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Abstract. An optimized synthetic procedure for preparing photostable nanocrystalline methylammonium lead
halide materials is reported. The procedure was developed by adjusting the lead halide to
methylammonium/octylammonium halide precursor ratio. At a high precursor ratio (1:3), a blue-shifted
photoinduced luminescence peak is measured at 642 nm for CH3;NH3Pblz with 0.01 to 12 mJ pulsed-laser
irradiation. The appearance of this peak is reversible over 300 min upon blocking the irradiation. In order to
determine if the peak is the result of a phase change, in situ x-ray diffraction measurements were performed.
No phase change was measured with an irradiance that causes the appearance of the photoinduced luminescence
peak. Luminescence microscpectroscopy measurements showed that the use of a lower precursor ratio (1:1.5)
produces CH3NH;3Pbls and CHsNH3PbBr3 perovskites that are stable over 4 min of illumination. Given the lack
of a measured phase change, and the dependence on the precursor ratio, the photoinduced luminesce peak may
derive from surface trap states. The enhanced photostability of the resulting perovskite nanocrystals produced
with the optimized synthetic procedure supports their use in stable optoelectronic devices.

Keywords: surface traps, nanocrystalline perovskites, photostability, single nanocrystal analysis, synthetic
optimization, optoelectronics.

Resumen. Se reporta un proceso sintético optimizado para preparar materiales haluros de metilamonioplomo
nanocristalinos fotoestables. El proceso fue desarrollado ajustando la relacion entre los precursores de haluro
de metilamonio y haluro de octilamonio. Con una relacion de precursores alta (1:3), un pico luminiscente
desviado al azul a 642 nm fue detectado para CH3NH3Pbls con irradiacion de laser de pulso entre 0.01 y 12 mJ.
La aparicion de éste pico es reversible hasta por 300 min después de cesar la irradiacion. Para determinar si éste
pico se debe a una transicion de fase, se hicieron mediciones de difraccion de rayos-X in situ. Ninglin cambio
de fase fue detectado con niveles de irradiacion a los cuales se observa el pico luminiscente. Mediciones
luminiscentes macroespectroscopicas muestran que con una relacion de precursores mas baja (1:1.5) se
producen perovskitas CHsNH3Pbls y CH;NH3PbBr3 que son estables hasta con 4 min de iluminacion. Dado que
no se observa un cambio de fase, y la dependencia sobre la relacion de precursores, el pico luminiscente
generado bajo iluminacién podria derivarse de estados trampa de superficie. La fotoestabilidad incrementada
de los nanocristales de perovsita obtenidos por el procedimiento sintético optimizado ayudan a su aplicacion en
dispositivos optoelectronicos mas estables.

Palabras clave: trampas de superficie, perovskitas nanocristalinas, fotoestabilidad, analisis de nanocristal
individual, optimizacion sintética, optoelectronica
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Introduction

Organolead halide perovskite semiconductors of general composition RPbX3 (R = organic monocation,
such as CH3NH;"; X = halide, such as I or Br) have drawn attention as both photovoltaic [1, 2] and
optoelectronic [3] materials. Broad light absorption and long carrier diffusion lengths make perovskites ideal
light harvesters [4]. The certified power conversion efficiency of perovskite solar cells surged from 3.8% to
over 22% in the last 8 years [5-10]. In spite of these many advantages, organometal halide perovskites suffer
from instability against moisture, heat and light [11-13]. A deeper understanding of the fundamental physical
and chemical behavior of perovskites could help in mitigating these instability issues, thus enabling their
implementation and deployment into many energy technologies [14, 15].

Efforts to improve the physical and chemical properties of perovskites have focused primarily on
tuning their composition or dimensionality [16, 17]. Compositional and dimensional control are useful in tuning
the bandgap energies of some perovskite materials [18, 19]. Partial substitution with long alkylammonium
cations leads to low dimensional perovskites [20-22], some of which exhibit enhanced moisture stability.
Control of optoelectronic properties through mixing cations and halides has been widely exploited in enhancing
the power conversion efficiency of perovskite solar cells [14, 23-25]. Compositional variants of halide
perovskites have bandgap and luminescence energies that cover the entire visible spectrum [9, 26-28]. Halide
substitution also leads to enhanced stability, as CH3NHsPbls solar cells doped with Br show long-lasting
resistance against humidity [29, 30]. CHs;NHsPbBr; displays lower sensitivity to concentrated sunlight
compared to CH3NH3PbI; [31].

