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ABSTRACT: We report the color conversion performance of amber and red emitting quantum dots on
InGaN solid  state lighting (SSL)  light  emitting diode (LED) packages.  Spherical  quantum well  (SQW)
architectures (CdS/CdSe1-xSx/CdS) were finely adjusted using a library of thio- and selenourea synthesis
reagents  and  high  throughput  synthesis  robotics.  CdS/CdSe1-xSx particles  with  narrow  luminescence
bands were coated with thick CdS shells (thickness = 1.4 –  7.5 nm) to achieve photoluminescence
quantum yields (PLQY) up to 88% at amber and red emission wavelengths (max = 600 – 642nm, FWHM <
45 nm). The photoluminescence from SQWs encapsulated in silicone and deposited on LED packages
was monitored under accelerated aging conditions (oven temperature = 85 C, relative humidity = 5 –
85%, blue optical power density = 3 – 45 W/cm2) by monitoring the red photon output over several
hundred hours of continuous operation. Growth of a ZnS shell on the SQW surface increases the stability
under long-term operation but also reduces the PLQY, especially of SQWs with thick CdS shells. The
results illustrate that the outer ZnS shell layer is key to optimizing the PLQY and the long-term stability
of QDs during operation on SSL packages.

INTRODUCTION
Improved  downconversion  materials  with

narrow  band  red  emission  spectra,  strong  blue
absorption,  and  high  chemical  stability  are
needed  to  increase  the  efficacy  of  solid  state
lighting  (SSL).1 Narrow  band  red  emission  is
critical  to  the  color  rendering  index  (CRI)  and
luminous  efficacy  of  radiation  (LER)  of  color
converted  light  emitting  diodes  (LEDs)  with  a
warm  color  correlated  temperature.  Typically,
higher CRI and LER lead to lower overall luminous
efficacy, but with narrow band red emitters, high
efficacy  high  CRI  devices  can  be  achieved.
Improvements in these performance parameters
can have a significant impact on the adoption of
SSL  in  retail,  office,  and  home  lighting
applications.2 

Quantum Dots (QDs) are widely acknowledged
as a cost effective front runner among developing

downconverters because they emit narrow band
luminescence (full width half maximum (fwhm) <
30nm) that is tunable across the visible spectrum
with  a  high  photoluminescence  quantum  yield
(PLQY).3 QDs deposited on LED chips have been
shown  to  improve  the  luminous  efficacy  of
commercial  LED packages by 5–18% in devices
with high CRI (90).4 Even greater improvements
in the LER are possible if  the emission spectral
linewidth and photoluminescence quantum yield
(PLQY)  can  be  improved.1 However,  QD
performance  suffers  in  the  demanding
environment found on LED packages (“on chip”),
which has proven a significant stumbling block to
their  adoption.  The  extreme light  fluxes  (up  to
150 W/cm2)  and operating  temperatures  (up to
150  ˚C)  of  high-power  commercial  lighting
applications  cause  photochemical  instability  of
most  LED  components  –  including  the  silicone



encapsulants, conventional phosphors, or QDs –
which decreases LED operating lifetime. 5-7,8

A  variety  of  structural  features  dictate  the
performance  of  QDs  under  the  high  intensity
illumination  found  in  solid  state  lighting  and
lasing  applications.  In  particular  structures  that
accommodate  strain,  such  as  core-shell
nanoplatelets,9 and  structures  that  minimize
Auger  recombination  increase  the  PLQY  of
biexcitons  and  trions,  such  as  giant  core-shell
QDs  and  graded  alloys  have  been  studied.10-14

Structures that minimize reabsorption are also of
interest  including  those  with  shells  that  absorb
the  blue  pump  energy.  A  recently  reported
CdS/CdSe/CdS  spherical  quantum  well  (SQW)
architecture achieves these structural features in
the same material and achieves near unity PLQY
(Figure 1).  15 By growing a thin CdSe layer in between a
CdS core and outer CdS shell  (i.e. core/shell-1/shell-2),
the strain can be mitigated and the outer CdS shell thickness
can  be  increased  without  compromising  the  PLQY.  Similar
shell thicknesses in a CdSe/CdS core/shell QD often results in
lower PLQY,16 but not in all cases.7, 17 We recently
published a synthetic method that can tailor the
architectures  of  core  shell  quantum  dots  in  a
single  synthetic  step,  and  precisely  grade  the
composition of  interfaces.18 Using this  synthetic
approach we sought to test the down conversion
performance  of  QDs  with  thick  CdS  shells  and
alloyed interfaces under the intense illumination
found “on chip” in SSL.  

