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(A-D) TEM images of HgSe/CdS QDs with a core diameter of (A) (4.8 &+ 0.6)
nm and core/shell diameter of (B) (6.0 + 1.2) nm, (C) (11.5 £ 1.4) nm, (D) (15.3
+ 2.7) nm. (E) powder XRD spectra of (black) 4.8 nm HgSe and (red) 19 nm
HgSe/CdS QDs. Solid bars indicate the XRD peaks of bulk zincblende HgSe and
CdS respectively. (F) Absorption spectra of HgSe and HgSe/CdS QDs with the
indicated shell thicknesses, normalized to HgSe core absorption at 808 nm. . .

Control of the 1S occupancy (N¢) of HgSe/CdS QDs. (A) Cartoon of surface
dipole n-doping mechanism in HgSe/CdS QDs. The ambient Fermi level is indi-
cated by the dashed blue line. (B) FTIR spectra of HgSe/CdS QDs (red) after
synthesis, and (blue) after treatment with cadmium acetate. Absorptions from
the ligands are subtracted for clarity. (C) Plot of intraband vs interband ab-
sorption of HgSe/CdS QDs with different doping levels. Inset shows the FTIR
spectra (after subtraction of ligand absorption) of HgSe/CdS QDs after titrating
with Is. (D) Average 1S, occupancy (N¢) as function of the surface equivalents
of cadmium acetate added (see Section 3.6.8). . . . . . .. ... ...
Absorption (solid lines) and PL (dashed lines) spectra of (red) (4.8 + 0.6) nm
HgSe and (blue) (10.2 £+ 1.6) nm HgSe/CdS with N, = 0.5. The ligand absorp-
tions have been subtracted for clarity. The inset shows a comparison of intraband
PL spectra with the HgSe PL scaled 10x. . . . . . . . .. ... ... .. ....
PLQE vs N¢ for (A) (4.8 £ 0.6) nm HgSe QDs and (B) (11.6 + 1.6) nm HgSe/CdS
QDs. The red curves are fits from the 1S,(0) binomial population. The two sam-
ples (pink points) with the lowest dopings for HgSe in (A) have a low interband
PL due to the poor surface passivation, and are excluded from the fit. The blue
curve in (A) is fit assuming same PLQYs for 1S.(1) and 1S.(2) populations. The
data in (B) fits poorly to a constant PLQY (dashed blue). The insets show the
PLQY calculated by normalizing the PLQE to 1S.(0) population (for interband)
and sum of 1S¢(1) and 1S.(2) populations (for intraband). . . . . ... ... ..
(A) (red squares) 1S.(0) interband and (black circles) 1S¢(1) intraband PLQY of
HgSe/CdS QDs with different shell thicknesses. Except the cores (with Ne ~ 1),
all samples had N, < 0.2. The intraband PLQY data are fit to an R* function
(black dotted line), physically motivated by the expected trend from Forster-
type nonradiative relaxation to surface vibrations. (B) Intraband PL lifetime
traces for HgSe (Ne ~ 2) and HgSe/CdS QDs (N < 0.5). All traces fit well to
biexponentials, while the long lifetimes for the thickest samples are too long to
determine. . . . . . . L.
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(A) Absorption spectra of thin shell HgSe/CdS QDs (diameter = 6.1 nm) before
and after annealing in solution at 220°C with cadmium oleate. A small increase
in the doping is observed due to the presence of cadmium oleate in solution, but
the optical spectra are nearly unchanged, demonstrating the thermal stability of
the thin shell HgSe/CdS QDs. (B) PL spectra of thin shell HgSe/CdS QDs before
and after annealing at 220°C. Due to the low-temperature synthesis of the thin
shell, the interband PLQY is relatively low at 0.6% (black), but rises to ~2-3%
on annealing (red and blue). The intraband PL is too weak to be resolved at this

FTIR absorption spectra of HgSe QDs and HgSe/CdS QDs with different shell
thicknesses (corresponding to samples in Figure 3.1F in the main text). Neg-
ligible shifts in the intraband and interband absorptions of HgSe confirms that
the integrity of the core is preserved after the thick shell growth. The data is
obtained by stitching spectra using an FTIR spectrometer (<5000 cm_l) and a
dispersive NIR spectrophotometer (>5000 cm_l). ................
FTIR spectra of HgSe/CdS QDs (black) as synthesized, (green) after cALD with
(NHy)2S and (red) after treatment with cadmium acetate. The doping (N¢) could
be controlled to any value between 0 and 2 electrons per QD. . . . . . . .. ..
TEM images of thick shell HgSe/CdS QDs synthesized by different methods: (A,
B) at 160°C with cadmium oleate, (C, D) at 220°C without cadmium oleate,
(E, F) at 220°C with ~1.5 surface equivalents of cadmium oleate, (G, H) at
220°C with excess cadmium oleate. All scale bars are 20 nm. (I, J) SAED
images of HgSe/CdS QDs synthesized at 220°C (I) with cadmium oleate and (J)
without cadmium oleate. The samples correspond to TEM images in (D) and (F)
respectively; (K) radial integration of the SAED spectra to calculate the pXRD
spectra. Addition of cadmium oleate during the reaction leads to a reduced (103)
wurtzite feature in the pXRD (at 47°) and more compact shell growth. . . . ..
Absorption spectra of thin shell HgSe/CdS QDs after injection of Cd(PDTC)9 at
(A) 60°C or (B) 80°C, at different times after the injection. The reaction takes
10 mins to complete at 60°C, but finishes in less than 2 mins at 80°C. All spectra
are normalized to absorbance at 1000 nm. . . . . . . .. .. ... L.
Subtraction to measure the intraband absorbance for HgSe/CdS QDs with (A)
high doping (N = 1.2) and (D) low doping (N, = 0.07). (B, E): The sample
is treated with Iy / TCE solution to change the doping (black spectra). The
doping decreases if the initial doping was (B) high, and increases if it was (E)
low. A subtraction was performed to remove the ligand absorption (blue spectra),
resulting in a spectrum with intraband absorption and interband bleach. (C, F):
The subtracted spectra from (B) and (E) are then scaled (blue spectra) to match
the intraband absorbance of the original HgSe/CdS QDs. Taking a difference
between the HgSe /CdS and the scaled spectra gives a sum of ligand and interband
absorbance (green spectra). Despite the low n-doping in (D), the subtraction
procedure can quantitatively give the intraband absorption (see Figure 3.12). . .
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Intraband absorbances of HgSe/CdS QDs from Figure 3.11, scaled to compare
the lineshapes. The intraband shapes match well, showing the robustness of the
subtraction procedure. The interband shape of the N, = 0.07 sample deviates
significantly due to scattering artefacts during FTIR measurements. . . . . . . .
Scherrer analysis and Lorentzian fittings (dotted curves) for pXRD of (A) 4.8
nm HgSe and (B) 19 nm HgSe/CdS QDs. TEM images are shown in the insets,
with a scale bar of 20 nm. Vertical black lines are the ranges used for the fittings
of zincblende peaks, and the vertical red lines is the range used for fitting the
(100) and (103) wurtzite peaks. The Scherrer sizes obtained are (4.0 £ 0.5) nm
for HgSe, and (11.7 £ 1.5) nm for HgSe/CdS. The smaller Scherrer crystalline
size compared to the particle size on TEM is likely due to the presence of grain
boundaries and defects in the nanocrystals. To estimate the Wurtzite contribution
in the HgSe/CdS spectrum, we assumed that the (100), (002) and (101) peaks
have equal intensity, and the peak at 26° includes intensities from wurtzite (002)
and zincblende (111) peaks. The zincblende:wurtzite ratio is then calculated as
ratio of the areas of the zincblende (111) and wurtzite (100) peaks, which is found
to be 3:1. Ratio of average area under the zincblende (220) and (311) peaks with
area under the wurtzite (103) peak is 5:1. . . . . . . .. ..o
Normalized transient PL measurements (points) on 12 nm HgSe/CdS QDs with
different 1S, occupancies (N¢) by doping with cadmium acetate. The Ne ~ 0.1
and Ng ~ 1.6 were fit to single exponentials, while the Ne ~ 1.8 was fit to a
biexponential. The fitting parameters show that the average lifetime reduces
with increase in doping. The noise baseline of the transient PL. measurement is
at 0.01. The features in early time dynamics suggest that intersublevel relaxation
might depend on the doping level [1]. . . . . .. .. ... . 0oL
(A) TEM images of thick shell HgSe/CdS QDs for syntheses (red) 1 and (blue)
2. Table (B) shows a negligible QD dissolution in synthesis 1 and the measured
core/shell diameters match well with the expected diameters. Synthesis 2 shows
a significant QD dissolution and the core/shell sizes are much larger than the
expected size. (C) UV-Visible absorption spectra of HgSe/CdS QDs from (red)
synthesis 1 and (blue) synthesis 2, normalized to absorbance at 808 nm. The
absorbance of samples from synthesis 2 are much larger than synthesis 1. The
broad absorption for samples from syntheses 2 confirm the presence of an alloyed
HgCdSSe shell. Absorption spectrum of CdS QDs (yellow) is shown for reference.
(D) FTIR spectra of HgSe/CdS QDs from syntheses 1 and 2 after 20 mins of
reaction, showing nearly identical absorption features from the HgSe cores. . . .
Radiative lifetime of HgSe/CdS QDs with a 4.8 nm diameter core, as a func-
tion of core/shell diameter. At diameters larger than 8nm, the radiative lifetime
saturates to a value around 700 ms. . . . . . ... Lo
Determining the average diameter of bullet-shaped HgSe/CdS QDs. . . . . . . .
Distribution of QDs in 1S¢(0), 1S¢(1) and 1S¢(2) configurations in HgSe at dif-
ferent Fermi level positions (dashed lines). . . . . .. ... ... ... ... ...
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3.20

