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ABSTRACT Organometallic halide perovskites CH3NH;PbX3
(X =1, Br, CI) have quickly become one of the most promising
semiconductors for solar cells, with photovoltaics made of these
materials reaching power conversion efficiencies of near 20%.
Improving our ability to harness the full potential of organometal
halide perovskites will require more controllable syntheses that

permit a detailed understanding of their fundamental chemistry and

photophysics. In this manuscript, we systematically synthesize CH;NH;PbX; (X = I, Br) nanocrystals with different morphologies (dots, rods, plates or

sheets) by using different solvents and capping ligands. CH;NH;PbX; nanowires and nanorods capped with octylammonium halides show relatively higher

photoluminescence (PL) quantum yields and long PL lifetimes. CH;NH;Pbl; nanowires monitored at the single particle level show shape-correlated PL

emission across whole particles, with little photobleaching observed and very few off periods. This work highlights the potential of low-dimensional

organometal halide perovskite semiconductors in constructing new porous and nanostructured solar cell architectures, as well as in applying these

materials to other fields such as light-emitting devices and single particle imaging and tracking.
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rganometal halide perovskites of
Ogeneral composition CH3;NH3PbX3

(X~ = d, Br, I") are attractive
semiconductor materials due to their low
cost and outstanding photovoltaic perfor-
mance.'~” Organometal perovskites can be
substituted with a variety of small organic
cations and main group metals (in lieu of
CH3NH; " and Pb? ™, respectively), leading in
some cases to improved light harvesting
capabilities.®~'* The organolead perov-
skites CH3NH3PbBr; and CHsNH3Pbls have
bandgaps of 2.3 eV (540 nm) and 1.5 eV
(820 nm),">'® respectively, as well as high
absorption coefficients. Critically, organo-
lead perovskites have very long electron—
hole carrier diffusion lengths, exceeding
1 um in CH3NH5Pbls,Cl,, and 100 nm in
CHsNHsPbls, which in principle allows for
the development of several solar cell archi-
tectures including perovskite-sensitized so-
lar cells, planar heterojunction solar cells,
and meso- and nanostructured solar cells.'”
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Building on the dramatic improvement of
solar cell performance using the solid hole
conductor spiro-OMeTAD instead of a liquid
electrolyte (spiro-OMeTAD stands for 2,2’
7,7 -tetrakis(N,N-di-p-methoxy-phenylamine)-
9,9'-spirobifluorene),'® the energy conversion
efficiency of photovoltaics made from these
intensely absorbing, visible-active semicon-
ductors has risen from 3.8% to near 20% in
only four years.'*%

Photovoltaic performance depends criti-
cally on perovskite composition, crystallinity
and morphology.?'~* Higher perovskite
film uniformity leads to lower recombination
rates in planar heterojuction solar cells.***
Film uniformity is affected by factors such as
precursor composition, annealing tempera-
ture and, if applicable, solvent used during
the vapor-assisted or spin coating deposition
process.®?*25732 Highly efficient mesostruc-
tured solar cells are produced by a two-
step deposition process.>>~3° Vapor-assisted
methods and additives provide the means
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to control the extent of perovskite crystalliza-
tion."1236738 Highly crystalline perovskite domains
maximize sunlight harvesting because they have few
undesirable grain boundaries, providing well-defined
CH3NH;Pbls/spiro-OMeTAD interfaces and thus de-
creasing surface recombination.?®?%3¢ Photovoltaic
device performance also depends on the relative
absence of perovskite bulk defects and surface
states. 39~

On the basis of their very long electron—hole diffu-
sion lengths (see above), perovskite borne photogen-
erated carriers should be able to very easily hop across
grain boundaries from one single crystalline domain to
another, enabling the incorporation of preformed, low-
dimensional (nanosized) perovskites into the photo-
active layer. Already, some of the best perovskite solar
cells reported to date use a photoactive perovskite
layer deposited within mesoscopic conductive scaf-
folds. Nevertheless, preparation methods that could
achieve more controllable and favorable crystallinity
and morphology are lacking.*” Development of more
complex, advanced solar cell architectures, such as
branched solar cells, will require porous perovskite
films infiltrated with a transparent charge transporter,
which motivates the development of better methods
to fabricate and control the composition and morphol-
ogy of low-dimensional, nanocrystalline perovskites. In
addition, small (nanosized) perovskite fluorophores
could be of interest outside of the field of photovol-
taics, for example in imaging and tracking applications.
Highlighting this prospect, CHsNHsPbBr3; nanocrystals
show relatively high quantum yields of 17%,** while
crystalline CH3NH3Pbls_,Cl, shows broad PL emission
in the biologically relevant near-IR range (albeit, the
latter is likely due to surface trap states).'®*344

A few reports describe the synthesis of low dimen-
sional, nanosized organolead halide perovskites.
CH3NH3Pbls nanoplatelets were grown on muscovite
mica utilizing van der Waals epitaxial growth followed
by thermally intercalating methylammonium halides.*
CH5NH3PbBr; nanocrystals were synthesized using a
medium size ammonium bromide-capping agent.*?
CH3NHsPbls nanocrystals and nanorods were synthe-
sized using solvents with varying polarities or by trans-
formation from Pbl, crystals.*®*” While these reports
are important developments, the literature on perov-
skite nanocrystal synthesis remains limited. A more
thorough and extensive understanding of the con-
trollable synthesis of different low dimensional lead
halide perovskites is desirable. Here, we demonstrate
the systematic use of a variety of solvents and capping
agents to produce CHsNHszPbls and CH3;NHsPbBrs
nanocrystals with different shapes (dot, rod, and plate
or sheet morphologies). We also study the optical
properties of these differently shaped nanocrystals,
and show that dot-, wire-, and sheet-shaped nano-
crystals of CH3NHsPbl; display relatively stable and
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shape correlated photoluminescence at the single
particle level.