RESULTS AND DISCUSSION
Synthesis and high throughput screening.

CdS/CdSe1-xSx/CdS  SQW  architectures  were
synthesized using a recently reported single step
synthetic method (Figure 1).18 The composition of
CdS/CdSe1-xSx core/shell-1  QDs was controlled by
injecting  a  pair  of  thio-  and  selenoureas  into
cadmium  oleate  solution,  or  into  a  solution  of
cadmium  oleate  and  CdS  seeds.  The  relative
conversion reactivity of the thio- and selenoureas
determines  whether  an  abrupt  core-shell  or
graded alloy architecture is obtained. These QDs
are then shelled  with  thick  outer  CdS and ZnS
layers  and  subsequently  deposited  on  LED
packages within a silicone encapsulant.

Figure  1. Synthesis  of  SQWs  evaluated  in  this
study.  (A)  Combining  thio-  and  selenoureas  with
desired reactivity creates a core and first shell, that
is subsequently coated with CdS and ZnS shells prior
to encapsulation in silicone on an LED package. (B
and  C)  Example  CdS/CdSe  core/shell-1,  UV-Visible
absorption  (black)  and  photoluminescence  (green)
spectra and TEM, illustrating the narrow absorption
and emission features and relatively monodisperse
core/shell-1 materials.  (D and E) Spectra and TEM
following syringe pump addition of CdS shell.  

The  number,  type,  and  ratios  of  precursors
creates a diverse range of possible outcomes that
was  searched  using  high  throughput  robotics.
Precursor  concentrations  and  ratios,  reaction
temperatures,  reaction  times,  and  surfactants
were  surveyed  to  identify  desirable
photoluminescence wavelengths and linewidths.13

Figure  2  shows  the  photoluminescence
wavelength  maximum  and  fwhm of  more  than
1000  aliquots  taken  during  the  synthesis  of
CdS/CdSe1-xSx core/shell-1  particles under  more
than  150  different  conditions.  In  many  cases,
broad  photoluminescence  features  derive  from
overlapping emission bands that signal multiple
QD populations as was described previously.18  

Syntheses  that  provide  narrow  emission
linewidths  in  the  green  and  yellow  spectral
regions  (540–575nm) were selected for  shelling
with  CdS  using  a  syringe  pump  method.
Deposition  of  the  CdS  shell  red-shifts  the
photoluminescence  to  a  wavelength  that  is
desirable for  SSL devices  with high  CRI  (max =
625).  Addition  of  a  CdS  shell  was  achieved  by
slow  addition  of  cadmium  oleate,
tetramethylthiourea,  and  tri-n-octylphosphine
into  a  solution  of  crude  CdS/CdSe  core/shell-1
nanocrystal synthesis mixture at 290 ˚C (Figure



3). Growth of the shell leads to a steady red shift
of the luminescence band and an increase in the
PLQY  to  as  high  as  88% as  the  shells  thicken
(Table 1).

Figure  2. Photoluminescence  wavelength  and
FWHM  of  aliquots  from  CdS/CdSe1-xSx

heterostructure  syntheses  surveying  precursor
combinations,  ratios,  temperatures,  etc..  The color
of  the  symbols  represents  the  time  at  which  the
aliquots were taken as show in the legend.

Interestingly, at lower temperatures and when
tri-n-octylphosphine  is  excluded,  shell  growth
continues  up to  ~6 nm in total  diameter,  after
which the QDs undergo irreversible aggregation.
Addition  of  tri-n-octylphosphine  and  increasing
the  shelling  temperature  prevents  precipitation
and  allows  thicker  shells  to  be  grown.  These
changes also induce a change from a zincblende
to  a  wurtzite  crystal  structure  analogous  to  a
previous report (Figure S1).9 Control experiments

showed that both the high temperature and the
presence of tri-n-octylphosphine are required to
cause  the  phase  change.  A  quasi-octahedral
crystal habit is formed as the QDs grow beyond
15 nm (Figure 1 and S1). 