4.1

4.2

Fitting of intraband and interband spectra in thick shell HgSe/CdS QDs. The
FTIR measurement is the black curve, while the red curves are fits. The intraband
absorption was fit to a sum of gaussians (blue, green) due to the conduction band
spin-orbit splitting [1], while the interband was fit to a single Gaussian. Ratio
of areas of intraband and interband absorptions is 1.3 : 1, confirming the similar
oscillator strengths for the two transitions. The fitting range for the interband
absorption is shown by the vertical lines. . . . . . .. ... ... ... ......
Fermi level-dependent defect-assisted nonradiative relaxation in HgSe/CdS QDs.
Fermi level is denoted by the dashed blue line. Proposed mechanism of Fermi
level-dependent PLQY for thick shell HgSe/CdS QDs at (A) low Fermi levels
and (B, C) high Fermi levels. The CdS shell might have localized defect states
(two levels are depicted) that are close to the 1S, and 1P, states of HgSe. (A)
When the Fermi level is low, the defect states are empty, and the QDs display
intraband photoluminescence on excitation. (B, C) When the Fermi level is high,
the defect states get filled. When the QD is photoexcited, the filled defect state
could introduce a nonradiative decay channel either by (B) hole trapping or by
(C) near-field energy transfer (FRET). Bulk CdS is known to absorb infrared
light by transitions between defect states |2, 3]. This absorption might be too
weak to measure by FTIR, but the close proximity of the core to the shell can
lead to a significant nonradiative decay. . . . . . . . . .. ..o

Synthesis of thick shell HgSe/CdSe QDs. a, Schematic of synthesis of HgSe/CdSe
quantum dots (QDs). HgSe cores were synthesized by hot injection of HgCly and
bis(trimethylsilyl)selenide ((TMS)2Se) at 90°C. A thin CdSe shell was then over-
coated at 90°C using cadmium acetate and (TMS)oSe, 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 diffrac-
tion (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 A and 6.05 A respectively.
The spectra confirm the growth of CdSe along the zincblende crystal structure
like the cores, and the near-zero lattice mismatch between core and shell. ¢,
Transmission electron microscopy (TEM) images of HgSe and HgSe/CdSe QDs
with a diameter of (¢) 5.2 nm, (d) 7.0 nm, (e) 10.2 nm, and (f) 13.0 nm.

Absorption and photoluminescence. 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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Quantum yield and lifetime measurements. a, Measured photoluminescence quan-
tum yield (black squares) of HgSe/CdSe QDs with different shell thicknesses,
calculated quantum yield (dashed curve) modelled by Forster-energy transfer to
oleylamine ligands on the QD surface, and measured average PL lifetimes (red
circles). The increase in average lifetime with QD size shows a quantitative agree-
ment 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). . . ... 63
Predictions of FRET model, and comparison of PLQYs to other reports. a, Com-
pilation of PLQYs of the brightest reported QDs at different emission wavelengths.
Black and grey points are QDs in organic solvents [4, 5, 6, 7, 8]. Red points are
QDs solubilized in water for in-vivo imaging [9, 4, 10, 11, 12]. 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 wa-
ter (red). Solid curve is for 6 nm diameter QDs, and dashed curve is for 13 nm
diameter QDs. b, Measured imaginary refractive index of oleylamine and water
as a function of frequency. Absorption by water is nearly 5 times stronger than
oleylamine. . . . . . .. L 65
Testing kinetics of HgSe QD synthesis. FTIR absorption spectra of equal vol-
umes of cleaned HgSe aliquots at 15 seconds (black) and 2 minutes (red) after
(TMS)sSe injection. The equal absorption at 9000 em ™! and identical intraband
peak positions suggests complete reactivity within 15 seconds of (TMS)sSe injec-
tion. The n-doping increases through 2 minutes, suggesting the HgCly continues

toreact. . . . . L 70
Calculation of Cd- and Se- precursor volumes during growth of thin shell HgSe/CdSe
QDs. . . 71

Testing the limit of thin CdSe shell growth. a-d, TEM of HgSe QDs (a) and
HgSe/CdSe QDs with one (b), three (c) and five (d) monolayers of CdSe grown
at 90°C. Significant independent nucleation is observed at five monolayers. Scale
bars are 20 nm. e, Plot of total QD diameter vs CdSe monolayers grown. The size
increase is linear till 3 monolayers with roughly 0.7 nm increase per monolayer as
expected. The growth tapers at 5 monolayers, likely due to deposition of CdSe

precursors on the independent nuclei. . . . . . . .. ... ... ... ... 72
Testing thermal stability of: a, HgSe QDs and b-d, HgSe/CdSe QDs with different
number of shell monolayers. Samples are the same as in Fig. 4.6. . . . .. ... 75
Calculation of Cd- and Se- precursor volumes during growth of thick shell HgSe /CdSe
QDs. . . 76
Effect of Se- and Cd- half cycles on absorption and PL of ~10-12 nm HgSe/CdSe

