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ABSTRACT: Organic—inorganic metal halide perovskites are notoriously unstable in
humid environments. While many studies have revealed the morphology and crystal
structure changes that accompany exposure to humidity, little is known about changes
to the photophysics that accompany the degradation process. By combining in situ
steady-state and time-resolved photoluminescence with Hall effect measurements, we
examined the changes in the photoexcited carrier dynamics for methylammonium lead
iodide (MAPbI;) and bromide (MAPbBr;) films exposed to nitrogen gas containing
water vapor at 80% relative humidity. The changes in the photophysics of MAPbI,
interacting with water follow a four-stage process, consisting of surface passivation, free
electron doping, interfacial hydration, and bulk hydration. In contrast, MAPbBr;
exhibits only features associated with the first two stages, which occur at a faster rate.
Our results elucidate the degradation mechanisms of perovskite films in high humidity

from the perspective of the photophysics, providing insights for how humidity affects the stability of the perovskite materials.

S olar cells based on organic—inorganic metal halide
perovskites have drawn substantial attention in the past
few years due to the high power conversion efficiencies of
>23%' in combination with easy material synthesis, low-cost
device fabrication, and low environmental impacts.””'" With
intense research effort directed at continuing to improve device
performance, perovskite solar cells are now being considered as
promising rivals to the more established photovoltaic (PV)
technologies, such as crystalline silicon and some thin films
(e.g, CdTe and Culn, ,Ga,Se,)."""* While low-cost processes
for fabrication of perovskite modules have been designed,'>"*
commercial deployment is hindered by performance degrada-
tion during operation, and several fundamental issues
concerning the perovskite material and device stability remain
unanswered.”” Without addressing these stability issues, the
full potential of this promising PV technology cannot be
realized. Therefore, searching for the origins of instabilities and
developing strategies to circumvent them have become key
research goals in the field of perovskite PV research.'®™>°
The conventional perovskite materials, with methylammo-
nium lead iodide (MAPbI;) and bromide (MAPbBr;) serving
as prototypes, are notoriously unstable in ambient environ-
ments. Although the underlying degradation mechanisms are
far from completely understood, preliminary studies have
identified environmental factors such as humidity,”"** oxy-
gen,23_25 light,26_28 and heat®*® and intrinsic device factors
such as the electrode metal migration/ reaction>! > and ionic
defects in the perovskite material itself.”*** These mechanisms
operate in parallel to deteriorate device performance. Among
these, humidity has been demonstrated as the most aggressive
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cause of instability in materials and devices due to the
formation of the intermediate hydrated perovskite phases such
as CH;NH,PblI;-H,0 and (CH;NH,),Pbl,-2H,0,”*** which
subsequently decompose into solid-state Pbl, and volatile
gases (e.g, HI and CH,NH,).*” While many studies have
revealed that morphology and structure both change in
perovskite films after exposure to humidity,""™* little is
known about the changes in the photophysics that accompany
water-induced degradation.

Most recently, studies on luminescence properties of hybrid
perovskite films in the presence of dry nitrogen and oxygen
atmospheres revealed diverse photophysical phenomena
related to the nature of instabilities of perovskites.*”** These
findings opened an avenue to investigate the correlation
between the formation of sub-band-gap defect states and the
stability of perovskite materials. In this Letter, we investigate
the photoexcited carrier dynamic processes of MAPbI; and
MAPDBr; thin films under humidity using in situ steady-state
and time-resolved photoluminescence (PL and TRPL,
respectively) measurements in combination with Hall effect
measurements. Our results reveal the underlying photophysics
that govern device performance degradation and allow
definition of the performance boundaries for perovskite solar
cell operation in humid environments.

