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ABSTRACT: Fluorophores emitting in the NIR-IIb wavelength range (1.5−1.7 μm) show great
potential for bioimaging due to their large tissue penetration. However, current fluorophores suffer
from poor emission with quantum yields ∼2% in aqueous solvents. In this work, we report the
synthesis of HgSe/CdSe core/shell quantum dots (QDs) emitting at 1.7 μm through the
interband transition. Growth of a thick shell led to a drastic increase in the photoluminescence
quantum yield, with a value of 63% in nonpolar solvents. The quantum yields of our QDs and
other reported QDs are explained well by a model of Forster resonance energy transfer to ligands
and solvent molecules. The model predicts a quantum yield >12% when these HgSe/CdSe QDs
are solubilized in water. Our work demonstrates the importance of a thick type-I shell to obtain
bright emission in the NIR-IIb region.

■ INTRODUCTION
Fluorophores in the second near-infrared (NIR-II) (1.3−2.3
μm) range have shown potential for noninvasive bioimaging
due to reduced autofluorescence and significantly larger
penetration into tissue compared to visible wavelengths.1−6

The optimal wavelength for in-vivo imaging is the NIR-IIb
range (1.5−1.7 μm) which allows the deepest penetration as a
balance between reduced scattering and absorption by water.1

In-vivo imaging in the NIR-II region has been demonstrated in
imaging mouse brain vasculature,7 lymph nodes,1 and tumors.2

Several fluorophores have been developed for NIR-II
bioimaging including organic molecules,8,9 inorganic quantum
dots,1−3 and carbon nanotubes.7,10 Despite significant progress,
organic molecules show very low photoluminescence quantum
yields (PLQYs) in the NIR due to their intramolecular
vibrational relaxation to molecular vibrations by the energy gap
law.11,12 The brightest NIR fluorophores are based on
inorganic quantum dots (QDs) which show QYs up to 43%
at 1.5 μm emission.13 However, the emission is quenched
drastically when the QDs are solubilized in water, with QYs of
∼2% at 1.7 μm. Design of brighter QD fluorophores can lead
to deeper penetration for in-vivo imaging, at lower excitation
powers.1

The brightest reported QDs in the NIR-II range (1.3−2.3
μm) include QD structures based on PbS,13−17 PbSe,16 Ag2S,

18

InAs,2,19 HgTe,20−23 and HgSe.24,25 Nonradiative relaxation in
QDs via surface trapping dominates the role in visible-gap
QDs, while QDs in the infrared appear to be limited by a near-
field Forster energy transfer to ligand molecules on the QD
surface.16,26 This is exacerbated on making the QDs water-
soluble, as water is strongly absorbing and leads to a drastic
decrease in the PLQY.2

The energy transfer can be suppressed by exchanging the
organic ligands by less absorbing molecules, or by growth of a

thick type-I shell.25−27 Solid-state ligand exchange has been
demonstrated in Ag2S

18 and PbS14,15 QD films, which show a
PLQY of up to 85% at 1.4 μm. For in-vivo imaging, the only
option is the growth of a thick shell, to suppress energy transfer
to the surface ligand and solvent molecules. While thick CdS
and CdSe shells have been grown on PbS13 and PbSe28 QDs,
no substantial improvement in the PLQY is seen. Growth of
the thick shell is also accompanied by a redshift of the exciton
and lengthening of the PL lifetime,28 which has been attributed
to the quasi-type-II band alignment between the core and the
shell.13,28 Similar observations have been reported for InAs/
CdSe QDs, where the PLQY does not improve with shell
thickness due to the unfavorable band alignment.2,29 This
motivates the design of a core/shell material system with a
type-I alignment to obtain bright fluorophores in the NIR-II
region.
HgSe/CdS QDs show bright mid-infrared emission when n-

doping through the intraband transition.25 Undoped HgSe
QDs show emission in the NIR-II range. In contrast to PbS,13