A few reports describe the unusual photophysical behavior of organometal halide perovskites,
specifically a reversible shift in photoluminescence maximum (Amax) under thermal and photochemical
conditions [32-34]. Gottesman et al. observed a decrease in luminescence intensity and increase in the 108
cm’! Raman band of CH3NH3Pbls solar cells, and attributed these changes to slow photoinduced structural
changes since the timescale of the change was not consistent with an electronic process [34]. Sadhanala and
co-workers measured two absorption peaks in freshly-prepared, mixed-halide CH;NH3Pb(Bri«Ix)s perovskite
films. A single absorption band, however, was measured after aging the film for 21 days [33]. Hoke et al. have
also reported light-induced changes to the absorption and photoluminescence spectra of CH3NH3Pb(Bri«Ix)s
perovskite films. They attribute these behaviors to reversible crystalline changes and trap states [32]. Structural
defects and ion migration contribute to the notorious photocurrent hysteresis [35, 36] and specific quantum
efficiency [37] that characterizes perovskite semiconductors and devices. Unusual photophysics that are caused
by surface defects may become even more prominent in nanocrystalline perovskites [38].

Trap states in perovskites. CH;NH3Pblz has a broad emission band and a high quantum yield of
photoluminescence. The nature of the radiative decay channels and the spectral broadening mechanisms are
largely determined by phonon coupling effects and defects or trap states [39]. Trap states are likely to occur at
the surface of perovskite nanocrystals [38]. Vacancies, such as ionic defects like Pb*, I, and CH3NH3", can also
form shallow trap states and reduce carrier lifetimes [40]. Strong covalency of the Pb cations and I anions lead
to the formation of Pb dimers and iodide trimers, which are responsible for transition levels that can serve as
recombination centers that reduce solar-cell performance [41]. Trap states increase the frequency of non-
radiative recombination, which reduces the quantum yield [42]. Density-functional theory studies have
revealed the unusual defect physics of CHsNH3PbX3 [41, 43-46]. For example, shallow point defects could
explain in part the ultra-high open-circuit voltages of CH3NH3PbBr3 solar cells [46].

Synthetic conditions play an important role in the formation of trap states. For example, perovskites
grown under high iodine concentrations are likely to have defects (lead atom substituted by iodide) and a high
density of deep electronic traps (recombination centers) that cause short diffusion lengths and poor photovoltaic
performance [47]. Supramolecular halogen bond complexation can passivate the under-coordinated iodine ions,
which can reduce trap sites near the perovskite surface [48]. Lewis bases are used to passivate under-coordinated
lead atoms, and treated perovskites exhibited reduced electron-hole recombination and consequently longer
photoluminescence lifetimes [49]. Adding fullerene layers has also proven to be an effective way to passivate
the charge trap states and get rid of photocurrent hysteresis [35, 50].

Building on our previous work [22], a systematic synthesis of photostable nanocrystalline
CH3NH3PbX3 is demonstrated. Optimization of the CH3NH3Pbls alkyl halide to lead halide precursor ratio,
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inhibited the appearance of a reversible photoinduced 630-nm photoluminescence peak that may be derived
from surface traps. Using an optimized synthetic procedure, luminescence of single CH3NH3Pbl; and
CH3NH;3PbBrs nanocrystals was stable over 240 seconds with over 1 x 10° W/cm? irradiance. The reported
optimized synthesis may be applicable to other organometal halide perovskites, for example those with mixed
halide composition.

Experimental

Materials

Lead(IT) bromide (= 98%), N,N-dimethylformamide (DMF), lead(II) iodide (99%), methylamine (33
wt% in ethanol), n-octylamine (99%), and toluene (anhydrous, 99.8%) were purchased from Sigma-Aldrich.
Hydrobromic acid (ACS, 47.0-49.0%), hydroiodic acid (ACS, 55-58%), and oleic acid (tech., 90%) from Alfa-
Aesar; diethyl ether from Baker; toluene (99.9%) and acetonitrile (99.9%) from Fisher. Materials were used as
received unless specified otherwise.

