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ABSTRACT: Control over grain size and crystallinity is
important for preparation of methylammonium lead iodide
(MAPDI,;) solar cells. We explore the effects of using small

concentrations of Cd** and unusually high concentrations of

methylammonium iodide during the growth of MAPbI; in the
two-step solution process. In addition to improved crystallinity
and an enhancement in the size of the grains, time-resolved
photoluminescence measurements indicated a dramatic in-

crease in the carrier lifetime. As a result, devices constructed with the Cd-modified perovskites showed nearly a factor of 2
improvement in the power conversion efficiency (PCE) relative to similar devices prepared without Cd addition. The grains also
showed a higher degree of orientation in the (110) direction, indicating a change in the growth mechanism, and the films were
compact and smooth. We propose a Cd-modified film growth mechanism that invokes a critical role for low-dimensional Cd

perovskites to explain the experimental observations.
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nonradiative recombination

B INTRODUCTION

Thin film solar cells based on organic—inorganic metal halide
perovskites have become highly attractive over the past several
years with solar to electric power conversion efficiencies
(PCEs) reaching 22.1%." Methylammonium lead iodide
(CH3NH,Pbl;, MAPbL;) and related perovskite materials
possess high absorption coefficients, long minority carrier
lifetimes and diffusion lengths, and desirable optical band gaps,
and carrier collection can be highly efficient when these
materials are paired with appropriate electron and hole
transport layers (ETLs and HTLs, respectively).”~” Moreover,
MAPDI, solar cells can be fabricated via solution-based routes,
with the potential for low-cost scale-up to large area
manufacturing. This combination of attributes may give
perovskite solar cells (PSCs) an advantage over currently
available commercial photovoltaic (PV) technologies. Impor-
tantly, recent life cycle assessment studies show that the toxicity
impact of the lead used in the formation of the absorber layer is
negligible® and that perovskite solar modules possess the
shortest energy payback time.”

Several challenges must be overcome before the full potential
of PSCs can be realized. Composition control is important to
avoid the presence of undesirable phases,"”"" and morphology
control is desired to achieve smooth, continuous, and compact
perovskite films to avoid shunts and reduce surface
recombination rates.'”'® Control over grain size and
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crystallinity is extremely important for reducing the density of
charge traps, which can control the recombination rates of
hotoexcited carriers.' ">
pho

The development of the two-step deposition method by
Burschka et al. was a major advance in perovskite film
formation.” In their pioneering work, a Pbl, layer was spin-
coated from a dimethylformamide (DMF) solution onto a
mesoporous TiO, film and then converted to MAPbI; by
exposure to methylammonium iodide (MAI). With this
approach, the PCE of MAPDI; perovskite solar cells was
immediately improved from 12% to 15%.” The approach relied
upon the formation of a thin (150—300 nm) mesoporous TiO,
layer with high transparency and electron mobility. Such films
are a byproduct of tremendous research in the dye-sensitized
solar cell community and have been achieved in only a few
laboratories.”'®'” PCEs have been pushed to 17% with this
approach in the basic MAPbI; device. An optimized
mesoporous TiO, scaffold allows the Pbl, solution to partially
penetrate so that a high surface area Pbl, film can be formed.
Such a film can be converted into the perovskite phase upon
exposure to MAI, although the resultant grains are still
relatively small (c.a. 100—300 nm). In an effort to produce
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Figure 1. SEM images of the surface of as-spun MAPbI; thin films prepared (a) without and (b) with 10 mM CdCl, addition to the MAI solution.
Panels (c) and (d) show the data corresponding to (a) and (b), respectively, after heating to 150 °C.

high efficiency devices in the so-called planar structure, that is,
without fabrication of the mesoporous TiO, layer, investigators
have engineered porosity into the Pbl, layer by adding -
butanol,'® MAL'" or 4-tert-butylpyridine’® to the PbL,/DMF
precursor solution, or by employing DMSO as a solvent.”" The
resulting high surface area porous Pbl, layers can also be readily
converted to MAPDI;, but, once again, the resultant grains are
not as large as desired. Even with porous layers there is a need
to balance the degree of Pbl, conversion while seeking to avoid
the formation of MAI-rich precipitates that lead to poor device
behavior. Consequently, researchers typically use MAI
concentrations of 50—70 mM to optimize the PCE."*™*°
Without porosity in the Pbl, layer, MAI diffusion is hindered
and the conversion to MAPbI, is incomplete.””*” Interestingly,
Zhang et al. produced devices with PCEs of 1.5% or 10.7%
depending on whether the Pbl, seed layer was compact or
porous.”’