RESULTS AND DISCUSSION

CH3NH;Pbls: Synthesis and Solvent Effects. A simple solu-
tion phase method to synthesize organometal perovskites
starts by codissolving lead(ll)- and methylammonium-
halides (PbX; and CH3;NH;X) in a polar solvent such as
N,N-dimethylformamide (¢ = 38.25), y-butyrolactone
(e = 39.1), or acetonitrile (¢ = 36.64).*® An excess of
methylammonium halide is often required in order to
increase the solubility of lead dihalide, likely due to the
formation of a yet unidentified adduct. This mixed
precursor solution is then added to a lower polarity
solvent such as ethyl acetate (¢ = 6.0), chloroform
(e = 4.81) or toluene (e = 2.38), causing precipitation or
“crashing” of crystalline perovskite.

When prepared by the general method above, the
dark brown-colored (1.5 eV band gap)'® perovskite
CH3NHsPbl; crystallizes with a tetragonal unit cell
(Figure 1).3473¢ Interestingly, the specific combination
of precursor (polar) and crashing (nonpolar) solvents
has a large effect on the relative diffraction peak inten-
sities observed for this material by XRD (Figure 2). For
example, dissolving the methylammonium and lead
halide precursors in y-butyrolactone, followed by
crashing with either chlorofom or toluene, yields a
product with relatively strong (110) and (220) diffrac-
tion peaks and relatively weak (222) and (224) diffrac-
tion peaks (Figure 2). This situation indicates preferred
orientation and becomes much more dramatic when
the precursors are dissolved in acetonitrile, followed by
crashing with toluene; in this case, most diffraction
peaks become barely visible in comparison to the main
(110) and (220) XRD peaks (Figure 2).

CH3NH;Pbl3: Synthesis and Cation Effects. In a perfectly
packed, classical AMX3 perovskite (where A = cation,
M = central cation, and X = anion having ionic radii
Ra, Rm, and Ry, respectively), the tolerance factor (t),
defined as t = (Ra + Rx/{(+/2) x [Rw + Rxl}, must
remain close to unity (t ~ 1).**°° In organometal halide
perovskites, only small organic cations consisting of, at
most, three C or N atoms are able to fit within the
APbX; structure and fulfill this requirement (for exam-
ple, when the cation is CHsNH51).">°'~>8 The addition
of larger organic cations is expected to either frustrate
or terminate the lattice or both, potentially leading to
interesting morphology- and size-controlled crystals
(for example, nanosized, anisotropic, or layered perov-
skites).'® To explore this possibility, we repeated
the procedure outlined above while adding a large
n-octylammonium cation source such as CH;(CH,);NH;l
and using acetonitrile and toluene as the precursor and
crashing solvents, respectively (Scheme 1).

Increasing the initial concentration of CHz(CH,),;NH;sl
(zin Scheme 1) in the precursor solution while keeping
the concentrations of Pbl, and CH3NH;sl constant (xand y,
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Figure 1. Principal crystallographic (lattice) planes (in gray) for tetragonal CH;NH;Pbls.'®
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Figure 2. Powder XRD patterns of CH3NHs;Pbl; samples
prepared using different combinations of precursor and
crashing solvents. The standard XRD pattern reported for
tetragonal CH3NH;Pbls is shown for comparison.
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Scheme 1

respectively) leads to a progressive increase in the
relative intensity of the (110) and (220) XRD diffraction
peaks (Figure 3). Similar to what is observed for certain
solvents (see above), this strongly indicates that the
individual perovskite crystals either pack or grow (i.e.,
orient) themselves preferentially along the [110] and
(related) [220] directions (see below). Critically, none of
the other known and related (CH3;NHs),,Pbl,,, (n,m = 2,4;
3,5; 4,6) phases are observed by XRD (see Supporting
Information available).

CH;NH;Pbl;: Preferred Orientation and Direction of Growth.
To better understand the microscopic basis for
the preferred orientation behavior observed for
CH3NHsPbls by XRD, we performed additional charac-
terization using Scanning and Transmission Electron
Microscopies (SEM and TEM). “Bulk” CH3NHsPbl; made
in the absence of any directing agents (without
CH3(CH,);NHgl) consists of relatively large 0.3—2 um
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Figure 3. XRD patterns for CH3NHsPbl; prepared using
different initial concentrations of Pbl, (0.435-x mM),
CH3NH;l (0.435-y mM) and CH3(CH,);NH;l (0.435-z mM) in
acetonitrile precursor solution and crashed with toluene
according to Scheme 1. The standard XRD pattern reported
for tetragonal CH3NH;Pbls is shown for comparison.

particles having cube-like or tetragonal morphology
(Figure 4a and Table 1, entry 1). In contrast, CHsNH3Pbls
made by reacting acetonitrile solutions of Pbl,, CHsNHsl,
and CH5(CH,);NHsl with toluene consists of high aspect
ratio, elongated nanocrystals having wire- and rod-like
morphologies (Figure 4, panels b and c, respectively).
High-resolution transmission electron microscopy (HR-
TEM) shows that the elongated perovskite single crystals
grow along the [110] crystallographic direction; in other
words, the main (long) axis of these perovskite nano-
wires and nanorods is perpendicular to the (220) set of
lattice planes, which have a d spacing of 3.14 A (Figure 5).