To characterize the optoelectronic properties of pristine
MAPbX; (X = I or Br) samples, we prepared perovskite films
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Figure 1. PL and OA spectra of pristine (a) MAPbI; and (b) MAPbBr; films. TRPL decays of pristine (c) MAPbI; and (d) MAPbBr; films. SEM

images of pristine (e) MAPbI; and (f) MAPbBr; films.

on soda-lime glass substrates in a nitrogen glovebox and
immediately characterized their photophysics while limiting
exposure to the air. Figure 1a shows optical absorbance (OA)
and PL spectra of pristine MAPDI; films. The absorption band
edge of 1.59 eV determined by the Tauc plot (Figure S1) is
consistent with the PL emission centered at 776 nm (1.60 eV).
A blue shift in the emission relative to the bulk emission from
MAPDbI, single crystals (~1.54 V) is observed, which is typical
for polycrystalline films. The blue shift was attributed to lattice
deformation near the surface and grain boundaries in the
past.***” A recent study by Wenger et al. pointed out that
carrier diffusion and reabsorption by the surface could be the
main mechanism behind the blue-shifted PL.** In contrast to
MAPDI;, the OA signal for MAPbBr; films shows band-to-
band as well as excitonic absorption features (Figure 1b).**~>"
The continuum band edge at 544 nm (2.28 eV) and the
prominent excitonic absorption band at 525 nm (2.36 eV)
were extracted by fitting the OA spectrum using the Elliott
formula (Figure S2).°**" The excitonic binding energy was
determined to be ~80 meV, consistent with the values
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reported in the literature.””*” The PL emission was centered at
547 nm (2.27 eV), with a small Stokes shift from the
continuum band edge due to vibronic relaxation of the
perovskite crystal.”*

Turning to the TRPL data, the average minority carrier
lifetimes of the as-prepared MAPbI; (Figure 1c) and MAPbBr;,
(Figure 1d) samples are 98 and 95 ns, respectively. However,
the details of the PL decay dynamics reveal different
recombination behaviors. The MAPbI; film shows an initial
fast decay time constant (z,) of 49 ns, which can be attributed
to surface recombination, and a slower component (z,) of 132
ns that is related to recombination in the bulk. These values are
typical for perovskite films with a smooth surface morphology
(Figure 1e) and also for certain single crystals."” The MAPbBr,
film exhibits a faster initial decay with a time constant of 16 ns,
likely due to the presence of surface defects (Figure If).
However, the slow component (~100 ns) dominates the decay
process with ~95% vyield (Table S1), indicting good
crystallinity in the bulk. X-ray diffraction measurement (Figure
S3) confirmed that the perovskite films used for this study
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Figure 2. PL evolution images of (a) MAPbI; and (b) MAPbBr; as a function of time after exposure to 80% RH. PL emission peak intensity and
position of (c) MAPbI; and (d) MAPbBr; as a function of the exposure time.
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Figure 3. Evolution of TRPL time constants and yields of (a,c) MAPbI; and (b,d) MAPbBr; as a function of time after exposure to 80% RH.

were phase-pure with good crystallinity and are representative
of high-quality solution-processed perovskite films.

The photophysics of the perovskite films were then
examined during exposure to a flowing nitrogen gas containing
moisture at a relative humidity (RH) of 80 + 5% (~25 mbar of
H,0 at 300 K) through an in-house-built environmental
chamber (Figure S4). The control experiments under dry
nitrogen flow were performed. In agreement with previous

reports,**** we observed lower PL intensities of the perovskite
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films in nitrogen compared to those in air. However, unlike the
perovskite films under oxygen,*’ there were no significant
changes due to laser illumination after monitoring PL signals of
MAPbI; and MAPbBr; under nitrogen for up to 4 h (Figure
SS), indicating decent photostability of the perovskite films
under nitrogen. Figure 2a shows the evolution in PL emission
from MAPDI; as a function of moisture exposure time. Data
was collected at 1 min intervals using a charge-coupled device
(CCD) camera, and three samples were studied for each

DOI: 10.1021/acs.jpclett.8002595
J. Phys. Chem. Lett. 2018, 9, 6312—6320
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Figure 4. Schematic illustrations of the MAPDI; crystal structure evolution at the different stages of water exposure, including pristine MAPbI;,
water-assisted surface passivation (Stage 1), water induced n-type doping (Stage 2), formation of the monohydrated perovskite interface (Stage 3),
conversion to the hydrate phase (Stage 4), and complete decomposition into Pb,.

