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Fine-Tuning Blue-Emitting Halide Perovskite Nanocrystals

Stefan Martin, Nina A. Henke,* Carola Lampe, Markus Déblinger, Kilian Frank,

Patrick Ganswindt, Bert Nickel and Alexander S. Urban*

Lead halide perovskite nanocrystals (NCs) with narrow, bright emission in the
visible range are promising candidates for light-emitting applications.
Near-unity quantum yields have been realized for green and red-emitting
perovskites, but efficient, stable blue-emitting perovskite materials are scarce.
Current methods to synthesize quantum-confined CsPbBr; NCs with blue
emission are limited to specific wavelength ranges and still suffer from
inhomogeneously broadened emission profiles. Herein, anisotropic
blue-green emitting CsPbBr; NCs are synthesized in ambient atmosphere
using a spontaneous crystallization method. Optical spectroscopy reveals a
gradual, asymptotic photoluminescence (PL) redshift of pristine colloidal NCs
after synthesis. During this process, the emission quality improves notably as
the PL spectra become narrower and more symmetric, accompanied by a PL
intensity increase. Electron microscopy indicates that the gradual redshift
stems from an isotropic growth of the CsPbBr; NCs in at least two
dimensions, likely due to residual precursor ions in the dispersion. Most
importantly, the growth process can be halted at any point by injecting an
enhancement solution containing PbBr, and organic capping ligands. Thus,
excellent control over NC size is achieved, allowing for nanometer-precise
tunability of the respective emission wavelength in the range between 475
and 500 nm, enhancing the functionality of these already impressive NCs.

1. Introduction

Lead halide perovskite nanocrystals (NCs)
were first reported in 2014, attracting much
attention for optoelectronic applications, in-
cluding solar cells, photodetectors, lasers,
and light-emitting diodes (LEDs).["* A nar-
row and tunable emission in the visible
spectrum with near-unity quantum yields
in colloidal dispersion and thin films es-
tablished them as promising candidates for
light-emitting applications.>] Perovskite
NCs have been successfully integrated into
functioning LEDs, but limited stability and
especially a low efficiency in the blue spec-
tral range still hinder their widespread
commercialization.[”8] Typically, the halide
component controls the emission wave-
length; however, including chloride, which
is necessary to obtain blue emission, ren-
ders the perovskite highly defect-prone.l®-1!
Moreover, mixed-halide perovskites tend
to undergo halide phase segregation, thus
notably altering the emission output dur-
ing device operation.['12] A promising ap-
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proach for obtaining blue luminescence is

reducing the size of perovskite NCs to the
quantum confinement regime, analogous to conventional semi-
conductor quantum dots (QDs).[3>] Moreover, an anisotropic
size reduction, leading to, e.g., quasi-2D CsPbBr; nanoplatelets
(NPLs) or quasi-1D nanowires/nanorods (NRs), has the addi-
tional benefit of enabling directional emission, potentially en-
hancing the outcoupling and boosting the theoretical maximum
external quantum efficiencies (EQE) up to 28%./17-23] While the
quality of anisotropic perovskite NCs has improved significantly,
blue-green photoluminescence (PL) spectra between 470 and
510 nm are still broader, owing to nonhomogeneous NC sizes in
the confinement dimension. Most importantly, the precise emis-
sion color of CsPbBr; NPLs is limited to specific wavelengths,
as the thickness is given in increments of octahedral monolayers
(MLS).[21’24]

This work presents a room temperature (RT) synthesis of
monodisperse, anisotropic CsPbBr; NCs with bright emission
tunable with nanometric precision between 475 and 500 nm.
As-prepared perovskite NCs initially show blueish PL at 475 nm
but exhibit a slow, asymptotic redshift to the blue-green spectral
range around 500 nm after synthesis. Significantly, the redshift
can be halted at any time or desired emission maximum by treat-
ing the NCs with an enhancement solution containing PbBr,,
oleylamine, and oleic acid ligands, as detailed previously.[!! The
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Figure 1. a) Steady-state PL spectra of CsPbBr; NCs measured over 150 h after synthesis. Evolution of b) PL peak position and c) peak quality factor of
as-synthesized (top) and enhanced NC dispersions (bottom) within 150 h after synthesis.

emission profiles of the so-obtained NCs remain stable for at
least several weeks. The PL emission is spectrally tunable and
improves substantially over time during the redshift as the quan-
tum yield (QY) increases, and the linewidth decreases. Electron
microscopy confirms that the asymptotic redshift of the PL emis-
sion results from a 2D proportional growth of perovskite NCs af-
ter synthesis. Summarily, this work constitutes a new strategy to
exploit postsynthetic evolution in quantum-confined anisotropic
NCs for achieving better color tunability in wavelength ranges
that have not yet been explored as extensively or are not easily
accessible by direct synthesis.