CH3;NH;Pbl3: Morphology and Aspect Ratio Control. We find
that a convenient way of controlling the aspect ratio of
CH3NH;Pbl; nanorods and nanowires is by fine-tuning
the rate at which the precursor solution is added to the
crashing solvent. For example, single (fast) addition
of an acetonitrile solution (4.6 mL) containing Pbl,
(0.435 mM), CH3NHsl (1.305 mM), and CH3(CH;);NH;l
(1.305 mM) to toluene (15 mL) produces relatively long
and thin (1500 nm x 34 nm) CH3;NHsPbl; nanowires,

A N NS
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Figure 4. Representative SEM (a) and TEM (b—d) images and size histograms for crystalline CH;NH3Pbls obtained without
additional cations or ligands (a), by single (fast) addition (b), or slow addition (0.01 mL/min) (c) of an acetonitrile
solution (4.6 mL) containing Pbl, (0.435 mM), CH3NH;l (1.305 mM) and CHs(CH,);NH;l (1.305 mM) to toluene (15 mL), and
by single (fast) addition of a y-butyrolactone solution (0.5 mL) containing Pbl, (2.5 mM), CH;NH;l (1.25 mM) and
(HsNCH,CH,CHNH3CH,CH;3)l5 (1.25 mM) to toluene (15 mL) (d).

TABLE 1. Methylammonium-Lead lodide and Bromide Perovskites Synthesized under Various Conditions®

no. sample dimensions band gap (ev) PLyyax (NM) quantum yield (%) lifetime (ns)®
1 CHsNH;Pbl; bulk 03—2 um 1.56 762 0.34 9

2 CHsNH;Pbls wires 1500 nm x 34 nm 1.57 756 17 30

3 CHs;NH;Pbl; rods 810 nm x 54 nm 1.57 760 14 66

4 CH;3NH;Pbl; dots Dots: 20 nm 1.62 744 0.025 -

(aggregated) (Aggregates: 100 nm)

5 CHsNH;PbBr; bulk 200—800 nm 2.26 540 12 -

6 CH3NH;PbBr3 wires 500 nm x47 nm 230 531 13 -

7 CH;NH;PbBr; plates 150 nm <30 nm 230 520 0.43 -

?See Methods for details. ° Supporting Information for details.  Not measured.

Figure 5. Representative TEM, HRTEM and FFT images of a
CH5NH;Pbl; nanowire.

along with a minor fraction of smaller (ca. 24 nm)
CH3NH3Pbls nanocrystals (Figure 4b and Table 1, entry
2). When the precursor solution addition rate is slowed
down to 0.01 mL/min, the wires become shorter and
fatter (810 nm x 54 nm), with a much-reduced fraction
of small nanocrystals formed as a byproduct (Figure 4c
and Table 1, entry 3). Critically, only nanocrystals
produced in the presence of CH3(CH,),NH;sl contain a
strong asymmetric C—H stretching vibration at
2940—2915 cm™', consistent with the presence of
CH,-containing C8 groups, likely on the surface of the
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particles (see Supporting Information). Interestingly,
when 1,3-pentanediammonium iodide ((HsNCH,CH,-
CHNH5CH,CHs)l,) and y-butyrolactone are used in-
stead of n-octyl ammonium iodide and acetonitrile,
XRD shows the formation of a crystalline product made
up of much smaller single crystalline domains that lack
the preferred orientation behavior observed above, as
evidenced by the very broad diffraction peaks and the
resemblance of their relative intensity compared to
the standard XRD pattern, respectively (Figure 6 and
Table 1, entry 4). TEM shows that the product of this
reaction is composed of aggregates of relatively small
(ca. 20 nm), isotropic nanodots (Figure 4d). These data
suggest that the bidentate nature of the diammonium
1,3-pentanediammonium cation has two effects: First,
it behaves as a larger, more sterically encumbered
organic dication, leading to more extensive capping
and termination and thus to smaller crystalline
domains. Second, because this dication has two
ammonium headgroups, it can easily link neighbor-
ing nanocrystal surfaces, leading to the observed
aggregation.
VOL.9 =

NO.3 = 2948-2959 = 2015
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CH3NH3PbBr;: Morphology and Aspect Ratio Control. The
yellow-colored (2.3 eV band gap)'>'® CH;NH;PbBr;
perovskite crystallizes with a cubic unit cell (Figure 7).
On the basis of the aforementioned effects of solvent,
cation and precursor addition rate on the synthesis of
crystalline CH3NH3Pbls;, we sought to use a similar
approach to control the size and shape of CH;NHsPbBrs
nanocrystals. We specifically used lead(ll)-, methylam-
monium-, and n-octylammonium-bromide as precur-
sors, and a combination of N,N-dimethylformamide
(DMF) and toluene as the precursor and crashing sol-
vents, respectively (Scheme 2).