PbSe,28 and InAs,2 HgSe has a type-I band alignment with CdS
and CdSe,25,30 which makes it a promising candidate as bright
NIR-II fluorophores. CdSe is the ideal shell candidate for
obtaining bright emission in HgSe due to the type-I band
alignment and near-zero lattice mismatch. Previous studies
have reported growth of a thin CdSe shell <∼1.5 nm
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thickness,24,30 but growth of a thick spherical shell was not
achieved.
In this work, we show the growth of a thick, roughly

spherical CdSe shell around HgSe QDs, up to a final QD
diameter of 13 nm. These QDs exhibit a PLQY upto 63% at
1.7 μm wavelength, which is >3 times brighter than those
reported previously. Our calculations show that the QYs are
consistent with a Forster energy transfer to ligands and solvent
molecules and demonstrate a strategy to obtain bright NIR-II
fluorophores.

■ RESULTS AND DISCUSSION
Synthesis of HgSe/CdSe Core/Shell QDs. HgSe cores

were synthesized by adapting a previous report.31 The sizes of
the QDs were characterized by transmission electron
microscopy (TEM) and small angle X-ray scattering (SAXS).
The cores had a diameter of 4.8−5.2 nm for emission at (1.7−
2.0 μm) wavelengths. Most reports of CdSe growth require
temperatures in excess of 200 °C to obtain large sizes.28,32

Since HgSe QDs have poor thermal stability above 100 °C, it is
necessary to first grow a thin protective CdSe shell at a low
temperature before growth of a thick shell.25 While previous
studies report growth of thin shell HgSe/CdSe QDs using c-
ALD,24,30 the procedure is tedious, limited to small reaction
scales, and is easily susceptible to independent nucleation.
In order to develop a robust and scalable growth of a thin

CdSe shell at a low temperature, we designed a shell growth
strategy using cadmium acetate and (TMS)2Se (Figure 1a).
These precursors are highly reactive and form CdSe nano-
crystals at temperatures as low as room temperature. By

subsequent addition of Cd and Se layers by successive ionic
layer adsorption and reaction (SILAR) at 90 °C, the shell
thickness could be precisely controlled (SI Section 1C). The
synthesis was robust and could be scaled up to 80 mg of HgSe,
with little or no observed independent nucleation up to a
thickness of three monolayers (SI Section 1C). After growth of
three monolayers, the HgSe/CdSe QDs were thermally stable
up to at least 150 °C, while the HgSe cores were not stable
above 120 °C (SI Section 1D).
These thin shell HgSe/CdSe QDs were then used as seeds

for growth of a thick CdSe shell. Synthesis of large core/shell
nanocrystals requires the use of highly reactive precursors and
a high reaction temperature in order to maintain a spherical
shape and avoid independent nucleation.25,32−34 We adapted
the protocol by X Peng and coworkers, where they
demonstrated growth of CdSe using cadmium carboxylates
and selenium suspension in oleylamine, which decomposed at
a low temperature of 140 °C.35
A major challenge during growth of the CdSe shell is

ripening and dissolution of QDs with a thin CdSe shell, which
leads to deposition of an alloyed HgCdSe shell on the
remaining QDs.25 While the optical properties of the surviving
HgSe cores are not affected, the alloyed HgCdSe shell absorbs
part of the excitation light during PL measurements. To
minimize ripening and dissolution of the cores (SI Section
1G), we performed the shell growth through a two-step
temperature increase. The reaction temperature was set to 150
°C for two CdSe monolayers, after which the temperature was
increased to 200 °C or higher for subsequent shell growth
(Figure 1a). During the heat-up to 150 °C, typically ∼40 to