2. Results and Discussion

The presented synthesis is based on the ligand-assisted spon-
taneous crystallization of NCs in nonpolar organic solvents.[?!]
Unlike standard hot-injection procedures for synthesizing lead
halide perovskite NCs which require high reaction temperatures
and an inert gas atmosphere,[?] our synthesis is conducted at RT
in an ambient atmosphere. Cesium-oleate is injected into a pre-
cursor solution of PbBr,, oleic acid, and oleylamine ligands in
toluene. Acetone is added to promote NC formation and precipi-
tation, acting as an antisolvent. After stirring for 60 s, the reaction
is terminated by centrifugation. The supernatant is discarded,
and the precipitate of CsPbBr; NCs is redispersed in n-hexane. A
deficit of Cs* ions compared to available Pb?* ions restricts crys-
tal growth, thus promoting the formation of anisotropic quasi-
2D perovskite NPLs, whose thickness can be controlled from 2 to
8MLs through the Cs:Pb ratio.['”?!2*] Subsequently, an enhance-
ment solution comprising PbBr, and organic capping ligands in
hexane is added to repair surface defects stemming from lead and
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bromide vacancies in the NCs, enhancing their overall PLQY and
stability.[2!]

Using a Cs:Pb ratio of 0.56, we synthesized CsPbBr; NCs with
sky-blue emission centered at 475 nm, corresponding to the PL of
4ML NPLs.[?] To investigate the long-term stability and potential
degradation pathways of unpassivated NCs, we did not add the
enhancement solution in contrast to the normal synthesis. For
this, we recorded steady-state PL spectra at intervals up to 150 h
after the synthesis. Surprisingly, the PL spectrum gradually red-
shifts throughout the measurement (Figure 1a, top). This starkly
contrasts the standard sample, which shows no change in the PL
spectrum over the same 150 h (Figure 1a, bottom). As shown in
Figure 1b (top), the redshift is relatively rapid at the beginning,
shifting by over 10 nm in the first 20 h, but it swiftly decelerates
over time, demonstrating an asymptotic behavior according to
Equation 1

y =a- (1-exp(-b-1) 1)

Here, a denotes the asymptotic limit of the redshift, and b is
the shift velocity. As explained, the passivated NCs do not show
any variation in the PL emission maximum over time (Figure 1,
bottom). We note that at t = 0 the emission maximum of the
passivated sample is redshifted by 2 nm compared to the unpas-
sivated sample, a reproducible effect which we attribute to the
slightincrease in NC size and a change in the dielectric surround-
ing upon the addition of the enhancement solution./'3%”:28] Often,
a redshift or the emergence of secondary peaks in the PL of NC
dispersions signifies a loss of colloidal stability accompanied by
aggregation of individual NCs and worse optical properties. Es-
pecially anisotropic NCs with high surface-to-volume ratios tend
to aggregate and coalesce readily, thus forming larger perovskite
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crystals in which excitons experience weaker confinement.[29-32]
However, neither additional peaks nor shoulders that could be
attributed to the coincidental formation of thicker NPLs or bulk-
like NCs were observed, suggesting a highly uniform size distri-
bution of anisotropic perovskite NCs, as confirmed by respective
TEM images (Figure S1, Supporting Information). To further in-
vestigate the cause of the redshift in our case, we derive a peak
quality factor, assessing the optical quality of the NC dispersions
through their PL spectra. The peak quality factor f;; is calculated
from contributions of the peak symmetry, skewness and width,
overall assigning a value between 0 and 1, with 1 signifying an
optimal spectrum. A detailed derivation of f;; is included in the
experimental section. The PLQY of the sample is not factored
into the calculation of f;, as it does not provide information on
colloidal stability and is discussed later.