In an effort to decouple the perovskite conversion process
from the need to prepare Pbl, in a porous configuration, we
explored the effects of including small concentrations of Cd**
into unusually high concentration MAI (250 mM) solutions.
We found that the large grains could be retained by including
small concentrations of CdCl, into the MAI solutions, and that
a high degree of Pbl, conversion could be achieved without the
formation of deleterious MAI-rich precipitates. In addition, the
solution-phase Cd incorporation route also led to a dramatic
enhancement in the carrier lifetime as determined by time-
resolved photoluminescence (TRPL) measurements. As a
result, the PCE of finished devices was enhanced by nearly a
factor of 2 relative to devices constructed without Cd addition.
The grains also showed a very high degree of orientation in the
(110) direction, and the films were more compact and smooth.
To explain the experimental results, we propose a film growth
mechanism that invokes a critical role for low-dimensional Cd
perovksites.
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B RESULTS AND DISCUSSION

Samples were prepared on compact TiO, (c-TiO,) coated F-
doped SnO, (FTO)/glass substrates as described in detail in
the Experimental Section. Briefly, the Pbl, seed layer (~350
nm) was prepared on a c-TiO, layer (~50 nm) by spin-coating
100 uL of a 70 °C solution of 1 M Pbl, in DMF. Following a
heat treatment at 100 °C for 15 min to evaporate the solvent,
500 uL of a 70 °C, 250 mM MAI in isopropanol (IPA)
solution, with and without 10 mM CdCl,, was then spin-coated
onto the Pbl, seed layer. Note that other concentrations were
also examined, but 10 mM CdCl, was found to produce the
best results (Figure S1). Samples were then heated to 150 °C
for S min to complete the MAPDI; perovskite formation
reaction. All material depositions and heat treatments, except
for the ¢-TiO, growth, were performed in a water and oxygen-
free (~0.1 ppm) N,filled glovebox. The resultant films were
characterized by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD),
UV—vis spectroscopy, and steady-state and time-resolved
photoluminescence (PL and TRPL, respectively).

Figure 1 compares the SEM images of the perovskite films
formed with and without 10 mM CdCl, in the MAI solution
that was used to convert the Pbl, seed layer. The effect of the
CdCl, addition is evident in that well-defined, large grains are
present in the Cd incorporated samples (Cd MAPbIL;)
immediately after spinning, while samples prepared without
CdCl, show poorly defined and poorly crystalline films with
obvious gaps between grains. The inclusion of 10 mm CdCl,
increased the grain sizes 5-fold, from ~200 nm to ~1 pm. After
the 150 °C step that is conventionally used to complete the
perovskite formation in the two-step process, SEM showed that
the crystallinity in the samples formed without CdCl, (Figure
1c) had improved dramatically even though the grain size was
not substantially increased. Similarly, the grain size of the as-
deposited film produced with CdCl, was also not substantially
increased with the 150 °C reaction step (Figure 1d). However,
there is evidence for smaller grains having merged into larger
ones, and the spaces between grains have been more
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completely filled and the film is more dense and compact. An
additional significant change is the improved electrical
conductivity at the grain boundary edges. Before heating,
Cd_MAPbI; films showed high contrast at the grain edges,
consistent with charging during SEM imaging.

XRD (Figure 2a) confirmed that the degree of crystallinity
was dramatically improved when CdCl, was added to the MAI
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Figure 2. (a) X-ray diffraction spectra of MAPbI; perovskite films
prepared with the standard and Cd-modified two-step deposition
methods after the postdeposition heating. The spectrum for the
material prepared with 57 mM MAI was multiplied by a factor of 4 to
allow the peaks to be clearly seen on the same scale. The characteristic
XRD peaks belong to MAPbI, perovskite (%), Pbl, (#), and FTO/c-
TiO, substrate (®). (b and c) Cross-sectional SEM images of MAPbI,
perovskite thin films prepared by two-step spin-coating method (b)
with and (c) without addition of 10 mM CdCl, (after the
postdeposition heating).