The XRD pattern of “bulk” CHsNHsPbBr; obtained in
the absence of large cation sources closely resembles
the standard pattern reported for cubic CHsNH3PbBrs,
indicating that there is no preferred orientation in
this sample (Figure 8)."7 In contrast, addition of
n-CgH,7NH3Br to the precursor solution during synthe-
sis causes a very significant increase in the relative
intensities of the (001) and (002) diffractions in com-
parison to the rest of the peaks in the standard pattern

xy:z
1:3:0

1:3:3 single addition

1:3:3 0.01 mL/min

A

l.uli | W

10 15 20 25 30 35 40 45 50 55 60
2 Theta (degrees)

1:1/,:0:1/; RN;I,

Tetragonal CH3;NH;PbI; std.

Figure 6. Powder XRD patterns of CH3;NH;Pbl; obtained by
addition of an acetonitrile solution (4.6 mL) containing Pbl,
(0.435-x mM), CH3NHsl (0.435-y mM), and CH3(CH,);NH;l
(0.435-z mM) or a y-butyrolactone solution (0.5 mL) con-
taining Pbl, (2.5-x mM), CHsNH;l (2.5-y mM) and
(H3NCH,CH,CHNH3CH,CH3)l; (2.5:RN,l; mM) to toluene
(15 mL) according to Scheme 1 (unless specified otherwise,
the precursor solution was added at once, as a fast, single
addition). The standard XRD pattern reported for tetragonal
CHsNH;Pbl; is shown for comparison.

001

021 022

of this material; this observation strongly indicates that
crystalline CH3NHsPbBr; made in this way preferen-
tially grows along the [001] crystallographic direction
(Figure 8).

In agreement with our XRD observations, TEM
shows that CH3NH;PbBr; made in the absence of large
organic cations (without CH3(CH,);NH3Br) consists of
relatively large 0.2—0.8 um particles (Figure 9a and
Table 1, entry 5). In contrast, CHsNHsPbBr; made
by reacting DMF solutions of PbBr,, CH3NHsBr and
CH5(CH,),NH;Br with toluene consists of much smaller
and higher aspect ratio, anisotropic nanocrystals hav-
ing wire- and plate-like morphologies (Figure 9, panels
b and ¢, respectively). In this case, a convenient way of
controlling the specific morphology of CHsNH3PbBr;
nanocrystals is to vary the initial concentration of
methyl- and n-octyl-ammonium (C1 and C8) bromides

x PbBrypmr) + ¥ CH3NH3Brpmpy + 2 n — CgHy7NH3Brpmp

Toluene
—_—

CH3NH3PbBr3(S)

Scheme 2
X:y:z
L Ly At 1:1:0
J 1 1:1:2
J 1:1/4:%/4
e News ey
8 3 88 & |/K
I I Cubic
L Ll ] CHNHPBBr, std.

10 20 30 40 50 60
2 Theta (degrees)

Figure 8. Powder XRD patterns of CHsNH3PbBr; obtained
by addition of a DMF solution (1.5 mL) containing PbBr,
(2.7-x mM), CH3NH3Br (2.7-y mM) and CH3(CH,);NH;Br
(2.7 -z mM) to toluene (15 mL) according to Scheme 2. The
precursor solution was added at once (fast, in a single
addition). The standard XRD pattern reported for cubic
CH3NH3PbBr; is shown for comparison (generated from
literature data using Diamond).>®

® Pb
© Br
© CH,NH,

Figure 7. Principal crystallographic (lattice) planes (in gray) for cubic CH;NH;PbBr;.>°
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200-800 nm grains

Counts

Figure 9. Representative TEM images and size histograms for crystalline CH;NH;PbBr; obtained without additional cations or
ligands (a), and by single addition of a DMF solution (1.5 mL) toluene (15 mL) containing PbBr, (2.7 mM), CH;NH3Br (2.7 mM)
and CH5(CH;);NH;3Br (5.4 mM) (b) or PbBr; (2.7 mM), CH3NH;Br (0.68 mM) and CHs(CH,);NH3Br (2.0 mM) (c).

in the DMF precursor solution. For example, single
addition of a DMF solution (1.5 mL) containing PbBr,
(2.7 mM), CH3NH3Br (2.7 mM) and CH5(CH,);NH3Br
(5.4 mM) to toluene (15 mL) produces CH3NH;PbBr3
nanowires (500 nm x 47 nm) (Figure 9b and Table 1,
entry 6). When this experiment is repeated with
the same PbBr, concentration (2.7 mM) while decreas-
ing the concentration of CHs;NH3Br (0.68 mM) and
CH3(CH,);NH3Br (2.0 mM), the product is made of
smaller elongated CH3NHsPbBr; nanocrystals (150 nm x
30 nm) with plate-like morphology (Figure 9b and Table 1,
entry 7).