Table  1.  Summary  of  quantum  well
(CdS/CdSe1-xSx/CdS)  parameters  that
underwent on chip performance testing. 

a Total diameter values are measured using TEM
across  the  diagonal  of  particle  shape  and  are
averages  of  200–300  particles.  bSolution  PLQY  c

Single  injection  synthesis  of  CdS/CdSe core/shell-1
beginning with  Se-Im(iPr2)  and N-hexyl,  N’-dodecyl
thiourea.  The  C/S  dimensions  are  estimated  from
the ratio of precursors assuming 100% yield.  dCdS
seeds  injected  with  Se-Im(t-Bu2),  S-Im(H,Ph)
precursors. Following each step of the reaction, the
dimensions of the shell layers are measured using
TEM across the diagonal of particle shape and are
averages of 200–300 particles.

Figure 3.  The relationship between (A) PLQY (%),
(B)  average  solution  photoluminescence  lifetime
(avg), as a function of the CdS shell thickness before
(blue data points) and after ZnS shelling (green). 

Spectroscopic Analysis of SQWs. Biexciton
photoluminescence  quantum  yields  (BXQY)  of
CdS/CdSe/CdS  SQWs  were  measured  using  a
photon  antibunching  method.  The  ratio  of
photons  emitted  from  biexcitons  and  single
excitons  and/or  trions  (BWQY/SXQY)  can  be
estimated  from  the  photoluminescence
correlation function of single SQWs measured on
a  scanning  confocal  photoluminescence
microscope  in  a  Hanbury  Brown  Twiss
configuration.19 Thicker  CdS  shells  and  larger
CdSe cores are known to increase the BXQY/SXQY
of CdSe/CdS QDs, however, thicker shells can also
reduce  the  PLQY  of  CdSe/CdS  QDs.14,  20-21 The
PLQY of  the  SQWs,  on  the  other  hand,  slightly
increases  as  the  shell  thickens,  which  is
consistent  with the previous  report  (Figure 3).15

Antibunching  measurements  on  single  SQWs
show that the BWQY/SXQY reaches values as high
as 30% as the shell reaches 3.9 nm in thickness
(Figure S2). The BXQY of QDs with thinner shells
shows nearly complete antibunching from which

Total
D. a

Size

Core Radius/

Shell-1/Shell-
2

λem
fhw
m

PLQY
b

Sample
(X) (nm) (nm)

(nm
) (nm) (%)

1a (Sec) 6.2 0.7/0.8/1.6 600 40 62

1b (Sec) 8.8 0.7/0.8/2.9 608 39 83

1c (Sec) 10 0.9/1.2/2.9 623 36 72

1d (Sec) 9.4 0.7/0.8/3.2 619 41 81

1e (Sec) 10.9 0.7/0.8/3.95 611 42 81

1f (Sec) 16 0.9/1.2/5.9 642 42 84

1g (Sec) 19.1 0.9/1.2/7.45 625 32 88

2a
(S0.1Se0.9

d)

9 1.15/0.85/2.
5

620 43 78

2b
(S0.2Se0.8

d)

9.7 1.15/1/2.7 627 41 86

2c
(S0.1Se0.9

d)

10.3 1.15/1/3 633 39 64

2d
(S0.1Se0.9

d)

12 1.15/0.85/4 627 43 83

2e
(S0.1Se0.9

d)

14.5 1.15/0.85/5.
25

635 41 75

2f
(S0.1Se0.9

d)

18.2 1.15/0.85/7.
1

636 46 42



we estimate BXQY less than 1%.  These trends
are consistent with the well-known scaling of the
Auger recombination with the QD volume22 and
verify  that  SQWs of  increasingly  large  volumes
have reduced Auger recombination and increased
PLQY.   Both  can  increase  the  down  conversion
performance under high intensity illumination on
SSL  packages.  Together  with  the  strong
absorption  in  the  blue  spectral  region,  low
absorption in the green and red regions, a thick
CdS  shell  is  highly  desirable  for  solid  state
lighting applications. However, such architectures
had  some  of  the  lowest  performance  on  SSL
packages in this study.

