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Abstract: We report controllable anisotropic light emission of photons originating from vertically
aligned transition dipole moments in spun-cast films of CsPbBr; nanocubes. By depositing films
of nanocrystals on pre-coated substrates we can control the packing density and resultant
radiation pattern of the emitted photons. We develop a technical framework to calculate the
average orientation of light emitters, i.e. the angle between the transition dipole moment vector
(TDM) and the substrate. This model is applicable to any emissive material with a known
refractive index. Theoretical modeling indicates that oriented emission originates from an
anisotropic alignment of the valence band and conduction band edge states on the ionic crystal
lattice, and demonstrates a general path to model the experimentally less accessible internal
electric field of a nanosystem from the PL anisotropy. The uniquely accessible surface of the
perovskite nanoparticles allows for perturbation of the normally isotropic emissive transition.
The reported sensitive and tunable TDM orientation and control of emitted light will allow for
applications of perovskite nanocrystals in a wide range of photonic technologies inaccessible to

traditional light emitters.
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Since their initial synthesis, colloidal CsPbBr; perovskite nanocrystals have demonstrated a
range of excellent optical properties including narrow, tunable emission, facile access to all
wavelengths with minimal Stokes shifts, and photoluminescent quantum yields above 70%
without embedding in a larger gap shell.'” The controllable range of light emission from lead
halide perovskite nanocrystals, spanning deep blue to the near infrared, allows efficient access to
an exceptionally large color gamut, including pure white.*> The ionic nature of the crystal lattice
and dynamic surface ligands allow for substantial control of nanocrystal morphology during
synthesis, and facile procedures for the production of plates, cubes and wires have been
developed.®"

Compared to similar organic/inorganic hybrid perovskite materials, fully inorganic cesium
based nanocrystals have lower defect densities, yielding larger charge carrier mobility values, no
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intra-gap states from uncoordinated surface atoms, and improved stability in ambient

conditions, making them promising materials for photovoltaics,'”"” light emitting diodes,'” ****

13182728 and quantum optics.’

displays,*'""** lasers,

After the excellent initial reports about the emission behavior of individual nanocrystals by
Raino et. al. and Park et. al., there has been relatively little investigation into the basic processes
of photoluminescence in CsPbBr, nanocrystals.*** A thorough understanding of the mechanism
of photon emission from these materials will be necessary to optimize perovskite nanocrystals
for use in the most promising applications spaces.

The preferential alignment of the transition dipole moments of an emitter material has recently
allowed for the production of extremely efficient optoelectronic devices. For example, this
phenomenon enables the development of organic light emitting diodes close to 40% external

quantum efficiency and improves the performance of organic photovoltaics.”



In order to achieve anisotropic light emission it is necessary to orient the transition dipole
moment vector (TDM), a quantity describing the strength and direction of the electronic
oscillation between the ground and emissive states of the emitting material.”” It is important to
note that even if the individual nanocrystals possess an oriented TDM, an ensemble of such
nanocrystals randomly oriented in space will present isotropic photon emission when averaged
over a wide sample area (ensemble averaging).

In this report we describe the unexpected observation of anisotropic light emission from
assemblies of CsPbBr,; nanocubes. We further find that by varying the substrate surface coatings
we can control particle packing and in turn the fraction of power emitted perpendicular to the
substrate. Experimental data and density functional theory modeling indicate that the uniquely
tunable oriented photon emission stems from the relatively easily accessible surface of the
perovskite nanocrystals allowing for the creation of an anisotropic band structure which, in turn,
gives rise to a non-isotropic TDM orientation distribution. Developing control over the direction
of emitted light from these earth abundant materials will improve LED efficiencies and open
application spaces that benefit from oriented photon emission like luminescent solar
concentrators, LCD backlights and photonic devices.”*'