measurement to ensure statistically significant results (see the
Experimental Methods section for details). Four distinct stages
can be discerned. At early times, the PL intensity increases and
peaks after ~4 min of humidity exposure (Stage 1). After this
transient brightening, the PL emission suffers a deep decline
and the intensity reaches a minimum after ~40 min (Stage 2).
The drop of PL emission during the first two stages is partially
reversible, which is consistent with the observation of the
reversible drop of photocurrent in MAPbI; devices.’®
Surprisingly, after stabilizing, the PL emission begins to
climb again after ~50 min and temporarily peaks after ~100
min with an intensity that is higher than that of the pristine
film (Stage 3). Finally, the peak intensity gradually decreases to
zero after ~140 min (Stage 4). In addition to the intensity
variation, the PL peak position red shifts from 778 to 782 nm
(8 meV) during the first three stages and then blue shifts to
765 nm (27 meV) during the last stage (Figure 2c).

In contrast, the PL from the MAPDbBr; film underwent a
two-stage evolution (Figure 2b). After initial transient
improvement over the first ~S min of exposure time (Stage
1), the PL emission showed a rapid exponential decay as time
elapsed (Stage 2). However, a weak PL emission, with only
~10% of the highest intensity, was still observed after S h,
indicating that a small portion of the perovskite film retained
photoluminescent properties. Interestingly, the PL peak
position of MAPbBr; was red-shifted after Stage 2 by only a
few meV (Figure 2d). This suggests that a shallow defect level
had formed that lowered the emission energy with respect to
the band-to-band emission.

To better understand the changes in the photophysics that
accompany the degradation processes, we measured the time
evolution of the TRPL data from MAPbI; and MAPbBr; films
while they were exposed to the same environmental conditions
(Figure 3). The TRPL data was collected over S and 2 min
time intervals for the MAPbI; and MAPDBr; films, respectively,
to ensure sufficient signal for quantitative analysis. The data
was well fitted by the following biexponential function
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f(t) =C x exp[—i) + C, X exp[—i]

1 33

where 7, and 7, are the fast and slow time constants of the
decay and C, and C, are amplitudes. Yield percentages for the
two time constants are calculated as A; = C;7,/(Ci7; + C,1,)
and A, = C,1,/(Ci7y + Co1y).

Figure 3ab shows the time evolution of the two time
constants extracted from the MAPbI; and MAPDbBr; data sets.
The same general four-stage evolution that was observed in the
steady-state PL data of MAPbI; is evident, as is the two-stage
behavior for MAPbBr;. Small changes in the timing of the
stages are attributed to sample-to-sample variation, film
inhomogeneity, gas flow, etc, but the data makes it clear
that the photoexcited carrier dynamics are governed by the
same mechanisms that control the steady-state PL behavior, as
expected.

Consideration of the yields of the two time constants
(Figure 3c,d), however, provides new insights. In the case of
MAPDbI;, the yield ratio of A, to A is close to 1 in both Stages
1 and 2 but increases dramatically as the perovskite hydration
occurs. The increasing ratio (A,/A;) shows the improved
surface passivation for the MAPbI; films. During Stages 3 and
4, A, (the slow component) becomes dominant, indicating that
the surface defects were effectively passivated. However, the
bulk film quality of MAPbI; is increased first (Stage 3) and
then decreased (Stage 4) during the decomposition process. At
the end of the experiment, the total PL intensity is low, but the
volume of material that is still emitting is doing so with an
effectively long lifetime. These findings are consistent with
localized bright regions that have been reported in laser-beam-
induced current measurements.”® The findings for MAPbBr;,
however, are dramatically different. In this case, we see a ratio
of A, to A, that is much greater than 1 initially, and it very
quickly falls to ~1:1. This result reveals that the surface of
MAPDBr; is very sensitive to water.