Figure 1. Synthesis of thick shell HgSe/CdSe QDs. (a) Schematic of synthesis of HgSe/CdSe QDs. HgSe cores were synthesized by hot injection
of HgCl2 and bis(trimethylsilyl)selenide ((TMS)2Se) at 90 °C. A thin CdSe shell was then overcoated at 90 °C using cadmium acetate and
(TMS)2Se, by successive ion layer addition and reaction (SILAR). Subsequent shell growth was performed at 150 °C using cadmium acetate and
selenium power. At this temperature, around 40−60% of the QDs dissolved and overcoated an alloyed HgCdSe shell around the remaining QDs.
The final layers of CdSe were grown at 200 °C. (b) X-ray diffraction (XRD) spectra of 5.2 nm HgSe (black curve) and 15.1 nm HgSe/CdSe (red
curve) QDs, along with calculated bulk XRD spectra for zincblende HgSe (black bars) and CdSe (red bars) with lattice constants 6.08 and 6.05 Å
respectively. The spectra confirm the growth of CdSe along the zincblende crystal structure like the cores, and the near-zero lattice mismatch
between the core and shell. (c−f) Transmission electron microscopy (TEM) images of HgSe and HgSe/CdSe QDs with a diameter of (c) 5.2 nm,
(d) 7.0 nm, (e) 10.2 nm, and (f) 13.0 nm.
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60% of the QDs dissolved and deposited an alloyed shell
around the remaining QDs (SI Section 3A).
Selection of the growth temperature is especially important.

For obtaining thick spherical shells without independent
nucleation, it is necessary to maximize the growth temper-
ature.25,33 We observe substantial independent nucleation
during growth at 180 °C, which limits growth of QDs beyond
10 nm (Figure S1G-1). However, a higher growth temperature
increases the tendency of alloying at the core/shell interface.
We found the alloying temperature to depend on the core size.
HgSe/CdSe QDs with cores emitting at 2.0 μm showed
insignificant alloying during growth at 220 °C, but cores
emitting at 1.7 μm show a large blueshift in absorption and
photoluminescence when grown at the same temperature
(Figure S1G-2). We thus set the growth temperature for 1.7
μm, emitting QDs as 200 °C. Using our synthetic design, we
were able to obtain a final QD size of 13 nm at a growth
temperature of 200 °C and a size of 16.5 nm at 220 °C (SI
Section 1G).
Absorption Spectra and Optical Properties. An aliquot

was taken after synthesis of HgSe cores at 15 s. The cores
showed both interband absorption at 1.7 μm and an intraband
absorption at 4.8 μm, which indicates that they are partially n-
doped (SI Section 4A). By subtracting spectra of the cores at
different dopings, we were able to calculate the average doping
of the cores to be ∼1.05 electrons/QD (SI Section 3B).
Aliquots were taken at different stages of the CdSe shell

growth. Growth of the thick shell led to a steady increase in the
CdSe absorption with a band-edge onset at 900 nm (Figure
2a). XRD measurements were performed on films of HgSe and
HgSe/CdSe QDs (Figure 1b). The measured spectra show
good agreement with simulated spectra for zincblende HgSe
and CdSe. The Scherer sizes calculated for the (220) peak at
42° were 3.7 and 9.3 nm, respectively (SI Section 2E), which
show a fair agreement with the sizes measured by SAXS.
The HgSe/CdSe QDs were intrinsic and showed negligible

intraband transition, regardless of whether the final layer was
Cd- or Se- (SI Section 1F). The thickest shell sample was an
anomaly, which displayed an intraband absorption with
roughly ∼0.85 electrons/QD upon ending with a Cd step

(SI Section 3B). The interband emission was much weaker
after stopping at a Se- step (SI Section 1F), so all
measurements were performed with Cd- as the final layer.
As seen from the absorption spectrum in Figure 2b, the

absorption features of the HgSe interband transition were
maintained on growth of the thick CdSe shell. During growth
of the thick shell at 150 °C (Figure 2a, blue), there was a
significant decrease in the HgSe absorption intensity (SI
Section 3A) and a redshift of the absorption peak. This is
consistent with dissolution of nearly half of the initial HgSe
QDs and deposition of an alloyed shell around the remaining
QDs. The redshift of the absorption suggests that thin shell
HgSe/CdSe QDs with a smaller-sized core were preferentially
dissolved. Subsequent growth of the CdSe shell did not result
in a change in the absorption peak wavelength or intensity.
The lack of peak shifting confirms the type-I band alignment
between HgSe and CdSe. This is in contrast to PbS, PbSe, and
InAs QDs, which show a continuous redshift in the exciton
peak upon growth of a thick shell due to their quasi type-II
band alignment.2,13,28