Nanocrystal Synthesis and Characterization

Nanocubes were synthesized by a procedure adapted from the original report.” The measured
absorption, emission and powder X-ray diffraction spectra were typical of CsPbBr, nanocubes."
Nanocrystals dispersed in toluene or spin coated onto glass display a sharp absorption peak at
495 nm (onset 519 nm) with a corresponding emission maximum at 512 nm (full width at half
maximum of 20 nm), indicative of narrow particle size distribution, confirmed by transmission

electron microscopy (TEM, see Supporting Information for details). Photoluminescent lifetimes



were non-monoexponential and exhibited a long-lived component, attributed to non-geminate
recombination.” The transients were fit with a biexponential function, yielding values of 1.4 ns
and 8.1 ns in toluene solution, consistent across all emissive wavelengths.
Nanocrystal Assemblies

To explore the relationship between the substrate, nanocube film formation properties and
average orientation of light emitters, we deposited films of CsPbBr; nanocubes on glass slides
coated with thin layers of SiO,, indium tin oxide (ITO), polymerized hydrocarbon or
polymerized fluorocarbon (Figure 1). Organic films were deposited onto glass substrates by
polymerizing CH, or C,F; in a plasma chamber. These materials were selected to produce a
range of interactions between the substrate, the ligand shells, and the adjacent nanocube surface,
as well as to provide a range of dielectric constants while allowing for rapid and accurate

analysis of nanocube assemblies.
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Figure 1. SEM images of films of CsPbBr; nanocubes self-assembled on coated surfaces. The
angle between the substrate and the TDM are inset (scale bars: 200 nm). Spin casting from a
range of nanocrystal concentrations onto different surfaces generally yields a consistent packing
motif of aggregated nanocrystal superlattices. Light from these samples is emitted
disproportionately in the plane of the substrate, with calculated TDM values (inset) relatively

constant on SiO,, polymerized fluorocarbon, and ITO surfaces. Samples deposited onto



polymerized methane coated substrates (bottom row) demonstrate the impact of diluting the
nanocrystals solutions before spin coating on the final nanocrystal organization. By isolating the
nanocrystals on the surface light emission becomes more oriented. The dashed red exponential fit

line is a guide to illustrate the trend.

Particles spin coated from concentrated solutions in toluene organize into large self-assembled
superlattices of nanocubes. Similar superlattice assemblies have demonstrated value as a
precursor to 2D nanoplatelets upon pressurization.* Films were analyzed by grazing incidence
small angle x-ray scattering (Figure S13) and feature a strong peak at 0.0449 A", corresponding
to a superlattice periodicity of approximately 14 nm. This value implies an inter-cube spacing of
3 nm, indicating ligand intercalation between neighbors in the film. By coating the substrate on
which we spin coat with a layer of polymerized hydrocarbon, the resulting superlattices become
defect and grain boundary free over larger areas, as indicated by the growth of a second
scattering peak at 0.0616 A" that corresponds to the diagonal plane spacing of ca. 10.2 nm.

By diluting the solution from which we spin coat onto the polymerized hydrocarbon surface
layer we were able to effectively control the packing density of the cubes and neutralize the
strong tendency to aggregate into superlattices. In this way we can reliably produce not only
tiled monolayers microns across (concentration: 1.3 mg/mL in toluene), but also large rafts of
cubes (600 pg/mL in toluene), agglomerates of less than ten cubes (60 pg/mL in toluene), and
individual or coupled cubes separated by hundreds of nanometers (>10 pug/mL in toluene).

The packing motif of the perovskite nanocrystals deposited onto SiO,, ITO or polymerized
fluorocarbon are all comparable, exclusively featuring large islands of aggregated cubes

separated by hundreds of nanometers. Changing the concentration of the solution from which



we spin coat has little impact on this assembly behavior, with samples spun cast from more
concentrated solutions yielding larger islands of aggregates with smaller areas between rafts of
cubes, and samples produced from extremely dilute solutions yielding comparably sized rafts of
particles spaced farther apart. We were unable to separate individual cubes or isolate small
bunches of cubes on these surfaces.