Combining the PL and TRPL results, we can develop a
comprehensive picture of the water-induced changes in the

DOI: 10.1021/acs.jpclett.8002595
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photoexcited carrier dynamics in MAPbI; and MAPbBr; films.
Figure 4 illustrates the structural aspects of the four-stage
evolution of MAPDbI; in a humid environment as well as the
initial and final products of the process. Generally, the pristine
polycrystalline perovskite films of MAPbI; possess uncoordi-
nated bonds on the surface and grain boundaries, and these
can act as charge traps. When the perovskite film is first
exposed to humidity (Stage 1, Figure 4), water molecules
quickly form hydrogen bonds with uncoordinated I atoms at
the surface, which suppresses nonradiative surface recombina-
tion.”> Evidence for hydrogen-bonded water molecules in the
inorganic Pb—I network were revealed by infrared spectrosco-
py work performed by Miiller et al.>® Interfacial ab initio
molecular dynamics simulations®”*® showed that a small
concentration of water molecules can localize photoexcited
electrons to the perovskite/water interface, decreasing
electron—hole overlap and increasing the excited-state life-
time.>® Therefore, we attribute the initial enhancement in PL
intensity and photoexcited carrier lifetime to water-assisted
surface passivation, which in turn leads to enhanced photo-
current generation in MAPbI; devices.”®

When the water partial pressure is increased (Stage 2, Figure
4), water molecules start to form a continuous network that
fully covers the perovskite surface. This water surface layer
delocalizes the electron wave function in the perovskite
crystal®® and creates effective n-type doping by donating free
electrons into the bulk. Moreover, water molecules contribute
to high-frequency polar vibrations at the interface, which
increases vibronic coupling.’® As a result, nonradiative
recombination of photoexcited carriers is accelerated, and
both the PL emission intensity and minority carrier lifetime are
decreased. A recent X-ray photoelectron spectroscopy study by
Li et al. revealed that the Fermi level of MAPDL, is shifted from
0.85 to 1.41 eV above the valence band maximum after water
molecules infiltrate the perovskite, demonstrating that
embedded water acted as a strong n-type dopant.””

To probe the doping effect of water in the perovskite films,
we measured electrical conductivity and the Hall voltage of
perovskite films during humidity exposure (see the Exper-
imental Methodssection for details), and the effective donor
density as a function of exposure time was calculated. Figure Sa
shows the electron density change as a function of time
exposed to humidity. For the MAPDI; film, the free electron
density increased dramatically from ~10" to ~10*° cm™ in
the period of ~4 to ~50 min (Stage 2). The increased free
electron density, most likely appearing at the grain surfaces,”
accelerated the recombination rate with holes and thus
shortens the minority carrier lifetime. In fact, we have shown
that water vapor can convert the photoactive MAPbI; in the
perovskite/Si tandem solar cells into a semitransparent
conductive material.°"®> The rapid increase of conductivity
of the perovskite film is consistent with the report by Miiller et
al.>® Additionally, the water-induced n-type doping creates a
donor energy level within the band gap of the perovskite
(Figure Sb), leading to a slight red shift of the PL emission
peak.

In Stage 3 (Figure 4), water vapor saturates on the surface of
the perovskite crystal, hydroxide substitution on the halide
lattice occurs, and CH;NH;" and I” species are released from
the lattice.”” This process weakens the bonding in the crystals
and eventually dissolves the surface layer of the Pb-—I
framework. The dissolved Pb—I octahedra are then likely to
combine with the organic species, forming an intermediate
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Figure S. (a) Charge carrier density of MAPbI; and MAPbBr; as a
function of time after exposure to 80% RH. (b) Ilustration of charge
carrier recombination pathways, including nonradiative, band-to-
band, and donor-band recombination types in perovskite and
hydrated perovskite.