QDs. Testing thermal stability of: a, HgSe QDs and b-d, HgSe/CdSe QDs with
different number of shell monolayers. Samples are the same as in Fig. 4.6. . . . 79
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4.17
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Effect of synthesis temperature on the onset of independent nucleation. The onset
of independent nucleation at 180°C, was at a size around 10 nm; at 200°C it was
~15 nm, and at 220°C it was ~17nm. . . . . . . . . .. . ... ... ... ...
Core/shell interface alloying at 220°C, for HgSe/CdSe QDs emitting at different
frequencies. The red curve shows the shell grown at 150°C, and the thicker shell
samples are grown at 220°C a-b, Absorption and PL of HgSe/CdSe QDs emitting
at 5100 cm~ 1. There is a small, but insignificant blueshift in the absorption and
PL during subsequent stages of shell growth at 220°C. c¢-d, Absorption and PL
of HgSe/CdSe QDs emitting at 5800 cm ™!, There is a large blueshift in the
absorption and PL on heating to 220°C, which indicates alloying at the core/shell
interface. This shows that the smaller cores have a lower temperature for alloying
at the core/shell interface. . . . . . . . . . ... o
Schematic of PLQY measurements in a Spectralon integrating sphere. The cu-
vette was oriented in two angles: the ‘N’ (normal) geometry and the ‘O’ (oblique)
geometry. ... L.
a, Effect of the absorption (at 808 nm) on the measured PLQE. At absorption
>~ (.8, the sample reabsorbs the PL light emitted along the excitation direc-
tion, and leads to underestimation of the PLQE. At a very high absorption, the
measured PLQE saturates to half of the actual value. At absorption <~0.2, the
PL signal is low and comparable to the signal from the blank TCE sample, and
leads to overestimation of the PLQE. The PLQE measurement is accurate when
the absorption is between 0.2 — 0.8, denoted by the shaded region. b, Data for
PLQE vs absorption for the ‘N’ geometry. . . . . . . . .. ... ... ... ...
FTIR absorption spectra of thin shell HgSe/CdSe before (red) and after (blue)
performing one Se-Cd cycle. The HgSe absorption decreases by ~41%. . . . . .
Estimating the doping of HgSe QDs. a, Absorption spectra of HgSe QDs in
TCE before (red) and after (black) PL measurement. The spectra are subtracted
(blue) to obtain the intraband absorption and interband bleach. b, The blue
curve from (a) is added to the HgSe spectrum till the interband edge appears to
be flat (green), or gives zero absorbance at 6000 cm™! (purple). . . . . ... ..
Estimating the doping of 15.1 nm HgSe/CdSe QDs. a, Absorption spectra of
HgSe/CdSe QDs with sizes 15.1 nm (black) and 13.0 nm (red). The spectra are
subtracted (blue) to obtain the intraband absorption and interband bleach. b,
The blue curve from (a) is added to the 15.1 nm HgSe/CdSe spectrum till the
interband edge appears to be flat (green), or gives zero absorbance at 5800 cm !
(purple). . . .
a,c, Absorption coefficient and b,d, imaginary refractive index of ligands (a,b)
and solvents (c,d). The absorption of oleylamine and dodecanethiol are similar,
as they are dominated by C-H overtone and combination bands. . . . . . . . ..
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a, Compilation of PLQYs of the brightest reported QDs at different emission
wavelengths (see main text for references and details). The curves are calculated
PLQY by FRET to oleylamine ligands in TCE (black), and water (red). Solid
curve is for 6 nm diameter QDs, and dashed curve is for 13 nm diameter QDs.b,
Measured imaginary refractive index of oleylamine and water at a function of
frequency. . . ... 94
a, Measured PL spectra (opaque) of HgSe/CdSe QDs in different solvents, over-
layed with (translucent) transmission spectra of the solvents (arbitrary scale). b,
Comparison of measured and simulated PLQY in different solvents. ¢, Compar-
ison of measured and simulated nonradiative rates to ligands and solvent. The
measured FRET to ligands is ~2.5 times slower than simulated, but the measured

FRET to solvent shows a good agreement with simulations. . . . .. .. .. .. 96
TEM images of HgSe and HgSe/CdSe QDs emitting at 2.0 pm. The scale bars
are 100 nm for the top panels, and 20 nm for the bottom panels. . . . . . . . .. 97
Vis-NIR absorption of HgSe and HgSe/CdSe QDs. . . . . . . . .. .. ... ... 99
a, Absorption spectra of HgSe and HgSe/CdSe QDs. Spectra are quantitative,

corresponding to equal masses of cores (as estimated from aliquots). Spectra are
vertically shifted to set absorbance = 0 at 3800 cm L. b, PL spectra of HgSe and
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ABSTRACT

The field of semiconductor quantum dots has seen tremendous progress over the last few
decades. Although quantum dots emitting at visible wavelengths have been extensively
studied and display near-unity quantum yields, quantum dots remain relatively poor emitters
in the midwave- shortwave- infrared wavelengths. Quantum dots hold immense potential
for fabricating low cost infrared detectors and emitters, but their performance is severely
limited by their poor emission efficiency and fast nonradiative relaxation. In my PhD, I
have developed methods to slow the nonradiative rate in quantum dots in midwave- and
shortwave- infrared wavelengths, and developed insights into the underlying nonradiative

mechanisms.
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CHAPTER 1
INTRODUCTION

1.1 Infrared quantum dots

Colloidal quantum dots (QDs) are semiconductor nanoparticles that are a few nanometers
in size. From a commercial perspective, the two most attractive properties of QDs are their
size-tuneable optical properties, and their solution processibility [13]. In contrast to bulk
semiconductors that need to be fabricated by expensive vapor-phase lithography, QDs can
be synthesized by a simple solution-phase chemical synthesis. This solution processibility
leads to much lower costs, with added benefits such as large-scale fabrication, and preparing
flexible devices [13].

By a simple tweaking of the synthetic conditions, the energy levels of the QDs can be
modified. This ’color tuning’ enables generation of materials with precise emission properties.
The most popular commercial application of QDs is as phosphors in TVs, due to the much
better color purity of QDs compared to OLEDs. A comprehensive review of the QD field
can be found in the reviews elsewhere [13, 14].

In contrast to QDs emitting in the visible wavelengths, which are the most widely studied
systems in the field, QDs emitting in the infrared are far less studied. The infrared spectrum
comprises of three windows: the near-infrared (NIR, 780nm - 2.5um), midwave-infrared
(MWIR, 2.5um - 8uum), longwave-infrared (LWIR, 8um - 15um) and far-infrared (FIR, 15um
- Imm). The NIR is further subdivided into regions called NIR-I (780nm - 1ym) and NIR-
IT (1.3um - 2.5pum). The NIR-IT region is also called the shortwave infrared (SWIR). The
chief applications of infrared QDs are as detectors and emitters. SWIR detectors have
applications in low-visibility imaging, spectroscopy and gas sensing [15], and MWIR detectors
have applications in gas sensing, thermal detection and spectroscopy [16, 17]. MWIR and

SWIR emitters have applications in gas sensing and spectroscopy. SWIR emitters also
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have application in bioimaging, as fluorophores at this wavelength range undergo much less
scattering in tissue as compared to visible wavelengths [9, 4].

