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ABSTRACT: Fast neutron imaging is a nondestructive technique for Fast neutron
large-scale objects such as nuclear fuel rods. However, present detectors an*:CstBrCIz
are based on conventional phosphors (typically microcrystalline ZnS:Cu)
that have intrinsic drawbacks, including light scattering, y-ray sensitivity,
and afterglow. Fast neutron imaging with colloidal nanocrystals (NCs)
was demonstrated to eliminate light scattering. While lead halide
perovskite (LHP) FAPbBr; NCs emitting brightly showed poor spatial
resolution due to reabsorption, the Mn>*-doped CsPb(BrCl); NCs with
oleyl ligands had higher resolution because of large apparent Stokes shift
but insufficient concentration for high light yield. In this work, we
demonstrate a NC scintillator that features simultaneously high quantum
yields, high concentrations, and a large apparent Stokes shift. In
particular, we use long-chain zwitterionic ligand capping in the synthesis
of Mn”*-doped CsPb(BrCl); NCs that allows for attaining very high concentrations (>100 mg/mL) of colloids. The emissive
behavior of these ASC18-capped NCs was carefully controlled by compositional tuning that permitted us to select for high
quantum yields (>50%) coinciding with Mn-dominated emission for minimal self-absorption. These tailored Mn>":CsPb-
(BrCl); NCs demonstrated over 8 times brighter light yield than their oleyl-capped variants under fast neutron irradiation,
which is competitive with that of near-unity FAPbBr; NCs, while essentially eliminating self-absorption. Because of their rare
combination of concentrations above 100 mg/mL and high quantum yields, along with minimal self-absorption for good
spatial resolution, Mn>":CsPb(BrCl); NCs have the potential to displace ZnS:Cu as the leading scintillator for fast neutron
imaging.

Scintillation

Light yield

Concentration

adiographic imaging with fast neutrons (>1 MeV) is standard phosphors as the indirect detectors for recoil protons
Kncreasingly sought as a nondestructive probe for large- generated by scattering of fast neutrons.'”' "'

cale objects that even high-energy X/y-rays or thermal The leading material in the field is ZnS:Cu microparticles
neutrons (~25 meV) cannot penetrate effectively.'™” This is embedded in polypropylene (hereafter denoted ZnS:Cu(PP))
because such high-energy neutrons offer low interaction cross for high hydrogen density, which offers superior light yield'”"!
sections for both high- and low-Z elements, whereas X/y-rays but suffers from scattering at the plastic—phosphor interface
are very sensitive to high-Z elements while thermal neutrons that limits spatial resolution with increasing thickness as well as
are especially interactive with low-Z elements such as Li or H.' deleterious minutes-long afterglow under fast neutron
However, fast neutron imaging is limited by the detector irradiation, greatly impacting the time needed to conduct the
performance, where trade-offs are routinely made in efficiency,
spatial resolution, and the decay time required between Received: September 7, 2021
measurements.'’~'* Fast neutron detection for imaging relies Accepted: November 8, 2021
on the elastic scattering of neutrons off nuclei, which then Published: November 12, 2021

generates a recoil nucleus with small penetration depth; this
recoil nucleus ionizes charge carriers and excites the
scintillator.”'37!° Traditionally, the community has utilized
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Figure 1. Optical and structural characterization of Mn>*:CsPb(BrCl); NCs. (a) Photograph of Mn>":CsPb(BrCl); NCs solution under
ultraviolet illumination. (b) Representative absorption (dashed line) and PL emission (solid line) spectrum of Mn**:CsPb(BrCl); NCs. (c)
Representative X-ray diffraction pattern of Mn**:CsPb(BrCl); NCs (blue). XRD references correspond to CsMnCl; (green, ICSD 2525),
CsPbCl, (purple, ICSD 243734), CsPbBr; (red, ICSD 231017), and CsMnBr; (orange, ICSD 2782). (d) Representative transmission
electron micrograph of Mn?>*:CsPb(BrCl); NCs. The average size is 9.5 + 0.8 nm.

repeated scans for computed tomography.'”'" These intrinsic
drawbacks of scattering and afterglow require a new approach
for fast neutron imaging scintillators.