The enhanced NCs exhibit a value around f,; = 0.86 which
stays essentially constant over the 150 h after synthesis (Figure 1c,
bottom). The PL spectra being very symmetric and narrow
(FWHM = 23 nm) signifies a high quality of the NCs. Likewise,
the PL peak position of enhanced NCs is stable for at least 150 h
(Figure 1D, bottom). However, instead of becoming worse, the op-
tical quality of pristine NC dispersions continuously improves as
fp1 increases from 0.82 to 0.96 (Figure 1c, top). The predominant
contribution stems from the narrowing of the emission profile
(FWHM = 19 nm after 150 h), but the peak symmetry improves
as well (Figure S2, Supporting Information). Interestingly, the
development of f; is accurately described by the same function
given in Equation 1, suggesting a correlation between peak po-
sition and quality. The redshift is not due to an aggregation or
degradation of NCs, but more likely signifies a gradual size in-
crease and a focusing of the overall size of the NCs around an
optimal value. This narrowing is astounding as thicker CsPbBr,
NPLs typically exhibit less narrow spectra, likely due to a higher
polydispersity in the strong confinement dimension.[*]

An important question, especially for applications, is whether
adding an enhancement solution can terminate the PL redshift
at any point during the synthesis. We repeated the synthesis of
CsPbBr; NCs, splitting the colloidal dispersion into seven sep-
arate aliquots, and diluted them slightly for subsequent optical
characterization. The samples were stored in darkness under am-
bient conditions, and each aliquot was treated with enhancement
solution after a varying delay time, ranging from 0 to 150 h.
Steady-state absorbance and PL spectra of each aliquot were ac-
quired individually after treatment with an enhancement solu-
tion (Figure 2). With a longer delay between synthesis and en-
hancement, excitonic absorption and PL of individual aliquots
continuously shift to longer wavelengths before being halted by
adding an enhancement solution. After 150 h, the absorption
peak of the last NC aliquot shifted from 460 to 478 nm, while the
PL shifted from 478 to 496 nm before enhancement was added.
Subsequently, no further changes were observed for any of the
seven aliquots, and the enhanced NC dispersions’ emission pro-
files remained stable for at least 15 more days (Figure 2b). The
overall shift of 18 nm in both absorption and PL is compara-
ble with a transition from 4ML to 6ML CsPbBr; NPLs, and the
gradual absorption and emission shift to lower energies as well
as the less prominent appearance of excitonic absorption sug-
gest a weaker confinement in ripened CsPbBr; NCs. As before,
the peak position and quality factor follow the same asymptotic
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trend depicted in Figure 1b,c, emphasizing the reproducibility of
the postsynthetic shift. Additionally, the PL intensity increased
by 5% upon enhancement for all aliquots. Overall, this demon-
strates how adding enhancement solution to colloidal CsPbBr,
NCs can effectively halt the post-synthesis PL redshift at any
point, thereby achieving nanometer-precise emission tunability
between 475 and 500 nm while also improving the color purity
of the emitted light (Figure S3, Supporting Information). More-
over, the PL stability of enhanced perovskite NCs is maintained
in thin films (Figure S4, Supporting Information), which is par-
ticularly important for potential device integration of perovskite
NCs.