A chief benefit of infrared QDs over their visible counterparts is the lack of alterna-
tive materials showing high performance. While organic semiconductors offer a low-cost
alternative to inorganic materials as visible emitters, organic molecules display very poor
performance in the infrared wavelengths. The PLQY of organic semiconductors is several
orders of magnitude lower than QDs (See Fig. 1.4 in Ref. [18]), making them unfeasible for
fabricating infrared detectors and emitters. As a result, the only alternative materials are
bulk semiconductors. The fabrication requirement for bulk semiconductor crystals makes
the detectors extremely expensive. For instance, the state-of-the art mid-infrared detec-
tors are made from mercury cadmium telluride alloys (MCT), which requires fabrication
by molecule-beam epitaxy and flip-chip bonding. The solution-processibility of QDs brings
down the material drastically, and can lead to much lower costs of the infrared detectors.
This will open infrared detection for use in consumer markets such as self-driving cars, which

were previously impractical due to the prohibitive cost.

1.2 Nonradiative mechanisms

Despite their advantages, the PLQY of QDs has been very low [19]. In contrast to the gold-
standard CdSe/CdS QDs that have PLQY of ~100% at visible wavelengths, the brightest
PLQY of infrared QDs are ~40% in the SWIR [5], and only ~0.1% in the MWIR [20]. The
low emission efficiency makes MWIR QDs noncompetitive against thermal light sources.
The low PLQY of the MWIR QDs also results in poorer mid-infrared detectors. The fast
nonradiative decay responsible for the low PLQY results in a higher dark current due to
thermal recombination [19]. In order to slow the recombination, the detectors have to be
cooled to cryogenic temperatures, which makes the cameras bulky and expensive. Hence, in

order to obtain high-performance low-cost MWIR, detectors and emitters, it is necessary to
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overcome the fast nonradiative relaxation in these materials [19].

To design strategies to slow the nonradiative relaxation, it is essential to understand the
mechanisms governing the relaxation. The most common nonradiative mechanism in QDs
in surface trapping, where an undercoordinated surface atom leads to a defect state with
energy lying within the bandgap [21]. After photoexcitation, the either the electron or hole
can relax to this defect state, and remaining essentially non-emissive. Surface trapping is
also called Shockey-Reed-Hall (SRH) recombination, and it plays a dominant role in bulk
semiconductors. In QDs with bandgap in the visible and near-infrared, surface trapping is
the dominant relaxation mechanism [21].

For QDs emitting in the infrared, two other relaxation mechanisms are observed. One
mechanism is a near-field Forster resonance energy transfer (FRET) to ligand vibrations on
the QD surface, which was first proposed by Guyot-Sionnest and coworkers [22]. Due to
the nanometer- separation between the QD center and the ligands, and due to the strong
absorption of ligands in the infrared, this mechanism plays a dominant role in QDs emitting in
the SWIR and MWIR. A third mechanism that might play an important role is nonradiative
decay to lattice phonons [23, 24, 25, 26]. Phonon vibrations in QDs have an energy of ~100-
300 em~1. After photoexcitation, the QD exciton can relax via coupling to a high-order
multiphonon transition, either by a direct quantum-mechanical coupling, or by a radiative
Forster energy transfer. Though this involves a high-order (>~10) nonlinear phonon process,
the rate could be enhanced due to the higher anharmonicity of phonon modes on the QDs
surface [27]. It is important to determine the underlying nonradiative mechanism, as it will
dictate the strategy to employ to overcome it.

Surface trapping can be overcome by suitable coordination of the defect states on the
QD surface. This can be achieved either by coordinating the QDs with suitable ligands, or
by growth of an epitaxial type-I shell [21]. The shell is said to have a type-I alignment when

the conduction band of the shell is at a higher energy than the core, and the valence band



is at a lower energy than the core. This leads to confinement of the electron and hole to
the core of the core/shell QD, and creation of a tunneling barrier between the exciton and
the surface defect state. Growth of an epitaxial shell is the most common way to obtain
bright QDs, and this has led to development of visible-emitting CdSe/CdS QDs with PLQYs
approach 100% [28]. Growing a shell has its limitations however. The shell material should
be lattice-matched to the core to minimize strain upon epitaxial growth. Introduction of
lattice strain has been shown to lead to a decrease in PLQY at large shell thicknesses [29].
Another challenge with growth of a shell is that it introduces an insulating barrier between
the core QD and the environment, and leads to a poor mobility in QD devices [19]. For
obtaining better-performing mid-IR QD detectors and emitters, shell growth should either
be minimized, or limited to a small thickness.

FRET to ligands can be overcome by passivation of QDs by ligands that have minimal
absorption at the QD emission frequency, or by growth of a type-I shell to separate the QD
emitter and the ligand absorbers |22, 30]. If the nonradiative mechanism is dominated by
relaxation to lattice phonons, little can be done to overcome it, as it is intrinsic to the QD
material. Use of QD materials with a low phonon frequency, a low electron-phonon coupling
and low anharmonicity could possibly lower the multiphonon relaxation rate.

The most common strategy to experimentally determine the relaxation mechanism is
through a measurement of the temperature-dependence of the nonradiative rate v;,,. Surface

trapping shows an activated Arrhenius-type exponential behavior with temperature [31]:

f}/nr XX em (11>

where E} is the activation barrier. This should manifest as a linear trend in a log-linear
plot between the nonradiative rate and %
Under the limit of low electron-phonon coupling and low anharmonicity, multiphonon

relaxation shows an exponential dependence on the temperature and the phonon order 'n’
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[32]:

Tnr ~ A

wap (1.2)

wo

where wgp and wy are the emission frequencies of the QD and phonon mode respectively.
This should show as a linear trend in a log-log plot between the nonradiative rate and T.
It should also show as a linear trend in a log-linear plot between the nonradiative rate and
wQD-

In contrast to the temperature dependence of surface trapping and multiphonon relax-
ation, FRET to ligands is temperature independent. Hence, measurement of the temperature-
dependent PLQY will help determine the nonradiative relaxation.

Another method to determine the relaxation mechanism is through the different effects
of the shell thickness on the PLQY. For surface trapping 7y, ~ et;ot [33], where t is the shell
thickness, and tg is a measure of the tunneling barrier arising from the shell. For ligand
FRET 5 ~ R™% [22] where R is the total core/shell QD radius, and for multiphonon
relaxation the nonradiative rate is independent of shell thickness. Thus, measurement of
the nonradiative rate as a function of shell thickness will help determine the relaxation
mechanism.

A comprehensive description of different nonradiative mechanisms and their impact on

QD devices can be found in the PhD thesis of Dr. Christopher Melnychuk [18].