One particularly appealing class of phosphors are colloidal
semiconducting nanocrystals (NCs), which naturally comprise
a two-component, scattering-free system that includes emissive
and hydrogen-dense components (NCs and solvent, respec-
tively) in close contact. Among colloidal nanocrystals, lead
halide perovskite (LHP) NCs have recently emerged as the
new benchmark.'” ™" Their unmatched optical properties, on
both the single-particle”””’ and ensemble’” " levels,
promoted them as powerful candidates for a variety of
applications spanning from LEDs for displays™~*® to
fluorescent NCs for lighting.'”** We recently demonstrated
the proof of concept by using colloidal NCs as recoil proton
detectors, with these transparent solutions offering light yield
without any evidence of scattering or afterglow.” We found
that FAPbBr; with a near-unity photoluminescence quantum
yield (PL QY) was the brightest scintillator but that the spatial
resolution suffered because of the low Stokes shift of many
traditional NCs (e.g., FAPbBr;), whereas the high-Stokes shift
NCs exhibited low light yields either due to self-absorption or
as a result of low concentration." These results demonstrated
that a successful fast neutron imaging scintillator requires a
compelling and rare combination of high PL QY, high
concentrations, and high Stokes shifts with low self-absorption;
to the best of our knowledge, this combination is not possessed
by any colloidal NC system to date.

With these design principles in mind, we turned to the ever-
flexible LHP NCs as the ideal materials class to rationally
design scintillating NCs. LHP NCs’ flexible ionic structure,
combined with relatively straightforward synthesis procedures,
makes them ideal candidates for further functionalization via
chemical manipulation. Major cation” ™' and anion””*
exchange reactions have been widely explored as a powerful
tool to control the final (optical) properties of LHP NCs, but
also incorporation of elements, a process widely known as
doping,®***° performed both in situ’’~*" or by postsynthetic
treatment,” ~** has been employed to functionalize, and
chemically stabilize, LHP NCs for applications in the optical
domain and beyond.*~>°

While pure LHP NCs have bright emission, it is crucial to
also achieve high concentrations and high Stokes shifts with
suppressed optical reabsorption.’’™>* For LHP NCs, these
optical characteristics are typically achieved via the doping of
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CsPb(BrCl); nanocrystals with Mn** ions, in which optical
reabsorption is minimized by decoupling the Mn*" emission
from the absorption of the perovskite matrix, resulting in an
“apparent” large Stokes shift.">**"°> However, the relatively
poor chemical stability and the intrinsically low concentration
limit which can be achieved by using oleyl chains as ligands®®
hamper the efficiency of Mn?":CsPb(BrCl); NCs as fast
neutron scintillators."

In this work, the development of a new synthesis yields
Mn**-doped LHP NCs that pair excellent optical quality with
drastically higher concentrations. This approach improves the
light yield in this material system under fast neutron irradiation
over 8 times that of the oleyl-capped Mn**-doped LHP NCs,
permitting high light yields on par with the unity PL QY
system FAPbBr; without the detrimental self-absorption.
These ASC18-capped Mn>*:CsPb(BrCl); NCs represent a
substantial advance in this field, combining the beneficial
properties of colloidal NCs (lack of scattering, no long-term
afterglow) with both high light yield and good spatial
resolution for fast neutron imaging.

Building upon the remarkable tunability of perovskite NCs,
recent work in our group has demonstrated that enhanced
stability and a broad range of concentrations can be achieved
in undoped CsPbX; (X = Br, Cl) NCs through the appropriate
choice of long-chain zwitterionic ligands.**** Here, we adapted
these syntheses to generate zwitterionic-capped-CsPb(BrCl),
NCs doped with Mn*" utilizing 3-(N,N-dimethyloctadecyl-
ammonio)propanesulfonate (ACS18) as the ligand (see the
Supporting Information for further details about the syn-
thesis).”* Their optical properties (Figure la) are similar to
those observed for their oleyl-capped counterparts,’ with a
well-defined absorption edge (with clear excitonic features)
and photoluminescence emission (PL) characterized by two
contributions: one centered between 400 and 500 nm,
associated with band-edge exciton recombination, and another
centered between 580 and 650 nm corresponding to
recombination from Mn** states. PL QY values of up to 60%
can be achieved through appropriate compositional tuning.
From a structural point of view, X-ray diffraction patterns
(Figure 1b) are consistent with mixed Br —Cl~ perovskite
composition, and they show the occasional presence of
CsMnCl; impurities when high concentrations of Mn?>*
precursor are used in the synthesis. Transmission electron
microscopy (TEM) images (Figure 1d) reveal that the NCs are
characterized by cubic shape with size of roughly ~10 nm. The
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Figure 2. Tuning the optical properties of Mn>*:CsPb(BrCl); NCs. (a) Absorption (dashed lines) and PL emission (solid lines) spectra of
50% Mn>*:CsPb(BrCl); NCs with increasing Br~ content (from bottom to top): 0, 25, 33, 50, 66, 75, and 100%. The nominal Mn?* content
is constant at 50%. (b) Absolute QY of the total 50% Mn>*:CsPb(BrCl); PL emission (blue dots) and of the Mn>* emission (orange dots) as
a function of Br~ content. The green dashed line marks the reference sample. (c) Percentage of the emission from Mn** levels on the overall
emission of the 50% Mn>":CsPb(BrCl); NCs as a function of Br~ content. The green dashed line marks the reference sample. (d) XRD
spectra of the 50% Mn>":CsPb(BrCl), samples of panels a—c. Br~ content increases from bottom to top. The red dashed lines mark the
positions of the main reflections of CsPbBr; (ICSD 231017), while the purple dashed lines mark the positions of the main reflections of
CsPbCl; (ICSD 243734). (e) Absorption (dashed lines) and PL emission (solid lines) spectra of Mn**:CsPbBrCl, NCs with increasing
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Figure 2. continued