Synthesis

Ammonium Halides. Dimensionality control is achieved using a bulky alkylammonium cation as a
capping ligand. Hydrogen halides were prepared by a modified literature procedure [45]. Briefly, hydroiodic
acid (10 mL, 0.075 mol) or hydrobromic acid (8.6 mL, 0.075 mol) was added to a solution of excess
methylamine (24 mL, 0.192 mol) in ethanol (100 mL) at 0 °C, and the mixture stirred at this temperature for 2
h. The sample was concentrated under vacuum, and the resulting powder dried under dynamic vacuum at 60 °C
for 12 h and recrystallized from ethanol. Both rn-octylammonium iodide (CH3(CH2);NHsl) and n-
octylammonium bromide (CHs(CH2)7NH3Br) were washed repeatedly with diethyl ether and dried under
dynamic vacuum before use.

Nanocrystalline CH:NH3PbX3. PbX> (0.008 mmol), CH3NH3X (0.012 mmol) and CH3(CH2);NH3X
(0.012 mmol) were dissolved in a mixture of acetonitrile (20 mL) and DMF (200 pL). 4 mL of the resulting
precursor solution was rapidly injected into toluene (15 mL) while stirring. After 24 h stirring at 20 °C, solids
were isolated by centrifugation (10 min at 4000 rpm) and purified by washing with toluene (5 mL) followed by
re-centrifugation.

Structural Characterization

X-ray diffraction (XRD) was collected on a Rigaku Ultima IV (40 kV, 44 mA). A Cu KR source was
used for radiation. A quartz sample holder was used as a substrate for drop-casted toluene solvated samples.
Details of the in situ measurements were as previously reported [51]. Transmission Electron Microscopy (TEM)
images were collected using a FEI Tecnai G2 F20 field-emission TEM capable of 200 kV with a point-to-point
resolution of less than 0.25 nm having a 0.10-nm line-to-line resolution. Dilute solutions were prepared in
toluene and 2 to 3 drops of each product were placed onto carbon-coated copper grids. TEM images were used
to measure the particle dimensions and were processed using the ImageJ program. Typically, more than 100
particles were counted in each case. Uncertainties in all measurements are reported as standard deviations.

Optical Characterization

Solution-phase optical extinction (absorption plus scattering) spectra were collected using an Agilent
8453 UV/Vis spectrophotometer equipped with a photodiode array. Solvent absorption was subtracted from
all spectra. Drop-casted solid films of each sample were measured using diffuse reflectance (SL1 Tungsten
Halogen lamp (vis-IR), a SL3 Deuterium Lamp (UV), and a BLACK-Comet C-SR-100 Spectrometer). A
Horiba-Jobin Yvon Nanolog scanning spectrofluorometer equipped with a photomultiplier detector was used
to collect steady-state PL spectra. Quantum yields for each nanocrystalline perovskite were calculated by
comparing luminescence intensities of Rhodamine 590 or 640 [52].

For the luminescence microspectroscopy of single nanocrystals, a DM IRBE microscope (Leica,
Wetzlar, Germany) was employed. Monochromatic illumination with a 532 nm laser (Coherent, Santa Clara,
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CA) was used to excite CH3NH3Pbls, and a 488 nm Argon ion laser (Uniphase, San Jose, CA) for
CH3NH3PbBrs.  An oil-immersion objetctive producing a spot with a 0.28 + 0.03 um diameter provided an
excitation power density of 1.6 x 10> W-cm 2. PL was collected using a HoloSpec /1.8 spectrograph (Kaiser
Optical Systems, Ann Arbor, MI, USA) equipped with a broad-range grating (HFG-650, Kaiser Optical
Systems) and a charged-coupled device (CCD) (Newton 940, Andor Technology, Belfast, UK) with a collection
binning time of 0.05 s. 2400 spectra were collected every 0.09873 seconds.

Results and discussion

General Synthesis and Characterization

Nanocrystalline organolead halide perovskites are prepared by dissolving (a) PbXz, (b) CHsNH3X, and
(c) CH3(CH2)7NH3X (X =1 or Br) precursors in a polar solvent such as dimethyl formamide (DMF, € = 38.25)
or acetonitrile (¢ = 36.64), followed by quick injection into a less polar solvent such as toluene (¢ = 2.379) as
shown in Scheme 1 [22]. DMF, acetonitrile, or both are used because they provide excellent precursor
solubility, as we reported previously for the synthesis of perovskite nanowires [22]. Introduction of a large ionic
ligand, such as an ammonium or carboxylate-containing surfactant, decreases the perovskite particle size. In
this study, the concentration of the CHsNH3X and larger alkyl ammonium halide, n-CH3(CH2);NH:X, are
equivalent. In this way low-dimensional nanocrystalline perovskites are synthesized [16, 38, 53]. Perovskite
nanocrystals produced by this method contain methyl ammonium cations within their core, and octyl
ammonium groups on their surface [54].