Instability of CH;NH;PbBr; under a TEM Beam. During
structural characterization by TEM, we noticed that
CH3NH3PbBrs nanocrystals are particularly unstable
under an electron beam. For example, when imaging
with a FEI-Tecnai 2-F20 STEM operating at 200 kV,
CH3NHsPbBr; nanoplates quickly (3—5 min) “melt”
away to form smaller dot-like particles of unknown
composition (Figure 10). The particles produced in this
way were not particularly crystalline, and thus far we
were unable to identify their exact composition. This
behavior is not unique to nanocrystalline CH;NHsPbBrs,
as bulk CHs;NH3PbBr; decomposed just as fast under the
electron beam (see Supporting Information). The close
resemblance between this behavior and a recently
reported synthesis of CH3;NH3PbBr; nanodots raises
questions about the true nature of such particles.*?
The thermal stability of perovskites has been explored
using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC).'®° For CH;NH;Pbls, a tran-
sition occurs from tetragonal to cubic phase between 55
and 57 °C. Consecutive HI (20%) and CH3NH, (5—6%)

ZHU ET AL.
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Figure 10. TEM images of CH3NH;PbBr; plates immediately
after and a few (3—5) minutes after exposure to the TEM
electron beam of a FEI-Tecnai 2-F20 STEM operating at up to
200 kv.

losses are said to occur between 300 and 420 °C.
An additional transition between 550 and 600 °C is in
good agreement with Pbl,. In contrast to CH;NH5PbBr;
however, CH3NHzPbl; did not display any sign of
decomposition under the electron beam during TEM
characterization.

Ensemble Optical Properties of CH;NH;Pbl; and CH;NH;PbBrs.
Figures 11 and 12 show solid-film diffuse reflectance,
solution-phase optical absorption, and photolumines-
cence spectra of several CH;NHsPbl; and CH;NHsPbls
perovskites, respectively. The diffuse reflectance spec-
tra (Figures 11a and 12a) are particularly helpful in
determining the absorption onsets of these materials
because, due to partial or incomplete solubility
(particularly for large and bulk particles), solution-
phase absorption spectra of these materials show a
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Figure 11. Solid-film diffuse reflectance (a), solution-phase
optical density (O.D. includes absorption and scattering) (b),
and relative photoluminescence spectra (normalized by
each sample's O.D. at A = 450 nm) (c) of CHsNH3Pbls
perovskites with different size and morphology (a.u. =
arbitrary units).
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Figure 12. Solid-film diffuse reflectance (a), solution-phase
optical density (O.D. includes absorption and scattering) (b),
and relative photoluminescence spectra (normalized by
each sample's O.D. at Aqyc = 350 nm) (c) of CH;NH3PbBr;
perovskites with different size and morphology (a.u. =
arbitrary units).

significant amount of scattering at photon energies
below their band gap (Figures 11b and 12b). Never-
theless, the solution-phase spectra possess features
worth noting. A lack of obvious excitonic peaks in the
solution-phase absorption spectra of CH;NH3Pbls can
be attributed to its exciton binding energy (45 meV)
being similar to kgT at room temperature (25 meV, kg =
Boltzmann constant) (Figure 11b).>2 In contrast, the
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solution-phase absorption spectra of CH3;NH;PbBr;
shows clear excitonic peaks for all different morphol-
ogies (Figure 12b), in agreement with its higher exciton
binding energy (150 eV).>2

As expected, bulk CHsNHsPbls and CH3;NHsPbBrs
samples show absorption onsets of about 800
and 550 nm, respectively (Figures 11a and 12a).
The absorption edge remains almost unchanged
(<5 nm blue-shift) for CH3;NHs;Pbl; nanowires
compared to bulk CH3NHsPbls, but is significantly
blue-shifted (by about 30 nm) for the aggregated
CH3NHsPbl; dots (Figure 11). In turn, the absorp-
tion edge is blue-shifted by about 10 nm for
CHsNH3PbBr; wires and plates compared to bulk
CHsNH;sPbBr; (Figure 12). The specific apparent band
gaps, measured from the absorption data using Tauc
plots ((Ahv)* vs hv for a direct band gap semicon-
ductor, where A = absorption coefficient, hv = energy
of light) were 1.56 eV for bulk CH3NH3Pbls, 1.57 eV for
CHsNHsPbl; wires, and 1.62 eV for aggregated
CH3NHsPbl; dots; 2.26 eV for bulk CH3;NH3PbBrs,
2.30 eV for CH3NH3PbBr; wires, and 2.30 eV for
CH3NHsPbBr3 plates. The mechanisms leading to
these shifts are presently unknown; however, the
shifts do not appear to originate from quantum
confinement, because the crystalline domains (as
determined by XRD and TEM, Table 1) are larger than
the reported Bohr radii (2.2 nm and 2.0 nm for
CH5NHsPbl; and CH;NH;PbBr;, respectively).®’ It is
worth noting that some references have attributed a
narrowing in the optical band gap of larger organo-
metal halide perovskite crystals to changes in the
degree of Pb—I bond stress.®?

An interesting characteristic of organometal perov-
skite semiconductors is that they are good fluoro-
phores and can be highly emissive. Given the ease
with which these materials perform photoinduced
charge separation in high performance photovoltaics,
it could appear counterintuitive that they can perform
radiative recombination. However, light emission is
often observed in materials used for light-emitting
diodes and solar cells, as this indicates that nonradia-
tive relaxation pathways are relatively slow.®® For
example, GaAs and PbS can exhibit high PL quantum
yields and high photovoltages in solar cells.?* In
addition, such emission properties may actually be
useful in studying the structural and photophysical
causes for radiative energy loss in photovoltaic de-
vices, as well as in enabling different applications
outside of the solar cell realm, for example in light
emitting devices or in single particle imaging and
tracking.