To confirm that the perovskite lattice is conserved during all
stages of the post-synthetic PL redshift and subsequent enhance-
ment, we performed powder X-ray diffraction (XRD) measure-
ments of pristine NCs as well as of NCs enhanced after differ-
ent delay times. The perovskite crystal structure is maintained,
and the characteristic peak broadening of few-nanometer-sized
NCs was observed for all samples, as confirmed by the XRD data
and refinement (Figure S5, Supporting Information). Consider-
ing all results, we determine that the perovskite NCs undergo
a controlled growth in size rather than an arbitrary aggregation
and coalescence since none of the acquired spectra indicate a
coexistence of two or more different NC populations. To verify
this assumption, we need to look at individual NCs directly, ne-
cessitating the use of an electron microscope, given the small
size of the NCs. To this end, we modified the synthesis to ob-
tain two CsPbBr, NC dispersions with a different initial emission
wavelength and repeated the measurements. This time, we sepa-
rated the samples into two aliquots each, terminating the PL red-
shift immediately in one case and after 120 h in the second case.
The corresponding PL spectra, shown in Figure 3a, highlight the
slightly redshifted initial PL emission maximum and a compara-
ble redshift of the PL over 120 h. This shift correlates to a thick-
ness increase from 4ML to 5ML in the one sample and 3.5ML
to 4.5ML in the second sample, a result which initially seems
puzzling, as 2D NPLs have not been shown to exhibit inter-ML
thickness and luminescence features. To investigate this, we used
a probe-corrected Titan Themis at 300 kV in high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) mode to image these NCs (Figure 3b). These images and
a fast Fourier transform (FFT) analysis of individual NCs reveal
a d-spacing of 0.60 nm characteristic for either a cubic or or-
thorhombic perovskite lattice, confirming their expected halide
perovskite nature (Figure S6, Supporting Information).?3] The
observed NCs are quite regular in size, exhibiting two distinct
dimensions that had been ascribed to the 2D NPLs stacking up-
right on the substrates.?!l As shown in Figure 3b, the NCs on
the left are slightly larger than those on the right, matching the
associated redshifted PL spectra. Additionally, both dispersions
increase in NC size during the 120 h before the passivation of
the second aliquot. Notably, a 2D homogeneous size increase is
observed for both samples by ~25% from 3.4 nm x 11.2 nm to
4.3 nm x 13.9 nm (left) and from 3.2 nm x 11.5 nm to 3.8 nm x
14.8 nm (right). The large dimension for both samples is in the
weakly to nonconfined regime. Accordingly, the smaller dimen-
sion governs the spectral position of the optical resonances. The
apparent thickness of perovskite NCs observed in the HAADF-
STEM images corresponds roughly to a size increase from 6ML
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Figure 2. a) Absorbance and b) PL spectra of enhanced CsPbBr; NCs from the same synthesis batch. The delay between synthesis and enhancement was
varied between 0 and 150 h, thus terminating the redshifting process at different points and resulting in concomitantly redshifting emission wavelengths.
Spectra were acquired immediately after synthesis (grey), 150 h after synthesis (color), and 20 d after synthesis (black).

to 7ML and 5ML to 6ML for the two samples. Additionally, the
NCs have a well-defined asymmetric shape, but we cannot con-
firm whether they are as supposed 2D NPLs or quasi-1D NRs
as observed in other studies. Nevertheless, their behavior can be
regarded as quasi-1D.’*%5] Notwithstanding, we observe a pro-
portional growth of NCs in two dimensions which adequately ex-
plains the gradual redshift of the corresponding emission profile.

We theorize that growth proceeds by incorporating residual
precursor material from the synthesis, particularly Cs-oleate. As-
synthesized perovskite NCs are often not sufficiently passivated
with oleylamine and oleic acid, exhibiting highly dynamic lig-
and binding and poor colloidal stability.?*3” Therefore, excess
Cs-oleate or PbBr, in colloidal dispersions can initiate classical
growth of perovskite NCs after synthesis. As the concentration
of available precursor material becomes depleted, the growth
rate and PL shift slow down significantly and eventually termi-
nate. This presumption is also supported by the observation that
reducing the Cs-oleate concentration in the synthesis substan-
tially decreases the post-synthetic shift of the PL peak wavelength
in pristine samples (Figure S7, Supporting Information). Treat-
ment with an enhancement solution passivates the perovskite
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surface and improves the surrounding ligand shell, thus effec-
tively preventing further growth, as oleylammonium (OlAm™) di-
rectly competes with Cs* ions for the same lattice position on
the perovskite surface.®®! A nonclassical growth mechanism by
oriented attachment was considered; however, this implies a dis-
tinct, stepwise increase of perovskite NC size through the coa-
lescence of multiple particles, which does not align with the NC
sizes in Figure 3b.3*% As a final piece of the puzzle, we calcu-
lated the relative PLQY of enhanced samples from Figure 2, an-
alyzing the correlation with the NCs’ emission wavelength and
comparing it to the peak quality factor f;, (Figure 4). For this pur-
pose, the integrated emission intensity was divided by the op-
tical density at the excitation wavelength and then normalized
with respect to the aliquot enhanced immediately after synthesis.
The peak quality increases linearly with the emission wavelength
of CsPbBr; NCs while the relative PLQY drops to 0.55 within
two hours after synthesis, at an emission wavelength of 482 nm,
but then increases steadily, almost reaching its initial value after
150 h.

