pure 3D
and series, and exhibited no fluence dependence. The low

This journal is © The Royal Society of Chemistry 2019

product of mobility and dissociation of charge carriers was due
to strong exciton binding energy, and they recombined very fast
after the photoexcitation, and were unable to be captured using
the TRMC method. The effective mobility measured in 3D
100% M was close to 30 cm> V™' s " at fluences of around 10"°
to 10'" photons per cm?, as shown in ESI Fig. S1A.T This value is
similar to values obtained for high quality films measured with
the same experimental technique® using THz spectroscopy.®>*
Increasing the LD content in the mixed materials yielded a drop
in effective mobilities to below 30 cm® V™' s7" for fluences of
around 10'° to 10'" photons per cm?, as shown in Fig. 4B and
S10B and C.T Slight decreases in effective mobility have been
shown to affect solar cell performance dramatically, especially
in terms of the hysteresis behavior.** The improvement in
hysteresis behavior was also observed in our devices, across
different series, as shown in ESI Fig. S15.7 However, we ex-
pected these large phase segregations, seen by XRD and
absorption, which affected the photocurrents of the solar cell so
severely that they also affected their mobilities. One hypothesis
regarding the small changes detected for mobilities at low flu-
ences is that for TRMC, we excited the 3D/LD perovskite
samples at 720 nm, where most of the charge carriers excited in
the 3D/LD mixtures come from MAPI. This is because the phase-
segregated LD perovskites absorb at around 535 nm, and are
not photoexcited at that particular wavelength. Therefore, only
the M, 3D phase is probed.

To better understand the TRMC results, we conducted THz
measurements to probe the perovskite mobilities with pico-
second time scales. Transient photoconductivity measurements

J. Mater. Chem. A, 2019, 7, 23949-23957 | 23953
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were performed on the same set of samples as for TRMC (the
M-T series), this time excited at 400 nm to include the charge
carriers excited from T, and to be able to observe the LD charge
carrier mobility effects. We calculated the effective carrier
mobility using an optical-pump, and we obtained the AT/T,
result shown in Fig. 4C and in ESI Fig. S167 for the M-T series.
Carrier mobility is calculated from the peak of the conductivity
at zero pump-probe delay time. The photoconductivity was
highest for the 100% M sample and the conductivity reduced
with increasing percentage of T, as shown in Fig. 4D. Samples
with greater LD characteristics showed lower mobility.** Similar
to the TRMC result, we found that carrier mobility depended on
excitation density and the lower the excitation density, the
higher the effective mobility was.

The discrepancy between the TRMC and THz mobilities at
the same fluences (10 to 50 pJ cm ™ ?) can be attributed to the
different time resolutions of each technique. The time resolu-
tion of TRMC is in the nanosecond regime, while that of THz is
in the picosecond regime. Therefore, when measuring mobil-
ities by TRMC, we tend to lose some of that initial signal from
the first few hundred picoseconds, which can be collected by
THz spectroscopy. Regardless of the absolute intensity, the
effective mobility trends with respect to fluence- and
composition-dependency are similar for both techniques.

Conclusions

In this study, the solar cell performance and properties of 3D/
LD hybrid perovskites were studied. The addition of various
LD perovskites (DMAPI, iPAPI, and ¢BAPI) into MAPI resulted in
optical, structural, and charge carrier transport property
changes, which led to changes in solar device performance. We
present three important findings when mixing 3D and LD
perovskites: (1) most of the additions of LD perovskites result in
phase segregation of LD and 3D structures within the poly-
crystalline films; (2) photocurrents are massively hampered by
25% or more of the LD perovskite; and (3) the phase segregation
of LD perovskites leads to reduced effective mobilities in the
overall thin film. Both TRMC and THz measurements have
enabled us to quantify the effective charge carrier mobilities
across different photoexcitation densities and timescales.
Therefore, although LD perovskites can improve environmental
stability, their low effective charge carrier mobility can adversely
affect solar cell performance in hybrid organic/inorganic
perovskites. Hence, 3D/LD perovskite mixing must be care-
fully controlled when developing these types of series in solar
cell devices.

