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Abstract

Exciton-phonon interactions elucidate structure-function relationships that aid in the
control of color purity and carrier diffusion which is necessary for the performance-driven design
of solid-state optical emitters. Temperature-dependent steady-state photoluminescence (PL) and
time-resolved PL (TRPL) reveal that thermally activated exciton-phonon interactions originate
from structural distortions in cubic CsPbBrs perovskite quantum dots (PQDs) at room temperature.
Exciton-phonon interactions cause performance-degrading PL linewidth broadening and slower
electron-hole recombination. Structural distortions in cubic PQDs at room temperature exist as
octahedral tilting of the PbBre subunit. The PbBrs octahedral distortions cause symmetry breaking,
resulting in thermally activated longitudinal optical (LO) phonon coupling to the photoexcited
electron-hole pair that manifests as inhomogeneous PL linewidth broadening. At cryogenic
temperatures, the linewidth broadening is minimized due to an increase in the cubic phase
symmetry of the PbBrs octahedra. A fundamental understanding of these intrinsic exciton-phonon
interactions gives insight into the polymorphic nature of the cubic phase and the origins of
performance degradation in PQD optical emitters.All-inorganic CsPbBrs perovskite quantum dots

(PQDs) are a class of solution-processable semiconductor nanocrystals that have gained significant



attention for solid-state lighting and photonics applications due to their facile and low-cost
fabrication, tunable optical properties, and near-unity photoluminescence (PL) quantum yields
(QY) (>90%).1> Although very promising, PQDs lack in performance in comparison to more
mature semiconductors quantum dots (QDs) e.g., II-VI QDs which have narrow emission
linewidths and, therefore, are very color pure. PQDs typically have emission linewidths ranging
from 70-120 meV at room temperature, while colloidal 11-VI QD emission linewidths range
between 20-60 meV.® Narrow emission is desired for solid-state light-emitting devices and QD
displays. We therefore seek to understand the fundamental origins of linewidth broadening in the
PL spectrum of PQDs. PL linewidth broadening can originate from several known phenomena

including defects, phase impurities, and exciton-phonon coupling.

Structural defects in the core and on the nanocrystalline surface of QDs bring about
inhomogeneous linewidth broadening and reduced PL QY efficiency.”® The PL linewidth
broadening is due to the development of trap states within the band gap that create low energy
emission sidebands. Trap states also generate non-radiative recombination pathways reducing PL
QY efficiency. PQDs are more defect tolerant in comparison to typical semiconductor QDs,
allowing them to reach relatively high PL QY efficiencies (~70-80%) with low cost and simple
synthetic methods.® Perovskite defect tolerance is attributed to the large formation energies of
vacancies and antisites that cause deep trap states and diminishing PL QY.*° However, defect
formation in PQDs is drastically different from their corresponding bulk materials primarily due
to their large surface to volume ratio. The substantial number of uncoordinated surface
atoms/ions compared to core atoms/ions often makes surface recombination a primary PL QY
loss mechanism. High-quality synthesis methods are necessary to achieve near-unity PL QY's

(>90%) and suppress non-radiative recombination. The chemical environment, storage



conditions, and solution temperature can shift the equilibrium away from the ligand passivated
surfaces exposing surface defects and causing PL quenching. Incomplete surface passivation can
also introduce shallow defects that would contribute to PL linewidth broadening despite

achieving relatively high PL QY efficiency.!'1

Inhomogeneous PL linewidth broadening can also arise from impurity crystalline phases.
The ABXz perovskite structure (A= Cs*, methylammonium (MA¥), formamidinium (FA®); B=
Sn?*, Pb*; X=CI, Br, I") consists of a 3D corner-sharing [BXs]* octahedral framework with A
cations centrally coordinated between. Bulk CsPbBr3 perovskites form monoclinic, orthorhombic,
or tetragonal crystalline phases at low temperatures (T < 361 K), while the cubic phase exists at
high temperatures (T > 403 K).1® In contrast, nanocrystals can be stabilized at room temperature
in target crystal phases.’* For example, the room temperature CsPbBr; nanocrystals were first
reported as cubic (Pm3m)°, but reports of tetragonal (P4/mbm)!® and orthorhombic (Pbnm or
Pnma)!® phases followed. As each crystal phase has different optoelectronic properties,
inhomogeneous PL broadening can result from impurity phases. Yet, even for seemingly high
phase-pure nanocrystal, some phase impurities may exist as thermally activated structural