solution. Both Cd_MAPbI; and MAPDI; films showed
characteristic X-ray peaks for the tetragonal perovskite phase
(space group I4/mcm),""”’ but the intensity of the (110) peak
at 20 = 14.1° was larger by a factor of ~6.5 for the Cd_MAPbI;
film, and its full-width-half-maximum value was reduced by a
factor of 1.6. Similar changes were observed for the (220)
diffraction peak. In addition to a much higher degree of
crystallinity, the data indicate that the crystallites comprising
the Cd_MAPDI; film are nearly completely oriented along the
(110) direction. In contrast, the crystallites produced without
Cd exhibited more random orientations (see Table S1). For
comparison, Figure 2a also shows the XRD pattern that
resulted when the Pbl, films were processed with 57 mM MAL
In this case, the poor crystallinity and the remaining Pbl, are
clearly evident. The highest intensity peak at 26 = 14.1° can be
deconvoluted into two components from (002) and (110)
planes (see Figures 2a and S4), which is a characteristic feature
of the tetragonal structure.'' With the addition of Cd*, the
(110) peak shifted to higher values of 26. This is likely due to a
change in the lattice parameter associated with substitution of
the smaller Cd** species onto Pb*" sites.

Cross-sectional SEM images revealed that single, flat-topped
grains extended through the entire film thickness when CdCl,
was employed (Figure 2b), while the grains were jumbled and
less well organized for the conventional MAPDI; synthesis
(Figure 2c). The cross-sectional images also revealed that the
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film thickness had also increased by ~100 nm when Cd was
used. Evidently, Cd incorporation improves grain growth in
both lateral and vertical directions, resulting in the formation of
a larger volume of perovskite material.

To determine that Cd, rather than C was responsible
for the observed changes in film growth, we prepared additional
films using Cd(CH;CO,), (cadmium acetate) and methyl-
ammonium chloride (CH3;NH;Cl) as additives to the MAI
solution. Concentrations were chosen to produce the same Cd
and Cl concentrations as was experienced with CdCl,. The
perovskite films prepared with Cd(CH;CO,), showed an
enhancement in the grain size and crystallinity similar to that
found with CdCl,, while no change in the films characteristics
relative to the control preparation was observed when
CH,;NH,Cl was employed (see Figure S2c,d). Consequently,
we can be confident that Cd species, rather than Cl, are
responsible for these observations.

PL and TRPL measurements were performed to determine
the effect of Cd incorporation on the optoelectronic properties
of the perovksite films. For these measurements, the films were
deposited on soda-lime glass without electron and hole
transport layers in an effort to minimize carrier collection at
the surfaces and allow the intrinsic characteristics of the
perovskite film to govern the recombination kinetics (see the
Experimental Section). The PL emission (Figure 3a) from the
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Figure 3. (a) Steady-state PL spectra from sample excited with 140
mW/cm® of 532 nm laser light and (b) intensity-normalized time-
resolved PL decay measured from the longest mean lifetime MAPbI;
and Cd_MAPbI; samples excited with ~10' photons/pulse/cm? at
the peak emission wavelength, as determined from the steady-state PL
measurement shown in part (a) (see the Experimental Section for
more details).

MAPDI; films made without Cd was relatively weak and
centered at 753 nm, while the PL emission from Cd MAPbI,
samples was red-shifted to 768 nm, narrower, and more intense
by a factor of ~9. The increase in PL intensity and the
reduction in the line width indicate a significant reduction in
trap-mediated, nonradiative recombination.

Consistent with the steady-state PL data, TRPL measure-
ments (Figure 3b) showed that the PL decay was significantly
slowed in Cd_MAPbI; samples. The TRPL decays for both
Cd_MAPbI; and MAPDI; samples were well-fit with a
biexponential function having two decay constants (Table 1).
The initial PL decay for both types of samples is associated with
an initial relatively fast process with a time constant, 7,, of ~5—
6 ns. This fast decay may be due to Auger recombination
associated with the initially high population of carriers in the
excitation volume. After the initial fast decay, there is a slow
decay component with a time constant, 7,, that is very different
in the two kinds of films. While the MAPbI; films formed by
the standard two-step deposition process showed a slow decay
time constant of 103 ns, 7, for the sample prepared with Cd
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Table 1. Biexponential Fitting Time Constants and Mean
Lifetime of the Carriers”

7, yield 1 7, yield 2 mean lifetime
sample (ns) (%) (ns) (%) (ns)
standard perovskite 52 18 103 82 86
Cd-modified 6.3 12 266 88 237
perovskite