nominal Mn** content (from bottom to top): 0, 20, 40, 50, 66, and 80%. The nominal Br~ content is constant at 33%. (f) Absolute QY of the
total Mn**:CsPbBrCl, PL emission (blue dots) and of the Mn** emission (orange dots) as a function of Mn?* content. The green dashed line
marks the reference sample. (g) Percentage of the emission from Mn** levels on the overall emission of the Mn>*:CsPbBrCl, NCs as a
function of Mn>* content. The green dashed line marks the reference sample. (h) XRD spectra of the Mn**:CsPbBrCl, samples of panels e—

g. Mn>* content increases from bottom to top.

presence of zwitterionic capping ligands on the surface of the
NCs greatly enhances the chemical stability and enables
significantly higher concentrations of NCs in solution
compared to their counterparts stabilized by oleates. Typically,
with ASC18 as stabilizing agent, concentrations of ~100 mg/
mL were achieved (Table S1), in agreement with previous
reports;”* this is an increase of 2 orders of magnitude
compared to the oleyl-stabilized NCs from the previous study.'
We also attempted to utilize lecithin as the capping ligand to
obtain even higher concentrations as reported for undoped
NCs,%® but while we achieved concentrations of ~400 mg/mL
(Figure S1), the PL QY of these NCs never exceeded 10%; this
evidence implies that the ligand shell also plays a pivotal role in
determining the final optical properties of the NCs.

We then sought to leverage the tunability of these doped
perovskite NCs to achieve the high (apparent) Stokes shift and
PL QYs required for efficient fast neutron scintillation. The
optical properties of the NCs can be widely tuned by varying
the ratios between the halide precursors during the synthesis.
When increasing the Br~ content at the expense of the CI~
content while keeping the Mn”* content constant (nominal
50%), we observe that the absorption band edge and the band-
edge PL emission shift toward longer wavelengths, while the
Mn** PL shifts toward shorter wavelengths (Figure 2a—d),
consistent with previous observations.’>*® In particular, the
PL emission (Figure 2a) associated with band-edge exciton
recombination shifts from 403 nm for pure Mn*":CsPbCl, to
S15 nm for pure Mn**:CsPbBr,, while the PL emission from
Mn?" states shifts from 604 to 595 nm; this latter effect has
been attributed to a weakening of the crystal field induced by
the expansion of the crystal lattice when CI” is substituted for
Br~.%° At the same time, we also observe the disappearance of
the excitonic feature in the absorption spectra of the NCs due
to a relaxation of the quantum confinement, consistent with
previous observations in anion exchange reactions.’>*?
Interestingly, the Br™ content strongly affects the ratio between
the two components of the PL emission: the emission
originating from the band-edge exciton recombination
becomes dominant for a nominal Br~ content larger than
60%. This behavior is even more evident when considering the
variation of the PL QY (Figure 2b) and of the amount of
emission from the Mn** states (relative to the overall emission;
Figure 2c). The overall PL QY scales with the Br~ content,
increasing from a value of 9%, for pure Mn?>*:CsPbCl,, to 62%,
for nominal 50% Br~ content; for larger values of Br™ content,
the overall PL QY remains constant. In contrast, the
proportion (%) of the emission from Mn*" states slightly
increases, while being close to unity for increasing Br™ content,
until it linearly decreases for Br™ content greater than 33%.
This behavior can be understood when considering the
competition between the two recombination processes (from
band-edge states and Mn*" states) and the exciton-to-activator
(Mn**) forward and backward energy transfer. As the Br~
content increases, the exciton radiative recombination rate
decreases while the energy transfer rate increases, resulting in
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an increase in the emission from Mn?" states. At the same time,
with increasing Br™ content, the energy difference between the
band-edge and the Mn*" states decreases, hence making the
backward energy transfer more efficient. Furthermore, because
the radiative recombination from band-edge states is much
faster (~ns) than the recombination from the Mn>" states
(~ms),®" this recombination process will be more favorable,
effectively decreasing the proportion of excitons recombinin§
from the Mn*" states (for Br~ content greater than 33%).°
From a structural point of view, the XRD patterns (Figure 2d)
are consistent with the evolution from pure Mn*":CsPbCl,
perovskite NCs to pure Mn>":CsPbBr; via mixed halide
composition.