1.3 Shell growth for mercury chalcogenide QDs

Since the early years of development of quantum dots (QDs), growth of a semiconductor shell
around the QD has been the go-to method for enhancing the photoluminescence quantum

yield (PLQY) [34, 29]. For QDs emitting at visible wavelengths, the dominant nonradiative
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mechanism is surface trapping. By growing a shell with a type-I shell material, a tunneling
barrier is introduced between the exciton and the trap states, leading to a drastic improve-
ment in PLQY with even a relatively thin shell (~3 monolayers) [34, 29].

For HgSe and HgTe QDs emitting in the mid-infrared (~5 pum wavelength), which are
the most promising candidates as mid-infrared active materials [35, 7, 17|, only a small
increase in the PLQY is observed upon growth of a thin shell [20, 36]. The PL also shows a
negligible temperature dependence, which suggests that surface trapping might be playing
an insignificant role in these systems [20]. Measurement of PLQY of HgTe QDs suggest that
FRET to surface ligands might play a dominant role in QDs emitting at infrared wavelengths.
When the measured PLQY of HgTe QDs as a function of size was compared to the calculated
PLQY by a FRET to oleylamine ligands, a good agreement was observed [7|. The FRET
mechanism was also supported by measurements of intraband lifetime in optically excited
CdSe- based core/shell QDs [30]. The measured intraband lifetime showed a good agreement
with the calculated FRET rate, where a significant lengthening was observed only on growth
of a thick shell (~10 monolayers).

These works provide the motivation for growing a thick shell on HgSe and HgTe QDs.
Despite several attempts to grow a thick type-I shell around HgSe and HgTe QDs, growth
of only a thin shell (<~3 monolayers) has been achieved [20, 36, 37]. In addition, there has
been no conclusive demonstration of the nonradiative mechanism, and the PLQY has been
low in the SWIR (<~40% at 1.5um [5]) and MWIR (<~0.1% at 5pm [20]). In my PhD
research, I have developed strategies for the growth of a thick type-I shell around HgSe QDs,
to obtain bright emission at 5 gm through the intraband transition [38], and at 1.7pm - 2um
through the interband transition [39]. My work demonstrated ligand-FRET as the dominant
nonradiative mechanism in these wavelength ranges. By growth of the thick shell, we have
achieved the synthesis of QDs with PLQY of 2% at 5 um and 63% at 1.7 pm, which are the

brightest reports to-date.



CHAPTER 2
DESIGN OF THICK SHELL QUANTUM DOTS

In contrast to visible-emitting QDs like CdSe, growth of a type-I shell on HgSe QDs has
unique challenges. The most feasible shell candidates for HgSe cores are CdSe and CdS,
due to their type-I band alignment, crystal structure match (zincblende), and low lattice
mismatch ( 4% for CdS and 0% for CdSe). However, there is a large difference between
the growth temperatures for HgSe cores, and CdS or CdSe shell. While HgSe QDs are
typically grown at temperatures around 100°C - with Ostwald ripening being observed at
higher temperatures - CdS and CdSe QDs are typically grown at temperatures in excess of
200°C [40, 41, 42, 43, 44, 45, 46, 47, 48, 49|.

To avoid ripening of the cores during the shell growth, previous reports have used low
temperatures (<100°C) for growth of a CdS or CdSe shell on HgSe QDs [20, 36, 37]. The
shell was either grown at room temperature by a biphasic cALD procedure |20, 37], or at
100°C using highly reactive Cd- and S- precursors [36]. These procedures were successful
in growing a shell upto 3 monolayers. In the case of cALD growth, further half- cycles
did not lead to a thicker shell [20], and in the case of hot-injection at 100°C, homogeneous
nucleation of the shell material was observed [36]. When a CdSe shell was grown at 200°C
using Cd(oleate)s and TOPSe, a tetrahedral shell was observed, with an insignificant effect
on the intraband PLQY [20]. These reports show that homogeneous nucleation and faceted
/ irregular shell growth are the greatest challenges for growth of a thick shell on HgSe QDs.

It is typically assumed that QDs grow by a LaMer growth mechanism, where the growth
rate is controlled by diffusion of precursors to the QD surface, and the kinetics of QD
growth independent of the QD size [50, 51|. However, an early report by Mulvaney and
coworkers on growth of CdSe/CdS QDs suggest a deviation from the LaMer model [42]. Most
protocols for shell growth employ a SILAR (Selective Ion Layer Adsorption and Reaction)

protocol [52], where the cationic and anionic precursors are alternatively added, with a
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certain reaction time between additions to ensure complete reaction of the precursor. This
protocol is based on the reasoning that each half-reaction will lead to a saturation of the
QD surface, and no unreacted precursor should remain in solution when the other reagent is
added. Homogeneous nucleation can thus be avoided, in principle, if the precursor amounts
are precisely calculated and the reaction time is long enough. However, Mulvaney and
coworkers observe that the shell saturates upto a particular size, which depended on the
growth temperature. After reaching this size, further precursor addition led to homogeneous
nucleation of the shell material. This could not be prevented even upon increasing the
reaction time [42]. The shell did not grow thicker unless the reaction temperature was
increased. These observations suggest the importance of reaction kinetics for shell growth
on QDs: the rate of monomer deposition on the QD surface is size-dependent. When the
QD size is large enough, the activation barrier for growth is too large at that temperature,
which leads to homogeneous nucleation upon addition of further precursors [42].

This hypothesis is supported by the fact that all successful protocols for growth of a thick
CdS or CdSe shell on CdSe [40, 41, 42, 43, 44], PbS [45], PbSe [46, 47|, ZnSe [48] and InP
[49] QDs use high reaction temperatures in the 240-300°C range. When the temperature is
high enough, homogeneous nuclei become unstable, and deposit on the larger core/shell QDs
by Ostwald ripening. Under these conditions, both the cationic and anionic reagents can be
injected simultaneously without observing homogeneous nucleation, such as the CdSe/CdS
growth protocol by Bawendi and coworkers [43]. These observations show the necessity of
a high temperature for avoiding homogeneous nucleation during growth of a thick shell on
HgSe QDs.

Apart from avoiding homogeneous nucleation, a high reaction temperature also leads to a
spherical shell morphology, instead of faceting or an irregular shell growth. This is observed
in HgSe/CdSe and HgTe QDs, where a tetrahedral morphology is observed [20, 53|. In order

to obtain a spherical growth and avoid faceting, it is necessary to perform shell growth under



a kinetic regime. This can be achieved when the reaction temperature is significantly higher
than the minimum temperature required for decomposition of the shell growth reagents.

Using the above design principles, we have achieved a spherical shell growth without ho-
mogeneous nucleation, by using highly reactive shell precursors, at high growth temperatures
[38, 39]. The upper limit of the temperature is set by the onset of alloying at the core/shell
interface. HgSe/CdSe and HgSe/CdS QDs show interfacial alloying at temperatures above
around 250°C [20] . To prevent interfacial alloying, we have set 220°C as the upper limit for
the shell growth. For synthesis of HgSe/CdS QDs, we have used CA(DEDTC)y as a highly
reactive single-source CdS precursor at 220°C (Chapter 3), and for HgSe/CdSe QDs, we have
used Cd(acetate)o and Se/OAm as highly reactive CdSe precursors at 200-220°C (Chapter
4).