PbX, + 3 CH3NH;X + 3 CgH,NH;X (1) CH,CN and/or DMF (CH3NH3),_,(CgH,NH;),PbX
- - > .

2 3 3 81117 3 (2) Toluene 3 3/1-z2\~84417 3)z 3
Scheme 1. Synthesis of nanocrystalline organolead halide (X = Br or I) perovskites prepared using a molar
concentration of alkylammonium halide precursor that is 3% higher than that of the lead halide precursor; 0 <z
<< 1.

During the synthesis of iodide perovskites, the Pblz precursor fails to dissolve completely in the co-
solvent unless an excess of ammonium halide precursors is present. A very large excess of ammonium halides,
however, irreversibly affects the optical properties of the resulting perovskites, as discussed below. Precursor
reactivities and ease of forming solid solutions also affect the product. CH3NH:X salts dissociate differently in
DMF depending on the specific halide (Scheme 2). For iodide, the preferred products are CHsNH3" and T, the
conjugate base of HI, which is a strong acid in DMF and leads to a large conductivity (Scheme 2, Fig. 1 when
[PbX2]o = 0). For bromide the preferred products are CH3;NH> along with HBr, which is a weaker acid in DMF
and leads to a smaller conductivity (Scheme 2, Fig. 1 when [PbXz]o = 0). Thus, CH3sNH3l is expected to be the
most reactive ammonium halide precursor in DMF, generating free and readily available I needed for
perovskite formation that should be easily precipitated upon addition of a nonpolar solvent such as toluene.

CH3NH3+ + X

CH3NH3X <~ DMF ﬂ
%
77 CH3NH,; + HX

Scheme 2. Pathways of CH3NH3X dissociation in DMF.
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To probe PbX: precursor reactivity, we measured their specific conductivities (k) in DMF with both
the presence and absence of a set amount of the corresponding CH3NH3X (Fig. 1). As expected, in pure DMF,
the conductivity increases linearly with PbX> concentration. Conductivity is proportional to the number of ions
in solution, thus enabling a comparison to the relative degree of dissociation and association. A steeper increase
for the iodide case suggests that dissociation is slightly higher for Pblz than for PbBrz2. With the presence of 50
mM CH3NHsX in DMF, the conductivity actually decreases upon addition of Pblz and slowly increases upon
addition of PbBr>. When a 1 to 3 ratio of PbX> to CH3NH;3X is used, as is the case in the Scheme 1 perovskites,
the conductivity is higher for Pblo/CH3NHsI than PbBr2/CH3NH3Br suggesting that Pb-Br binding in solution
is stronger than Pb-I binding. A similar observation was reported by luminescence and transient absorption
measurements [55].

3200 ‘_ . O l
92400 T T
;E .................................

S e
(f:: 1600 ®Pbl, + 50 mM CH;NH;l
2 PbBr, + 50 mM CH3;NH;Br
800 { oPbl,
PbBry (o)
I T oo
0 u::::::::::..l ........... : I | !

[PbXzlo (MM)
Fig. 1. Specific conductivity (k) vs. PbXz concentration with (solid) or without (hollow) 50 mM CH3NH:X.

Structural Analysis

Powder X-ray diffraction (XRD) patterns show the diffraction peaks corresponding to the <110> and
<001> facets of the CH3NHsPbls and CHsNH3PbBr3 nanocrystals (Fig. 2). CH3NH3PbBr3 shifts to higher 20
values since bromine has a higher electronegativity compared to iodine, indicating some degree of solid
solution, consistent with literature [56, 57]. Table 1 presents the lattice parameter of cubic CH;NH3PbBr3 and
tetragonal CH3NH3PbIs nanocrystalline perovskites as determined experimentally from XRD analysis.
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CH;3NH4PbBr; tetragonal std.
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lCH3N Hs;PbBr; experimental
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CH3NH5Pbl; tetragonal std.
M B VR

2 Theta (degrees)
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Fig. 2. Powder XRD of nanocrystalline organometal halide perovskites with corresponding standard (std.)
diffraction patterns.