ZnS  shells  were  deposited  on  the  SQWs
following previous reports.4-5 Growth of ZnS and
encapsulation  reduces  the  PLQY,  especially  of
SQWs with thick CdS shells (Figure 3A). A drop in
the PLQY following growth of ZnS on II-VI QDs is
well  documented  and  typically  attributed  to
interfacial  strain  between  the  ZnS  layer  and
underlying  substrate  material  when  the  ZnS
shells  grows  beyond  the  critical  thickness  (~3
nm).23-33 Similarly, strain is thought to induce the
nucleation of ZnS islands that roughen the ZnS
surface.24,  33 Patchy and irregular ZnS shells are
typical  of  the  QDs  prepared  here,  particularly
when depositing on larger SQWs (Figure S3 and
S4). Increased strain at the CdS/ZnS interface in
larger SQWs may explain the size dependence of
the PLQYs shown in Figure 3. 

As the outer CdS shell is added to CdS/CdSe1-xSx

QDs,  a  systematic  increase  in  the  average
photoluminescence  lifetime  (avg)  beyond  100
nanoseconds is observed, much like the behavior
of other CdSe/CdS heterostructures.34 Addition of
the  ZnS  shell  further  lengthens  the  avg to  as
much  as  2  µsec  (Table  S1).   Given  the  large
difference in the conduction band offsets at the
CdS/ZnS interface and the drop in the PLQY, the
longer photoluminescence lifetimes following ZnS
deposition  may  be  attributed  to  the  “delayed
photoluminescence”  following  a  trapping/detrapping
process  prior  to  radiative  recombination.26,  35 The  very
strong influence of the ZnS layer on the PLQY and
lifetime,  especially  of  the  largest  QDs,  suggest
that optimizing the ZnS layer and its compatibility
with the underlying core is essential to achieve
high performance QDs for SSL. 

Performance  Testing  on  LED  Packages.
QDs were dispersed in silicone resins, deposited
on LED packages or on quartz discs, cured, and
tested  following  previously  published  methods.5

Without a ZnS shell, encapsulation quenches the
PLQY;  from  62%  in  solution  to  <5%  in  one
example.   ZnS  shells  help  preserve  the  PLQY,
particularly for smaller QDs, where PLQYs greater
than 50% following encapsulation were achieved
(Figure 4A). The temperature dependence of the
PLQY  was  measured  by  heating  silicone
encapsulated QDs to 140 ˚C on a hot plate and
monitoring the PLQY as the film cools (Figure 4

and  S5).  The  depression  of  PLQY  at  high
temperatures is well-known and largely reversible
provided the QDs have a core/shell structure and
the temperature is maintained below ~100 ˚C.36-38

In  all  cases,  the  temperature  dependence  and
reliability of the QDs could be predicted by their
PLQY at room temperature. Those QDs with the
lowest PLQY at room temperature had the lowest
PLQYs  at  120  ˚C,  a  representative  operating
temperature of a mid-power SSL package (Figure
S5). 

Figure 4. (A)  PLQY of  d = 6.2 nm CdS/CdSe/CdS
(1a, 0.7/0.8/1.6 nm) SQW in silicone, as a function of
temperature with ZnS shell (green), and without ZnS
shell (blue trace). See Figure S5 for performance of
other SQWs. (B)  PLQY in silicone at 120  C vs QD
volume. Dashed black line (r-1) included as a guide
to the eye. 

The operating lifetime of QDs on mid-power SSL
packages  were  assessed  at  <  5%  relative
humidity and a drive current of 240 or 480 mA.
This  is  4–8  times  greater  than  typical  drive
currents for these packages, producing radiative
power  densities  of  22 or  45 W/cm2 at  the chip
surface and operating temperatures of 85–100 C
as was measured by the wavelength shift of the
photoluminescence  under  operation.  The
intensity  of  red  photons  from  the  QDs  is
monitored  over  more  than  1000  hours  of
continuous  operation  (Figure  5).  During  this
period,  the PLQY decreases and the  max of  the
photoluminescence  blue  shifts  slightly,  changes
that may reflect degradation of the QD shelling
material.  Despite  the  drop  in  PLQY  following
growth of a ZnS shell, the long-term reliability “on
chip”  is  greatly  improved  compared  to  QDs
without  ZnS  shells.  Without  a  ZnS  shell,  the
optical output is 3-5 times less intense and drops
near  zero  within  500  hours.  ZnS  shelled  SQWs
maintained a moderate, albeit slowly decreasing
PLQY over several hundred hours. Over that time,
the PLQY typically drops to 50% of the starting
PLQY (Figure S7). Under humid conditions (85 %
relative humidity), the decrease is more rapid.  



