UC Berkeley
UC Berkeley Previously Published Works

Title

The Underlying Chemical Mechanism of Selective Chemical Etching in CsPbBr3 Nanocrystals
for Reliably Accessing Near-Unity Emitters

Permalink

https://escholarship.org/uc/item/9f0958bh

Journal
ACS Nano, 13(10)

ISSN
1936-0851

Authors

Koscher, Brent A
Nett, Zachary
Alivisatos, A Paul

Publication Date
2019-10-22

DOI
10.1021/acsnano.9b05782

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/9f0958bh
https://escholarship.org
http://www.cdlib.org/

The underlying chemical mechanism of selective chemical etching in
CsPbBr; nanocrystals for reliably accessing near-unity emitters
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ABSTRACT: Reliably accessing nanocrystal luminophores with near-unity efficiencies aids in the ability to understand the upper
performance limits in optoelectronic applications that require minimal non-radiative losses. Constructing structure-function relation-
ships at the atomic level, while accounting for inevitable defects, allows for the development of robust strategies to achieve near-
unity quantum yield luminophores. For CsPbBr; perovskite nanocrystals, bromine vacancies leave behind under-coordinated lead
atoms that act as traps, limiting the achievable optical performance of the material. We show that selective etching represents a
promising path for mitigating the consequences of optical defects in CsPbBr3 nanocrystals. A mechanistic understanding of the etch-
ing reaction is essential for developing strategies to finely control the reaction. We report a study of the selective etching mechanism
of CsPbBr; nanocrystal cubes by controlling the etchant chemical potential. We observe optical absorption and luminescence trajec-
tories while varying the extent and rate of lead removal, removing in some cases up to 75% of the lead from the original nanocrystal
ensemble. At modest etchant chemical potentials, the size and shape uniformity of the nanocrystal ensemble improves in addition to
the quantum yield, proceeding through a layer-by-layer etching mechanism. Operating with excessively high etchant chemical po-
tentials is detrimental to the overall optical performance as the etching transitions to non-selective, while too low of a chemical
potential results in incomplete etching. Through this general approach, we show how to finely control selective etching to consistently
access a steady state or chemical stability zone of near-unity quantum yield CsPbBr; nanocrystals post-synthetically, suggesting a

practical framework to extend this treatment to other lead halide compositions and sizes.

Introduction

Luminophore optical and material quality dictates the perfor-
mance limits in several optoelectronic applications — light-emit-
ting diodes'?, photodetectors*®, and photovoltaics®®, among
others. In order to probe the upper bounds of performance in
these applications, robust strategies to reliably access high pho-
toluminescence quantum yield (PLQY) are being developed'*
5. While there has been success in approaching near-unity
PLQY luminophores in traditional quantum dot systems, all-in-
organic cesium lead halide perovskite (CsPbX3; X = Cl, Br, I)
nanocrystals are relatively new candidates for high-efficiency
luminophores'®!”. The CsPbX3 nanocrystals have received sub-
stantial interest due to their exceptional optoelectronic proper-
ties, including strong optical absorptions, narrow linewidths,
and high PLQYs, all without requiring the overgrowth of an ep-
itaxial passivating semiconductor shell!®!°. Several investiga-
tions already report notable performances of CsPbXs nanocrys-
tals in light-emitting diodes®?*2?, low-threshold lasers?, and
photovoltaics®. Additionally, due to the combination of high
PLQYs and fast radiative rates, these nanocrystals are promis-
ing candidates for controllable and wavelength-tunable single-
photon sources?*?, and new photonic applications?*?’. For each
of these applications, the optical quality of the material em-
ployed is directly related to its overall performance. While the
high optical quality of the lead halide perovskites is often at-
tributed to an unusual level of inherent defect tolerance?®*, they
are not defect impervious. Calculations and experiments sug-
gest non-negligible defects that can be present in the mate-
rial!21415:2831 "the concentration of which depends on precursor

stoichiometries employed during the synthesis?>*!. Developing
strategies to mitigate the presence of defect states in CsPbXs
nanocrystals represents a promising path towards creating the
highest optical quality materials that probe the upper limits of
efficiency. While we focus on CsPbBr; nanocrystals herein, les-
sons learned can inform rational paths forward to improve the
optical performance of other compositions.

The weak internal chemical bonding of lead halide perov-
skites is an important factor that enables facile synthesis under
mild conditions and contributes to the large ionic mobilities
within the lattice'®**3*, This weak internal bonding also con-
tributes to long-term stability issues and increased susceptibility
to the creation of defects?®3!3, The chance is further increased
due to the lead-rich synthesis conditions and the lability of sur-
face-bound oleylammonium bromide ligands'***3, Given these
conditions, the presence of bromine vacancies represents one of
the more prevalent defects present in as-synthesized CsPbBr3
nanocrystals. A bromine vacancy results in an under-coordi-
nated lead atom, which has been shown to introduce a shallow
electron state below the conduction band!>!>*3!, These cumu-
lative defects contribute to non-radiative recombination at-
tributed to sub-unity PLQYs and extended multi-exponential
excited state decay channels typical in CsPbBr3; samples!?162,
Recently defects in CsPbX3 nanocrystals are starting to be sys-
tematically explored and the understanding of the optoelec-
tronic consequences of these defects is continuing to expand.
Comprehensive chemical strategies to post-synthetically target
bromine vacancies are critical to access the highest quality CsP-
bBr3 nanocrystals for both optical and electronic applications.