The transmission electron microscopy (TEM) images shown in Fig. 3 reveal that the perovskites are
primarily nanospheres with an average size of 7 + 2 nm for CH3;NH3Pbls and 8 + 2 nm for CH;NH3PbBrs. The
Bohr radii for bromide and iodide perovskites are 2 and 2.2 nm, respectively [58]. In addition to the
nanospheres, the CH;NH3PbBr3 perovskites exhibit nanosheets making up ca. 10-20% of the total particles. As
we previously reported, perovskite nanosheets are unstable under the TEM electron beam [22]. The presence
of nanosheets is a contributing factor for the preferred orientation behavior observed by powder XRD for
CH3NH;PbI; perovskite nanocrystals.

100%I ...
712 nlﬂ [/

Fig. 3. Representative TEM images of CH3NH3;PbBr; and CH3NH3Pbls nanocrystalhne perovskites.

Optical Properties and Photostability

Using a spectrofluorometer with arc lamp illumination, the Amax for CH;NH3Pblz was determined to
be 760 nm; and that for CHsNH3PbBr3, 518 nm. This is consistent with literature reports for perovskites of
similar composition [59-61]. The CH3:NH;3PbBr3 perovskite sample has a 29-fold higher photoluminescence
quantum yield (44%) compared to CH3NH3Pbl; (Table 1).
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Table 1. Characterization parameters of low-dimensional organometal halide perovskites.

Loading a! Scherrer TEM? Abs. Band First-Exciton | Quantum
(nm) | Size (nm) | Size (nm) Edge Gap (eV) | Luminescence Yield
(nm) (nm) (%)
CH3NH;PbBrs | 0.587 7 8+2 527 2.35 506 44
CH3NH3PbI3 0.634 >100 72 774 1.60 745 1.5

!Lattice parameter (a). 2More than 100 nanocrystals measured.

Nanocrystalline perovskites prepared using Scheme 1 with an a:b:c precursor ratio of 1:3:3 exhibited
two luminescence peaks in a flash photolysis experiment with nanosecond pulsed Nd:YAG laser illumination.
One peak had a Amax at 745 nm (E,) and the second peak had a Amax at 642 nm (E>Eg) for CH;NH3Pbls and 0.01
mJ pulsed-laser illumination (Fig. 4a). With increasing excitation energy the relative intensity of the 642 nm
peak increases nonlinearly (Fig. 4b) and both peaks blue shift. With 12 mJ illumination, the Amax are 626 nm
and 725 nm.
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—_—10mJ
— 6 mJ

3mJ

1.5mJ ||
— 0.75mJ
— 011 mJ
|=—0.01mJ]
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-
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OO 1 T T T !
550 600 650 700 750 800
Wavelength (nm)

1.6 o
o 1.27
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04+ o | [hvE
| o i ht
@

0O 2 4 6 8 10 12
Excitation Energy (mJ)
Fig. 4. (Top) Flash photolysis luminescence spectra of nanocrystalline CH3;NH3Pbls, prepared using Scheme
1, as a function of excitation power. The spectra are normalized to the intensity at ~745 nm (at the Amax).

(Bottom) Intensity ratios of the ~642nm (Is42) and ~745 nm (I745) bands vs. incident laser power. The inset
explains the band gap (Eg) of the nanocrystalline perovskite “vs” the higher energy trap state luminescence.

19



Article J. Mex. Chem. Soc. 2019, 63(3)
Special Issue

©2019, Sociedad Quimica de México

ISSN-e 2594-0317

To determine if the photoinitiated increase in the 642 nm peak intensity was reversible, the
luminescence spectrum of the CH3NH3Pbls nanocrystals was monitored in a new-batch of nanocrystals after
blocking the laser irradiation. After 300 minutes in the dark, the intensity of the band at 642 nm decreased due
to a thermal relaxation mechanism. The photoinitiated reversible spectral changes may be the result of changes
in the crystal phase or the population of surface traps.

N
@

—
ik

o
o

Normalized Intenstiy
@

o
<

600 650 700 750 800
Wavelength (nm)

Fig. 5. Flash photolysis luminescence spectra of nanocrystalline CHsNH3Pbl; made with Scheme 1 showing
thermal relaxation subsequent to laser illumination from a 532-nm, 15-mJ Nd:YAG laser providing nanosecond
pulses. Time zero corresponds to the time when the laser was blocked from illuminating the sample.