Assuming a classical growth of colloidal NCs from precursor
material, this could be interpreted as follows. The nucleation of
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Figure 3. a) PL spectra and b) HAADF-STEM images of CsPbBr3 NCs with different sizes and, consequently, emission wavelengths. The NC samples
were obtained from two different syntheses, with one sample shifting from emitting at 473-485 nm (left) and the other from 471 to 481 nm (right)
within 120 h. Grey areas indicate the emission range of 3ML, 4ML, and 5ML NPLs. c) Distribution of NC diameter d and length L. Dashed lines in the

histograms mark the average value.

incomplete crystal layers on the surface of existing perovskite
NCs with residual precursor ions in the dispersion temporar-
ily leads to a higher surface-to-volume ratio, creating more trap
states and enhancing nonradiative recombination.?!#1=] This is
supported by HAADF-STEM images of individual CsPbBr; NCs
with the lowest relative PLQY of 0.55, which show multiple NCs
with irregular crystal shapes (see Figure S8 in the Supporting
Information). However, as new layers continue expanding and
ultimately encompass the entire NC, the relative PLQY recov-
ers steadily and approximately reaches its initial value. Moreover,
due to surface energetics, it is more likely that partial layers will
be completed rather than that new ones will be started, which
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explains the narrowing of the optical spectra due to higher NC
homogeneity. Overall, the color purity and wavelength tunabil-
ity of presented anisotropic CsPbBr; NCs is superior to those of
comparable blue-green emitting CsPbBr; NPLs obtained from a
direct synthesis.

3. Conclusion

In summary, we have shown how to obtain narrow blue-green
emission tunable with nanometer-precision from anisotropic
CsPbBr; NCs by controlling their postsynthetic growth. Due to
lower colloidal stability, as-synthesized perovskite NCs exhibit
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Figure 4. Evolution of relative PLQY and peak quality depending on the
emission wavelength of colloidal CsPbBr; NCs.

an asymptotic redshift of absorption and emission features over
seven days after synthesis. We attribute the gradual shift to a slow,
2D proportional growth of CsPbBr; NCs, most likely from ex-
cess precursor material in the colloidal dispersions, particularly
Cs-oleate. During this process, the PL profiles become narrower
and more symmetric, and the PL intensity increases, notably im-
proving the emission peak quality. Most importantly, the growth
can be halted at any point by passivating the NC surface with
an enhancement solution containing PbBr, and additional or-
ganic capping ligands. Perovskite NCs obtained by this method
are stable for several weeks in colloidal dispersion and thin films
and show superior emission color purity compared to 4-6ML
NPLs obtained from a direct RT synthesis. Electron microscopy
reveals a 2D proportional growth, suggesting that these NCs are
more akin to 1D NRs than 2D NPLs. Controlling postsynthetic
growth in quantum-confined perovskite NCs should be explored
for emission fine-tuning in wavelength ranges that are not as eas-
ily accessible by conventional synthesis methods, i.e., deep-blue
or yellow emission, thereby greatly enhancing the applicability of
these fascinating NCs. Future research should also focus on con-
trolling the precise orientation of blue-green emitting anisotropic
NCs in thin films and optimizing their absolute PLQY and long-
term stability in the film state, thus exploiting their vast potential
for a bright, directional blue-green emission.

4. Experimental Section

Materials: Cs,COj; (cesium carbonate, 99%), PbBr, (lead (Il) bro-
mide, > 98%), oleic acid (technical grade, 90%), and oleylamine (techni-
cal grade, 70%) were purchased from Sigma Aldrich. Toluene (for HPLC,
>99%), n-hexane (for HPLC, >97%), and acetone (for HPLC, >99.9%)
were purchased from VWR Chemicals. All chemicals were used without
further purification.