low-dimensional hydrated perovskite layer that separates the
bulk perovskite from the surrounding water. This monohydrate
perovskite layer acts as a diffusion barrier that isolates the bulk
perovskite crystal from surface water coating, effectively halting
the free electron generation due to water doping. Moreover,
the wide-band-gap (E, = 3.1 eV) monohydrate perovskite layer
effectively passivates the surface of the perovskite films, leading
to a decreased surface/bulk (A,/A,) yield ratio for the lifetimes
(Figure 3c). Once the free carrier density gradually saturates in
the period of ~60 to ~100 min (Figure Sa), a small portion of
the water molecules can infiltrate more deeply into the bulk
perovskite, likely through grain boundaries, and start to
passivate the grain boundary defects of the underlying
perovskite crystals. As a result, nonradiative recombination
was quenched while the PL intensity was enhanced (Figure
2c). Charge carriers excited in the bulk can survive for a longer
time, leading to a significant increase in the bulk carrier
lifetime from ~100 to ~200 ns (Figure 3c). This enhancement
in the bulk perovskite optoelectronic properties is likely related
to the improved device performance when perovskite solar
cells are fabricated in a humid environment.**~**

While humidity is beneficial for defect passivation in the
MAPDI; perovskite, excess exposure to humidity is detrimental
to the perovskite due to the well-known hydration—
decomposition process (Stage 4, Figure 4).°® The high
water chemical potential promotes complete transition from
the perovskite phase into the monohydrated perovskite phase.
The monohydrated phase is inactive to incident photons, and
the absence of photogenerated charge carriers results in no PL
response in the visible range. The weak PL signal observed
here is possibly due to the remaining perovskite nanocrystals

DOI: 10.1021/acs.jpclett.8002595
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,which likely exist in a dynamic equilibrium with the hydrated
phases.’*** Additionally, the hydrated perovskite phase widens
the band gap of the surface states of the perovskite by
perturbing the interfacial band structure via surface deforma-
tion (Figure 5b),° leading to a blue shift of the PL emission
peak (Figure 2c). This surface distortion is likely the initial step
of structural reorganization toward the morphological
destruction.”® If the water—perovskite reaction proceeds, the
hydrated perovskites will decompose permanently into solid-
state Pbl,, while the volatile organic fragments are freed from
the perovskite crystal (Figures SS and S6).

In contrast to MAPDI;, only the first two stages of the
photophysical behavior are observed in MAPbBr; films. The
water-assisted surface passivation (Stage 1, Figure 4)
temporarily improves the optoelectronic quality of the
MAPDBTr;, as with MAPbI;, but this trend is quickly reversed
due to water-induced n-type doping (Stage 2, Figure 4), which
occurs much more rapidly. Thus, MAPbBr; is quickly turned
into a photoinactive material. The latter process, analogous to
Stage 2 of water—perovskite interaction, is accompanied by a
red shift of PL emission due to n-type doping (Figure 2d).
This degradation process likely occurs at a much faster rate due
to the stronger ionic characteristic of the Pb—Br bond relative
to the Pb—I bond, which makes charge injection easier
compared with the I-based counterpart. Electrical resistance
measurement shows rapid free electron injection, which
increases the electron density of MAPbBr; from ~10'° to
~10'"® within ~2 min of exposure to humidity (Figure Sa).
Unlike MAPDI;, water-induced degradation was identified on
the surface only after exposing MAPbBr; films to humidity for
S h (Figures SS and S6). Therefore, the evolution processes
related to the hydrated phases (Stages 3 and 4) are unlikely to
be present in MAPDbBr; in the time scale of the measurement.
Because of the absence of the hydrated phases, MAPbBr,
shows better structural stability than MAPbI; against humidity.
However, water can deteriorate the device operation of
MAPDBr; solar cells through the changing photophysics of
the material.

In summary, we investigated the photoexcited charge carrier
dynamics in MAPbI; and MAPDbBr; films during exposure to
humidity. We observed that the photophysical behavior of
MAPbDI; in humidity differs substantially from that of
MAPDBr;, arising from differences in the composition-
dependent formation and propagation of the hydrated
perovskite phase. Our results show that the unique behavior
of surface hydration in MAPbI; may benefit the optoelectronic
properties of the perovskite films, suggesting that appropriate
control of humidity during and after device preparation could
lead to enhanced device performance. MAPbBr; shows better
structural stability relative to its I-based counterpart but still
requires careful encapsulation to ensure operational stability.