Proposed methods to mitigate the effects of undercoordinated
lead atoms fall in three categories: ligand passivation of defect
states'>20-223536 " shifting the dynamic surface equilibrium to-
wards increased surface-bound halide'>?'%7, and selective etch-
ing of surface under-coordinated lead'*'*. The first two strate-
gies can work well for select circumstances, improving the
PLQYs up to ~95%'%>!%. However, these strategies require in-
troducing a significant excess of ligands or bromide sources to
shift the equilibrium towards passivation. They also ultimately
encounter steric and entropic limitations, making it difficult to
fully passivate all the defects present in a controlled fash-
ion!2133537 However, selective chemical etching'*!® offers an
appealing alternative that is not constrained like the approaches
described above. Further, precise control of the reactive etch-
ant chemical potential can be used to achieve higher levels of
selectivity’®4°. Selective etching has been successfully em-
ployed for epitaxial liftoff processes*®*! and to control the sur-
face properties of thin film semiconductors. This approach also
allows for the optimization of the primary etching pathway
while mitigating the presence of unfavorable side reactions. At-
oms within specific local bonding environments are post-syn-
thetically targeted by modulating the etchant chemical poten-
tial, a potentially powerful tool that can be used to improve the
PLQY of nanocrystal ensembles. Traditional quantum dot sem-
iconductors have stronger internal bonding compared to the
ionic lead halide perovskites, typically resulting in either mod-
est PLQY improvements or degradation of the optical perfor-
mance through chemical etching**. Careful tuning of the etch-
ing conditions is necessary in order to achieve good results.
Here we find an opportunity to harness the inherent weak chem-
ical bonding of CsPbBrs; to allow for tuning of the etchant chem-
ical potential under mild conditions to achieve selective etching
of under-coordinated lead atoms. To this end, we previously
demonstrated a post-synthetic thiocyanate treatment capable of
improving the PLQY of as-synthesized and aged CsPbBr3 nano-
crystals from 60% to near-unity by reducing nanocrystal lead
richness!>!%!15, Here we build on this work to provide a more
complete description of the underlying mechanism of selective
etching in CsPbBr; nanocrystals and to provide a more general
framework for approaching the chemical modification of the all
inorganic colloidal perovskite lead halide nanocrystals.

Results and Discussion

To understand the underlying mechanism of the thiocyanate
etching reaction, first we consider the etching conditions from
our previous report'>. We use CsPbBr3; nanocrystal cubes that
are isolated from the reaction mixture by centrifugation'® (syn-
thetic details in Supporting Information) and then maintained as
a colloidal solution in a non-polar solvent. During the synthesis,
both oleic acid and oleylamine ligands are employed to solubil-
ize the precursors for the nanoparticle synthesis and to after-
wards maintain nanocrystal colloidal stability. Although there
is a geometrically ideal packing density of ligands on the sur-
face® (~2.9 nm?), after synthesis there are more ligands present
in solution (6 nm?) than required to fully passivate the surface
(Supporting Information). Due to the dynamic nature of ligand
binding in these materials, excess ligands have been shown to
play an important role in shifting the equilibrium towards sur-
face bound species'?*>3. To the as-isolated CsPbBr3 sample, a
dry powder of either ammonium or sodium thiocyanate is added
and stirred at room temperature. Following completion of the
treatment, the absorption spectrum is largely unchanged but
there is a significant change in the photoluminescence intensity
(Figure 1A). The improvement in photoluminescence intensity

Figure 1: (A) Absorption (solid lines) and photoluminescence
spectra (dotted lines) of a representative as-isolated ligand con-
centration CsPbBr3 nanocrystal sample dispersed in hexanes
before treatment (blue lines) and after treatment (red lines) with
ammonium thiocyanate. Photoluminescence spectra are normal-
ized to the respective PLQY. (B) Time resolved photolumines-
cence lifetimes under pulsed 407.1 nm excitation at room tem-
perature for an untreated CsPbBr3 sample (initially 70+£2.5%
quantum yield, blue line) and the same CsPbBr3 sample after
treatment with thiocyanate (afterwards 100+£2.5% quantum
yield, red line).

and PLQY arises due to reduced non-radiative recombination,
changing the excited state decay from multi-exponential to sin-
gle-exponential (Figure 1B).

Conveniently, the stretch of the cyano- group has a characteris-
tic vibrational frequency when bound to lead* (Supporting In-
formation), providing an infrared handle to quantify the number
of lead atoms removed during etching per particle. By monitor-
ing the etching reaction with quantitative infrared spectroscopy,
photoluminescence lifetime, and PLQY we can determine the
number of under-coordinated lead atoms present throughout the
etching which also informs us of the number of bromine vacan-
cies present. For example, a sample that initially presents a 70%
PLQY, Figure 1A/1B, contains nearly 90 bromine vacancies per
nanocrystal (Supporting Information), a defect density of 10?°
cm™. For this sample, we find that each under-coordinated lead
atom in a 10 nm edge length CsPbBr; nanocrystal cube contrib-
utes 0.0006+0.0003 ns™! (Supporting Information) to the overall
non-radiative rate, a contribution 200 times smaller than the ra-
diative rate. So, while an individual bromine vacancy is not se-
verely detrimental to the overall PLQY, the culminative effect
of many vacancies does significantly affect the overall optical
performance of the material. It is also worth noting that a single
such defect then could limit the quantum yield for luminescence
to 0.995, close to the highest value that was recently measured
for a CdSe/CdsS colloidal quantum dot'°, and below the level of
interest for some advanced energy harvesting applications. Fur-
ther investigations into the composition dependent trapping dy-
namics and cross-sections of individual electronic defects are



Figure 2: Evolution of the absorption and photoluminescence spectra of CsPbBrs; samples throughout the thiocyanate etching reaction
with varying ligand concentrations (time progressing from dark purple to red in each sub-figure): (4) 18 Oleic Acid and 6 Oleylamine
ligands per square nanometer of nanocrystal surface area, (B) 18 Oleic Acid and 10 Oleylamine ligands per square nanometer of nano-
crystal surface area, (C) 18 Oleic Acid and 18 Oleylamine ligands per square nanometer of nanocrystal surface area. Two spectroscopic
regions of interest in the absorption spectra from (B) and (C) is the evolution of a characteristic peak near 313 nm related to the lead-
depleted Cs4PbBre¢ material, and the characteristic spectra of CsPbBrs3 as the etching reaction progresses. Also, of interest in the photolu-
minescence spectra of (A-C) is the systematic blue-shift of the bandgap of emissive CsPbBrs3 as the etching reaction progresses.

needed to fully understand the nature of defects in these mate-
rials, but are outside the scope of this work. By etching as-iso-
lated CsPbBr3 nanocrystals with thiocyanate, we can somewhat
reliably improve the ensemble PLQY to near-unity (Figure
1A/1B). The conditions appear to allow the etchant to interact
with a limited number of surface sites. However, given the weak
nature of bonding in these materials, it is likely that there are
necessary equilibria required to achieve the etching selectivity.