“Average over three different sample spots.

had a value of 266 ns. Furthermore, the yield of the long-
lifetime component was also improved for the Cd MAPDI;
samples, from 82% to 88%. Overall, Cd inclusion increased the
mean lifetime (Table 1) from 86 to 237 ns, an increase of
nearly a factor of 3. The increase in PL intensity and lifetime
indicates that the nonradiative recombination rates have been
slowed in the Cd_ MAPbI; samples. Unfortunately, there are no
data in the literature that allow us to compare our findings to
theoretical expectations for defect levels that might be
introduced during Cd substitution for Pb, although Shi et
al.’® did comment that substitution could occur. Our
observation of longer PL lifetimes with Cd substitution
suggests that no new defects are introduced. Furthermore,
the red-shift in the PL emission that is observed can be
favorably compared to the band gap reduction that has been
calculated by Navas et al.”’ for Cd substitution in Pb-based
perovskites.

To develop an understanding of the mechanism that leads to
the enhancement in grain size and crystallinity, we first consider
the basic nucleation and growth mechanisms of MAPDI;
perovskite in the two-step process without Cd. Once MAI is
introduced to the Pbl, seed layer, MAI interacts with the Pbl,
framework to form the perovskite phase. The density of
MAPDI; nuclei is determined by the concentration of MAI in
the IPA solution.” At high MAI concentrations, the Pbl, can be
partially dissolved, and the nucleation of the MAPbI; can be
viewed as occurring in a nearly homogeneous manner.”” In this
case, a relatively large number of nuclei are created, there is
little preferred orientation, and the grain growth is diffusion
limited. Under these conditions, the perovskite film is
comprised of relatively small, randomly oriented grains.
Additional consideration of the phase diagram'' indicates that
low-dimensional perovskites (LDPs) are present when the MAI
concentration is high. Consequently, the as-deposited film is
highly defective and poorly ordered (Figures la and S2f). The
LDPs and small crystallites can be converted into material with
improved crystallinity and higher electronic quality by simple
postdeposition heat treatment (Figures 1c and 2c).

The dramatic improvement in grain size observed when Cd
is included is clearly connected to a change in the growth
process. Heterogeneous nucleation is suggested by the fact that
the addition of Cd to the MAI solution leads to MAPbI; films
that are highly oriented. However, note that the Pbl, film is
oriented in the (001) direction, which would be consistent with
templating of (202) perovskite planes (see Figures S3 and S4),
but the Cd_MAPDI, films are oriented in the (110) direction.
Note also that the grain sizes and shapes are very different in
the Pbl, and Cd_MAPDI; films. While the Cd_MAPbI; films
are compact with 1-2 ym §rains, the Pbl, seed layer is terraced
and slightly porous (~6%)~* with grain sizes on the order of a
few hundred nanometers (see Figure S2a)b).

To develop more insight, optical absorption spectroscopy
was performed on the Cd-containing MAI solutions.
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Absorption in the range of 300—325 nm was ascribed to the
formation of molecular complexes (see Figure SS). The
solutions were optically clear for at least a week, indicating
that the Cd-based MAI complexes do not interact or coalesce.
In contrast, addition of 10 mM Pb ions to MAI solutions led to
turbid solutions and precipitation, indicating the growth of
larger particles. Evidently, the surfaces of the Cd complexes are
terminated in such a way that they are less reactive than their
Pb counterparts such that they do not readily agglomerate. X-
ray studies of films formed by deposition of the Cd-MAI
complexes onto glass substrates (see Figure S7) revealed
diffraction peaks at 26 of 9.1°, 16.7°, and 25.2°. The XRD
pattern indicates that the solution phase complexes are most
likely Cd-based LDPs such as (CH;NH,),CdlL, **° Note that
similar X-ray signals were also observed in the as-deposited
Cd_MAPbI; films, but they disappeared after the films were
subjected to the mild postdeposition heating (see Figure S7).
Thermal gravimetric analysis (TGA) showed that the
decomposition of the (CH3;NH;),Cdl, material initiated at
~200 °C, in strong similarity to TGA data for MAPbL,'" (see
Figure S8).