PL and Lifetime Measurements. Photoluminescence
(PL) spectra of the HgSe/CdSe QDs were recorded using an
excitation wavelength of 808 nm and an incident power of 15
mW, using a step-scan FTIR. All spectra were recorded in
solution in tetrachloroethylene (TCE). The HgSe/CdSe QDs
showed bright interband emission with no shift in the spectra
on shell growth. There was a ∼250 nm Stokes shift in the PL
(∼90 meV), which likely arises from the size distribution of the
cores.
Absolute PL quantum efficiency measurements were

performed using a Spectralon integrating sphere, with an 808
nm excitation and a PbSe detector. We want to distinguish the
PL quantum efficiency (PLQE) from quantum yield (PLQY).
When the sample has partial n-doping, there is an ensemble of
QDs with 0, 1, and 2 electrons in the 1Se state (denoted
1Se(0), 1Se(1), and 1Se(2), respectively), each of which would
have a specific PLQY. The absolute PLQE can be measured,
but the PLQY would have to be calculated from the
distribution of QDs with different 1Se occupancies.25 Only
1Se(0) QDs would be expected to show interband emission

Figure 2. Absorption and PL. (a) Absorption spectra of 5.2 nm HgSe cores and HgSe/CdSe QDs with different sizes. All spectra are normalized at
1400 nm. The increasing band-edge absorption from the CdSe shell is evident from the absorption onset at 900 nm. (b) Absorption (solid) and
photoluminescence (black) (PL) spectra of HgSe and HgSe/CdSe QDs. The absorptions have the same scale as in (a) but are vertically shifted for
clarity. The absorption and PL spectra show negligible shift on shell growth, confirming the type-I band alignment of HgSe and CdSe.
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due to Kasha’s rule. To calculate the PLQY, we estimate the
fraction of 1Se(0) QDs in the ensemble by assuming a
binomial distribution and divide the PLQE by this fraction (SI
Section 3B).25 Since only the cores and 15.1 nm HgSe/CdSe
QDs were partially n-doped, the PLQE and PLQY were the
same for QDs of the remaining sizes (SI Section 4A).
The HgSe cores showed a PLQY of 1.5% at 2.0 μm

emission. Growth of the CdSe shell led to a monotonous
increase in the PLQY, with a value of 48% for the thickest shell
with a diameter of 15.1 nm (Figure 3a). A similar trend was
observed for QDs with smaller cores emitting at 1.7 μm, which
showed a PLQY upto 63% (SI Sections 3E and 4B). These

QDs are >3 times brighter than the brightest fluorophores with
PLQY ∼20% at 1.7 μm emission.23,24

To confirm that the increase in the PLQY is indeed due to
slowing of the nonradiative rate, we measured the PL lifetimes
of HgSe and HgSe/CdSe QDs in solution (Figure 3b). With
the exception of the 15.1 nm diameter sample, the lifetime
traces of all samples fit well to a biexponential function. The
fast component comprised ∼25% of the intensity for the
HgSe/CdSe QDs, while it was ∼80% for the cores, which is
likely due to a larger fraction of trap states in the cores. The
15.1 nm diameter sample was fit to a triexponential with ∼30%
intensity exhibiting very fast ∼1.4 ns decay. We attribute this to

Figure 3. QY and lifetime measurements. (a) Measured PLQY (black squares) of HgSe/CdSe QDs with different shell thicknesses, calculated QY
(dashed curve) modeled by Forster-energy transfer to oleylamine ligands on the QD surface, and measured average PL lifetimes (red circles). The
increase in average lifetime with the QD size shows a quantitative agreement with the PLQY measurements. Error bars in PLQY correspond to
lower and upper limits from the doping estimation. (b) PL lifetime traces (line scatter) of the same HgSe and HgSe/CdSe QDs in (a). The 15.1
nm sample was fit to a triexponential, while the remaining samples were fit to biexponentials (fits are overlayed).