distortions known as polymorphous networks. 3%

Polymorphous networks that arise from thermal disorder of the lattice can also alter the
optical properties. These networks are characterized as the breaking of local symmetry by tilting,
rotations, and B-cation displacement.’®> The most common polymorphic network in CsPbBr; is
rigid rotations of the PbBrs octahedral cages, commonly called octahedral tilting.®® Octahedral
tilting breaks the cubic symmetry and can alter the energetics of the band structure.'® Additionally,
octahedral distortions have been known to induce exciton-phonon coupling that causes low energy

PL linewidth broadening and slower PL lifetimes.?*-23



Exciton-phonon interactions can cause linewidth broadening by introducing relaxation
pathways for photoexcited carriers causing phonon-assisted sidebands. Longitudinal optical (LO)
phonons can only exist in rotationally distorted perovskites, like tetrahedral and orthorhombic, and
not in the ideal cubic structures.?* As such, LO-phonon exciton coupling will emerge in the systems
containing octahedral tilting. An examination of the relationship between lattice distortions and
exciton-phonon coupling will help gain insight into the structure-function relationships that play a

detrimental role on the PL properties.

The monomorphous cubic phase PQDs should have the best color purity compared to other
low symmetry phases due to the lack of structural distortions that can cause PL linewidth
broadening.?*?* However, recent studies reveal the accepted monomorphous cubic structure may
also undergo polymorphous distortions.’® To elucidate the true nature of the cubic structure and
the origin of PL linewidth broadening, it is necessary to understand exciton-phonon coupling in

the PL spectrum.

As phonons are thermally activated, the effects of phonon-assisted recombination
pathways are typically studied by low temperature PL and TRPL.%27 However, temperature
dependent phase transitions makes studying exciton-phonon coupling at low temperature
impossible. As mentioned, the temperature dependence of the crystal phases in bulk CsPbBr3 is
well recognized: cubic (T > 403 K), tetragonal (403 K > T > 361 K), and orthorhombic (T < 361
K).1728-30 Tq study exciton-phonon coupling in the cubic phase, we have utilized a nanocrystalline
system in which the cubic phase is captured during high temperature synthesis and stabilized over

all temperature ranges through the use of surface ligands.**%

In this work, homogeneous cubic PQD nanocrystals were synthesized with near-unity PL QY

(>90%). We examined these particles by temperature-dependent PL studies between 15 K and
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295 K to investigate the relationship between exciton-phonon interactions and structural
distortions. We found that cubic PQDs experience polymorphous distortions at room temperature
despite being in the pure cubic phase. These distortions cause symmetry breaking that results in
thermally activated phonon coupling to the photoexcited exciton that manifests as
inhomogeneous PL linewidth broadening. At low temperatures, the inhomogeneous broadening

is eliminated due to reduced octahedral tilting and increased monomorphous symmetry.
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Figure 1 a) HR-TEM of PQDs illustrating monodispersed particle size histogram (inset), b) HR-
TEM of single PQD showing cubic crystallinity and fast Fourier transform (FFT) (inset), and c)

CsPbBrs PQD PL and absorption spectrum overlaid and normalized to the corresponding peaks.

Following the well-known hot-injection method, CsPbBrs PQDs were synthesized at 443
K to form the high temperature cubic phase.® High-resolution transmission electron microscopy
(HR-TEM) in Figure 1a confirms monodisperse PQDs that are 9.3 + 0.9 nm in length. Figure 1a
inset shows the particle size distribution collected from 150 particles. Figure 1b shows the cubic
phase of the single nanocrystal with 4.1 A d-spacing and the Fourier transform diffraction pattern

in the inset. 16:32

The optical properties of the PQDs were measured in a tetradecane suspension.