B EXPERIMENTAL METHODS

Film Preparation. The perovskite films were deposited from a
precursor solution containing methylammonium iodide/bro-
mide (1 M) and lead iodide/bromide (1 M) in an anhydrous
DMF:DMSO solution at 4:1 (v:v) ratio. The precursor
solution was spin-coated onto soda-lime glass substrates at
4000 rpm for 30 s. At ~8 s after starting the process, 300 uL of
diethyl ether was poured on the spinning substrate. The coated
substrates were then annealed at 100 °C for 10 min in the
nitrogen glovebox. The thickness of the films was ~350 nm,
determined by cross-sectional SEM measurement.
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General Characterization Methods. The optical absorption
spectra were measured using a spectrometer (PerkinElmer
Lambda 1050) in the range of 350—2000 nm. SEM images
were obtained using a field emission electron microscope
(Hitachi S-4800). XRD spectra were measured using an X-ray
diffractometer (Rigaku Ultima III) in parallel beam mode with
an incident angle of 1°, a step size of 0.02°, and a speed of
0.50° per minute.

In Situ PL Measurement. Perovskite films were kept inside of
an airtight environmental chamber built with a 2.75 in. outside
diameter conflat flange (Lesker) (Figure S4) for the controlled
environment PL and TRPL measurements. The chamber was
purged with a nitrogen carrier gas through a water bubbler at a
flow rate of 0.083 m>/min to maintain 80 + 5% RH at the
outlet of the environmental chamber. Samples were illumi-
nated through the film side, and measurements were
performed at room temperature. A 532 nm cw laser (beam
diameter ~90 ym) at 91 mW/ cm? and a 405 nm cw laser
(beam diameter ~200 pm) at 528 mW/cm?* were used to
excite MAPbI; and MAPbBr; samples, respectively. The power
densities were tested on the control samples in air to ensure no
significant illumination damage during the measurement time.
The PL signal was detected via a Symphony-II CCD (Horiba)
detector after a 300 g/mm grating monochromator (integra-
tion time = 0.5 s). Steady-state PL spectra were taken at an
interval of 1 min over a period of 5 h. The data was used to
construct PL evolution maps.

In Situ TRPL Measurement. The same controlled environ-
ment apparatus was used for the TRPL measurements. The
samples were excited by a 532 and 450 nm pulse laser
(Fianium model SC400-2, pulse width & S ps, beam diameter
~ 150 um) at an incident photon flux of 10° photons/(pulse-
cm?) for MAPbI; and MAPbBr; samples, respectively. TRPL
measurements were performed with a time-correlated single-
photon counting (TCSPC) module (Becker & Hickel Simple
Tau SPCM 130-E/M module), and the PL signal was detected
via a hybrid avalanche photodiode (APD) and photomultiplier
tube (PMT) module (R10467U-50). TRPL measurements
were performed continuously for 4 h. Integration times were
300 and 120 s for MAPbI; and MAPbBr;, respectively.

In Situ Hall Effect Measurement. A modified Hall effect
vacuum chamber (MMR Technologies) was used for
controlled environment measurements using the same
conditions as those in the PL/TRPL measurements. Perovskite
films were laser patterned into a square shape (1 cm by 1 cm),
and Au contacts were deposited in a Van der Pauw geometry
(Figure S7). For the Hall effect measurement, the longitudinal
current I was generated using a Keithley 2601 source meter by
sweeping the voltage V from —20 to 20 V with a 30 s interval
followed by a reversed scan (20 to —20 V) S s later. The
transverse Hall voltage under a 0.26 T steady magnetic field
generated by an electromagnet was monitored using a Keithley
6514 electrometer in the voltage. Carrier concentration was
then calculated by using the equation Vi; = IB/nte, where Vi is
the transverse Hall voltage, B is the magnetic field, n is carrier
density, t is the thickness of the film, and e is unit electron
charge.
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