Figure 4. Predictions of the FRET model and comparison of PLQYs to other reports. (a) Compilation of PLQYs of the brightest reported QDs at
different emission wavelengths. Black and gray points are QDs in organic solvents.2,13,16,20,23 Red points are QDs solubilized in water for in-vivo
imaging.1−3,19,36 Green stars are our HgSe/CdSe QDs in nonpolar solvents. The curves are calculated PLQY by ligand-FRET to oleylamine in TCE
(black) and including solvent-FRET in water (red). Solid curve is for 6 nm diameter QDs, and the dashed curve is for 13 nm diameter QDs. Ligand
absorption and PLQY data are available in Supplementary Files. (b) Measured imaginary refractive index of oleylamine and water as a function of
frequency. Absorption by water is nearly 5 times stronger than oleylamine.
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defects arising from the independent nucleation of CdSe on
the surface of the QDs (SI Section 4A).
We calculated the average PL lifetime to be a harmonic

mean of the decay components (SI Section 4A and 4B). The
trend of the effective PL lifetime showed quantitative
agreement with the PLQY measurements (Figure 3a). From
the measured lifetimes and PLQYs, we calculated the radiative
lifetime for each QD sample. The radiative lifetime was similar
for all QD samples, giving a value of 127 ± 30 ns. The constant
radiative lifetime further confirms the type-I alignment of HgSe
with CdSe.
Nonradiative Mechanism. QDs in the infrared show

PLQYs that are lower than their visible counterparts. To
determine the origin of the poor emission, we tabulated the
PLQYs of the brightest reported QDs at different wavelengths
(Figure 4a, data in Supplementary Files). We have plotted the
PLQY of our HgSe/CdSe QDs emitting at different
frequencies (Figure 4a, green stars). The QDs are ∼3 times
brighter than previous QDs in the 1.7−2.0 μm range.
Despite the vast differences in the core and shell materials,

all QDs in organic solvents (black and gray points) show a
similar decreasing trend in the PLQY as the frequency is
reduced. A similar trend is observed for QDs solubilized in
water (Figure 4a, red squares), which have ∼5 times lower
PLQYs than their counterparts in organic solvents. This
general trend suggests that the PLQY is limited by a
mechanism that depends on the emission frequency but is
relatively insensitive to the QD material.
Guyot-Sionnest and coworkers26 proposed a model for

nonradiative relaxation involving Forster resonance energy
transfer (FRET) of the QD emission to absorption of ligands
on the QD surface. This model has been used to explain the
lifetime and PLQY of QDs in the NIR and mid-IR
regions.16,20,25−27,37 In this model, the PLQY of QDs in
nonpolar solvents is calculated as follows37 (see SI Section
3D):

(1)

where γNR is the nonradiative rate, γR is the radiative rate, n is
the index of the solvent, R is the QD radius, ΔR is the ligand
length, ϵ″ is the imaginary dielectric function of the ligand
absorption, f D is the normalized QD emission spectrum, and v̅
is the frequency in wavenumbers.
The PLQY can be calculated as

(2)

Since the nonradiative rate is proportional to the radiative
rate, the PLQY is independent of the radiative rate and hence
insensitive to the QD material. This explains the relative
insensitivity of the PLQY to the QD material. A notable
exception is the series of HgTe QDs reported by Rogach and
coworkers,23 where the PLQY is higher and shows a weaker
frequency dependence than other reports.
To calculate the ligand-FRET rate for QDs in nonpolar

solvents, we measured the absorption spectrum of oleylamine
(Figure 4b). Although the QD reports in Figure 4a have
different nonpolar ligands, the FRET rate should be similar as
the ligand absorption in the NIR-II is dominated by C-H
overtones and combination bands (SI Section 3C). We used

the reported surface coverage of oleylamine on the QD surface
as 1.8 nm−2 (see SI Section 3D)38 and set the emission spectra
as Gaussians with a standard deviation 0.1 times the emission
frequency. We calculated the FRET-limited PLQY as a
function of the QD diameter (Figure 3a) and as a function
of frequency by setting the QD diameter at 13 nm, which is the
average size of the HgSe/CdSe QDs (Figure 4a dashed black
curve).
The calculations show a good agreement with our measured