Long-chain hydrocarbon ligands not only play an important
role in maintaining the ensemble colloidal properties but also
drive many nanoscale post-synthetic transformations through
relatively strong ligand interactions*®*’. Therefore, it is im-
portant to consider the role ligand-thiocyanate salt interactions
might play in dictating reaction outcomes. With two different
ligands present in solution during the etching, oleic acid and
oleylamine, we need to understand the relevance of the ligands
separately, as well as the coincidence of both ligands. At the
ligand concentrations used for our etching reactions, introduc-
ing only extra oleic acid or oleylamine does not increase the
observed extent of etching when thiocyanate is added (Support-
ing Information) compared to as-isolated conditions. By sys-
tematically increasing the concentration of both ligands in solu-
tion, there are substantial changes to the observed etching tra-
jectories (Figure 2A-C, Supporting Information). Instead of
maintaining an unchanged absorption spectrum as seen for the
as-isolated conditions (Figure 1A, 2A), we observe systemati-
cally larger decreases in CsPbBr;3 nanocrystals present while in-
creasing the ligand concentration, as well as the appearance and
growth of an absorption feature near 313 nm consistent with the
lead-depleted phase*®>°, CssPbBrs (Figure 2B, 2C). Conversion
to Cs4PbBrs has been shown to be possible by increasing the

ligand concentration present*®, but at these conditions there is
no etching or conversion observed without introducing thiocy-
anate (Supporting Information). This suggests that the concen-
tration of oleate-oleylammonium ligand ion pairs present in so-
Iution have an important role in dictating the outcome of the
etching reaction.

The thiocyanate etchant chemical potential that the CsPbBr3
nanocrystals are exposed to is easily modulated by varying the
oleate-oleylammonium ion pair concentration available in solu-
tion, dictating the amount of and rate that lead is removed from
the nanocrystals (Figure 3A). Only 3% of the lead on average is
etched per nanocrystal (Supporting Information) when exposed
to as-isolated ligand concentrations (6 Oleic Acid: 6 Oleyla-
mine per nm?, Figure 3A, dark blue). However, with higher lig-
and ion-pair concentrations (18 Oleic Acid: 18 Oleylamine per
nm?) present in solution (Figure 3A, red), the entire CsPbBr;
ensemble is converted to the lead depleted phase after one hour,
requiring nearly 75% of the lead from the nanocrystal to be re-
moved. Although the extent and rate of lead etching can be var-
ied substantially by modulating the oleate-oleylammonium ion
pair concentration, the ensemble is still able to reach near-unity
PLQYs through etching (Figure 3B, color coordinated with the
curves in Figure 3A). This shows that over a range of etchant
chemical potentials some etching selectivity is maintained, re-
moving under-coordinated lead atoms more quickly than fully
coordinated lead atoms. But, by increasing the etchant chemical
potential the degree of selectivity is reduced (Supporting Infor-
mation), requiring more lead to be removed overall from the
nanocrystal before reducing the number of optically deleterious
lead atoms and improving the ensemble PLQY. The change in
selectivity is most apparent in the highest chemical potential



Figure 3: (A) Fraction of CsPbBr; remaining in solution relative
to the initial concentration present throughout the thiocyanate
etching reaction conducted at varying oleylammonium-oleate
ion pair concentrations present in solution, with the arrow show-
ing increasing concentration for clarity (ligand concentrations
are color coordinated with values appearing in Figure 3B). (B)
Change in the CsPbBr3 ensemble quantum yield as etching pro-
gresses. Arrows and vertical lines indicate when the sample ab-
sorption decreased too far to accurately measure the quantum
yield of the sample. (C) From etching reactions conducted at dif-
ferent conditions (Figure 34/3B, SI), we propose the equilibrium
of sample ligands and added ionic thiocyanate salts create the
active etching species which is able to remove lead from the
nanocrystal.

presented in Figure 3A/3B (red line), in which the ensemble
PLQY is just able to reach near-unity before it fully converts to
the lead-depleted phase.

Despite previous notions, thiocyanate does not intrinsically
possess a conveniently tuned binding strength to lead, but in-
stead the selectivity arises from finely tuning the etchant chem-
ical potential. For this reaction the concentration of etchant pre-
sent in solution is critically controlled by an equilibrium be-
tween the ionic thiocyanate salts and the oleate-oleylammo-
nium ion pairs present (Figure 3C), affording the ability to

finely tune the etchant chemical potential. The emergence of
characteristic signatures of the thiocyanate counter-ion coordi-
nated to oleate are readily observed with IR spectroscopy (Sup-
porting Information). Solubilized thiocyanate ions can then dif-
fuse to the nanoparticle surface and remove lead (Figure 3C).
This removal of under-coordinated lead is what ultimately im-
proves the ensemble PLQYs, consistent with previous re-
ports'2!%15 While we measure concentrations of 6 Oleic Acid:
6 Oleylamine per nm?* from NMR of as-isolated nanocrystals
(Supporting Information), based on the observed extent of etch-
ing only a fraction, around 5% (Supporting Information), are
available as oleate-oleylammonium ion pairs while the remain-
der are likely already surface ligands or coordinated with ions
left over from the synthesis. Depending on the synthesis stoi-
chiometry employed and the subsequent cleaning steps, there
may be too few oleate-oleylammonium ion pairs present to sol-
ubilize enough thiocyanate to remove all the under-coordinated
lead present. This limitation puts an upper bound on the achiev-
able PLQY following etching, explaining why some samples
only achieve modest improvements. However, introducing ad-
ditional small quantities of ligand ion pairs into solution can in-
crease the etchant concentration in a controlled manner, con-
trollably achieving near-unity PLQYs (Supporting Infor-
mation). Moreover, since ligands are consumed during the etch-
ing reaction (Figure 3C), nanocrystals tend to aggregate and
lose colloidal stability throughout the etching if there are too
few ligands present in solution (Supporting Information). This
ability to dictate the extent of etching allows for precise control
of the etching reaction, removing just enough lead atoms to
reach near-unity PLQY's without etching too many atoms from
the nanocrystal (Supporting Information).