Synthesis of Anisotropic CsPbBr; Nanocrystals: The Cs-oleate precur-
sor was prepared by dissolving Cs,CO;3; (0.1 mmol, 32.5 mg) in oleic
acid (10 mL) under stirring at 85 °C for up to three hours until a clear
solution was obtained. The PbBr,-precursor was prepared by dissolving
PbBr, (0.1 mmol, 36.7 mg) in toluene (10 mL), oleic acid, and oley-
lamine (100 pL each) under stirring at 85 °C for up to three hours until
a clear solution is obtained. The PbBr,-enhancement solution was pre-
pared by dissolving PbBr, (0.1 mmol, 36.7 mg) in n-hexane (10 mL), oleic
acid, and oleylamine (100 pL each) in the same manner. The synthesis
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of anisotropic CsPbBr; NCs is carried out at RT (20-22 °C) in ambient
atmosphere (30-40% humidity). Cs-oleate precursor (504 pL) is added
to PbBr,-precursor (1794 pL) in a glass vial under vigorous stirring. After
10 s, acetone (3702 pL) is added to initiate the formation and precipita-
tion of perovskite NCs. The reaction mixture is stirred for 60 s and then
centrifuged at 4000 rpm (Hettich Rotina 380R, 117 mm) for 3 min. The
supernatant is discarded, and the precipitate is redispersed in n-hexane
(4 mL). To enhance colloidal perovskite NCs, 400 uL (or 10% vol) of the
PbBr,-enhancement solution is added to improve NC stability and emis-
sion properties.

Thin Film Preparation: Thin films of perovskite NCs were prepared by
drop casting 100 pL of a colloidal NC dispersion in hexane on a 15x15 mm
borosilicate glass substrate. Before drop casting, the glass substrates were
cleaned by ultrasonication in acetone and isopropanol and dried under a
nitrogen stream.

Optical Characterization: Absorbance and photoluminescence spectra
were measured on a commercial FluoroMax-4Plus spectrometer equipped
with a xenon arc lamp and an F-3031 transmission accessory (HORIBA
Scientific). The excitation wavelength for photoluminescence spectra was
set to 400 nm. Colloidal samples were analyzed in quartz cuvettes (Hellma
Analytics).

Morphological Characterization: STEM-HAADF mode was performed
with a probe-corrected Titan Themis (FEI) at an acceleration voltage of
300 kV. TEM imaging at lower magnifications was performed on a JOEL
JEM-1100 microscope operated at an acceleration voltage of 80 kV.

Structural Characterization: X-ray powder diffraction data were taken
of samples drop-casted onto a single layer of adhesive tape (3 M Scotch
Magic 810, 10x5 uL) with molybdenum Ka radiation (1= 0.71A) in trans-
mission mode. A Pilatus 100K (Dectris) was used as a detector with a total
measurement time of 3 h per sample.

Calculation of Peak Quality:  The peak quality was assessed by combin-
ing two parameters, one for symmetry and one for the width of the emis-
sion profile, thereby reflecting the color purity of emitted light. First, the
normalized emission peak was split into two halves, to the left and right
of the peak maximum. The area of each half (A; < A,) was calculated with
a cumulated sum and then included in the area relation a, according to
Equation 2

Second, the skewness factor s was defined by Equation 3 from the half
width half maximum of the peak profile on either side of the maximum
position (hwhmy < hwhm,)

_ 3| hwhm, 3
S = hwhm, @)

These two components were combined in the symmetry factor f,
given in Equation 4

fsym = V0l " S (4)

To calculate the width factor f,4y, the full-width at half-maximum
fwhm,y, was corrected according to Equation 5. The contribution of peak
width to f,4, depends on the position of the peak maximum ¢, allowing
peak profiles of lower energy emission to adopt higher values of fivthm,,
without resulting in a higher width factor 4, derived from Equation 6

fwhm,,, = fwhmy, — ((coy — 2.4 €V) X (—0.00905)) (5)

Foidih = —6.9 eV X fivhm 1.7 (6)

corr +
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Both parameters were combined to calculate the overall peak quality
factor fp in Equation 7

fou= \3/fwidth stzym (7)

Accordingly, fp; adopts values between 0 and 1. Broad and asymmetric
emission peaks are rated with a value approaching 0 (low quality), whereas
very narrow, symmetric peaks are assigned a value close to 1 (high quality).
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