The ability to control the packing order of these nanocubes by altering the surface chemistry
on which they are deposited likely results from the strong interaction between the C-H bond
character on the hydrocarbon surface and the alkyl ligands surrounding the nanocrystals. These
interactions are absent in all other tested substrates, including the analogous fluorous polymer
that features only C-F groups and thus has limited affinity for the CH groups of the native
nanocube ligands, leaving inter-particle interactions as the dominant organizing force resulting in
surface aggregates. Such influence on packing order from interactions between substrate and
shelling ligands has previously been observed in films of perovskites with modified ligand
chemistries.*

Oriented Light Emission

Strongly quantum confined nanoscopic fluorophores have a complex two-dimensional TDM
distribution, but commonly synthesized CsPbBr; nanocrystals, with a diameter of 10 nm and an
excitonic Bohr radius of 7 nm, are very weakly quantum confined and primarily emit photons by
excitonic recombination, a process which yields an isotropic TDM distribution in symmetric
materials.’"*'

To measure the orientation of emitted photons from films of perovskite nanocubes we mounted

the samples to a half-cylinder prism and measured the intensity of emitted light at all angles

about the surface of the prism. The orientation of the TDM cannot be directly measured from the



emitted light intensity due to the orientation dependent transmission effects of the emitted light
from a layered structure. To remove this geometry dependent anisotropy and resolve the
quantum mechanical anisotropy of the TDM, we have modeled the emitted light dependence
using a dipole radiation model in a one-dimensional micro-cavity as derived by Barnes et. al.”
From this model, we can extract an alignment constant { (Figure 2, see supporting information
for further details). This alignment constant, bounded from zero to one, is a quantification of the
amount and angular distribution of radiated power for a particular emitting film. An alignment of
the TDM perfectly parallel to the film surface is described by a value of zero, while perfect
vertical alignment would be described by a value of one. Despite different refractive indices or
TDM distributions, two emitting systems having the same alignment constant will show the same
angular dependence of their radiations patterns. Additionally, confirming the assumption of a

one-dimensional micro-cavity, we do not measure any alignment in the x-y plane due to the size

of the excitation area (~1 mm?) relative to the size of the emissive domain.
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Figure 2. Measurements of the orientation of emitted light. (a) We extracted an alignment
constant (C) from which we calculate the orientation of the average transition dipole moment
vector (red arrow) from the pattern of light emitted (red line) through a prism. (b) Orientation
measurement for films of CsPbBr; nanocubes whereby the alignment was controlled by changing
the organization of the nanocrystals on the surface. The symbols are measured data from films of
nanocrystals on hydrocarbon polymer coated surfaces to which the corresponding lines were fit.
The fitted values correspond to TDM angles 50.5°, 53.0°, 55.0° and 59.1° with respect to the
substrate surface. (¢) The resulting TDM angle for a given value of T depends on the refractive
index of the sample. The purple line depicts the expected behavior for the perovskite films. (d)
From a given value of the alignment constant and the refractive index the resultant angle
between the TDM and the substrate can be calculated for any emissive system. The black line
indicates the values for isotropic emission, or a TDM angle of 35.2°, at any given refractive

index.

Orientation data were collected from the photon emission of sub-monolayer films of
perovskite nanocubes prepared from different dilutions on glass, polymerized fluorocarbon,

polymerized hydrocarbon and ITO, as depicted in Figures 1 and 2. In addition to clearly



illustrating anisotropic light emission, the quality of the fit line with respect to the measured
values demonstrates that the model, light emission originating from exciton recombination, is
sound for the nanocrystals used.

Knowledge of the intrinsic refractive index is necessary to use the measured alignment
constant Cto determine the absolute TDM angle with respect to the substrate. Once the
refractive index is known, we can state the relationship between the alignment constant, the
refractive index (n) and the angle of the emissive TDM (@) to the film substrate as Equation 1.

This equation is applicable to any emissive material in this measurement geometry.

. ng
(p=arcsin ( m) €))

The application of this model to emission from thin films enables the calculation of orientation
distribution of the emissive TDM relative to the film plane from the measured radiation pattern
of the material.*">® If the system studied has more than one emissive TDM, the calculation will
yield an average angle of the emission relative to the substrate.

When individual cubes were isolated, achieved experimentally by depositing on polymerized
methane, the value of the alignment constant increases sharply from C = 0.07 for densely packed

rafts of cubes to T = 0.125 for approximately isolated cubes (Figure 1). Films deposited on glass,
Si0O,, ITO or polymerized fluorocarbon display a relatively constant anisotropy factor ranging
from T=0.051 for sparse films on fluorous polymer to T=0.058 for sparse films on SiO,,
indicating that the packing motif and particle density exert a much larger impact on the direction
of emitted photons than the physical properties of the substrate does.