Figure  5. PLQY  of  red  QD  luminescence  on  SSL
packages  (d =  6.2  nm  CdS/CdSe/CdS  (1a,
0.7/0.8/1.6  nm)).  (A)  high  temperature  operating
lifetime test (100C, <5% RH, 240mA,) with (green)
and  without  (blue)  ZnS  passivation.  (B)  wet  high
temperature operating lifetime test (85C, 85% RH,
65mA) with ZnS passivation.

The presence of a ZnS shell  is integral to the
performance and reliability  of  QDs dispersed in
silicones  on  chip.   Methods  that  maintain  the
PLQY  following  ZnS  deposition  are  essential  to
reaching higher performance QD enhanced SSL.
This  reduction  is  greater  in  the  largest  QDs
studied here, eroding the potential benefits of the
reduced  Auger  recombination  kinetics  of  thick
shell,  or  graded  alloy  architectures.  The  anti-
correlation  with  CdS  shell  thickness  suggests  a
strain induced trapping mechanism may limit the
performance.  Nanostructures that mitigate strain
at the CdS/ZnS interface, including graded alloys,
nanoplatelets,  and  quantum  well  architectures
may  be  better  suited  to  SSL  applications.
Improvements to the ZnS surface passivation and
more  detailed  understanding  of  the  source  of
PLQY loss following ZnS growth may also improve
long term reliability on chip. 

CONCLUSION
The  on  chip  down  conversion  reliability  of

amber  and  red  spherical  quantum  wells  of
varying CdS shell thickness and alloyed interfaces
were studied. Although QDs with PLQYs as high as 88%,
and BXQYs as high as 32% could be obtained in
samples with thick outer CdS shells, this solution
performance  did  not  translate  to  high  PLQY on
chip.  In  particular,  the  high  PLQY of  the  larger
SWQs is  eroded by a ZnS surface layer  that  is
required for reliable operation following dispersal
in  the  silicone  encapsulant.  The  ZnS  shells
allowed  several  QDs  studied  here  to  maintain
50% of their initial performance after 1000 hours
of operation under accelerated ageing tests. We
conclude  that  improved  surface  coatings  that
preserve  the  PLQY  and  maintain  reliable
performance on chip are essential to the on chip
application of QD down converters.

EXPERIMENTAL 
General  Considerations. All  reactions  were  run  using

standard air-free techniques and purification was done
in air.  Toluene (99.5%), methyl acetate (99%), hexanes

(98.5%),  acetone (99.8%),  tetramethylthiourea (98%),
triethyl  orthoformate  (98%),  trifluoroacetic  anhydride
(99%), trifluoroacetic acid (99%), oleic acid (99%) and
selenium powder -100 mesh (99.99%) were obtained
from  Sigma  Aldrich  and  used  without  purification.
Cadmium oxide (99.99%) was obtained from Strem and
used without further purification. 1-octadecene (90%)
and tetraethylene glycol dimethyl ether (“tetraglyme”,
99%)  were  obtained  from Sigma Aldrich,  stirred  with
calcium hydride overnight, and distilled prior to use. 2-
Hexyldecanoic  acid  (96%)  was  obtained  from  Sigma
Aldrich,  stirred  with  sodium  sulfate  overnight,  and
distilled  prior  to  use.  Cadmium  oleate,  1,3-
diphenylimidazolidene-2-selenone  (Se-Im(Ph2),  1,3-
tertbutylimidazolidene-2-selenone  (Se-Im(t-Bu2)),  N-
hexyl-N’-dodecylthiourea,  1,3-diethylimidazolidene-2-
selenone  (Se-Im(Et2))  1,3-diisopropyllimidazolidene-2-
thione (Se-Im(iPr2)), 1-phenylimidazolidene-2-thione (S-
Im(H,Ph))  were synthesized and purified according to
previously reported methods.11 

UV−Vis  spectra  were obtained using a  PerkinElmer
Lambda  950  spectrophotometer  equipped  with
deuterium and halogen lamps. Powder X-ray diffraction
(XRD) was measured on a PANalytical X'Pert Powder X-
ray  diffractometer.  Photoluminescence  measurements
were  performed  using  a  Fluoromax  4  from  Horiba
Scientific, and PLQYs were determined using a quanta-
phi  integrating  sphere  accessory  according  to  a
previously described procedure.15 Transmission Electron
Microscopy  was  done  using  an  FEI  Talos  F200X
instrument. High throughput UV/visible absorption and
PL spectra of diluted aliquots were measured in a 96-
well  quartz  microplate  (Hellma)  using  a  Biotek
Synergy4 microplate reader.