Aggregation of PQDs can spontaneously occur at lower temperatures and quench PL emission.



The tetradecane freezing point is 278.5 K, which is effective at eliminating PQD aggregation and
preserving the PL QY at low temperatures. Figure 1c shows the absorption and PL spectrums at
room temperature (293 K). The free exciton absorption energy is 2.56 eV and the PL maximum is
at 2.51 eV, indicating a Stoke’s shift of 0.05 eV. This binding energy agrees well with previous
reports ranging from 38-58 meV.3334 Concentration and power dependent studies were conducted
to ensure non-linear effects, such as photon recycling, did not play an extended role on PL
linewidth broadening as previous reports have found.® Figure S1 and S2 in Supporting
Information (SI) show that concentration and excitation intensities were well within the linear

regime and play a negligible role in the PL linewidth broadening.

The PL spectrum has a full-width half maximum (FWHM) of 110 meV thus showing
comparably small spectral broadening on par with previous PQD reports.® Fitting of the PL
spectrum in Figure S3 reveals inhomogeneous broadening causing red tailing in the emission
spectrum; Table S1 in SI provides the Gaussian fit parameters. Two peaks were identified at 2.514
eV, corresponding to the exciton emission, and 2.499 eV, corresponding to the inhomogeneous
broadening component. The low energy broadening could arise from a variety of PQD properties
including defects, crystal phase impurities, and exciton-phonon interactions. We hypothesize that
the low energy tailing in the emission spectrum is caused by exciton-phonon coupling due to
octahedral tilting at room temperature. However, the following experiments were done to rule out

broadening caused by defects and crystal phase impurities.

Surface defects often reduce PL QY and result in low-energy sidebands that cause
inhomogeneous PL linewidth broadening.6-38 Therefore, to deconvolve phonon interactions in the
PL, defects in the PQDs must be negligible. PL QY was calculated using relative methods and

compared against perylene dye. The PQDs consistently exhibit PL QY of 91% and are stable for



over a month under an inert atmosphere with no signs of degradation. Table S4 shows the
longevity of the PL QYs of the particles in different storage conditions. This near-unity PL QY
efficiency suggests the PQDs have excellent surface passivation and minimal defects. Therefore,
defect-assisted radiative and non-radiative emission pathways are negligible ensuring efficient

charge carrier generation and recombination. 3°40
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Figure 2 a) Cubic phase perovskite unit cell where the central Cs* cation (green) is caged between
a corner-sharing [PbBrs]™ octahedral framework (Pb?*, red/Br-, purple), b) Orthorhombic phase
(not entire unit cell) used to display octahedral tilting of the PbBrs octahedral cages, and ¢) XRD
spectrum of PQDs (green) showing cubic phase and high crystallinity at room temperature.
Theoretical powder XRD spectra for cubic and orthorhombic were calculated in VESTA (COD

ID: 1533063 (cubic) and 4510745 (orthorhombic)).*!

Perovskite nanocrystal syntheses have been known to produce both orthorhombic and
cubic phases.®!62442 Tg determine crystallinity and crystal phase of the PQDs, we utilized HR-

TEM, X-ray diffraction (XRD), and Raman spectroscopy.

The cubic and orthorhombic phases CsPbBrs are illustrated in Figure 2a,b, where the

central Cs* cation (green) is caged between a corner-sharing [PbBrs]* octahedral framework (Pb?*,



red/Br-, purple). The full orthorhombic unit cell was not used to display octahedral tilting of the
PbBres octahedral cages. Figure 1b shows the room temperature HR-TEM of a single nanocrystal
with cubic symmetry. The measured 4.1 A d-spacing is in agreement with the expected value 4.15
A from the {110} cubic plane of the cubic crystal.** Additionally, 3.0 A d-spacing was also

observed in good agreement with the expected 2.94 A of the {200} cubic plane.