Beyond the traditional halide tuning that has helped
popularize perovskite NCs, the addition of the Mn** dopant
adds a further knob for controlling the resulting optical
properties of Mn>*:CsPb(BrCl); NCs by varying the ratio
between Pb** and Mn®' precursors during the synthesis.
Keeping the Br™ content constant at 33% nominal (hereafter
denoted Mn*":CsPbBrCl,) to maximize both the PL QY and
the proportion of Mn>* emission, we observe that the emission
from Mn** states scales with the nominal Mn®>* content
(Figure 2e—h). Furthermore, while the band edge emission
remains constant at 427 nm, the Mn?* emission shifts from $96
nm (for 20% nominal Mn** content) to 614 nm (for Mn?*
contents larger than 50%); this effect has previously been
attributed to an increase of the crystal field.”” =’ Furthermore,
we observe that for nominal Mn** content greater than 50%,
both the absorption band edge and the band-edge emission are
shifted toward longer wavelengths (absorption, from 423 to
436 nm; PL, from 427 to 452 nm); we attribute this shift to the
larger size of the NCs in this doping regime, as we will show
later. The increasingly dominant contribution of emission from
Mn?" states is clear when inspecting the dependence of the PL
QY on the nominal Mn>* content (Figure 2fg). The PL QY
steadily increases with increasing nominal Mn** content, from
a value of 4%, for pure CsPbCl,Br, to a maximum of 54%, for
66% nominal Mn®** content; for higher Mn®*" contents a
decrease in the PL QY is observed. Analogously, when
considering the contribution of the Mn>'-emission to the
overall emission (Figure 2g), we observe that a maximum is
reached for 50% nominal Mn** content, while for higher
contents the values are lower. The peculiar optical behavior of
Mn*":CsPbCL,Br for nominal Mn?* content greater than 50%
can be understood by complementing the optical data with
XRD structural data (Figure 2h). The XRD patterns for the
nominal Mn>" contents 0—50% are rather similar, highlighting
the presence of mainly Mn?*:CsPbCl,Br with some minor
impurities ascribable to the presence of CsMnCl; and
CsMnBr; phases, which are the main byproducts of the
synthesis. However, for samples with nominal Mn** content
greater than 50%, the sharpness of the XRD reflections implies
the average domain size to be much larger compared to the
other samples. Inspection of electron micrographs of these
samples (Figure S2 in the Supporting Information) show the

https://doi.org/10.1021/acsenergylett.1c01923
ACS Energy Lett. 2021, 6, 4365—4373


https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01923/suppl_file/nz1c01923_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01923/suppl_file/nz1c01923_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.1c01923/suppl_file/nz1c01923_si_001.pdf
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.1c01923?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Energy Letters

http://pubs.acs.org/journal/aelccp

FAPbBr, Mn?:CsPbBrCl,

66%
Mn

80%
Mn

0%
Mn

33%
Mn

i

ZnS:Cu(PP)
reference

FAPbBr, 66% Mn?:CsPbBrCl,

0. 1/5 1/25

R
mm_.mm. mm " dil. dil.