In order to rule out phase changes as the cause of the photoinduced spectral changes, we conducted in
situ XRD experiments to search for possible structural changes in the nanocrystalline perovskites during
illumination with a pulsed laser. An open window was used to irradiate the samples while they were mounted
in the XRD instrument as we have previously reported for other in situ XRD measurements [51]. The
nanocrystalline material was in the solid state so no solvent effects were present. The CH3NH;3Pbls
nanocrystalline perovskites exhibited no change in 20 diffraction peak location or new peaks as a result of
irradiation with a laser energy up to 15 mJ (Fig. 6). The in situ XRD analysis revealed no additional or shifted
diffraction peaks, which indicates that a phase transition does not occur upon illumination.
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Before laser illumination

Laser illumination 1
(2.5 mJ laser pulse energy)

Laser illumination 2
(5 mJ laser pulse energy)

After laser illumination

Laser illumination 3
(15 mJ laser pulse energy)

S SR S SRR S

Standard tetragonal I-perovskite

A A A U N PN
30 40

20 50 60

J S SR S S S

1
2 theta (degrees)

Fig. 6. X-ray diffraction patterns from nanocrystalline CH;NH3Pbls perovskites at different pulse energies. The
laser illuminated the sample during the entire time XRD data were collected.

Since a phase change was not measured upon irradiating the sample, the photoinitiated blue
photoluminescence peak may result from surface trap states that are populated upon irradiation. In this case,
the perovskites have traps with energies above the conduction band that emit at higher energies than the band
gap (Fig. 4b inset). An increasing population in trap states with increasing irradiation power could explain the
increasing intensity of the 630-nm peak in going from 0.01 mJ to 12 mJ (Fig. 4). Excess precursor may lead to
higher energy emissive states which differ from the traditional nanocrystalline lattice expected for CHs;NH3Pbls
nanocrystals. By using a precursor ratio of 1:1.5:1.5 (Scheme 2), the CH3NH3PbBr3; and CH3NH3Pbls exhibited
only one luminescence peak at 540 nm and 800 nm, respectively (Fig. 7a, 8a). The disappearance of a second
luminescence peak illustrates that bromide and iodide nanocrystalline perovskites prepared using Scheme 2
each have a single emitting state compared to the multiple emitting states observed for the nanocrystals prepared
using Scheme 1 with a higher precursor ratio. This observation supports the hypothesis that a synthesis using
the smaller ratio of precursors may result in nanocrystals with higher crystalline order and fewer defects
compared to a synthesis using a larger precursor ratio.

(1) CH5CN and/or DMF
PbX, + 1.5 CH3;NH;X + 1.5 CgH;NH;X » (CH;NH;3),_(CgH;;NH;),PbX;
(2) Toluene
Scheme 2. Optimized synthesis of nanocrystalline organolead halide (X = I or Br) perovskites prepared using
a molar concentration of alkylammonium halide precursor that is 1.5x that of the lead halide precursor; 0 <z
<< 1.
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Wavelength (nm)

50 100 150 200 o 50 100 150 200
Time (s) Time (s)
Fig. 7 Time-correlated luminescence microspectroscopy spectra of single CH3;NH;3PbIz perovskites. The left
column shows the plots of luminescence versus illumination time with a 532 nm laser (1.58 x 10° W/cm?) for
CH3NH3Pbls perovskites synthesized using Scheme 2. The samples are: (a) unwashed sample, (b) washed
sample, (c) unwashed with excess precursor, and (d) washed with excess precursor sample. The right column
shows the average Amax versus illumination time (n=3).
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50 100 150 200 O 50 100 150 200
Time (s) Time (s)
Fig. 8 Time-correlated luminescence microspectroscopy spectra of single CH3NH3PbBr3 perovskites. The left
column shows the plots of luminescence versus illumination time with a 488 nm laser (1.58 x 10° W/cm?) for
CH3NH3PbBr3 perovskites synthesized using Scheme 2. The samples are: (a) unwashed sample, (b) washed
sample, (c) unwashed with excess precursor, and (d) washed with excess precursor sample. The right column
shows the average Amax versus illumination time (n=3).