The XRD data in Figure 2c agree with cubic symmetry PQDs. However, assigning the
crystal phase based only on XRD is challenging due to similar diffraction patterns of the two
phases. As such, we employed room temperature Raman scattering to confirm the cubic phase
crystals. Orthorhombic and tetragonal structures produce a sharp peak at approximately 105 cm™,
which is absent from the pristine cubic structures.?* As seen in Figure S2, the PQDs exhibit no
significant sharp features and all peaks are attributed to tetradecane solvent. This is typical of

perovskite crystals with cubic phase symmetry, as they do not have Raman active modes.*®
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Figure 3 a) Normalized temperature-dependent steady-state PL measured at 15 K and 293 K. PL
measurements were taken using a 405 nm pulsed laser and 1800 lines/mm grating for direct
comparison to the TRPL. The temperature-dependent PL trend analysis of b) peak position (eV)
and c) full-width half maximum (FWHM) (eV). PL trend measurements were taken using a 405

nm continuous wave laser. PL measurements were conducted after allowing the sample to



thermally equilibrate in the dark for 15 minutes. 150 lines/mm grating was used to complete the

trend analysis.

We use temperature dependent PL to evaluate the role of exciton-phonon coupling on the
PL linewidth broadening. However, temperature dependent phase transitions occur in perovskite
bulk material contributing to PL linewidth broadening. As demonstrated in previous studies, the
PQD’s 0D nanocrystalline surface should stabilize the crystal phase well below the phase transition
temperatures expected in the bulk systems.'* Low-temperature PL experiments were conducted to
ensure the crystalline phase remains unchanged for the sole examination of intrinsic exciton-
phonon interactions. Temperature-dependent steady-state PL in Figure 3a reveals a blue shift (shift
to higher energy) with increasing temperature. The peak shifts from 2.48 eV (15 K) to 2.52 eV
(293 K), which indicates the band gap widens with increasing temperature which is consistent with
other reports of perovskite materials.31*¢4% This is atypical of most semiconductors (Si, I11-V, II-
VI, etc.) that display a red shift, or band gap narrowing, with increasing temperatures due to lattice
vibrations that increase the interatomic distance.** In PQDs the widening is attributed to the

combination of lattice expansion and octahedral tilting.'®

Lattice expansion and octahedral tilting influence the CsPbBrs electronic energy levels
because of the orbital overlap in the bands. The valence band maximum (VBM) is composed of
hybridized antibonding Pb 6s and Br 5p orbitals.!®* Lattice expansion and octahedral tilting
decrease the Pb-Br overlap which stabilizes the VBM thus, lowering the bands energy. The
conduction band maximum (CBM) is composed of Pb 6p non-bonding orbitals. As such, the CBM
is less affected by changes in the orbital overlap. The combined effect is a widening of the bandgap

at increasing temperature.
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Figure 3b shows a gradual shift of the PL peak maximum from 2.48 eV at 15 K to 2.50 eV
at 290 K. The gradual progression is characteristic of PQDs as bulk material temperature
dependent behavior shows stepwise discontinuities at the phase transition temperatures.*® The lack
of such discontinuities indicate no evidence for first order phase transitions, suggesting the cubic
crystal phase is retained from 15-290 K. The retention of cubic crystal symmetry suggests the
room temperature PL linewidth broadening is due to exciton-phonon interactions intrinsic to the

cubic structure.

The temperature-dependent PL linewidth trend gives insight into exciton-phonon
interactions. Figure 3c shows a gradual increase of the linewidth from 88 meV at 15 K to 125 meV
at 290 K. Spectral broadening has a combination of homogeneous and inhomogeneous
components. Homogeneous broadening at elevated temperature is due to lattice vibrations and has
been demonstrated in a variety of solid-state semiconductors including CsPbBrs bulk, single
crystals, and other nanocrystal counterparts.?®?? The decrease in PL linewidth broadening at 15 K
is partly from reducing lattice vibrations. However, we are attributing the inhomogeneous
component, manifested as red (low energy) tailing at room temperature, to exciton-phonon

coupling that bring about a phonon-assisted emission pathway.
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Figure 4 a) Normalized steady-state PL spectra plotted semi-logarithmically show low energy red
tail and possible phonon coupling mode. b) 260 K PL fit with single Gaussian (SG). ¢) 15 K PL

fit with SG. PL measurements were conducted under the same conditions as Figure 3a.