With all of the data in hand, we can speculate on a possible
mechanism by which the small grain (001) oriented Pbl, seed
layer can be transformed into the large, compact grains of
MAPbI; with nearly complete (110) orientation. First, because
the growth of the large oriented grains occurs immediately
upon introduction of the Cd-containing MAI solution, without
the need for any annealing process, it is very likely that the PbI,
film is not dissolved, reacted, and reprecipitated as MAPbI;.
This so-called dissolution/precipitation reaction has been
evoked to describe the growth of the smaller, randomly
oriented crystallites that typically result from the two-step
process22 (Figures lc and 2c). As an alternative, we can
consider a process in which the Pbl, octahedra that comprise
the Pbl, are not moved significantly from their initial positions
but, instead, are rotated and transition from edge sharing to
corner sharing coordination with incorporation of MAL In this
view, the large grain sizes are a consequence of the conversion
of the (001) Pbl, seed layer proceeding in an organized fashion
as might be expected for a topotactic process. Apparently, the
Cd-LDPs serve as a type of flux or catalyst for enabling the
transformation. The concept is similar to the solution—liquid—
solid growth mechanism that has been developed for
understanding the growth of III-V crystals.”' In the present
case, the fluxing species is the Cd-LDPs, which are formed in
the MAI solution. When the MAI solution is introduced to the
Pbl, seed layer, the Cd-LDPs will have a high affinity for the
Pbl, terrace edges. At the interface, mixed-metal LDPs may
form with some degree of interdiffusion. Because the
(CH;NH,),Cdl, structure consists of cadmium iodide
octahedra nanostructures (sheets) encased in an organic MA*
matrix in an open configuration,” Cd-LDPs interfaced to Pbl,
grains should provide low energy pathways for incorporation
and transport of MA" and I” species. In this way, the phase
transformation of the parent Pbl, film to MAPbI; would be
facilitated. The difference in grain size of the initial Pbl, and
final MAPbI; films can be rationalized by two-dimensional
annealing that could be additionally facilitated by the presence
of the Cd-LDP flux. This recrystallization process fills the pin-
holes and voids between grains, resulting in the observed large
grains with a reduced grain boundary area. Returning to the
SEM image of Figure 1b, the high contrast edges of the grains
in the as-deposited Cd_MAPDI, film can now be understood as
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being due to the presence of electrically insulating Cd-LDPs
that are left decorating the edges of the grains. Interestingly,
EDS scans of both surface and cross-sectional views did not
detect any Cd, indicating that the Cd concentration is below
1%. The subsequent heat treatment decomposes the LDP
structure and integrates the Cd more fully into the MAPDI;
structure (Figure 1d).

To determine the impact of the increased grain size and
carrier lifetime on the photovoltaic device performance, solar
cells were fabricated on the basis of Cd_MAPbI; and MAPbI;
thin films in the FTO/c-TiO,/m-TiO,/MAPbI,/spiro-MeO-
TAD/Au configuration. The ~150 nm thick mesoporous TiO,
layer (m-TiO,) was formed by spin-coating TiO, paste (Dyesol
18NR-T) diluted in ethanol onto the c-TiO, layer and
annealing at 550 °C for 30 min (see the Experimental Section
for complete device fabrication). Current—voltage (J—V) was
collected under simulated AM 1.5G solar spectrum at light
intensity of 100 mW/cm? We note that this nonoptimized cell
configuration with a relatively thin mesoporous layer was
adopted to allow relatively high throughput experimentation
and investigation of the impacts of the Cd-induced grain
growth. Figure 4 shows that the PCEs for the 30 full devices fell
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Figure 4. Histogram of efficiencies for devices prepared from MAPbI;
and Cd_MAPbI; thin films.

into two narrow and distinct ranges. Note that the low PCE for
the devices formed without Cd (~7%) using 250 mM MAI
should be compared to a value of 10.8%, which is typical for
cells made on TiO, layers produced in our laboratories using an
MAI concentration that optimizes efficiency without Cd (57
mM, see Figure 2a). This latter value can then be compared to
a state-of-the-art device formed with similar processing but with
a more fully optimized TiO, electron transfer bilayer (15—
17%).”* Devices made from Cd_MAPbI, with 10 mM CdCl,
and 250 mM MAI yielded efficiencies that were approximately
twice the average efficiency of the 250 mM MAI MAPDI;
devices using a similarly unoptimized TiO, bilayer.