Among the different perovskites synthesized here,
bulk CH3NHsPbl; and aggregated CHsNHsPbls dots
have low PL quantum yields (QYs) of 0.34% and
0.025%, respectively, indicating that nonradiative ex-
citon decay is dominant in these samples. Because
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Figure 13. Single particle photoluminescence images ob-
tained from movies of 25 s duration of CH3NH3Pbl; nano-
crystals with dot-, wire-, and plate-like morphologies
(please see Supporting Information Movies S1, S2, and S3,
respectively) (Aexc = 540 nm, 1p. = 700 nm, scale bar = 1 um).

structural defects are known to play a crucial role
in perovskite optical properties,>®®>®® this weak
PL intensity could be attributed to surface defects.
In agreement with this idea, CHsNHsPbl; wires and
rods made in the presence of the surface passivating
n-octylammonium cation have a higher PL QYs of
1.7—1.4%, and their PL lifetimes inversely correlate
with their aspect and surface-to-volume ratios
(Table 1, see also Supporting Information). In compar-
ison to CH3NHsPbls, crystalline CHsNHsPbBrs; samples
display more intense emission, with PL QYs of 1.2%,
13%, and 0.43% for bulk, wires, and plates, respectively
(Table 1).

Single Particle Fluorescence Microscopy: Shape-Correlated
Single Particle Emission. To obtain a deeper insight into
the photoluminescence behavior of perovskite crystals
having different size and morphology, we utilized
single particle fluorescence microscopy. To our sur-
prise, different CHsNH3Pbl; nanocrystals sustain syn-
chronous photoluminescence at the single particle
level under continuous photoexcitation above their
band gap (Figure 13). More specifically, wire-, rod-,
and dot-like CH3NHsPbl; nanocrystals show shape-
correlated photoluminescence emission across whole
particles, with little photobleaching or photobrighten-
ing observed in some cases, and with few off periods
(see Supporting Information). This type of behavior,
while precedented, is rare. Synchronous blinking
(displaying both on and off photoluminescent periods)
spanning the entire length of II-VI (CdSe) semicon-
ductor quantum nanowires with 9 nm diameter and
>5 um length was described and explained by a
dynamic, transient photolytic filling of surface-trap
sites.®” 73 More typically, 1D nanostructures such as
GaAs/Ga,ln;_,P (0.34 < x < 0.69) and GaAs/GaAsP
nanowires with <20 nm diameter display low tempera-
ture emission from their tips (only from the nanowire
ends).”*8 Here, CH3NH;Pbl; nanocrystals with sev-
eral distinct morphologies behave as nonblinking and
photostable single particle emitters at room tempera-
ture. These results were corroborated by registered
atomic force microscopy-photoluminescence (AFM-PL)
experiments, which showed that CHsNH3zPbl; nano-
wires under steady excitation continuously emit along
their length (Figure 14). Interestingly, the single particle
PL lifetime measured by AFM-PL is ca. 40 ns, which is

ZHU ET AL.

@) 35.4 nm

CH;NH;PbI; nanowires 1)

3)
(,/

|
o o

-1

'
(=}

o

Height (nm)
e

(3] |
(=T
(=]

e
o

0 0.5 1
Distance (nm)
.7 nm

Intensity Image [Cnts]
4137

0
Average lifetime [ns]
100

Figure 14. Correlated AFM-PL (a) and PL-only (b) images of
CH3NH;3Pbl; nanowires (lexc = 485 nm). Nanowire heights
were determined from the difference between the particle
and background heights.

roughly similar to the ensemble PL lifetime of 30 ns
measured for the same CHsNH3Pbls nanowire sample
(Figure 14 and Table 1, entry 2).

CONCLUSION

Crystalline CH5NH3PbX; (X = |, Br) particles were
synthesized by adding lead(ll) halide and methylam-
monium halide precursor solutions in polar solvents
(CH5CN, y-butyrolactone, DMF) to a much less polar
solvent (toluene, chloroform). CH3;NH3PbX5 crystals
show preferred orientation when the precursors are
dissolved in acetonitrile (X = 1) or DMF (X = Br), followed
by crashing or precipitation with toluene. A similar
effect, along with a significant decrease in particle
size, is observed when larger or multidentate organic
cations such as on n-octylammonium and 1,3-
pentanediammonium, respectively, are introduced
to the synthesis. High-resolution (HR) TEM shows
that the observed preferred orientation is due to
elongation of the perovskite single nanocrystals
along the [110] or [001] crystallographic direc-
tions of tetragonal CH3NHsPbl; or cubic CH3NHs;-
PbBr; perovskites, respectively. Varying the initial
rate of precursor addition, as well as the initial
concentrations of lead(ll)-, methyl-, and n-octyl-am-
monium halides, allows to control the relative as-
pect ratio of the final nanocrystals (from bulk to
wires to rods to dots in the case of CH3NH;5Pbls,
and from bulk to wires to plates or sheets in the
case of CH3NHsPbBrs). Importantly, CH;NHsPbBr;
nanocrystals are particularly unstable under an
electron beam, “melting” away to form smaller dot-
like particles of unknown composition during TEM
analysis.
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CH3NHsPbl; nanowires show PL quantum yields
between 1.4 and 1.7% depending on their aspect ratio.
CHsNHsPbl; wires show lifetimes of 30—60 ns, longer
than bulk CH3NHsPbl;, which we attribute to better
surface passivation by the n-octylammonium cation.
CH3NH;5PbBr3; nanowires show a PL quantum yield of
13%, significantly higher than that of the correspond-
ing CH5NH3PbBr; bulk or aggregated dots. Under
single particle fluorescence microscopy, wire-, rod-,