Exciton-phonon coupling is thermally activated and close in energy to the exciton
manifesting inhomogeneous broadening, or low energy tailing. Low temperature PL studies were
further analyzed to observe the inhomogeneous broadening from phonon-assisted emission. Figure
4a displays a semi-logarithmic plot of the PL spectral profile at 15 K and 293 K to better express
the temperature-dependence of the low energy tailing. The room temperature tailing is shown by
a non-Gaussian low energy shoulder that diminishes at 15 K. The shoulder is not discrete,
supporting that the low energy tailing is close in energy to the exciton emission. Furthermore, both
measurements were fit with a single Gaussian (SG) fit function displayed in Figures 4b,c. The
shaded SG fits show the disappearance of the low energy tailing at 15 K. The gradual

disappearance of the low energy tailing is also seen at 130 and 170 K in Figure S5.

Previous literature reports the opposite for perovskite nanocrystals in terms of low energy
tailing or even the appearance of a discrete peak at low temperatures.??4%47 The peak at low
temperatures is attributed to carriers recombining through a phonon-assisted emission pathway.
This phonon-assisted emission correlates to locked structural distortions of the orthorhombic

crystal phase.?* In the case of this study, the low energy tailing only occurs at elevated temperatures

12



and disappears at 15 K. This suggests the phonon-assisted emission pathway is due to thermally
induced structural distortions. The lack of low-energy sidebands at 15 K also confirms the PQDs
are cubic, and not orthorhombic. TRPL kinetics studies are needed to confirm the presence of the
two emission pathways at room temperature: 1) exciton recombination and 2) phonon-assisted

recombination.

15K
295K
— 15 K SE fit
—— 295 K DE fit

Normalized PL Intensity

-1 1 T 1
15 20 25 30 35 40 45
Time / ns

Figure 5 Time-resolved PL at 15 K (raw data, blue dots, and single exponential (SE) fit, blue line)
and 295 K (raw data, red dots, and double exponential (DE) fit, red line). TRPL measurements

were conducted under the same conditions as Figure 3a.

In efforts to resolve the thermally activated phonon-assisted emission pathway, TRPL was
utilized to verify the presence of multiple radiative recombination pathways buried within the PL
spectrum. Figure 5 depicts TRPL behavior at 15 K and 295 K. At 295 K, the PL decay time was
best fit using a double exponential (DE) function. The 15 K had best fit agreement with a single
exponential (SE) function. The biexponential character at room temperature verified the presence
of two emission pathways, while the more single exponential character at 15 K verified the

presence of one dominant emission pathway. The disappearance of one emission pathway at 15 K

13



suggests that there is indeed a thermally activated emission pathway generated at room

temperature.
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Figure 6 Energy-dependent time-resolved PL spectra at a) 260 K and b) 15 K. Tetradecane PQD
suspensions are frozen from 15-260 K to ensure QD aggregation is minimized. PL and TRPL

measurements were conducted under the same conditions as Figure 3a.

Further resolution of the discrete energy levels of the exciton emission and the alternate thermally
activated emission pathways are necessary to reveal an exciton-phonon coupling mode that can be
structurally assigned. Energy-dependent TRPL experiments at 15 K and 260 K displayed in Figure
6 were conducted to resolve the discrete energies of multiple emission pathways. These
experiments were carried out by measuring the TRPL at several monochromator wavelengths. The
exponential decays at 260 K in Figure 6a were best fit with PL decay times held constant at 2.1 ns
and 4.1 ns. These PL decay times are consistent with PL lifetimes previously observed in
literature.*® After fitting the respective PL exponential decay amplitudes, the presence of two
energy states at 260 K, 2.5119 eV and 2.5282 eV, were resolved. The sum of these energy states
was overlaid with the steady-state PL spectrum to confirm proper fitting parameters and excellent