ZnS:Cu(PP)
reference

15
= T
® 10 1
©
X
5
[oR
3 °7
< 1.59
Re
-
0 — T a
00/0 o 330/0 wn 660/" W 9’00/0 \\N\F P\Pba"
Composition
10
X Estimated X
8 B Actual
£ @ FAPbBr, (FRM)
o
£ 6-
5
o
5
O 4-
=
Re
-
2
0 T T T T T T T T T T
0 2 4 6 8 10

Thickness (mm)

Figure 3. Fast neutron imaging with Mn>*:CsPbBrCl,. (a) Radiograph of Mn>*:CsPbBrCl, NC scintillators under fast neutron irradiation
(average of 20 147.2 s exposures) as compared with FAPbBr, nanocrystals' and a commercial ZnS:Cu(PP) screen, used here as a reference.
(b) Light output of NC scintillators," given as a percentage of the light yield obtained for the reference ZnS:Cu(PP) scintillator under
identical conditions. (c) Fast neutron radiograph of 66% Mn>":CsPbBrCl, thickness and concentration dependence (average of 10 147.2 s
exposures). (d) Normalized light output vs sample thickness for 66% Mn>*:CsPbBrCl, NCs (cross symbols representing the expected
relative light yield due to the fast neutron scattering of toluene at the given thickness) showing a nearly linear response, in sharp contrast to
the FAPbBr; NCs (previously measured at the FRM-II reactor beamline NECTAR) which suffer a sharp dropoff due to self-absorption

(green fit line)." The dashed line is a guide to the eye.

presence of large cubic (~50—100 nm) Mn>**:CsPb(BrCl),
NCs. A difference in reactivity between the Mn** and the Pb**
precursors, Mn(oleate), and Pb(oleate),, respectively, is
invoked as the origin of the much larger dimensions of the
NCs synthesized in the presence of large quantities of Mn>*
precursor during the synthesis: the higher bond dissociation
energy of the Mn—O bond (402 kJ/mol)”° compared to the
Pb—O bond (378 kJ/mol)’” implies a lower reactivity of the
Mn(oleate), precursor, resulting therefore in larger NCs. This
difference in reactivity can also explain the discrepancy
between the nominal Mn®" content introduced in the reaction
vessel and the actual Mn?* content incorporated in the NCs.
Energy-dispersive X-ray analysis of the NCs with different
nominal Mn** content emphasizes how only a marginal
percentage of Mn*" is incorporated in the NCs: for nominal
50% Mn** content, only 2.0 atom % is detected in the NCs,
while for nominal 20% Mn?* content, only 0.1 atom % is
detected. We also remark that the exact position of the dopants
(in the bulk or on the surface) was not determined, but further
analysis, e.g.,, with EPR,* could discriminate between these

4369

two cases. Nevertheless, these relatively small, incorporated
amounts have a clear and important impact on the optical
properties of the NCs.

Now that these tunable NCs have delivered high
concentrations coinciding with excellent PL QYs and a large
apparent Stokes shift, we explored the potential for these
Mn**:CsPb(BrCl); NCs as scintillators for fast neutron
imaging. Given the importance of the Stokes shift in this
application,' NC samples with the fixed Br/Cl ratio of 1:2
(where Mn**-emission dominates the emission spectrum,
Figure 2e—h) with varying nominal Mn** content were
compared, and the basic characteristics of these samples are
detailed in Table S1. Fast neutron imaging measurements were
conducted at the thermal neutron imaging beamline
NEUTRA”" of the SINQ spallation neutron source at the
Paul Scherrer Institut. The thermal neutrons (~25 meV) were
screened out of the beam by leaving the experimental shutter
(composed of B,C and Cd blocking layers) closed and adding
a 2 mm Cd filter, leaving only the intermediate (>1 V) and
fast neutrons (>1 MeV) needed for the imaging experiments.
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Samples were sealed in a light-tight box of the camera detector
system that collected the incident light from the excited NC
solutions, with a mirror ensuring that the camera is not in line
with the beam to reduce background noise and camera
irradiation.