While the underlying chemical reactions dictate the rate at
which particular lead species are removed, they do not inform
spatially where within the nanocrystal the lead is preferentially
removed from during the etching. With low concentrations of
etchant present changes to the shape and size of the nanocrystal
ensemble are negligible (Supporting Information), consistent
with the small quantity of lead removed from the nanocrystal.
By increasing the etchant concentration present in solution (in
turn achieved by increasing the ligand ion-pair concentration)
(Figure 4A), the CsPbBr; nanocrystals become significantly
more uniform throughout the etching reaction, presenting a
more consistent and regular cube-like morphology. This is a
significant specific advantage to this controlled etching method.
In addition to increased particle uniformity, the average feret
diameter of the ensemble systematically decreases and narrows,
by around 15%, as the etching reaction progresses with higher
etchant concentrations (Figure 4B). A systematic blue-shift of
the bandgap arises from the change in average size of the en-
semble, whereas the narrowing of the size distribution and pho-
toluminescence spectrum arises from a size-dependent etching
rate (Supporting Information), in which larger particles etch at
faster rates than smaller particles. These observations also add
a valuable insight towards the bandgap blue-shifts that arise fol-
lowing similar CsPbBr;3 treatments in the literature!?!41548-50,
with observed shifts ranging from 1 nm to 5 nm. While we are
not able to conclusively rule out the role of ligands coupling to
the electronic states of the nanocrystal, a decrease in size and
size distribution narrowing offers simple explanations for the
observed bandgap blue-shift with increasingly aggressive etch-
ing conditions (Figure 2A-C, Supporting Information).

The change in nanocrystal uniformity and commensurate in-
crease in PLQY as a result of etching suggests the order and



Figure 4: Changes in the nanocrystal structure as the thiocyanate etching reaction progresses. (A) TEM micrographs of CsPbBr; nano-
crystal cubes showing the change in morphology following thiocyanate treatment (0 minutes and 120 minutes) with 18 Oleic Acid and 16
Oleylamine ligands per square nanometer of CsPbBr3 nanocrystal surface area, scale bar represents 50 nm. Also shown are FFT of the
TEM images, highlighting the change in sample uniformity following treatment. (B) For the etching reaction of CsPbBr3; nanocrystal
cubes shown in Figure 44, the time evolution of the cube feret diameter distribution with etching, with time progressing from dark blue to
red. (C) Evolution of the photoluminescence spectra of CsPbBrs nanoplates as thiocyanate etching progresses, beginning with a charac-
teristic 488 nm photoluminescence peak and proceeding with the sequential growth of both 477 nm and 462 nm photoluminescence com-
ponents with time (time progressing from dark blue to red) (Supporting Information).

location in which lead is removed from the nanocrystal surface.
Instead of proceeding by randomly removing lead atoms, un-
der-coordinated lead atoms are etched more quickly and then
the etching proceeds by sequentially removing layers of perov-
skite, at least for the chemical potentials shown in Figure
3A/3B. This trajectory is consistent with a layer-by-layer etch-
ing mechanism in which layers that are already partially etched
etch at a faster rate than removing material from the next com-
plete layer below**3!52, The observed improvements in both
uniformity and PLQY for the range of chemical potentials in
Figure 3A/3B are inconsistent with a randomly proceeding
etching reaction. Fortunately, this microscopic etching mecha-
nism can be tested by monitoring the etching trajectories of
quasi-2D CsPbBr3 nanoplates. The discrete nature of bandgap
energies that arise from 2D quantum confinement act as a direct
reporter of the nanoplate thickness®*** (488, 477, 462, 435, and
405 nm for 5-, 4-, 3-, 2-, and 1-monolayer thicknesses respec-
tively), presenting a convenient handle to monitor the etching
progression. Starting with a S-monolayer CsPbBr; nanoplate
(Figure 4C, Supporting Information), we observe a decrease in
the 5-monolayer intensity while subsequently observing a peak
appear at 477 nm (4-monolayer thick sub-population) and then
later a peak at 462 nm (3-monolayer thick subpopulation). The
sequential appearance of thinner nanoplate subpopulations as
thicker nanoplates etch is highly consistent with a layer-by-
layer etching mechanism, showing an underlying well-ordered
etching sequence.

Although our work highlights the underlying mechanism of
thiocyanate-based etching, we find that the observed selective
etching does not arise from unique properties of thiocyanate.
Instead this method can be applied generally using other con-
trolled chemical etchants. The critical factor is the etchant
chemical potential which can be tuned by not only changing the
etchant concentration, but also by modulating the strength of
the etchant-etched atom interaction. The strength of this inter-
action is determined by the electron density™ present on the
atom that binds to lead which changes the etchant hardness
(Figure 5A). By varying etchant hardness, with tetramethylthi-
ourea being the softest species tested and octanedithiol being
the hardest, we observe substantial changes in the rate of etch-

ing under similar concentrations in accordance with their re-
spective chemical potentials (Figure 5A). Consistent with pre-
vious reports, the addition of hard etchants such as thiols**,
results in rapid etching of CsPbBr; culminating in conversion
to the lead-depleted phase material. By systematically varying
the etchant chemical potential, we identify three general etching
regimes (Figure 5A): improvement of the quantum yield (green
shading), modest if any change in the quantum yield (yellow
shading), and deterioration of the quantum yield (red shading).
Expectedly, further increasing the thiocyanate etchant chemical
potential beyond that presented in Figure 3A/3B results in a
gradual transition from beneficial to neutral to detrimental (Fig-
ure 5B). At first, the etching reaction becomes less selective,
increasing the number of lead atoms that need to be removed
before reducing the population of under-coordinated lead atoms
present, systematically shifting the achievable PLQY lower as
the etchant chemical potential is increased (Figure 5B). Contin-
uing to increase the etchant chemical potential further causes
the etching to transition into a non-selective and detrimental re-
gion (Figure 5B, cyan to dark blue), removing lead atoms from
the nanocrystal without regard for their local chemical environ-
ment, which decreases the ensemble PLQY. The transition from
selective to non-selective etching is analogous to the roughen-
ing transitions observed in other systems*>*®*°, in which atoms
are randomly removed from multiple layers as they are encoun-
tered. While there are some advantages to operating in high
etchant chemical potential regions, such as short reaction times
and a wider library of useable etchants, there are substantial
tradeoffs in etching selectivity and achievable optical efficien-
cies that must be carefully considered.

