wo 2017/004603 A1 I IHI 00T OO0 A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

(43) International Publication Date WO 2017/004603 A1
5 January 2017 (05.01.2017) WIPO I PCT
(51) International Patent Classification: (72) Inventors: COROPCEANU, Igor; 70 Pacific Street, Apt.

eay)

(22)

(25)
(26)
(30)

1

BOSD 7/24 (2006.01)
B32B 5/16 (2006.01)
C01G 11/00 (2006.01)

C01G 11/02 (2006.01)
HOIL 21/64 (2006.01)

International Application Number:
PCT/US2016/040882

International Filing Date:

1 July 2016 (01.07.2016)
Filing Language: English
Publication Language: English
Priority Data:
62/188,177 2 July 2015 (02.07.2015) Us
Applicant: MASSACHUSETTS INSTITUTE OF

TECHNOLOGY [US/US]; 77 Massachusetts Avenue,
Cambridge, MA 02139-4307 (US).

(74

(8D

744B, Cambridge, MA 02139 (US). BAWENDI, Moungi,
G.; 17 Lowell Street, Cambridge, MA 02138 (US).

Agents: FOX, Harold, H. et al.; Steptoe & Johnson LLP,
1330 Connecticut Avenue, NW, Washington, DC 20036

(US).

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

[Continued on next page]

(54) Title: PREPARATION OF NANORODS

Fast injection
Shell Growth

Slow Injection

Second Qvercoating

S

N

(57) Abstract: A method of preparing a core-shell
nanorod can include growing a shell of a core-shell
nanorod (M1X1)M2X2 in a solution through a slow-
injection of M2 precursor solution and X2 precursor
solution, wherein the core-shell nanorod includes a
MIXI core.




WO 2017/004603 A1 |IIWAK 00T 00 O OO

(84) Designated States (unless otherwise indicated, for every SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA,
kind of regional protection available). ARIPO (BW, GH, GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ, .
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, Kz, RU, Tublished:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, —  with international search report (Art. 21(3))
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE,




10

15

20

25

30

WO 2017/004603 PCT/US2016/040882

PREPARATION OF NANORODS

CLAIM OF PRIORITY
This application claims priority to U.S. Provisional Application No. 62/188,177, filed

July 2, 2015, which is incorporated by reference in its entirety.

BACKGROUND
Nanostructures frequently exhibit properties different from the corresponding bulk
material. Changes in properties can be influenced by shape and size of the nanostructure. This is
especially true for nanostructures having large aspect ratios, such as nanorods, which can differ

quite significantly in diameter and length.

SUMMARY

A method of preparing a core-shell nanorod can include growing a shell of a core-shell
nanorod (M1X1)M2X2 in a solution through a slow-injection of M2 precursor solution and X2
precursor solution to a suspension of M1X1 nanocrystals, wherein the core-shell nanorod
includes a M1X1 core.

The core nanocrystal can include CdSe. The shell can include CdS. The solution can
include an acid. The solution can include an amine.

In certain embodiments, the method can include degassing the solution. The method can
include growing the core-shell nanorod at a temperature of no higher than 310 °C. The slow-
injection rate of M2 precursor can be less than 0.4 mmol per hour. The slow-injection rate of X2
precursor can be less than 0.4 mmol per hour. The M2 precursor solution can include 1-
octadecene. The X2 precursor solution can include 1-octadecene. Concentration of the M2
precursor can be between 0.05 M — 0.20 M. Concentration of the X2 precursor can be between
0.07 M and 0.30 M.

Other aspects, embodiments, and features will be apparent from the following description,

the drawings, and the claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1A shows the general synthetic scheme for the synthesis of the seeded nanorods; Fig.
1B shows TEM micrograph after growth of second shell S1; Fig. 1C shows s-PCFS traces
showing the ensemble and average single nanorod spectral correlation of sample S1; Fig. 1D
shows HRTEM of sample S2.

Fig. 2A shows fluorescence spectra of the CdSe cores and the nanorods on a linear scale;
Fig. 2B shows fluorescence spectra on a logarithmic scale; Fig. 2C shows absorption spectra of
nanorods (inset magnification of first excitonic feature); Fig. 2D shows time resolved
photoluminescence traces of the nanorod samples.

Fig. 3A shows excitation-emission spectrum of CdSe/CdS nanorods; Fig. 3B shows
normalized excitation-emission spectrum of CdSe/CdS nanorods; Fig. 3C shows excitation
spectrum and absorbance of CdSe/CdS nanorods; Fig. 3D shows photoluminescence of
CdSe/CdS nanorods (inset magnification X 1000).