In all measured cases light is found to be emitted with disproportionate intensity in the plane of

the substrate, indicating that the TDM are localized vertically with respect to the film surface
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(Figure 3). The large anisotropy value (C=0.125) measured from the segregated cubes on
polymerized hydrocarbon corresponds to an average TDM value of 59°. The lowest value
(€=0.052, @ = 45.9°) was measured from the film of CsPbBr; nanocubes on ITO. Thus, by
changing the aggregation behavior of the cubes on the surface we can tune the orientation of

emitted photons and the corresponding TDM angle by more than 13° (29%).
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Figure 3. Calculated TDM angles for all samples measured. The surface coatings and

concentrations from which the solutions were deposited are given in the legend.

We hypothesize that the observed oriented photon emission from CsPbBr; nanocubes is
grounded in the accessible surface of the perovskite crystal. Oleate ligands are present on the
nanocrystal surface and are necessary for colloidal stability, but unlike traditional quantum dots,
complete coating of the nanocrystal surface is not typically required or achieved under normal
synthetic conditions due to the high lability of the ligands.'"'® This allows for perturbation of the

otherwise symmetric fluorophores by surface charges and contact between the bottom of the
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cubes and the substrate, resulting in an anisotropy of the electronic transition between the ground
and emissive excited states.

As a control experiment, films of 9.7 nm CdSe/CdS nanoparticles were spun cast onto
similarly coated glass slides and the TDM angle of the assemblies measured in the same way.
These particles are well passivated with a thick insulating shell, and should experience no
comparable impacts from surface perturbations. Films were deposited from toluene solutions (10
pumol or 1 pmol) to form well-coated surfaces. All tested samples produced fully isotropic light
emission patterns, indicative of symmetric transitions and/or randomly oriented particles (Figure
S10).

Changes in the dielectric background around the nanocubes are likely responsible for the
increasingly oriented emission seen from more isolated nanocubes. Higher dilutions of the
nanocube solutions introduce more space between the nanocubes, reducing interaction between
neighboring nanoparticles and enhancing the relative contribution of any perturbation induced by
the substrate on the nanocrystal. Reducing the space between the crystals can also decrease the
effective refractive index and therefore lead to a higher measured alignment constant.

Ab Initio Simulation

To understand the nature of the TDM anisotropy, we have used density functional theory
(DFT) to study the possible scenarios from which an anisotropy may arise. Although it is
difficult to ascribe the observed anisotropies in emission to any of the multiple possible
scenarios, it is valuable to compare the effects on the TDM due to different plausible physical
influences. The impact of the substrate on the nanocrystal assemblies and the impact of local
defects or ions on the surfaces are two possible causes. To independently consider the potential

impact of bringing an otherwise defect free perovskite nanocrystal into contact with a surface on
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only one face, we constructed a (001) CsPbBr, surface with a 3 A separation from a SiO,
substrate (Figure 4a). The resulting calculation shows a pronounced charge redistribution, Ap,
defined by AQ=0, b~ Qpsk ~Quub» at the SiO,/perovskite interface, comparable to previous reports
in similar systems.’* Here Qpskssubs Opsk and Qg are the charge densities of the contacted system,
isolated perovskite layer, and isolated substrate layer, respectively. The calculation indicates that
bringing the perovskite crystal into contact with a silicon dioxide surface creates a redistribution
of charge near the interface. The amount of the redistributed charge is calculated to be 0.006 ¢/A>
for Si0,. Such a charge redistribution can potentially result in interface charging and creation of
a local electric field perpendicular to the interface, breaking the symmetry of the cubic
nanocrystal and leading to changes in both the valence band maximum (VBM) and conduction
band minimum (CBM) states and producing the observed anisotropic TDM and resulting
oriented light emission. This mechanism is expected to vary with the nature of the substrate, but
the microscopic mechanism — asymmetric perturbation of one face of the nanocubes by the