A series of radiographs were measured for these
Mn?*:CsPbBrCl, NCs under 147.2 s fast neutron exposure,
with FAPbBr; NCs and a commercial RC Tritec AG
ZnS:Cu(PP) screen used for reference (Figure 3a). The
background and asymmetry-corrected (Figure S3) light output
are shown in Figure 3b as a percentage of that of the
ZnS:Cu(PP) reference screen, and we observe that the
scintillation intensity of these Mn**-containing NCs is
comparable to the state-of-the-art FAPbBr; NCs,' which
have a quantum yield near unity. This validates the design
principles described above, namely, that high Stokes shift and
high concentration can overcome limitations of lower PL QY.
The light output of these ASC18-capped Mn*":CsPbBrCl,
NCs is 8.65 times greater than that previously measured for
oleyl-capped Mn?**:CsPbBrCl, NCs,' as determined using the
relative light outputs of the FAPbBr; reference NCs to account
for the different beam characteristics (see the Supporting
Information for details)." Notably, the undoped sample shows
essentially no light output under the same conditions (likely
due to the optical density of the highly concentrated colloid),
further demonstrating the importance of high Stokes shift in
achieving efficient scintillation in such dense samples. No
afterglow was observed in 147.2 s images collected
immediately after beam closure (Figure S4), though afterglow
effects are reduced here because of the lower fast neutron flux
of this beamline; therefore, this is not conclusive evidence
against afterglow in these specific NCs. However, previous
measurements for this system with oleyl ligands showed no
afterglow, in stark contrast to ZnS:Cu(PP).'

The brightest sample (nominally 66% Mn**) was selected
for further characterization of the thickness- and concen-
tration-dependence of the fast neutron scintillation perform-
ance (Figure 3c). The concentration-dependent light output
shows a continuous increase with increasing concentration
(Figure SSa), indicating that the charge collection efficiency
increases as we obtain more NCs per unit volume. Compared
to prior efforts," this increase is significantly closer to linearity,
indicating that the self-absorption of these Stokes-shifted NCs
is well below that of FAPbBr; NCs and closer to self-trapped
exciton systems such as the ionic liquid THTDPCI-PbCl, that
recently demonstrated spatial resolution superior to that of the
ZnS:Cu reference screens.””

Thickness-dependent measurements further confirm that the
effect of self-absorption is substantially reduced in these doped
NCs, as the light output is essentially linear and reaches 91.9%
of the expected value (estimated using the stopping power of
the solvent to 1 MeV neutrons) for a 10-fold increase in
thickness (Figure 3d). Note that this expected value at S and
10 mm is overestimated as the beam includes both fast
neutrons and intermediate neutrons, where the latter have
smaller penetration depths and therefore would contribute to
more light output at lower thicknesses; hence, the 91.9% value
is a lower limit of the actual efficiency versus the expected
values. This is a dramatic improvement over established NCs
as FAPbBr; and CdSe/CdS NCs suffered substantial self-
absorption losses as the thickness increased, reaching only
56.7% and 37.0% of the expected value, respectively. The
scalability of the Mn?":CsPbBrCl, system is thus vastly
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superior to the prior NCs as both the concentration and
thickness can be increased without reducing the signal, and the
spatial resolution will similarly benefit as problematic
reabsorption will not impact the sharpness of the measured
radiographs.

In conclusion, a new synthesis based on zwitterionic ASC18
ligands yielded Mn*":CsPb(BrCl); NCs which are colloidally
stable to high concentrations of ~100 mg/mL while
maintaining excellent optical quality. This synthesis extends
the current technology of zwitterionic capped LHP NCs to
doped systems, opening the doors to robust doped NCs in a
wider concentration range. Furthermore, this system is
immensely tunable through the halide and metal precursors,
enabling us to rationally select the Mn**:CsPbBrCl, system as
having the ideal combination of high quantum yield (up to
53%) and dominant Mn** emission (97% of total emission).
Fast neutron imaging experiments showed that these dense
ASC18-capped NCs achieved light yields over 8 times greater
than those of their oleyl-capped counterparts, matching that of
near-unity FAPbBr; NCs, despite being characterized by a
quantum yield which was only half that. Furthermore,
thickness and concentration-dependent measurements under
fast neutron irradiation showcased the lack of self-absorption in
this doped system, with essentially linear concentration
dependence and drastically enhanced scalability with greater
than 91.9% of the expected light yield achieved for a 10-fold
increase in thickness. These results validate the design
principles laid out by us previously, demonstrating that the
designed Mn*":CsPbBrCl, NCs offer an unparalleled combi-
nation of high concentrations (>100 mg/mL), quantum yields
(>50%), and apparent Stokes shift (~1 eV) that permits
efficient fast neutron scintillation without the problematic
reabsorption that precludes FAPbBr; NCs from achieving
sufficient spatial resolution to displace ZnS:Cu(PP). Future
work will continue development of these NCs, including
maximizing the concentration, utilizing solvents with higher
hydrogen density than toluene, and preparing larger-scale
detector screens.
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