METHODS

Materials. Lead(ll) iodide (99%), lead(ll) bromide (=98%),
methylamine solution (33 wt % in absolute ethanol), N,N-
dimethylformamide (DMF, anhydrous, 99.8%), 1,3-pentane-
diamine (Dytek EP diamine, 98%), y-butyrolactone (=99%),
n-octylamine (99%), and 1-octadecene (tech., 90%) were pur-
chased from Sigma-Aldrich. Hydroiodic acid (ACS, 55—58%),
hydrobromic acid (ACS, 47.0—49.0%) and oleic acid (tech., 90%)
were from Alfa-Aesar; acetonitrile (99.9%), toluene (99.9%),
tetrahydrofuran (THF, 99.0%), and acetone (99.9%) were from
Fisher. All chemicals were used as received unless specified
otherwise.

Synthesis. Ammonium Halides. Hydrogen halides were pre-
pared by a modified literature procedure.®* 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 for 2 h. The
solution was concentrated under vacuum, and the resulting
powder was dried under dynamic vacuum at 60 °C for 12 h,
then recrystallized from ethanol. n-Octylammonium iodide
(CH3(CH,);NH;sl), n-octylammonium bromide (CHs(CH,);NH5Br),
and 1,3-pentanediammonium iodide were washed repeatedly
with ethyl ether and dried under dynamic vacuum before use.

CH3NH;sPbl3. Pbl, (9.2 mg, 0.02 mmol) and CH3NH;l (3.2 mg,
0.02 mmol) were added into y-butyrolactone (4 mL). A fraction
(0.4 mL) of this solution was dropped into hexane, THF, 1,4-
dioxane, acetone, ethyl acetate, chloroform or toluene (15 mL).
To study the effect of organic cations, a solution A was made by
dissolving Pbl, (9.2 mg, 0.02 mmol) and CHsNHsl (9.6 mg,
0.06 mmol) in acetonitrile (40 mL). Another solution B was
made by dissolving CH3(CH,);NHsl (10.3 mg, 0.04 mmol) in
acetonitrile (4 mL). For bulk CHsNHsPbls, solution A (4 mL) was
added to toluene (15 mL) while stirring. For CHsNH5Pblz nano-
crystals (nanowires and nanorods), different amounts of solu-
tion B were mixed with solution A (4 mL, 0.002 mmol), and the
mixture was added into toluene (15 mL). For aggregated
CHsNHsPbls dots, Pbl, (23.1 mg, 0.05 mmol), CH3NHsl (4 mg,
0.025 mmol) and 1,3-pentanediammonium iodide (9 mg,
0.025 mmol) were used.

CH3NH3PbBrs. PbBr, (58.8 mg, 0.16 mmol) was dissolved in
DMF (20 mL), CH3NH;3Br (17.6 mg, 0.16 mmol) in DMF (20 mL),
and CH3(CH;);NH3Br (16.8 mg, 0.08 mmol) in DMF (5 mL). For
bulk CH3NH3PbBr3, a mixture of PbBr, (0.5 mL, 0.004 mmol) and
CH5NH5Br (0.5 mL, 0.004 mmol) solutions was added to toluene
(15 mL) while stirring. For anisotropic CH3NH3;PbBr; nanocrys-
tals, a mixture of PbBr, (0.5 mL, 0.004 mmol), CHsNH3Br (0.5 mL,
0.004 mmol for wires; 0.125 mL, 0.001 mmol for plates),
and CH3(CH,),NH3Br (0.5 mL, 0.008 mmol for wires; 0.188 mL,
0.003 mmol for plates) was added into toluene (15 mL) while
stirring. In all cases, samples were allowed to stand for 24 h
before isolating the product by centrifugation (10 min at
4000 rpm) and washing with toluene (5 mL).

Structural Characterization. Powder X-ray Diffraction (XRD). XRD
data were measured using Cu Ko radiation on Rigaku Ultima IV
(40 kV, 44 mA). Samples were prepared by drop casting from
toluene onto a “background-less” quartz sample holder.

Transmission Electron Microscopy (TEM). TEM was con-
ducted using a FEI Technai G2 F20 field emission TEM operating
at up to 200 kV with a point-to-point resolution of less than
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and dot-like CH3NH3Pbl; nanocrystals show coherent,
shape-correlated photoluminescence emission across
whole particles, with little photobleaching (or photo-
brightening) observed and very few off periods. The
differently shaped CHsNH3zPbls and CHsNH3PbBrs;
nanocrystals may be of future use in the construction
of porous solar cells, and in the study the effect
of morphology and crystallization on solar cell
performance.

0.25 nm and a line-to-line resolution of less than 0.10 nm.
Samples were prepared by placing 2 or 3 drops of dilute toluene
solutions onto carbon-coated copper grids.

Size and Morphology Analysis. Material dimensions were
measured manually or with ImagelJ or both. Uncertainties in all
measurements are reported as standard deviations.

Optical Characterization. Optical Extinction. Optical Extinction
(absorption plus scattering) spectra of solutions were measured
with a photodiode-array Agilent 8453 UV/vis spectropho-
tometer. Solvent absorption was recorded and subtracted from
all spectra.