agreement. The high energy state at 2.5282 eV with a 2.1 ns PL decay time is assigned as the
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exciton emission pathway. The low energy state at 2.5119 eV with a 4.1 ns PL decay time pertains
to the thermally activated emission pathway that is causing PL linewidth broadening at room
temperature. The low energy thermally activated emission pathway has a longer decay time than
the exciton emission verifying that the thermally activated alternate emission pathway is the sole
contributor to longer PL decay times. In comparison, the 15 K spectrum in Figure 6b shows the
disappearance of the thermally activated emission pathway (red fit) and the narrowing of the PL
linewidth. The gradual disappearance of this phonon mode is observed at 130 and 170 K in Figure
S6. As the thermal energy decreases, it is expected that phonon-assisted recombination would
decrease as well. There is an additional fast component, 0.5 ns, for the PL monitored at

approximately 2.52 eV. This fast process may be attributed to biexciton Auger recombination.*®

At room temperature, the energy difference between the discrete states is 16.3 meV (131.5 cm™).
At 15 K, the low energy tailing component decreases in intensity and the exciton-phonon coupling
mode is diminishes. The energy difference that appears at room temperature suggests the formation
of a thermally activated vibrational mode in agreement with the LO phonon energy (20 meV)
calculated in Figure S7. The 131.5 cm™ vibrational mode is correlated to the transverse and LO
phonon modes due to Pb-Br stretching vibrations in the octahedra.?” A theoretical Raman study of
lead-based perovskite single crystals identifies these optical phonon modes as the asymmetric (127
cml) and symmetric (147 cm™®) bending modes of the Pb-Br octahedra.?® However, these modes
are only observed in PQDs with orthorhombic crystal symmetry at low temperatures.?? This
suggests that the cubic polymorphs are thermally induced octahedral distortions that generate a
phonon-assisted emission pathway inducing PL linewidth broadening at room temperature. In
summary, we demonstrated that PQD cubic phase still exhibits an inhomogeneous PL linewidth

broadening and longer PL lifetimes due to thermally activated phonon coupling to the exciton.
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This exciton-phonon coupling can be explained by PbBres octahedral tilting that occurs at room
temperature and pertains to the LO phonon energy (20 meV). At 15 K, the phonon-assisted
radiative recombination pathway is largely mitigated as manifested by pure excitonic emission
with minimal phonon-assisted emission. This suggests that the PbBre octahedral distortions are
minimized, and octahedral symmetry of the cubic phase is locked. Although the cubic phase PQDs
are stabilized over a broad range of temperatures (15-300 K), it still experiences some low
symmetry octahedral distortions at room temperature. These distortions at room temperature
confirm the cubic phase polymorphous networks are thermally induced. Understanding of the
exciton-phonon coupling is an important step toward the rational design of high-performing, color

pure optical emitters for photonics application including solid-state lighting.Materials

Cesium carbonate (99.99%, Sigma Aldrich), lead bromide (99.99%, Alfa Aezar),
octadecene (90%, Sigma Aldrich), oleic acid (90% tech grade, Sigma Aldrich), and 70% tech grade
oleylamine (Sigma Aldrich). 70% tech grade oleylamine was purified using purifications method

by Baranov et al.>°
Preparation of Cs-oleate precursor

0.40 g Cs2CO3 was loaded into a 50 mL 3-neck flask along with 18 mL octadecene (ODE),
90%, and 2.5 mL oleic acid (OA), 90%. Cs2COs is hygroscopic and was stored and weighed out
in a N2 glove box. This solution was dried under vacuum for 1 hour at 120°C. The flask was then
purged with N2 and heated to 150 °C until all Cs2CO3s was reacted with oleic acid (about 5-10

minutes). The final solution is clear and translucent with a yellow tint when heated above 100°C.

Since Cs-oleate precipitates out of ODE at room-temperature, it was pre-heated to 115°C before

injection.