Any deviations in Amax are less than 4 nm, and can be explained as measurement uncertainty (e.g.,
minor changes to the focus). Hu et al. measured no shifts in the luminescence Amax for a single CsPbls
nanocrystal after 600 s when excited using a pulsed laser at a temperature of 4 K [62]. They reported a
resolution-limited peak width of about 200 peV, but a laser power density was not reported that could be
compared to the experimental parameters we used. Raind et al. also observed a stable luminescence Amax for a
mixed halide CsPb(Br/Cl); nanocrystal measured for 60 s at 6 K using 92 W/cm? excitation [63]. Multiple
luminescence peaks and a shifting Amax were measured at higher power densities (up to 4.7 x 10* W/cm?); the
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time-correlated luminescence behavior varied from one nanocrystal to another. In our study, nine of the
CH3NH3PbIs nanocrystals measured at room temperature exhibited stable time-correlated luminescence at a
higher excitation power density than used by Raino et al., while three showed a <79-nm shift in Amax. Eight of
the CH3NH3PbBr3 nanocrystals we measured exhibited stable luminescence behavior while four showed a <8-
nm shift in Amax.

To examine the stability of perovskites prepared using the optimized synthetic method with prolonged
illumination, luminescence microspectroscopy of individual nanocrystals was employed. For this experiment,
a batch of 24-hour-aged perovskites in toluene was divided into four samples. One sample was left as is, and is
referred to as the “unwashed sample.” The second sample was mixed with additional 0.012-mM
alkylammonium halide (i.e., the same concentration as the precursor solution) and was labeled “unwashed with
excess precursor.” For the third and fourth samples, the perovskites were precipitated from the product solution
and were resuspended in toluene (“washed sample”) or an 0.01- mM alkylammonium halide solution in toluene
(“washed with excess precursor sample”).

The CH3NH;PbI; perovskites prepared using Scheme 2 exhibited a constant Amax of 800 nm for all
samples except the unwashed sample with excess precursor. For the latter, the Amax shifts from 737 nm at the
start of illumination to 767 nm after 240 s of illumination. Thus, for CHs;NH3Pbl; additional precursor affects
the photostability whether it is present during the synthesis or added post synthesis, although the effect varies
(e.g., blue-shifted peak versus red-shifted peak). While the Amax is stable for most of the CHsNH3Pbls samples,
the luminescence intensity is variable over the measurement period and photobrightening or photobleaching
was measured for most of the nanocrystals (Fig. S2). We have previously reported and discussed this behavior
[61].

The nanocrystalline CH3NH3PbBr3 perovskites prepared using the optimized synthesis (Scheme 2)
exhibited a constant luminescence Amax around 540 nm (Fig. 8) for all samples, even when additional precursor
was added to the washed nanocrystals. (No shifts of Amax greater than 4 nanometers were measured). Freppon
et al. report the emission of these nanocrystals to be 498 nm when measured in toluene [61]. The red shift in
Amax measured for the time-correlated luminescence spectra were measured in the dry state, which explains the
difference in the Amax for these two studies. The fact that the luminescence Amax does not shift after adding excess
precursor to the nanocrystals synthesized with the optimized method indicates that the higher precursor
concentration must be present during the synthesis to have an effect on generating the photoinitiated
luminescence peaks for CH3NH3;PbBrs;. Photobrightening and photobleaching were also recorded for
CH3NH3PbBr3 nanocrystals (Fig. S3).

Conclusion

In order to be useful in a variety of applications, nanocrystalline perovskites need to be photostable.
The non-optimized organometal halide perovskites show shifts in luminescence Amax and exhibit multiple
luminescence peaks when excess alkylammonium precursor is used. The optimized synthetic method produces
nanocrystalline methylammonium lead halide particles that are photostable over at least 4 minutes of focused
illumination. The mechanism for the improved photostability is likely to be reduced surface traps when low
precursor ratios are utilized. This work reports on the photostability of perovskites containing a single halide.
Similar synthetic methods may increase the photostability of related perovskites. In the case of mixed-halide
perovskite nanocrystals, where domains of heterogeneous halide compositions may exist, the photostability is
more complicated. For example, our initial investigation has shown that CH3NH3Pb(Bro.2l0.8)3 nanocrystalline
perovskites exhibit an abrupt shift in Amax from 630 nm to 750 nm after a few seconds of illumination followed
by a constant Amax with additional illumination (Fig. S4). Under indentical conditions, our initial investigations
indicate that single-halide perovskites exhibit stable Amax as reported in this work. Thus, the continued study of
mixed-halide perovskites should be pursued.
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