Spherical  Quantum  Well  Synthesis. Spherical
quantum wells are prepared through a syringe pump
shelling of CdS/CdSe1-xSx core/shell-1. The CdS/CdSe1-xSx

particles  are  synthesized  either  by  a  one-pot  single
injection  or  deposition  of  CdSe1-xSx onto  previously-
isolated CdS QDs.1118

High-throughput  screening  of  CdS/CdSe1-xSx core
synthesis. The  high-throughput synthesis and analysis
was carried out on WANDA (Workstation for Automated
Nanomaterial  Discovery and Analysis),39 in a nitrogen
filled glovebox. In a typical procedure, eight 40 ml vials
are  each  loaded  with  cadmium  oleate  (0.12  mmol,
0.081  g),  oleic  acid  (90%,  0.24  mmol,  0.068  g),
designated amount (0 to  5 mL) of  2.8 nm CdS seed
solution, and designated amount 1-octadecene to make
a total volume of 10 mL. The eight vials are then loaded
into  the  reactor  sleeves.  Meanwhile,  chalcogen
precursor solutions of 0.2 M are made by dissolving the
thiourea  and  selone  compounds  in  desired  ratios  in
tetraglyme in 8 mL vials at 100 °C on the robot deck.
The robot is programmed to execute the eight reactions
in a sequential  manner,  and each of  the reactions is
controlled separately. For each reaction, the cadmium
oleate solution is heated to the target temperature at a
rate of 30 °C/min under a magnetic stirring rate of 500
rpm. The temperature is allowed to stabilize for 5 min
upon reaching the  desired  value.  Then,  1  mL of  the
chalcogen precursor is injected at a rate of 1.5 mL/s to
the  cadmium  oleate  solution  and  left  to  react  for
designated  timespan.  During  the  reaction,  8  to  12
aliquots are withdrawn from the reaction solution at the
programmed time, and loaded into clean 2 mL vials for
future  analysis.  The  reaction  was  then  quenched  by
rapidly cooling the vial with a nitrogen gas flow. When
the  temperature  drops  below  50  °C,  the  reaction  is
considered  complete  and  the  next  reaction  in  the



sequence is automatically begun until the full sequence
of reactions is complete.

Example synthesis of  CdS/CdSe cores. 1)  CdS/CdSe
core QDs, em = 554 nm, FWHM: 36 nm. In a nitrogen-
filled glovebox, a 100 mL 3-neck round bottom flask is
charged with cadmium oleate (0.121 mmol, 0.082 g),
oleic acid (0.242 mmol, 0.062 g) and 1-octadecene (9.5
mL, 7.496 g) and sealed with rubber septa. Separately,
tetraglyme  (0.5  mL,  0.505  g),  N-hexyl-N’-
dodecylthiourea  (0.020  mmol,  0.0066  g),  Se-Im(iPr2)
(0.091 mmol, 0.021 g) are combined in a 4 mL vial and
the vial is sealed with a rubber septum. The three-neck
flask is then transferred to a Schlenk line and heated to
240C under argon, after which the chalcogen solution
is swiftly injected into the flask. The reaction is run for 7
hours. 

Example synthesis of d = 2.3 nm CdS seeds. In
a nitrogen filled glovebox, a 100 mL three neck
round  bottom  flask  is  charged  with  cadmium
oleate  (0.19  mmol,  0.122  g),  oleic  acid  (0.36
mmol,  0.102  g),  and  1-octadecene  (14.25  mL,
11.24  g)  and  sealed  with  rubber  septa.
Separately, tetraglyme (0.75 mL, 0.75 g) and  N-
phenyl,  N’,N’-dibutylthiourea (0.15  mmol,  0.040
g)  are  combined  in  4  mL  vial  and  the  vial  is
sealed  with  a  rubber  septum.  The  three-neck
flask  is  then  transferred  to  a  Schlenk  line  and
heated  to  240C  under  argon,  after  which  the
thiourea solution is swiftly injected into the flask.
The reaction is run for 2 minutes before cooling to
room  temperature.  The  CdS  seed  particles  are
used  as  synthesized  for  subsequent  seeded
growth reactions.