Table 2 shows that the improved PCE for the devices made
with Cd_MAPDI; comes from increases in the open circuit

voltage (Voc), short circuit current density (Jsc), and fill factor
(FF). Note that a V. value of 1.06 V for the champion
Cd_MAPbI, device is close to the current record of 1.15 V.*?
J—=V hysteresis appeared in devices made with both the
standard and the Cd-modified perovskite films (Figure S9), and
the hysteresis factor” was slightly improved (from 42% to
39%) with the addition of Cd. With an average value of 17.8
mA/cm? which is substantially lower than the current record
value of 23.5 mA/cm?* it is clear that the J, is the primary
factor that limits the performance of the devices.

To explore the origin of the low J. values, the external
quantum efficiency (EQE) was measured. Consistent with the
J—V measurements, the champion Cd MAPbI; device showed
an EQE response that was higher than the response of the
champion MAPDI; device across the entire wavelength range
(Figure S). Of particular note is the long wavelength response,
which is reduced for both devices. Poor long wavelength
response is generally associated with poor collection of charge
carriers that are generated deep within the device. The poor
performance in the long wavelength region is, once again,
consistent with the limitations of our TiO, bilayers. To estimate
the internal quantum efficiency (IQE), the EQE data were
corrected by the transmission spectrum data for the glass/
FTO/c-TiO,/m-TiO, portion of the device that reduces the
amount of light admitted into the perovskite absorber (Figure
S).

The IQE data show that the current collection for the
Cd_MAPbI; sample is fairly high across the full spectrum
(average of 83% from 460 to 750 nm), while the IQE for the
MAPDbI; control device is still poor at wavelengths longer than
~450 nm. The poor long wavelength response from the control
MAPDI; film indicates that the dominant recombination
mechanism is associated with traps that reduce the probability
of harvesting photoexcited electrons close to the HTL at the
back of the device. Evidently, the inclusion of Cd during
synthesis improves the collection of photoexcited electrons by
reducing the effective density of charge traps. Because the
transparent conductor/ETL portion of our devices has not
been optimized for transmission, it is interesting to estimate the
theoretical maximum for ] of the device by integrating the IQE
data. In this case, we would expect a J,. of 21.4 mA/cm? which
would give rise to a 16.4% device with all other parameters held
constant.

B CONCLUSION

We have shown that Cd salts introduced into the MAI
precursor solution can allow the use of higher MAI
concentrations and significantly improve the quality of
MAPDI; perovskite films prepared by the two-step method.
The grain size and crystallinity were strongly enhanced, and the
(110) oriented Cd-MAPbI; films exhibited increased carrier
lifetimes and solar cell device efficiency with improved

Table 2. Solar Cell Performance Metric for Devices Made with Cd_MAPbI; and MAPbI; Films

sample V.. (V) Joc (mA/cm?) FF (%) PCE (%)
control
average 091 + 0.03 123 + 14 58.65 + 8.66 6.5 £ 0.7
champion 0.92 12.5 62.06 7.1
with CdCl,
average 1.04 + 0.01 17.8 +£ 0.3 7042 + 0.99 13.1 £ 03
champion 1.06 179 72.59 13.8
2338 DOI: 10.1021/acsami.6b 12627
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Figure S. J—V measurements, EQE, IQE spectra, and integrated current densities of CH;NH;Pbl; perovskite solar cells with (blue) and without
(red) CdCl, additives. The integrated photocurrent density values were 11.22 and 17.7 mA/cm” for devices prepared with standard and Cd-assisted
MAPDL,, respectively. These values were in good agreement with the experimentally measured J,. values (Table 1).

reproducibility. Although not completely understood, the
growth mechanism clearly changes, and the resultant films
demonstrate improved carrier lifetimes. Using an unoptimized
TiO, bilayer, we showed that the PCE of perovskite solar cells
can be improved with Cd*" incorporation during the film
preparation. The Cd-assisted deposition method may provide a
way to improve the quality of films grown by high rate
deposition processes.

B EXPERIMENTAL SECTION

Unless specified, all chemicals were obtained from Sigma-Aldrich and
used without further purification.