Experimental section
Film fabrication

For the various volume-based mixtures of 3D/LD perovskites, 4
equimolar stock solutions were prepared: methylammonium
lead iodide (MAPDI;, or M), dimethylammonium lead iodide
(DMAPDI;, or D), iso-propylammonium lead iodide (iPAPbI;, or
I), and ¢-butylammonium lead iodide (tBAPbI;, or T). Initially,
a 1.5 M Pbl, (Sigma-Aldrich) solution was dissolved in 9: 1
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DMEF : DMSO mixed solvents, before mixing them with amine
powder. For every gram of MAI powder (Dyesol), DMAI powder
(Dyesol), iPAI powder (Dyesol), and ¢BAI powder (Dyesol), we
added 5.10 mL, 4.67 mL, 4.25 mL, and 3.95 mL of 1.5 M Pbl,
solution correspondingly. These 4 stock solutions were then
mixed according to prescribed ratios.

65 pL of perovskite solution was then deposited on a pre-
cleaned substrate (quartz for TRMC and THz measurement,
glass slides for UV-Vis, XRD, steady-state PL, and TRPL
measurements, and FTO with TiO, for device fabrication), and
spin-coated with the 2-step program: 1000 rpm for 10 s and an
acceleration of 200 rpm s~ ', then 6000 rpm for 30 s and an
acceleration of 2000 rpm s~ '. 5 seconds after the start of the
second step, 200 pL of chlorobenzene was dropped on the
substrate. Then, the deposited film was annealed on a hotplate
at 100 °C for 10 minutes.

Single crystal growth

For the iso-propylammonium lead iodide (iPAPI, or I).
0.093 g iPAI and 0.23 g PbI, (molar ratio 1 : 1) were fully mixed
in 300 puL of hydriodic acid in a 23 mL stainless steel Parr
autoclave and heated at 120 °C for 3 days. The crystals were then
cooled and dried under ambient conditions.

For the t-butylammonium lead iodide (¢BAPI, or T). 0.5 g of
Pbl, was dissolved in 500 pL of hydriodic acid containing
=1.5% hypophosphorous acid as a stabilizer (ACS reagent,
=47.0% (Sigma-Aldrich)), and heated up to about 70 °C using
a water bath. Then, 0.24 g of t-butylammonium iodide powder
from Dyesol was added into the solution while being stirred.
The solution was then slowly cooled at a 0.2 °C min~ " rate, and
left in the fridge for 2 weeks, before being filtered and dried in
ambient air.

Solar cell fabrication

The etched FTO glass (Pilkington, TECS) substrates were
cleaned using 2% Hellmanex in water, ethanol, and UV ozone. A
TiO, compact layer solution was made by mixing titanium dii-
sopropoxide bis(acetylacetonate) 75% wt (Sigma-Aldrich) in
ethanol (1 : 10 v/v ratio), and deposited using a spray pyrolysis
method at 500 °C. The TiO, mesoporous layer was prepared by
mixing 1 : 5 w/w of TiO, paste (SureChem, SC-HT040): solvent
mix (3.5:1 w/w of terpineol : 2-methoxy ethanol) and spin-
coating it using a 2-step program: 500 rpm for 5 seconds,
then 2500 rpm for 50 s. The substrate was then annealed at
500 °C. For the hole transport layer, we used spiro-OMeTAD
(2,2',7,7'-tetrakis-(N,N-di-p-methoxyphenyl amine)-9,9’-spirobi-
fluorene, LumTec LT-5922). For every gram of spiro-OMeTAD,
we used 227 pL of Li-TFSI (Sigma-Aldrich, 1.8 M in acetoni-
trile) solution, 394 pL of 4-tert-butylpyridine (Sigma-Aldrich)
solution, 98 uL cobalt complex (FK209, Lumtec, 0.25 M tris(2-
(1H-pyrazol-1-yl)-4-tertbutylpyridine)cobalt(ur) tris(bis(tri-
fluoromethylsulfonyl)imide) in acetonitrile) solution, and
10 938 pL of chlorobenzene. 65 pL of the mixed spiro solution
was deposited and spin-coated at 3000 rpm for 30 s. Finally,
a 100 nm gold top electrode was deposited by thermal evapo-
ration, with an active area of 0.16 cm?.
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General characterization