PLQYs. The trend of calculated PLQY with frequency shows a
reasonable agreement with the experimental data, with the
scatter likely due to a variation in QD diameters, emission
widths, different surface ligands, and contributions from other
nonradiative processes.
Similar to ligands, FRET to solvent molecules can lead to a

drastic quenching of the PLQY in NIR-absorbing solvents. To
calculate the FRET rate to solvent molecules, we can use the
solvent imaginary index ϵ″ in eq 1 and perform the integral
from R + ΔR to infinity. To test the effect of solvent
absorption on the nonradiative rate, we synthesized HgSe/
CdSe QDs with an emission peak at 1.7 μm and measured the
PLQY in TCE (tetrachloroethylene), CHCl3, and octane.
These solvents show an increasing absorption at the QD
emission wavelength (Figure S3C(c),E(a)). The PLQY shows
a monotonous decrease with the solvent absorption and shows
good agreement with the simulation (SI Section 3E).
FRET to water is expected to play a major role for QDs

optimized for in-vivo imaging. Water exhibits a strong
broadband absorption in the NIR-II and leads to much poorer
PLQYs compared to TCE. When we performed the FRET
calculation for 6 nm diameter QDs, which is a typical size for
water-solubilized QDs (Figure 4a, solid red curve), we find a
good agreement with the reported PLQYs. Our calculation for
13 nm QDs in water predicts that the PLQY should be ∼12%
at 1.7 μm emission (Figure 4a, dashed red curve), which is ∼6
times brighter than the brightest fluorophores reported.1

Growth of 20 nm QDs should lead to a PLQY of ∼30% in
water. While this is not currently possible with our synthetic
protocol, further shell growth can be achieved by using a
lower-temperature shell material like an HgCdSe alloy.

■ CONCLUSIONS
QDs emitting in the NIR-IIb range show great potential for in-
vivo imaging, but the PLQY of the fluorophores are quite low
(∼2%). To determine the origin of the fast nonradiative decay,
we use a model of FRET to ligands and solvent molecules. Our
calculation accounts for the ubiquitous decrease in the PLQY
of QDs as the emission frequency is decreased and also
explains the lower PLQY of QDs solubilized in water. Previous
attempts to improve the PLQY have been unsuccessful due to
the lack of a type-I core/shell system. In order to slow the
nonradiative decay, we developed the synthesis of a thick CdSe
shell on HgSe QDs. The type-I band alignment leads to a
negligible spectral shift with increasing shell thickness. The
thick shell HgSe/CdSe QDs show a PLQY upto 63% in the
1.7−2.0 μm range, which is ∼3 times brighter than the
previous reported fluorophores. Our work demonstrates the
importance of using thick shell QDs with a type-I band
alignment for obtaining bright fluorophores.

■ METHODS
Thin Shell HgSe/CdSe QD Synthesis. The following protocol

yielded ∼20 mg of HgSe cores. Briefly, HgCl2 (0.1 mmol, 27 mg) was
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added to a three-neck flask with 5 mL of oleylamine. The flask was
equipped with a stir bar, rubber sleeve stoppers with a thermocouple
attached, and connected to an argon Schlenk line manifold. The flask
was heated at 100 °C for ∼30 to 60 min. The temperature was then
set to 90 °C. (TMS)2Se solution (0.5 mL; 0.2 M) was injected swiftly
into the flask. At 15 s, a calculated volume of 0.2 M Cd(OAc)2
solution (“0Cd”) was injected over a period of ∼15 s. After 5 min, a
calculated volume of 0.2 M (TMS)2Se solution (“1Se”) was injected
over a period of ∼15 s. Subsequent cycles were performed as
necessary, with a 2 min reaction time for Se cycles and 5 min reaction
time for Cd cycles. Aliquots were taken if necessary using a glass
syringe with a metal cannula. The reaction was typically stopped after
3 CdSe monolayers, leading to QDs with a diameter ∼7 nm (denoted
HgSe/3CdSe).