substrate — can be reasonably expected to apply to both inorganic and organic layers.
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Figure 4. Density functional theory calculations illustrating the impact of electric fields on the
TDM of CsPbBr; nanocrystals. (a) Modeling the effect of bringing the cubic perovskite lattice
into approximate contact (3A separation) with a silicon dioxide substrate shows a redistribution
of the electron densities near the interface, introducing a small electrical field. (b) When this
field is applied to the surface of an isolated perovskite nanocrystal the CBM and VBM surfaces
become localized and the resulting TDM is calculated to transition from isotropic, which will
yield a value of 35.2° by this measurement, to vertically oriented with an angle of 63° relative to
the substrate. (c) Measured (red) and calculated (blue) angles as well as angle which would yield

isotropic emission (green) are depicted on a single CsPbBr; unit cell.
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To further demonstrate the above hypothesis, we constructed a CsPbBr; nanocube with [100]
surface-termination as shown in Figure 4b. The Cs atoms at the corners and the edges of the
nanocube are passivated by pseudohydrogen atoms to compensate for the excess electrons such
that the nanocube exhibits a band gap. The CBM and VBM of a freestanding nanocube are
isotropic, as shown in Figure 4b. The corresponding TDM, which is calculated by
I<WepmliVPyem >* (a=x,y,z), is also isotropic, with Cartesian coordinates of (0.21, 0.21, 0.21)
(x,y, and z, respectively) corresponding to an angle of 35.2° above the substrate plane.

We then impose an electric field of 0.05 V/A, comparable to the effect calculated from the
introduction of the substrate, along the z direction and recalculated the CBM and VBM
distribution. The electric field introduces a physical separation of the CBM and VBM and creates
an anisotropic TDM (Figure 4b). The calculated TDM has Cartesian components (.02, .02, .06)
(x,y, and z, respectively) corresponding to a value of 64.8° above the surface of the substrate for
a perfectly isolated single nanocrystal. As a result, a disproportionate amount of light would be
expected to be emitted in the plane of the substrate. This result supports our hypothesis that the
oriented light emission is caused by a local electric field and agrees with our observation of
primarily horizontal light emission (Figure 4¢). This technique demonstrates a general path to
model the experimentally less accessible internal electric field of a nanosystem from the PL
anisotropy.

Comparable effects have been observed in methyl ammonium lead halide films and
nanocrystals by Stark spectroscopy, demonstrating induced alignment of dipoles at the
perovskite/TiO, interface.” Similarly, Tauber et. al. used light polarization studies from
individual methyl ammonium lead iodide (MAPBI;) nanocrystals to observe polarized

photoluminescence related to an alteration of band structure created by a distortion of the
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tetragonal crystal lattice (a lower symmetry crystal phase than that of the CsPbX, type materials)
that localizes the transition dipole moment vector along the Pb-I-Pb axis.”® Additionally, a build-
up of halide ions near the perovskite surface has been observed in MAPBI;, introducing a local
space charge.””

In summary, we have observed strongly anisotropic light emission from solution-processed
films of symmetric CsPbBr; perovskite nanocubes on a range of surfaces. We demonstrate that
the degree of anisotropy of the emitted radiation can be controlled by modulating the interaction
between the substrate and the nanocrystal surface to control particle spacing. By changing the
packing of nanocrystals on the surface we can tune the average TDM orientation and thus the
radiation pattern of emitted light.

Theoretical modeling shows that this effect can be created by the introduction of a small
electric field on the surface of the crystal, which is easily accessible on CsPbBr; perovskite
nanocrystals. This unusual control of photon emission in such an efficient fluorophore will
allow the development of tunable materials for very specific applications in light emission and
optical communication. Future work will explore this effect in perovskite nanocrystals with
different morphologies, halide compositions, cations, ligand binding motifs, and especially
physical environments. We are also exploring alternative measurement geometries to study
specific emission wavelengths. Extreme orientations of emitted photons should be achievable
and have the potential to yield highly efficient optoelectronic devices that rely on directional

emission of light.

Supporting Information.

Synthetic details of all materials used, descriptions of sample deposition procedures and
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measurement techniques, derivation of optical models and results, electron micrographs of all

samples, GISAXS analysis of nanocrystal films.
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