Synthesis of CdS/CdSe0.9S0.1 particles em = 576
nm,  FWHM:  37.9  nm.  In  a  nitrogen-filled
glovebox,  a  100  mL  three  neck  round  bottom
flask is charged with cadmium oleate (0.18 mmol,
0.122  g),  oleic  acid  (0.36  mmol,  0.102  g),  a
solution of CdS particles with  d = 2.3 nm (0.85
mL) and 1-octadecene (14.25 mL, 11.24 g) and
sealed with rubber septa. Separately, tetraglyme
(0.75 mL, 0.75 g), S-Im(H,Ph) (0.03 mmol, 0.0053
g),  and  Se-Im(tBu2)  (0.12  mmol,  0.031  g)  are
combined in 4 mL vial and the vial is sealed with
a  rubber  septum.  The  three  neck  flask  is  then
transferred to a Schlenk line and heated to 240C
under argon, after which the chalcogen solution is
swiftly injected into the flask. The reaction is run
for 30 minutes.

Synthesis of CdS/CdSe0.9S0.1 particles em = 595
nm FWHM: 35.8 nm. In a nitrogen filled glovebox,
a  100  mL  three  neck  round  bottom  flask  is
charged with cadmium oleate (0.18 mmol, 0.122
g), oleic acid (0.36 mmol, 0.102 g), a solution of
CdS particles with  d = 2.3 nm (0.75 mL) and 1-
octadecene (14.25 mL, 11.24 g) and sealed with
rubber  septa.  Separately,  tetraglyme  (0.85  g,
0.85 mL), S-Im(H,Ph) (0.017 mmol, 0.003 g), and
Se-Im(tBu2) (0.153 mmol, 0.040 g) are combined
in 4 mL vial and the vial is sealed with a rubber
septum. The three neck flask is then transferred
to  a  Schlenk  line  and  heated  to  240C  under
argon,  after  which  the  chalcogen  solution  is

swiftly injected into the flask. The reaction is run
for 1 hour.

Synthesis of CdS/CdSe0.8S0.2 particles em = 583
nm, FWHM: 36 nm. In a nitrogen filled glovebox, a
100 mL three neck round bottom flask is charged
with cadmium oleate (0.18 mmol, 0.122 g), oleic
acid  (0.36  mmol,  0.102  g),  a  solution  of  CdS
particles  with  d =  2.3nm  (0.85  mL)  and  1-
octadecene (14.25 mL, 11.24 g) and sealed with
rubber  septa.  Separately,  tetraglyme  (0.75  mL,
0.75 g),  S-Im(H,Ph) (0.03 mmol,  0.0053 g),  and
Se-Im(tBu2) (0.12 mmol, 0.031 g) are combined in
4 mL vial  and the vial  is  sealed with  a  rubber
septum. The three neck flask is then transferred
to a Schlenk line and heated to 240C under Ar,
after  which  the  chalcogen  solution  is  swiftly
injected into the flask. The reaction is run for 30
minutes.

CdS Shell  Growth Solution.  In a nitrogen-filled
glovebox, a 3-neck round bottom flask is charged
with  a solution  of  cadmium oleate (4.49 mmol,
3.03  g),  2-hexyldecanoic  acid  (4.5  mmol,  1.32
mL, 1.155 g), and 1-octadecene (41.25 mL). The
solution  is  transferred  to  a  Schlenk  line  and
heated in an oil bath at 150C to obtain a clear
homogenous  solution.  Separately,  tetramethyl
thiourea  (1.5  mmol,  0.198  g)  and  tetraglyme
(2.175 mL, 2.175 g) are combined in a 20mL vial
equipped  with  a  stir  bar,  sealed  with  a  rubber
septum,  and  stirred  to  obtain  a  clear  colorless
solution. Gentle heating (<100C) can be applied
to speed the dissolution. The room temperature
thiourea solution is combined the cadmium oleate
solution and mixed.