The transmission and reflection for the thin film were
measured using a PerkinElmer Lambda 950 UV/Vis Spectro-
photometer (PerkinElmer). The method established by Tauc*
was then used to extract the bandgaps by assuming direct band
gaps with an approximate film thickness of 300 nm. The crystal
structure and phase of the films were characterized using an
XRD (Rigaku SmartLab), with Cu-Ka sources. Pawley refine-
ments of M-D, M-I, and M-T series compounds were per-
formed using Highscore Plus and Topas. The film morphology
and device cross-section were investigated using a Zeiss Supra
55VP field-emission scanning electron microscope (FESEM,
Zeiss). J-V curves were measured using a solar simulator
(Newport, Oriel Class AAA, 91195A) with a source meter
(Keithley 2420) at 100 mW c¢m™>, AM1.5G illumination, and
a calibrated Si-reference cell certified by the NREL. The J-V
curves were measured at 10 mV s~ *. J-V curves for all devices
were measured by masking the active area with a metal mask of
0.094 cm’.

Photo-conductivity measurements

Laser induced time-resolved microwave conductivity (TRMC)
measurements were carried out on samples deposited on quartz
substrates and placed in a sealed resonance cavity inside
a nitrogen-filled glovebox. The TRMC technique measures the
fractional change in microwave (8-9 GHz) power absorbed by
the sample after pulsed excitation (repetition rate 10 Hz) of the
thin films at their respective excitonic absorption peaks
(~720 nm for methylammonium containing samples 100% M,
75% M :25% T, 50% M:50% T, and 25% M:75% T, and
~500 nm for LD D, I, and T). The time resolution of these
measurements is limited by the width of the laser pulse (3.5 ns
FWHM) and the response time of the microwave system (open
cell ~ 8 ns). Before and during the photo-conductance
measurements, the samples were exposed to neither moisture
nor air to prevent degradation.””**

Optical-pump/THz-probe measurements

Charge carrier mobilities at THz frequencies were obtained by
optical-pump/terahertz-probe, transient photoconductivity
measurements.** Both the optical pump pulse and THz probe
pulse were generated from the same Ti:sapphire femtosecond
laser amplifier (800 nm center wavelength, 2.0 mJ pulse energy,
and 1 kHz repetition rate) with its output energy separated into
three paths: optical pump path, THz probe path, and THz
detection path. The optical pump pulses were frequency
doubled to 400 nm using a beta barium borate (BBO) crystal and
then focused to a 2 mm diameter at a maximum fluence of 45 uJ
cm > The THz probe pulses (peak frequency at 1.2 THz) were
generated from a two-color laser-induced gas plasma and
focused to 1 mm in diameter on the sample. The arrival time
differences between the pump and the probe pulses on the
sample were controlled by a delay stage. We used an electro-
optical sampling technique with a 1.0 mm thick (110) ZnTe
crystal to detect the waveform of the THz pulse. We used lock-in
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techniques to record the change in THz transmission AT rela-
tive to its initial THz transmission 7T, at the peak of the THz
waveform. We calculated transient photoconductivity using
Ao = (M> |A—T|, where ng;o = 2.1 is the index of refrac-
Zod To 2

tion of the quartz substrate at 1.2 THz, Z, = 377 Q is the
impedance of free space, and d is the depth of the excited
carriers (taken to be the absorption depth). Effective carrier
mobility u was further obtained from Ag = gAngyu, where q is the
elementary charge, and Any is the initial excited carrier density.
The initial excited carrier density An, was taken to be ¢npnoton,
with ¢ being the yield of photon-to-carrier generation and
Tphoton being the density of absorbed photons.

Photoluminescence measurements

Steady-state photoluminescence was recorded using a 532 nm
diode laser (Thorlabs) coupled with a monochromator (Prince-
ton Instruments, SP-300i) and an InGaAs detector (Thorlabs,
DET10N). Time resolved photoluminescence lifetimes were
measured using a 405 nm picosecond pulsed diode laser
(Picoquant) with a repetition rate of 500 kHz using a pulse
generator (Stanford Research; DG535). The laser was set to an
average power of ~10 nW using neutral density filters and
focused to a 150 pm spot on the perovskite film. The emission
from the film was collected and collimated using an off-axis
parabolic mirror (Thorlabs, MPD269V) and sent into a silicon
single photon counting detector (PerkinElmer, SPCM-AQR-13).
Scattered laser excitation was suppressed using a 405 nm
notch filter and a 420 nm longpass filter. Photon arrival times
were recorded using a time-correlated single photon counting
card (Picoquant, PicoHarp 300).
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