This method significantly increases the library of useable
chemicals, particularly for those with strong binding strengths
with lead, by carefully controlling the concentration of etchant
present in solution at any given time. By slowly introducing a
hard-chemical etchant like thiol into solution, the etchant chem-
ical potential is maintained as low as possible for that species,
representing perhaps the best-case scenario for introducing
hard-chemical etchants. Instead of observing a rapid degrada-
tion of the optical properties, by slowly adding octanedithiol to
the solution, the ensemble PLQY improves from 60% to nearly
85% (Figure 5C). Although the library of chemical etchants to



Figure 5: (4) Change in the etching rate of CsPbBr3 nanocrystal cubes by changing the hardness of the chemical etchant introduced,
(1, Tetramethylthiourea. 2, Potassium Selenocyanate. 3, Ammonium Thiocyanate., 4, Potassium Thioacetate., 5, Sodium Diethyldithi-
ocarbamate., 6, Octanedithiol.) depicted as the fraction of CsPbBr3 remaining in solution as the etching reaction progresses. Each
etching reaction was conducted with 18 Oleic Acid: 18 Oleylamine ligands per nm?, which introduces the same concentration of etchant
into solution. Background highlighting distinguishes regions of quantum yield improvement (green), no change or subtle quantum yield
improvement (yellow), and detrimental to quantum yield (red). (B) Progression of quantum yield during thiocyanate etching conducted
at different chemical potentials of thiocyanate etchant, ranging from 18 Oleic Acid:18 Oleylamine (dark red stars) to 50 Oleic Acid:50
Oleylamine (dark blue circles) ligands per nm?. (C) Change in CsPbBrs nanocrystal cube ensemble quantum yield by slowly introduc-
ing octanedithiol (ODT) into solution, a hard-chemical etchant for lead in CsPbBr3 nanocrystals.

improve PLQY is slightly expanded through slow-addition of
the etchant, achieving near-unity PLQY's with excessively hard-
chemical etchants is either more difficult or in some cases in-
tractable as the etchant chemical potential is still too high even
at modest concentrations at room temperature to achieve high
levels of selectivity. This ultimately shows that many of the
chemical strategies that were developed to post-synthetically
manipulate metal chalcogenide materials®®® are partially, if not
completely, incompatible with lead halide perovskites. The
chemicals that were employed are too aggressive for the weakly
bound lead halide perovskite materials. Therefore, while the
post-synthetic techniques may be analogous, careful optimiza-
tions of chemical strengths and concentrations are necessary to
avoid undesirable outcomes and unintended side reactions.

Conclusions

The cesium lead halide perovskites present a promising
emerging platform for developing a new generation of near-
unity PLQY nanocrystal luminophores throughout the visible.
While the weak internal bonding certainly presents substantial
challenges — poor photostability, poor chemical stability, low
melting point, and facile formation of defects — it also offers
tremendous opportunities to perform selective post-synthetic
treatments under mild and tunable conditions at room tempera-
ture. Post-synthetic etching represents a convenient path for
mitigating the presence and optoelectronic consequences of
bromine vacancies and under-coordinated lead atoms within the
lead halide perovskites. To better control the post-synthetic se-
lective etching in CsPbBr; nanocrystals, we set out to improve
our understanding of the thiocyanate-based etching mechanism.
By changing the etchant chemical potential, either with concen-
tration or strength of the chemical etchant, we systematically
vary the extent of etching from removing only a few lead atoms
to nearly all the lead atoms of the nanocrystal. The etching is
not able to remove enough under-coordinated lead atoms to
reach near-unity PLQYs when the chemical potential is too low.
When the chemical potential is too high the etching reaction be-
comes non-selective. Only by selecting a chemical etchant with
an appropriate lead binding strength and concentration, is it pos-
sible to selectively target under-coordinated lead atoms on the
surface of CsPbBr; nanocrystals, reliably improving the PLQY.

From our studies we show that thiocyanate is not a unique
chemical etchant but instead is one member of a larger family
of chemical etchants. The critical property for selective etching
is the etchant chemical potential. Although we focus on CsP-
bBr3, this study presents a rational framework for systematically
improving the optical quality of other lead halide perovskite
compositions, opening paths for reliably obtaining perovskite
near-unity emitters throughout the visible. By developing ro-
bust chemical strategies to access materials at the high radiative
efficiency limit, future investigations into promising optoelec-
tronic applications operating at the upper efficiency limits are
possible.
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Materials: Cesium carbonate (Cs2COs3, 99.9%, Aldrich), octadecene (ODE, 90%, Aldrich), oleic acid (OA,
90%, Aldrich), oleylamine (OLA, 70%, Aldrich), lead bromide (PbBr2, 99.999%, Aldrich), hexanes (>99%,
Aldrich, anhydrous), toluene (99.8%, Aldrich, anhydrous), ethyl acetate (99.8%, Aldrich, anhydrous),
ammonium thiocyanate (NH4SCN, 99.99%, Aldrich), sodium thiocyanate (NaSCN, 99.99%, Aldrich), lead
thiocyanate (99.5%, Aldrich), octanedithiol (>97%, Aldrich), sodium diethyldithiocarbamate (>99%,
Aldrich), potassium thioacetate (98%, Aldrich), potassium selenocyanate (>99%, Aldrich),
tetramethylthiourea (98%, Aldrich)

Synthetic Methods:

Preparation of Cesium Oleate Stock Solution

A stock solution of cesium oleate was prepared following the reported procedure by Protesescu et al. (Ref
16). Briefly, 2.5 mmol Cs.CO; and 2.5 mL OA was loaded into a three-neck flask containing 40 mL ODE.
The mixture was dried/degassed for 1 hour at 120 °C under high vacuum, then heated under dry Argon gas
at 150 °C until all the Cs.CO5; complexed with OA.