Before performing the thick shell growth at these elevated temperatures, it is necessary
to grow a thin shell on HgSe QDs at temperatures <100°C to impart thermal stability and
avoid core ripening [20]. Although this could be done at room temperature using cALD
[20, 37], we avoided it due to its limited scalability and tedious procedure. In Chapters
3 and 4, we have developed the synthesis of a thin CdS and CdSe shell on HgSe QDs at
90-100°C by a hot-injection procedure [38, 39]. This reaction was simple, and could easily
be scaled upto 80mg of HgSe QDs.



CHAPTER 3
NONRADIATIVE MECHANISMS IN THE MID-INFRARED

This section has been adapted from Kamath et. al. [38]

3.1 Introduction

The control of intraband carrier relaxation in semiconductor quantum dots (QDs) is a long-
standing topic of interest due to its central role in QD optoelectronic technologies [54, 14, 55].
In applications utilizing the interband emission of light, such conventional QD lasers and
LEDs, fast intraband relaxation is desired. In contrast, other applications such as solar
energy harvesting utilizing hot-carrier extraction and carrier multiplication, are significantly
aided when intraband relaxation is slow [56, 57, 58|. Slow intraband relaxation is also re-
quired when intraband transitions, typically between the two lowest quantized conduction
levels 1S, and 1P, are utilized directly for light emission and detection such as in infrared
optoelectronics [35, 19, 1, 59, 60, 61]. It is therefore of broad practical importance to under-
stand and control intraband relaxation rates.

Due to the large energy spacing between QD conduction states, it was initially believed
that electronic relaxation should be very slow due to the low expected rate of multiphonon
emission across such gaps. This is known as the “phonon bottleneck” effect [62]. Electronic
phonon bottlenecks are rarely observed in practice, however, because electrons can undergo
sub-picosecond relaxation by coupling to a valence hole in a process known as Auger cooling
[56, 63, 64, 65, 66]. Experiments which inhibit Auger cooling, either by hole localization [30,
22, 67| or by n-doping [1, 68|, accomplish slower relaxation rates which are often attributed to
Forster-like near-field energy transfer involving surface ligand vibrations [1, 30, 22, 7, 8]. This
usually produces intraband lifetimes of tens to hundreds of picoseconds [1, 22, 67, 68]. Prior

to the present work, the longest reported intraband lifetime at 5 pm (2000 cm_l) was 1.5
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ns in a thick-shell CdSe/ZnS/ZnSe/CdSe QD heterostructure passivated by hole-extracting
ligands [30].

Recent atomistic simulations [23] using a semiclassical electron-phonon coupling frame-
work [24] predict that a ~1 ns lifetime is the fundamental upper limit due to phonon pro-
cesses intrinsic to all nanocrystals. Fully quantum-mechanical models, however, imply that
much longer microsecond lifetimes are attainable when electron-phonon coupling and lat-
tice anharmonicity are small, as in II-VI semiconductors [25, 26]. Furthermore, molecular
dynamics simulations and neutron scattering experiments have suggested the presence of
strong surface-derived anharmonicities which could fundamentally limit intraband lifetimes
to sub-nanosecond levels [27, 69]. There is consequently a substantial uncertainty regarding
the basic limits on maximum achievable intraband lifetimes. A natural experimental test
would be to examine the intraband lifetime in a strongly confined QD where Auger cooling,
nonradiative energy transfer, and other non-phonon relaxation mechanisms are minimized.

As a first step to address this issue, we report here the synthesis and spectroscopy of
thick shell n-type HgSe/CdS core/shell QDs. HgSe QDs are a convenient system for studies
of intraband electronic relaxation due to their air-stable n-doping [35, 70|, intraband pho-
toluminescence and absence of Auger electron cooling [1]. They are also investigated for
mid-infrared optoelectronics due to suppressed multicarrier Auger recombination [1], solu-
tion processability and greatly reduced material costs relative to epitaxial materials [35, 71].
Prior studies focused on HgSe QDs with no shell or thin shells [1, 36, 37, 20|, and the in-
traband photoluminescence quantum yields (PLQYSs) remained around 0.1% [20], indicating
sub-nanosecond intraband nonradiative lifetimes [1]. When growing core/shell nanocrystals,
high temperatures are usually needed to promote a compact shell growth. Established pro-
cedures for growing thick CdE (E=S/Se) shells on CdSe [40, 41, 42, 43, 44|, PbS [45], PbSe
[46, 47|, ZnSe [48] and InP [49] QDs demand temperatures in the 240°C - 300°C temperature

range. This substantially exceeds the alloying temperature for HgSe/CdS [20] and motivates
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the development of a new synthetic protocol. Although HgSe/CdS can be grown by colloidal
atomic layer deposition (cALD), such procedures are prone to substantial homogeneous nu-
cleation of CdS nanocrystals after a few shell layers [37, 20].

In this work, the synthesis of thick-shell HgSe/CdS QDs under milder conditions is ac-
complished via a two-step growth procedure utilizing highly reactive single-source precursors
[72, 73, 74]. We demonstrate increasing intraband lifetimes and PLQYs with increasing shell
thickness, resulting in the highest photoluminescence efficiencies and longest intraband life-

times reported to date at 2000 cm™! (5 pm).

3.2 Synthesis of thick-shell HgSe/CdS core/shell QDs

All syntheses were performed on 4.8 + 0.5 nm diameter HgSe QD cores to obtain intra-
band photoluminescence peaked near 2000 cm™!, the spectral region of interest for mid-
infrared photodetectors and light sources. The HgSe/CdS synthesis begins with an initial
CdS growth at 80°C utilizing cadmium bis(phenyldithiocarbamate) (Cd(PDTC)s3), a highly
reactive single-source precursor previously used for the low-temperature growth of CdSe/CdS
nanobelts [75]. Through a kinetics study, we found that Cd(PDTC)y decomposes to CdS at
temperatures above 60°C, and that the optimal temperature for shell growth is 80°C (See
Section 3.6.10). This single-step synthesis avoids complications associated with multi-step
room-temperature cALD [37, 20| and it has the added advantage of easy scalability. After
growth of a 0.6 nm thick CdS layer, the QDs exhibited thermal stability (Fig. 3.6) such that
thicker CdS shells could be subsequently grown using cadmium bis(diethyldithiocarbamate)
(CA(DEDTC)2) at 220°C. This temperature was found to provide a good balance between
minimizing interfacial core/shell alloying and promoting quasi-spherical shell growth (See
Section 3.6.9) [20].

HgSe QDs display the cubic zincblende structure [35], while CdS may grow along either

cubic zincblende or hexagonal wurtzite structures depending on the synthetic conditions [72].
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The growth of a wurtzite shell on a zincblende core produces polypods [47, 76, 77, 78| which
can promote fast nonradiative relaxation [47]. It is therefore necessary to grow the CdS
shell along a zincblende structure, and we accomplish this through an appropriate choice of
ligands. Growth of CdS has been previously reported to occur along a zincblende structure
when cadmium carboxylates are used as ligands [79]. Indeed, during syntheses with only
Cd(DEDTC)y and amine ligands, we observe a significant wurtzite shell component, and the
CdS shell begins to develop tetrapodal arms (Fig. 3.9(C,D)) [74]. We find that cadmium
oleate works as a good ligand to promote CdS growth along a zincblende structure (Fig.
3.9(1,K)), allowing growth of a thick and uniform shell (Fig. 3.1, Fig. 3.9(E,F)). We note
that the cadmium oleate should contain no residual oleic acid, as even slight amounts lead
to QDs with poor intraband photoluminescence.