The stock solution was transferred into a glass vial and stored in a
freezer. The stock solution was directly used for synthesis of a thick
CdSe shell.
Thick Shell HgSe/CdSe QD Synthesis. The following protocol

started with HgSe/3CdSe QDs containing 8 mg of HgSe. The
fraction of QDs dissolved during the initial heat-up step was sensitive
to the reaction scale.

HgSe/3CdSe stock solution from the freezer was fully thawed. A
measured volume of the solution (containing 8 mg of HgSe) was
added to a three-neck flask, equipped with a stir bar, rubber sleeves, a
thermocouple, and connected to a Schlenk line. The solution was
heated to 150 °C. A certain fraction (typically ∼60%) of the QDs
dissolved during the heat-up stage and deposited as an alloyed
HgCdSe on the remaining QDs.

The Cd and Se precursor solutions were kept ready with 1 mL
syringes. The Se- suspension was kept on the sonicator and mixed
vigorously before adding the desired volume of the precursor. On
reaching the set temperature, the Se precursor was added and left to
react for 5 min. The Cd precursor was then added and left to react for
2 min. At this stage, the QD diameter was typically ∼10.5 nm. One
more Se and Cd cycle was performed. After the Cd addition, the
temperature was set to 200 °C. Further Se and Cd cycles were
performed, with a reaction time of 2 min for each cycle. Aliquots were
taken if necessary using a glass syringe with a metal cannula. The QD
diameters increased by roughly 0.7 nm per SeCd cycle. After ∼13 nm,
the QDs start to develop a tetrahedral-like morphology with a
possibility of independent nucleation unless the reaction temperature
is increased.

All samples were purified by two cycles of precipitation/dissolution
using IPA and TCE.
Particle Size Characterizations. Transmission electron micros-

copy (TEM) images were recorded using an FEI Spirit 120 kV
electron microscope and an FEI Tecnai F30 300 kV microscope.

SAXS measurements were performed using a SAXSLAB GANE-
SHA instrument. The sample was prepared in a Kapton capillary tube
and sealed.

XRD measurements were performed using a Rigaku Miniflex
Benchtop spectrometer. Samples were dropcasted on a silicon holder.
Absorption and PL Measurements. UV−NIR absorption

measurements in the 300−2500 nm range were performed using an
Agilent Cary 5000 UMA spectrophotometer. Samples were prepared
in a glass cuvette with 1 cm path length using TCE as the solvent.

FTIR absorption measurements in the 1600−10,000 nm range
were performed using a ThermoNicolet iS50 spectrometer. Samples
were prepared in a cell with CaF2 windows with 0.5 mm path length,
using TCE as the solvent. FTIR measurements allowed a quantitative
determination of the amount of HgSe cores in aliquots.

PL spectra were recorded using a step-scan FTIR spectrometer
with an MCT detector and a gated integrator. The samples were
excited with a 15 mW 808 nm diode laser, modulated at 90 kHz. A Si
wafer was placed in front of the detector to block the excitation light.
The transmittance of the solution at 808 nm was measured using a Si
diode detector behind the sample cell.

Absolute PLQY measurements were performed on QD solutions in
TCE in a CaF2 cuvette. The concentration of the solution was
adjusted to keep the absorption of the 808 nm light between 20−80%

to provide adequate signal while avoiding reabsorption of the PL (see
Figure S2C-2).

The sample was placed in a Teflon integrating sphere (Thorlabs
IS200-4), with the 808 nm laser excitation at one port, with a PbSe
detector and Si diode detector at perpendicular ports (see Figure
S2C-1). The 808 nm laser was modulated as a square wave at 1 kHz,
with an average power of 15 mW. See SI Section 2C for details.

PL lifetime measurements were recorded using time-correlated
single photon counting for samples in a 1 mm cuvette dispersed in
TCE. Samples were excited with a Picoquant 50 ps pulsewidth laser
diode operating at 976 nm and 1 MHz repetition rate. PL was
collected with a lens, directed through a silicon long-pass filter,
dispersed in a 0.3 m spectrograph set to pass the PL emission
maximum, and detected with a Quantum Opus superconducting
nanowire single photon detector. Single photon arrival times were
collected as a histogram for 300 s with a timing bin resolution of 200
ps.
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