Preparation of Ligands for Synthesis

Small quantities of OA and OLA (typically on the 5-10 mL scale) were prepared ahead of time for use in the
synthesis. The technical grade OA and OLA liquids were filtered through a PTFE syringe filter to remove
any large floating particulates and then loaded into separate glass vials. Then OA and OLA were
dried/degassed for 1 hour at 120 °C and then transferred air-free into an argon glovebox for storage.
Afterwards the OA and OLA were used without further processing.

Synthesis of CsPbBr; Nanocrystal Cubes

First ODE (5 mL) and PbBr: (0.188 mmol) were added into a three-neck flask, then dried/degassed under
vacuum at 120 °C for 1 hour. Afterwards the reaction was heated under dry argon gas to 140 °C, at which
point previously prepared OA (0.5 mL) and OLA (0.65 mL) were injected into the flask to complex the PbBr2
salt. Following the complete dissolution of the PbBr- salt, the reaction temperature was adjusted between
140-160 °C before hot cesium oleate solution (0.5 mL, 0.125 M) was injected. The size of the obtained
particles is modulated by changing the reaction temperature. After growing for 5-10 seconds, the reaction
mixture was cooled close to room-temperature using an ice-water bath.

Isolation and Purification of CsPbBr; Nanocrystal Cubes

Three isolation methods work to good effect for 7-10 nm edge length CsPbBr3; nanocrystal cube samples. In
the first method, the crude reaction mixture was first centrifuged at 2000 RCF for 3 minutes to remove
aggregates and other undesirably large by-products, then centrifuged at 11000 RCF for up to 10 minutes at
low temperatures (0-10 °C), before finally re-dispersing the isolated particles in anhydrous hexanes for
storage. In the second method, the crude solution was first centrifuged at 2000 RCF for 3 minutes to remove
unwanted by-products, before adding ethyl acetate (or similar anti-solvent), centrifuging the resulting
suspension at 9000 RCF for up to 10 minutes, and finally re-dispersing the isolated particles in anhydrous



hexanes for storage. In the third method, around 5 mL of hexanes were added to the crude reaction mixture
and centrifuged at 2000 RCF to remove unwanted by-products. Next, hexanes were evaporated from the
mixture in a step-wise fashion in order to isolate different size particles from the reaction solution by
centrifugation at 9ooo RCF for up to 10 minutes, and then the isolated particles were re-dispersed in
anhydrous hexanes for storage. Each method results in long-term stable particles that can be stored in an
inert atmosphere glovebox or in air, depending on the timeframe in which the samples were used.

Synthesis of CsPbBr; Nanocrystal Plates

First ODE (5 mL) and PbBr: (0.188 mmol) were added into a three-neck flask, then dried/degassed under
vacuum at 120 °C for 1 hour. Afterwards the reaction was heated under dry argon gas to 140 °C, at which
point previously prepared OA (0.5 mL) and OLA (0.5 mL) were injected into the flask to complex the PbBr2
salt. Following the complete dissolution of the PbBr- salt, the reaction temperature was adjusted between
90-130 °C before hot cesium oleate solution (0.4 mL, 0.125 M) was injected. The size of the obtained
particles is modulated by changing the reaction temperature. After growing for 5-10 seconds, the reaction
mixture was cooled close to room-temperature using an ice-water bath.

Isolation and Purification of CsPbBr; Nanocrystal Plates

To isolate the nanocrystal plates, the reaction mixture was centrifuged at 90ooo RCF for up to 10 minutes to
yield a precipitate that was re-dispersed in hexanes. Decreasing the temperature during centrifugation can
further help with isolation but is often not necessary for nanocrystal plates due to their larger volume. The
nanocrystal plate samples were stored inside the glovebox or in air, depending on the timeframe in which
the samples were used.

Characterization:

Absorption

Steady-state absorption spectra were collected using a Shimadzu UV-3600 double beam spectrometer set
to the second slowest scanning rate, with one second integration and 2 nm slit widths.

Steady-state Fluorescence

For samples that produced measurable changes on the minutes time scale, steady-state fluorescence spectra
were collected using a Horiba Jobin-Yvon FluoroLog 2 spectrofluorometer (wavelength calibration to the
397 nm Raman peak under 350 nm excitation to within 1 nm accuracy). Samples were excited by
monochromatic light from a cold white ThorLabs LED passed through a monochromator (typical
integration times of 0.2 s/nm with 1 nm slit widths were used).

For samples that produced measurable changes on faster time scales (seconds), steady-state fluorescence
spectra were collected using a fiber-coupled, calibrated Ocean Optics USB2000 CCD spectrometer
(wavelength calibrated to atomic lines from a Hg and Ne calibration lamp, spectral sensitivity calibrated
using a radiometrically calibrated blackbody source from Ocean Optics). Samples were excited by a
ThorLabs UV LED. Using the Ocean Optics CCD spectrometer, full spectra are typically collected in 0.1 s,
and several are averaged together. Although spectra can be collected quickly, the CCD is less sensitive than
the scanning PMT, representing a trade-off.

Additionally, some steady-state fluorescence spectra were collected using a home built integrating sphere
spectrofluorometer with a Princeton Instruments Si-CCD, the setup is described further in the Quantum
Yield Measurements Section.