Transmission electron microscopy (TEM) images indicate that the nanocrystal diameter
grows from 4.8 nm to 15.3 nm during 30 minutes of CdS growth using Cd(DEDTC)s (Fig.
3.1A — D). At diameters above 12 nm, they begin growing as bullet shapes. The average
diameter was measured from the TEM images as a geometric mean of the short diameters
and long axis (See Section 3.8.3). The pXRD in Fig. 3.1E indicates that thick CdS shell
growth occurs predominantly in a zincblende structure. Wurtzite peaks along the (100),
(101) and (103) planes (at 25°, 29° and 48° respectively) are observed, which accounts for
25% of the total signal (Fig. 3.13). The absorption spectra (Fig. 3.1F) show the onset of
a strong visible absorption due to the CdS shell, while the HgSe interband and intraband
absorptions at 6000 cm ! and 2500 em ! are retained (Fig. 3.7). This demonstrates that
the integrity of the cores is maintained after the shell growth.

Under these synthetic conditions, we observe that the nanocrystal size measured by
TEM is larger than predicted by the precursor amount added. We also observe a red tail
in the visible absorption beyond the CdS band edge, whose intensity varies with synthetic

conditions. We believe that during the initial stages of the thick-shell HgSe/CdS synthesis,
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Figure 3.1: (A-D) TEM images of HgSe/CdS QDs with a core diameter of (A) (4.8 &+ 0.6)
nm and core/shell diameter of (B) (6.0 £+ 1.2) nm, (C) (11.5 £ 1.4) nm, (D) (15.3 + 2.7) nm.
(E) powder XRD spectra of (black) 4.8 nm HgSe and (red) 19 nm HgSe/CdS QDs. Solid
bars indicate the XRD peaks of bulk zincblende HgSe and CdS respectively. (F) Absorption
spectra of HgSe and HgSe/CdS QDs with the indicated shell thicknesses, normalized to HgSe
core absorption at 808 nm.

a fraction of the thin shell HgSe/CdS QDs dissolve and deposit upon the remaining QDs as
a HgCdSSe shell. This would explain the red tail and larger core/shell sizes than calculated
from the amounts of precursors added. A batch-to-batch variability is observed in the extent
of dissolution, and it also depends on the heating rate. The benefit, however, is the promotion
of compact thick shell growth. We attribute this to reduced strain at the core/shell interface,
with a possible gradient-alloying. We observe no noticeable effect on the intraband and

interband absorptions (see Section 3.8.1 for more details).
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3.3 Measurement and chemical control of 1S, occupancy

Although HgSe QDs are n-type under ambient conditions with electrons in 1S [1, 70|, CdS
shell growth tends to remove the natural doping. One must therefore n-dope the HgSe/CdS
QDs after synthesis to turn on the 1S, — 1P, intraband transition. Several methods are
commonly employed to dope QDs including incorporation of aliovalent impurities [80, 81, 82|,
surface oxidation [83, 84|, changing surface dipole through ligand exchange [35, 85, 86|, charge
injection through electrochemistry [87, 88, 89, 90, 91, 92| or redox agents (93, 94, 95|. Here
we employ a surface dipole modification which, as depicted in Fig. 3.2A, shifts the absolute
positions of the QD energy levels relative to a fixed environmental Fermi level. We denote
the QDs with 0, 1 and 2 electrons in the 1S, state as 1S¢(0), 1S¢(1) and 1S¢(2) respectively.
Since the 1S, occupancy (doping) affects absorption and photoluminescence, it is necessary
to control and characterize the doping.

The doping of HgSe/CdS QDs after synthesis is sensitive to the quantities of cadmium
oleate ligand and CdS precursor utilized during the shell growth. Cadmium oleate promotes
n-doping, attributed to the introduction of a positive surface species and inward-pointing
surface dipole (Fig. 3.2A-B). The Cd(DEDTC)g precursor evolves HoS during the reaction
[73, 96] and likely deposits S2~ on the QD surface, which reduces the n-doping. To control
the doping, we developed a procedure in which we first oxidize the HgSe/CdS QDs by
treatment with ammonium sulfide at 40°C to achieve a 1S, occupancy (Ng¢) of ~0 (See
Section 3.6.8). The QDs are subsequently treated with cadmium acetate at 180°C, and
the doping level can be tuned by changing the cadmium acetate amount (Fig. 3.2D). At
low dopings, the intraband absorption is shadowed by the surface ligand absorption (Fig.
3.11(D)). To obtain quantitative optical measurement of the doping, we used a solution of
molecular iodine in TCE as a temporary oxidizing agent that does not change the ligand

absorption [97]. A subtractive procedure then eliminated the ligand absorption, giving a
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clean intraband absorption required for optical doping determination (Fig. 3.11). The
interband and intraband absorptions are linearly related as would be expected from a transfer
of oscillator strength, as shown in Fig. 3.2C (see Fig. 3.19 for comparison of oscillator
strengths). From a linear fit to the intraband — interband trend, we determine the N, of any

QD sample from the ratio of the intraband peak absorbance to the y-intercept.
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Figure 3.2: Control of the 1S, occupancy (N¢) of HgSe/CdS QDs. (A) Cartoon of surface
dipole n-doping mechanism in HgSe/CdS QDs. The ambient Fermi level is indicated by the
dashed blue line. (B) FTIR spectra of HgSe/CdS QDs (red) after synthesis, and (blue) after
treatment with cadmium acetate. Absorptions from the ligands are subtracted for clarity.
(C) Plot of intraband vs interband absorption of HgSe/CdS QDs with different doping levels.
Inset shows the FTIR spectra (after subtraction of ligand absorption) of HgSe/CdS QDs after
titrating with Is. (D) Average 1S, occupancy (N¢) as function of the surface equivalents of
cadmium acetate added (see Section 3.6.8).
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3.4 Photoluminescence and nonradiative relaxation

Photoluminescence spectra of the QQDs were recorded in solution by excitation with an 808
nm laser. Photoexcitation of 1S.(0) QDs can only lead to interband emission. On the other
hand, photoexcitation of the 1S.(1) and 1S.(2) HgSe/CdS QDs can lead to formation of a
hole in either the valence band or the conduction band. Due to fast hole cooling, likely by
hole Auger cooling [56] in n-doped HgSe QDs, the hole relaxes to the 1S, state within a few
picoseconds [1]. This leads to only intraband emission in n-doped 1S¢(1) and 1S.(2) QDs,
irrespective of whether the photoexcitation is from the valence or conduction band (Kasha’s
rule) [98].