Example Synthesis of  CdS/CdSe1-xSx/CdS.  A 10
mL solution of CdS/CdSe1-xSx core QDs prepared
as  described  above is  transferred  to  a  3-neck
round bottom and heated to  290 °C.  Once the
solution  reaches  temperature,  the  CdS  shell
growth  solution  is  injected  at  5.0  mL/hr.  The
shelling reaction is run for an allotted time (see
below). The resulting nanocrystals are isolated by
precipitation  with  acetone  or  isopropyl  alcohol
(80–150 mL) and centrifuged (7000 rpm, 10 min).
The resulting pellet is dispersed in hexane (~25–
75ml)  and  byproducts  are  precipitated  with
acetone  (~10–20ml).  The  long  reaction  times
produces polymers of  octadecene40 that  can be
partially removed following several precipitations
from  hexane  with  acetone.  The  resulting  NC
solution  is  decanted,  dried  under  vacuum  and
resuspended in ~20ml toluene. Three rounds of
dissolution in toluene (~10mL) and precipitation
with  methyl  acetate  (~30ml)  were  sufficient  to
fully purify the NCs. 

Synthesis of 1a, 1b, 1d, 1e em = 600 nm, 608
nm, 611 nm, 619 nm.  CdS/CdSe particles (em =
554 nm) shelled at 5.0mL/hr for 2 hr, 5.5 hr, 11
hr, and 11.5 hr. 

Synthesis of 1c, 1f, 1g em = 623 nm, 642 nm,
625  nm.  CdS/CdSe  particles  (em =  577  nm)
shelled at 5.0mL/hr for 24hr (1c), 10mL/r for 15hr
(1f), 5.0mL/hr for 46hr. 



Synthesis of 2a,  2d,  2e, 2f em = 620 nm, 627
nm, 635 nm, 636nm.  CdS/CdSe0.9S0.1  (em = 575
nm) shelled at 4.5 mL/hr for 16 hr, 26 hr, 36 hr,
and 43 hr.

Synthesis of  2c em = 633 nm.  CdS/CdSe0.9S0.1

particles (em = 594 nm) shelled at 1.5 mL/hr for
16 hr. 

Synthesis of  2b em = 627 nm.  CdS/CdSe0.8S0.2

particles (em = 583 nm) shelled at 2.5 mL/hr for
18 hr.

Biexciton Quantum Yield Measurements. Single
QD  photoluminescence  measurements  were
performed  on  a  time  correlated  single  photon
counting  (TCSPC)  Picoquant  Microtime200
confocal  fluorescence  microscope  using
Symphotime64  software.  Samples  were  excited
using a 405nm pulsed laser with tunable rep rate.
Photoluminescence was collected through a 100x
objective, past a dichroic mirror, and through a 50
μm  pinhole  before  being  split  onto  two  silicon
single photon avalanche diodes via a 50/50 beam
splitting cube. Photon arrival times after the laser
pulse  were  histogrammed  to  form  PL  lifetime
decays. Photon arrival times since the experiment
start  were  cross-correlated  between  the  two
detectors  to  form antibunching  curves.41-42 Only
single  nanoparticles,  determined  using  time-
gating  software  techniques,43 were  used  for
analysis. All samples were excited at 1 MHz in the
low power regime (average 40nW, 40 mW/cm2)
used by Nair et al.19 QDs were spun onto #1 glass
substrates with 0.05 wt% PMMA to increase the
yield of single QDs. Background noise contributed
less  than  10%  of  signal,  based  on  previous
estimates19,  but  was  not  subtracted.  Avalanche
breakdown  flash,  seen  in  other  previous
antibunching  studies43 was  taken  into
consideration when estimating low BXQY values.

Encapsulation  and  accelerated  ageing  tests. QDs were
encapsulated  and  deposited  on  LED  packages
following previously  reported methods.5 Silicone
slurry mixtures with QDs were cured on LED chips
(2.4  mm2,  30/30  packages).  High  temperature
operating  lifetime  tests   are  performed  with  a
driving current  of  either  240 mA or  480 mA at
100  C  and  ambient  humidity  (<5%  relative
humidity). Humid, high temperature lifetime tests
are performed with a driving current of 30 mA at
85  C and 85 % relative  humidity.  The thermal
droop profiles are obtained by heating a cured QD
silicone  film  atop  a  glass  slide  to  desired
temperature  and  collecting  quantum  yields
during cool down. 
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