Quantum Yield Measurements (PLQY)

A home-built integrating sphere spectrofluorometer was used to measure absolute quantum yields. A
Fianium SC450 supercontinuum pulsed laser is used as a white light source with an average intensity of 4W
from 410-2500 nm. The supercontinuum excitation light is passed through two monochromators, a



Princeton Instruments SP150 and a Princeton Instruments SP275, to provide monochromatic excitation
light from the supercontinuum source. The exiting monochromatic light has a full width at half maximum
bandwidth < 1 nm. Afterwards, a small part of the excitation beam is reflected to a ThorLabs S120VC
calibrated silicon photodiode to continuously measure the power while the majority is focused into a 135
mm Spectralon integrating sphere (LabSphere) with a 25 mm entrance port. The liquid sample is positioned
within the integrating sphere inside a polished cylindrical quartz cuvette. Light leaving the exit port of the
sphere, fitted with a baffle to prevent direct reflections, is focused onto a detection monochromator and the
spectrum is detected with a calibrated Princeton Instruments PIXIS 400B thermoelectrically cooled silicon
CCD. The Si-CCD is wavelength calibrated by measuring the atomic lines from Hg and Ne wavelength
calibration light sources, and sensitivity calibrated using a NIST-traceable radiometric calibration lamp
from Ocean Optics (model HL3-plus). For relative measurements, photoluminescence quantum yields are
estimated according to standard procedures using the FluoroLog.

Photoluminescence Lifetimes (TRPL)

Time resolved photoluminescence measurements (TCSPC, time-correlated single photon counting) were
obtained using a PicoQuant Fluotime 300, equipped with a PMA 175 detector, PicoHarp counting card, and
an LDH-P-C-405 diode laser with an excitation wavelength of 407.1 nm. The laser diode can reach
repetition rates up to 80 MHz, however repetition rates were adjusted as appropriate to observe the full
excited state decay.

Transmission Electron Micrographs (TEM)

TEM images were obtained using a FEI Tecnai T20 S-Twin TEM operating at 200 kV with a LaBs¢ filament.
Micrographs were acquired using a Gatan Orius SC200 camera. TEM samples were cast from dilute (OD <
0.2) solutions in toluene or hexanes onto Electron Microscopy CF400-Cu 400 mesh standard carbon TEM
grids.

Nuclear Magnetic Resonance (NMR) Spectra

NMR spectra of micromolar concentrations of CsPbBr; NCs were measured on a 400 MHz instrument in
deuterated toluene. Quantitative measurements were collected after tuning the probe and determining the
90° radio frequency pulse. Following the measurement, the concentrations were determined by comparing
against an internal standard, mesitylene, at a known concentration and determining the concentration of
quantum dots present in solution.

Determination of Fraction of CsPbBr; Remaining

To determine the amount of CsPbBr; remaining as the etching reaction progressed, the time-dependent
steady-state absorption spectra were analyzed. There are two species to monitor, CsPbBr; and the lead-
depleted phase Cs,PbBrs material. For the CsPbBr; material there are two absorption regions that have no
size-dependent features: 325 — 345 nm and 415 — 455 nm. To avoid contributions from Cs;PbBrs we
monitor the change in absorption near 425 nm and correlate the amount of CsPbBr; present using the
absorption coefficient.



Additional Supporting Figures:

Figure S1: Photoluminescence spectra of the typical CsPbBr; nanocrystal cubes as-isolated from the
reaction mixture. The linewidth of the ensemble is 17 nm (81 meV) and centered at 510 nm.

Standard As-Isolated Conditions

NH,SCN
(time, RT)

Pre-Treatment Post-Treatment

Figure S2: For as-isolated CsPbBr; nanocrystal cubes, with the as-isolated ligand concentration, there is
very little, if any, change in the particle size or shape following a room temperature treatment with
ammonium thiocyanate, highlighted in the TEM images of the samples.



Figure S3: Infrared spectra of the liquid samples in the 1530 cm* to 1850 cm wavenumber region.
Representative samples included in the plot are the hexanes blank, untreated CsPbBr; nanocrystal cubes,
sodium thiocyanate treated sample, and ammonium thiocyanate treated sample. When treating with
sodium thiocyanate there is a characteristic peak that appears at 1560 cm, and when treating with
ammonium thiocyanate there is a characteristic peak that appears at 1712 cm.

Figure S4: Infrared spectra of the liquid samples in the 1900 cm™ to 2300 cm™ wavenumber region.
Representative samples included in the plot are the hexanes blank, untreated CsPbBr; nanocrystal cubes,
sodium thiocyanate treated sample, and ammonium thiocyanate treated sample. The treatment results in
characteristic vibrational peaks that appear around 2060 cm that correspond to the cyano- stretching
mode when bound to lead.



Figure S5: Determination of the non-radiative contribution per bromine vacancy, resulting in an under-
coordinated lead atom that acts as a shallow electron state for a CsPbBr; sample with an initial PLQY of 80
+ 2.5%. The combination of photoluminescence excited state lifetime, the number of lead atoms removed
from the average nanocrystal determined using quantitative IR, and photoluminescence quantum yield
allows us to monitor the progress of the etching. This was conducted using both ammonium (red lines) and
sodium thiocyanate (blue lines). We assume that the defect sites act independently of each other, i.e. they
linearly contribute to the non-radiative rate (K rotai = Ny, Knrvy,)- In order to capture the change in PL
Lifetime with a linear contribution of each defect state, we find that more lead atoms are removed than
there are under-coordinated lead atoms present. By combining these measurements, we determined the
number of bromine vacancies (Ny,, ) and non-radiative contribution per bromine vacancy (k,; v, ). While
there are ~190 lead atoms removed during the etching reaction under as-isolated ligand conditions, this
only represents ~3% of the total number of lead atoms present in the average nanocrystal, strongly
suggesting that not all the ligands present in the as-isolated samples are available to participate in the
etching reaction.