16



Synthesis of CsPbBr3 perovskite quantum dots

0.188 mmol (0.069 g) of PbBr2 was loaded into a 25 mL 3-neck round-bottom flask with
5.0 mL of ODE. The solution was dried under vacuum with stirring for 1 hour (ramp up to 120°C
in 30 mins (4°C/min)). The flask was then purged with N2 and 0.5 mL dried oleylamine (OAm)
and 0.50 mL dried oleic acid (OA) where injected at 120°C. After complete solubilization of PbBr>
salt, the precursor solution was heated to 170°C. Cs-oleate precursor was heated to 115°C for clear
yellow solution. 0.40 mL (0.125M) of hot Cs-oleate was swiftly injected into PbBr2 solution and
reacted for 1 minute with stirring (1000 rpm). After, the reaction was immediately cooled in an ice

water bath.

The crude solution was transferred into a 15 mL polypropylene centrifuge tube and
centrifuge at 10,000 rpm for three minutes. The supernatant was discarded, and the resulting pellet
was redisperse in 600 pL of tetradecane by shaking (Supernatant should luminescence blue under
UV light indicating formation of smaller particles). The suspension was then centrifuged at 10,000
rpm for 3 minutes. The quantum dots within the supernatant were kept and the pellet discarded.
The resulting supernatant was diluted with 3.6 mL of tetradecane. The PL spectral profiles of 260
K and 15 K were collected to ensure the sample was solidified for both measurements since 260

K is well below the freezing point temperature of tetradecane.

PLQY methods

Relative PLQY was measured via a custom built PLQY system equipped with a UV white
light source, a 405 nm LED light source, and a spectrometer to sequentially observe the
transmission and emission spectrum of the nanoparticles. We calculated PLQY using Equation 1

and compared against a perylene dye standard.
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HR-TEM

High-resolution transmission electron microscopy (HRTEM) was performed on a FEI UT
Tecnai microscope operated at 200 kV acceleration voltage. Diameter measurements were taken
directly from the electron microscopy images by using ImageJ software. For each sample, 150

PQD lengths were used to calculate the average diameter of 9+/-1 nm.
XRD

X-ray diffraction (XRD) was performed on a Rigaku diffractometer operated in BB mode

(10 mm) with «f filter. Diffraction patterns were analyzed using Smart Lab studio II software.
Steady-state PL methods

Steady-state PL measurements were taken using a 405 nm pulsed wave laser (~0.9 pW
average power) for direct comparison to the TRPL. The Andor Technology Step and Glue
function was utilized to collect the entirety of the high-resolution spectrum with an 1800

lines/mm grating and 1000 um slit width.

PL trend measurements were taken using a 405 nm continuous wave source (7 mW), a
150 lines/mm grating, and 1000 pm slit width. All PL measurements were taken and analyzed
using Andor Software:Solis. Each measurement was automated in LabView and held for 15

minute to ensure thermal equilibrium.

There is an offset in room temperature trend values for peak maximum (MS Figure 3b,

2.50 eV) in comparison to the previous PL measurements (MS Figure 3a, 2.52 meV), which used
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a higher resolution grating, however, the trend is unaffected by this parameter. The origin of

inconsistency is dependent on instrumental calibration such as grating resolution and slit width.

Time-resolved PL methods (Energy-dependent TRPL methods)

TRPL measurements were measured using time-correlated single photon counting
(Micron photon device) and analyzed using Timeharp 260 software. The measurements were
taken using a 405 nm pulsed wave source (~0.9 W average power), a 1800 lines/mm grating,
0.2 ns resolutions, and 1000 um input slit width/100 pm output slit width. Slit widths were
calibrated to ensure proper overlay between steady-state and time-resolved PL spectrums.
Calibrations depicted in Figure S9. lllumination studies were executed to ensure samples were

stable under continuous and pulsed illumination for a 16-hour period.

Supporting Information. Contains supplementary content on PQD PL QY stability
measurements, Raman spectra of PQDs, accompanying PL/TRPL temperature data for 130 and
170 K, FWHM fitting model equation, and output slit width and grating resolution
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