Diffuse Reflectance. Diffuse reflectance spectra of solid films
were measured with a SL1 Tungsten Halogen lamp (vis-IR), a SL3
Deuterium Lamp (UV), and a BLACK-Comet C-SR-100 Spectrom-
eter. Samples were prepared by drop-casting toluene solutions
onto glass.

Steady-State Photoluminescence (PL). Steady-state PL spec-
tra were measured with a Horiba-Jobin Yvon Nanolog scanning
spectrofluorometer equipped with a photomultiplier detector.
Relative PL quantum yields (QYs) were measured following
literature procedures, using either Rhodamine 590 or Rhoda-
mine 640 dye as standard.®® Absorption and PL emission
spectra were measured as replicates of three or more and the
average QYs were recorded.

PL Lifetime Measurements. Excited state lifetimes were
measured with the time-correlated single-photon counting
(TCSPQ) technique. For CH3NH3Pbls, a pulse diode laser from
PicoQuant (model PDL 800-B) was used as an excitation source,
providing a wavelength of 638 nm with a repetition rate of
5-MHz. A set of polarizers was incorporated with a magic angle
(54.7°) arrangement. A photon counting module (Becker & Hickl
model SPC-630) and appropriate filters were used to collect
the PL. For CH3NH3PbBr3, a similar system that uses a pulsed
supercontinuum laser (SC-450-pp-he, Fianium, Southampton,
U.K) for the excitation was also employed. A small-band-pass
filter centered at 500 nm was used to select excitation wave-
length from the supercontinuum source that was pulsed at a
repetition rate of 2-MHz. With the systems described, the full-
width at half-maximum of the instrument response (IRF) was
~200 ps. Generally, for lifetime experiments 30 000 counts were
accumulated in the peak channel unless specified otherwise.
A cuvette of 3 mm or 10 mm path length was used for the time-
resolved measurement, depending on the sample. The decay
parameters were determined by fitting to a sum of exponentials
after deconvolution of instrument response function.

Single Particle Fluorescence Microscopy. Single particle fluo-
rescence microscopy was performed using an inverted micro-
scope operated in epi-fluorescence mode (Nikon Eclipse
TE2000U Melville, NY). Perovskites were diluted in toluene
and sonicated for 2 h before depositing 50 uL on a glass micro-
scope coverslip (Carlson Scientific, Peotone, IL). After 3 min, the
solution was removed under vacuum and the sample dried. A
mercury lamp was used for excitation. A filter set from Omega
Optical (Brattleboro, VT) was equipped with 540/20 nm excita-
tion and 700/75 nm emission filter. The dichroic filter used was
560DRLP. A 100x Plan Apo, 1.49 numerical aperture oil-immersion
objective was used for all experiments. Single-particle PL images
were collected on a PhotonMAX 512 EMCCD camera (Princeton
Instrument, Trenton, NJ) with 50 ms exposure time and no gain.
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Each movie was 25 s in duration and 5 movies were collected per
sample.ImageJ was used to analyze the PL intensity versus time for
the background and selected particles.

Registered Atomic Force Microscopy-Photoluminescence-
(AFM-PL). Sample coverslips were mounted on the stage of
an inverted optical microscope (Olympus IX71) equipped with a
piezoelectric scanner (Physik Instrumente P773.3CD XYZ) for
positioning isolated wire or rod structures in the optical probe
region of the microscope. Excitation was provided by a 485 nm
pulsed diode laser (PicoQuant LDH-P-C 485B) operating at a
pulse repetition rate of either 5 or 10 MHz and pulse width of
~100 ps. The laser light was focused onto the stage with a
1.4 NA/100x oil immersion microscope objective to form an
approximately 0.5-um-diameter optical probe region at the top
surface of the coverslip. Average excitation powers were in the
range of 2—10 nW. Emitted fluorescence was collected by the
same microscope objective and directed onto a single-photon
counting avalanche photodiode detector (APD) (PerkinElmer
SPCM-14AQR). The emission was spatially filtered with a 75-um-
diameter pinhole located in the image plane of the microscope
and spectrally filtered with a 160 nm bandpass filter centered at
791 nm (Semrock) before reaching the detector. For particularly
bright structures, a neutral density (ND 1) filter was placed in
front of the bandpass filter to attenuate the photoluminescence
reaching the detector. The output of the APD was directed to a
time-correlated single-photon counting photon counting mod-
ule (PicoQuant PicoHarp 300) to record the photon data. The
photon data were postprocessed with vendor-supplied soft-
ware (Picoquant Symphotime) to obtain the photolumines-
cence images. An atomic force microscope (AFM) (Veeco
Instruments Bioscope SZ), mounted on the stage of the inverted
optical microscope, was used to record nanometer scale topog-
raphy images of the rod and wire structures imaged by the
optical microscope. The AFM height images were obtained
using Si nanoprobes operated in tapping mode with reso-
nance frequency of approximately 300 kHz. Spatial alignment
of the AFM tip with the optical probe region was accomplished
by monitoring the excitation laser light scattered from the
tip with a second APD. Correlated photoluminescence and
AFM height images were obtained by first raster scanning
the sample through the optical probe volume to record the
photoluminescence image and then engaging and raster
scanning the AFM probe to record the AFM image from the
stationary sample.
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