Figure S6: NMR spectra of the typical as-isolated CsPbBr; nanocrystal cubes. In order to determine the
concentration of ligands (~5.5 ppm) present we compare to the mesitylene internal standard (~6.7 ppm).
The alkene region contains contributions from both oleic acid and oleylamine. Here we assume that there



are equal concentrations of oleic acid and oleylamine present in the solution. For this measurement 5 uL of
mesitylene was added to a 0.5 mL solution of 0.75 nanomoles of CsPbBr; nanocrystal cubes in de-toluene.
For the measurement of typical as-isolated CsPbBr; nanocrystal cubes, we find that there is around 6 Oleic
Acid and 6 Oleylamine ligands present per square nanometer of nanocrystal surface area. However, at these
conditions we find that only ~190 lead atoms from a 10 nm edge length nanocrystal are removed on average.
The removal of 190 lead atoms only represents ~5% of the number of ligands available in solution.

Figure S7: The absorption (left column) and corresponding photoluminescence (right column) spectra
from a time series in which each set of spectra shows the as-isolated sample with increasing oleic acid
concentration present in solution. Each sample had ~6 oleylamine/nmz2; then (A) had 8 oleic acid/nm2, (B)
had 10 oleic acid/nm2, (C) had 12 oleic acid/nm2, and (D) had 14 oleic acid/nmz=.



Figure S8: The absorption (left column) and corresponding photoluminescence (right column) spectra
from a time series in which each set of spectra shows the as-isolated sample with increasing oleylamine
concentration present in solution. Each sample had ~6 oleic acid /nmz; then (A) had 8 oleylamine/nmz2, (B)
had 10 oleylamine/nmz2, (C) had 12 oleylamine/nm2, and (D) had 14 oleylamine/nmz.



Figure S9: Control run to test the sensitivity of the CsPbBr; nanocrystals to the increased ligand
concentration present in solution. Shown are the absorption (left) and the photoluminescence (right)
spectra for a time series in which there were 18 oleic acid/nm2 and 18 oleylamine/nm?2. For these samples
no thiocyanate etchant was added into the sample.

Figure S10: Depiction of the evolution of the photoluminescence spectra of a CsPbBr; nanocrystal cube
sample when etched with thiocyanate. This behavior is typical of a sample that does not have enough ligands
present in solution to maintain a high level of colloidal stability as the etching reaction progresses. For this
sample there was initially a characteristic blue shift, however the particles began to aggregate and fall out
of solution. The characteristic red-shift in the nanoparticle ensemble is indicative of this aggregation. The
sample was stirred continuously to ensure no issues arose pertaining to nanoparticles settling to the bottom
of the cuvette.



Figure S11: Depiction of the number of under-coordinated lead atoms remaining versus the total number
of lead atoms removed under an increasing thiocyanate chemical potential (blue to red). By increasing the
chemical potential, the selectivity in the reaction is lost, requiring more lead atoms to be removed from the
particles before they remove all the under-coordinated lead atoms. This highlights the need to get the right
chemical potential to increase the reaction selectivity.

Figure S12: Depiction of the change in the photoluminescence excited state decay and quantum yield for
a treatment of ~65% PLQY particles that have an insufficient number of OA-OLA ion pairs to solubilize
enough thiocyanate (green to red), reaching a PLQY of ~75%. The long tail that appears as a second
component in the excited state decay is also indicative of incomplete etching. By further increasing the OA-
OLA ligand concentration in solution we can etch further and reach a final PLQY of near-unity (red to blue).
By tailoring the concentration of OA-OLA ion pairs present in solution for the etching, we can take
untreated particles and push them to fully treated particles (green to blue).



Figure S13: Change in the absorption and photoluminescence spectra for samples etched with thiocyanate
containing a constant 18 oleic acid/nm?2 and a varying (A) 8 oleylamine/nmz2, (B) 10 oleylamine/nmz, (C) 14
oleylamine/nmz2, and (D) 18 oleylamine/nm?2. By increasing the aggressiveness of the etching reaction, we
observe a systematically larger blue shift in the photoluminescence bandgap as the etching reaction
progresses, indicative of the particle size shrinking throughout the etching reaction.

Figure S14: Depiction of the change in the photoluminescence bandgap and the photoluminescence
linewidth of four samples of CsPbBr3; exposed to different thiocyanate chemical potentials. In each etching
reaction there is a systematic blueshift of the photoluminescence bandgap and subtle narrowing of the
photoluminescence linewidth, indicative of not only a subtle etching, but also a size-dependent etching
reaction in which larger particles are etched at a faster rate than smaller particles.



Figure S15: Size-dependent etching rate of CsPbBr; nanocrystal cubes. Shown are the trajectories of a 7.6
nm, 8.2 nm, 8.6 nm, and 9.5 nm average size ensemble exposed to 18 oleic acid/nm2 and 12
oleylamine/nmz2.

Figure S16: Depiction of the layer-by-layer etching reaction versus a non-selective random etching
reaction.

Figure S17: Change in the photoluminescence spectra of a 5-monolayer thick CsPbBr; nanoplate sample
during the etching reaction showing first, the gradual increase in a peak related to the 4-monolayer thick
nanoplate, and then later, the same for the 3-monolayer thick nanoplate. The emergence of these peaks can
be seen in the first derivative of the photoluminescence spectra in which two clear features and a third
subtle feature emerge.



Figure S18: Identified components of the photoluminescence spectra of the ensemble of nanoplates
etching in Figure S17. In the spectra there is a related peak centered at 488 nm (blue line), 477 nm (green
line), and 462 nm (pink line). The intensities of these peaks are varied to reconstruct the blue-edge of the
photoluminescence spectra (dotted red line).

Figure S19: Change in the photoluminescence spectra of a CsPbBr; nanoplate sample when exposed to
too large of an etching chemical potential. The plates quickly aggregate resulting in a substantial redshift of
the photoluminescence spectra before the ensemble begins to lose photoluminescence. This highlights the
need to carefully etch nanoplates to maintain isolated, well-defined nanoplates.



Figure S20: Change in the etching rate of thiocyanate (-SCN) versus selenocyanate (-SeCN) while exposed
to the same OA-OLA ion pair concentrations. The selenocyanate is systematically slower than the
thiocyanate at the same ligand concentration, consistent with the notion that the chemical potential of the
etchant is crucial in dictating the extent of etching and is modulated by the hardness or softness of the
chemical etchant.