Synthesis of Methylammonium lodide. Methylammonium
iodide was synthesized by reacting hydroiodic acid (HI, 57 wt % in
water) with methylamine solution (CH;NH,, 33 wt % in ethanol) in
an ice bath with continuous stirring for 2 h in a nitrogen atmosphere.
A white product was obtained after evaporating the liquid phase at 80
°C. The product was then dissolved in ethanol and recrystallized using
diethyl ether. Finally, the MAI powder was obtained after drying for
more than 12 h in a vacuum.**

Perovskite Film Preparation. The 1 in. X 1 in. FTO coated glass
substrates (TEC 18, Pilkington NA) were cleaned in an ultrasonic bath
with Micro-90 detergent for 1 h and then rinsed for 1 h in deionized
water. The samples were thoroughly dried using nitrogen gas and
transferred to a nitrogen filled glovebox with (~0.1 ppm of H,O and
O,). An ~50 nm thick compact TiO, film was prepared by spinning a
0.3 M titanium diisopropoxide bis(acetylacetonate) in ethanol onto
the FTO substrates. The deposited layer was dried at 125 °C for S min
and then annealed at 500 °C for 30 min in air.>® The MAPbI,
perovskite layer was formed by reacting a Pbl, seed layer with a 250
mM solution of MAI in IPA. A mixture of MAI (250 mM) and CdCl,
(10 mM) in IPA was used in the Cd-assisted deposition. The Pbl,
layer was deposited by spin-coating a hot (~70 °C) solution of 1 M
Pbl, in anhydrous DMF at 5000 rpm for 30 s, followed by drying at
100 °C for 15 min. After being cooled to room temperature, the MAI-
IPA solution (with and without CdCl,) was preheated to 70 °C and
spin-coated onto the Pbl, layer. The reaction was completed by
heating to 150 °C for S min on a hot plate.

Thin Film Characterization. SEM (Hitachi S-4800) images and
XRD (Rigaku Ultima III) spectra were gathered from films prepared
on FTO/glass substrates that were coated with a compact TiO, layer.
Films were directly deposited onto soda-lime glass substrates to obtain
UV—vis absorption (PerkinElmer Lambda 1050), PL, TRPL data of
MAPbI, films, and XRD of (CH;NH;),CdI, LDPs.

PL measurements were obtained at several locations on the MAPbI,
samples with $32 nm CW excitation from the film side (laser spot size
of ~140 um, integration time of 0.5 s, laser intensity of 140 mW/cm?)
at room temperature. The PL signal was detected with a Symphony II
CCD detector (Horiba) after a 300 g/mm grating monochromator.
TRPL measurement at different locations of the samples was
performed with a time correlated single photon counting module
(Becker & Hickel Simple Tau SPCM 130-E/M module). A 532 nm
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pulsed laser (beam diameter of ~100 ym) was used as a source of
excitation. Samples were excited with ~10'* photons/pulse/cm? at the
peak emission wavelength, as determined from the PL measurement.
The PL signal was detected by PMT hybrid detector after a Horiba
IHR 320 monochromator (900 g/mm, 850 nm blaze) grating. Decay
curves were fitted to a biexponential decay function.

Device Preparation. After deposition of the compact TiO,, an
~150 nm thick mesoporous TiO, layer was deposited by spin-coating
a diluted TiO, paste (Dyesol 18NR-T) in ethanol (1:7 w/w) at S000
rpm for 30 s. The deposit was dried at 125 °C for S min prior to
annealing in air at 550 °C for 30 min. MAPDI; absorber then was
formed using the two-step solution method as described above. The
hole transport layer was made by dissolving 73.3 mg of 2,2,7,7'-
tetrakis(N,N-di-p-methoxy-phenylamine)-9,9'-spirobifluorene (Spiro-
MeOTAD) in 1 mL of chlorobenzene with two additives: a 28.8 uL
aliquot of tert-butylpyridine and a 17.6 uL aliquot of a lithium
bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution in acetonitrile.
The latter was obtained from a stock solution (520 mg Li-TFSI/mL).
The film was formed by spinning 80 yL of the mixture at 3000 rpm for
30 s on the perovskite layer. Finally, devices were completed by
depositing 40 nm of gold as a back electrode with a 0.08 cm? active
area using thermal evaporation.

Device Characterization. J—V characteristics were measured
under simulated AM1.5G illumination using a Keithley 2440 digital
source meter and a solar simulator (Newport model 91195A-1000).
The light intensity of the simulator was calibrated using a standard Si
solar cell. The EQE measurements were acquired from wavelength
range of 300—800 nm using a PV Measurements Inc., model IVQES-C
QE system without bias voltage.
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