As shown in Fig. 3.3, the absorption and photoluminescence (PL) spectral peaks of
HgSe/CdS QDs show a negligible redshift compared to HgSe QDs, supporting the strong
type-1 core/shell band alignment. The PL quantum efficiencies (PLQE), defined here as
the global fraction of interband or intraband photons emitted per photon absorbed, do not
directly inform on the nonradiative relaxation because they depend on the doping level. We
therefore determine the contributions from 1S.(0), 1S.(1) and 1S¢(2) populations to the
PLQE, and normalize by the relative populations to determine the absolute PL quantum
yields (PLQYs) of the three species. The interband emission is expected to primarily arise
from 1S.(0) QDs as noted earlier, while to a first approximation the intraband emission
should be proportional to the sum of 1S.(1) and 1S.(2) populations.

Intraband and interband PLQE data at different ensemble N, are shown for 4.8 nm
diameter HgSe (Fig. 3.4A) and for similar HgSe with 3.4 nm CdS shell thickness (Fig.
3.4B). N¢ at a fixed Fermi level is determined by Fermi-Dirac statistics, while the fraction
of QDs with 0, 1 or 2 electrons in the 1S, state is expected to follow a binomial distribution
if there is no significant electronic correlation (See Section 3.8.4). The interband emissions

in Fig. 3.4 are well-fit by the 1S¢(0) occupancy, which is consistent with Kasha’s rule. The
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Figure 3.3: Absorption (solid lines) and PL (dashed lines) spectra of (red) (4.8 £ 0.6) nm
HgSe and (blue) (10.2 £ 1.6) nm HgSe/CdS with N, = 0.5. The ligand absorptions have
been subtracted for clarity. The inset shows a comparison of intraband PL spectra with the

HgSe PL scaled 10x.

fitting gives interband PLQYs of (9.5 & 1.0) x 1073 and (3.6 + 0.1) x 10~2 for HgSe and
HgSe/CdS respectively. Likewise, the intraband PLQE for HgSe fits well to a sum of 1S.(1)
and 1S¢(2) populations with a PLQY of (3.8 +0.5) x 10~ for both species.

In contrast, the intraband PLQE of HgSe/CdS cannot be fit as well by assuming a
constant intraband PLQY (Fig. 3.4B, dashed blue). The decreasing intraband PLQY of
HgSe/CdS with the doping (Fig. 3.4B, inset) suggests the presence of a nonradiative pathway
that changes with the doping. This interpretation is qualitatively supported by PL lifetime
measurements on HgSe/CdS QDs which show a faster intraband decay at higher doping
levels (Fig. 3.14). One possible mechanism is the presence of defect states in the CdS shell
close to the 1S, of HgSe which would be occupied upon surface dipole-induced energy level
shifting (Fig. 3.2A). Indeed, bulk CdS is known to exhibit deep electronic defect states

which can be infrared active [2, 3, 99]. The filling of these defect states could introduce a
nonradiative pathway either by hole-trapping or resonant energy transfer (Fig. 3.20).

To minimize the doping-dependent nonradiative effects and investigate the underlying
relaxation mechanisms, we further examined the influence of CdS shell thickness for QDs
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with N < 0.2. These data are shown in Fig. 3.5. Growth of a thick shell leads to a weak
increase in the interband PLQY, with the exception of the thin shell HgSe/CdS QDs (Fig.
3.5A, 0.6 nm shell thickness). These QDs display a relatively poor interband PLQY of 0.5%
due to the low temperature shell synthesis, which increases to >2% on annealing at 220°C
(Fig. 3.6(B)). The weak increase of interband PLQY with shell thickness is qualitatively
similar to prior works which reported saturation of interband HgSe/CdS PLQY at moderate
shell thicknesses [37, 20]. In contrast, the intraband PLQY exhibits a 30-fold increase over
the same shell thickness range (Fig. 3.5A).

The intraband radiative lifetime 7z of HgSe QDs can be calculated from Eq. 2.1 [100,
101, 102, 103] where p is the transition dipole moment, w is the angular frequency, € is the
vacuum permittivity, and €1 and e are respectively the real optical dielectric constants of

the nanoparticle and the solvent:

1 ﬁx¢5< 3€2 )2 (3.1)

TR - 3meghcd €1 + 2€9

Due to the strong type-I core/shell band alignment, the emission frequency and transition
dipole do not change upon shell growth (Fig. 3.3). Using material parameters discussed in
Section 3.8.2, the intraband radiative lifetime 7p for HgSe QDs emitting at 2050 cm 1 (5
microns) is calculated to be 900 £ 300 ns. Growth of a CdS shell changes the dielectric
screening, leading to a radiative lifetime of 700 4 160 ns for thick shell HgSe/CdS QDs. The
PLQY is given by

7_—1
TR +TNR

and the total nonradiative rates TR[}% calculated from the measured PLQY are then
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Figure 3.4: PLQE vs N for (A) (4.8 & 0.6) nm HgSe QDs and (B) (11.6 £ 1.6) nm HgSe/CdS
QDs. The red curves are fits from the 1S.(0) binomial population. The two samples (pink
points) with the lowest dopings for HgSe in (A) have a low interband PL due to the poor
surface passivation, and are excluded from the fit. The blue curve in (A) is fit assuming
same PLQYs for 1S.(1) and 1S¢(2) populations. The data in (B) fits poorly to a constant
PLQY (dashed blue). The insets show the PLQY calculated by normalizing the PLQE to
1S¢(0) population (for interband) and sum of 1S¢(1) and 1S.(2) populations (for intraband).

expected to vary from 700 ps in the HgSe core to 15 ns in HgSe/CdS with 15 nm diameter
(See Section 3.8.2). This increasing trend is clearly supported by transient PL measurements,
although they exhibit multiexponential behavior, as shown in Fig. 3.5B. The lifetime data
for the HgSe cores are similar to those reported previously [1], with two relaxation times of
26 + 1 ps and 1030 £ 35 ps. About 90% of the time-integrated PL comes from the 1030
ps decay, and the overall transient behavior is consistent with typical PLQYs of the HgSe
cores. Shell growth leads to a 25-fold lengthening of the fast lifetime component, while the

expected lengthening of the slow lifetime component is not resolved on the timescale of these
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measurements. Overall, the PL data indicate that thick CdS shells substantially lengthen
average intraband nonradiative lifetimes into the nanosecond regime.

The intraband lifetime derived from the PLQY is at least an order of magnitude longer
than the ~1 ns phonon-mediated lifetime limit predicted by semiclassical simulations [24].
The near-field energy transfer mechanism [30, 22| predicts that the non-radiative rate should
scale with the total nanocrystal radius R as R~#, while phonon-mediated relaxation should be
independent of shell thickness and relaxation associated with surface anharmonicity should
be strongly reduced even at small type-I shell thicknesses. The data of Fig. 3.5A suggest
that energy transfer remains the dominant nonradiative mechanism, and that anharmonicity
or intrinsic phonon effects are relatively small. The PLQY trend with shell thickness in
HgSe/CdS displays a fair agreement with a generic quartic fit, shown in Fig. 3.5A, and the
deviations at thicker shells are possibly due to irregular shell growth or strain defects. While
the rate of surface trapping should be slow at the shell thicknesses considered here due to the
exponential dependence on the tunneling barrier, it is possible that stacking faults arising
from lattice strain can allow the carriers to reach the surface [104]. We empirically observe
that the intraband PLQY is relatively insensitive to the surface ligand coverage, suggesting
that surface trapping is not significant, but we cannot rule out a trapping mechanism with
the current data.
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