Fig. 4A shows schematic of the set-up used for polarization dependent single nanorod
fluorescence spectroscopy; Fig. 4B shows fluorescence intensity of sample T1 as a function of

the polarizer angle

DETAILED DESCRIPTION

A two-step process can be used for growing the shell of core/shell nanorods, such as
CdSe/CdS. The method combines a fast-injection based step to create the initial elongated shell
with a second slow-injection growth that allows for a systematic variation of the shell thickness
while maintaining a high degree of monodispersity at the batch level and enhancing the
uniformity at the single nanorod level. One benefit of this two-step approach was to increase the
fluorescence quantum efficiency of the nanorods up to 100%. In addition, the nanorods also
exhibited effectively complete energy transfer from the shell to the core, which made the
quantum yield insensitive to the energy of the excitation source. The improvement in the
quantum yield was accompanied by the suppression of a defect band, ubiquitous to CdSe based
nanocrystals after the second growth.

A method of preparing a core-shell nanorod can include growing a shell of a core-shell

nanorod (M1X1)M2X2 in a solution through a slow-injection of M2 precursor solution and X2
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precursor solution to a suspension of M1X1 nanocrystals, wherein the core-shell nanorod
includes a M1X1 core. Each of M1 and M2, independently, can be Zn, Cd, Mg, Hg, Al, Ga, In,
TI, or Pb. Each of X1 and X2, independently, can be O, S, Se, Te, N, P, As, or Sb. M1X1 can be
CdSe, ZnS, ZnSe, ZnTe, CdS, CdSe, CdTe, HgS, HgSe, HgTe, AIN, AIP, AlAs, AISb, GaN,
GaP, GaAs, GaSb, GaSe, InN, InP, InAs, InSb, TIN, TIP, TlAs, TISb, PbS, PbSe, PbTe, or
mixtures thereof. M2X2 can be ZnO, ZnS, ZnSe, ZnTe, CdO, CdS, CdSe, CdTe, MgO, MgS,
MgSe, MgTe, HgO, HgS, HgSe, HgTe, AIN, AIP, AlAs, AlSb, GaN, GaP, GaAs, GaSb, InN,
InP, InAs, InSb, TIN, TIP, TlAs, TISb, TISb, PbS, PbSe, PbTe, or mixtures thereof. The
nanorods can have a diameter of less than 10 nm and a length of greater than 20 nm, greater than
30 nm, greater than 40 nm or greater than 50 nm. The length can be less than 100 nm.

The versatility of inorganic nanocrystals is greatly expanded by the possibility of
modifying their electronic properties by changing not only their size, but also their
dimensionality. In particular, elongated structures such as nanorods exhibit an attractive set of
emergent properties that set them apart from spherical quantum dots, such as a large degree of
fluorescence anisotropy and enhanced transport through various types of biological tissue. See,
for example, Carbone, L.et al., Nano Lett. 2007, 7, (10), 2942-2950; Talapin, D. V. et al., Nano
Lett. 2003, 3, (12), 1677-1681; Chauhan, V. P. et al., Angewandte Chemie International Edition
2011, 50, (48), 11417-11420, each of which is incorporated by reference in its entirety. Among
visible-light emitting materials, seeded CdSe/CdS nanorods (structures consisting of a spherical
CdSe core surrounded by an elongated CdS shell) have emerged as a robust material system
combining a high degree of monodispersity with bright and spectrally narrow photoluminescence.
However, while rapid initial progress in the development of CdSe/CdS nanorods resulted in the
achievement of fluorescence quantum yields of up to 75%, further improvement of the quantum
yield proved elusive. See, for example, Sitt, A. et al., Nano Today 2013, 8, (5), 494-513, which is
incorporated by reference in its entirety. Moreover, as with CdSe/CdS quantum dots, the
quantum yield was rapidly observed to decrease with increasing shell volume, an effect which
was attributed to the long radiative lifetimes caused by delocalization of the electron into the
shell. This reduction in the efficiency has been a significant barrier to these materials for a
variety of optical and optoelectronic applications, such as luminescent solar concentrators
(LSCs), which require both a high quantum yield and a large shell volume in order to minimize

reabsorption. See, for example, Coropceanu, 1. et al., Nano Lett. 2014, 14, (7), 4097-4101;
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Bronstein, N. D. et al., ACS Nano 2014, 8, (1), 44-53; Bradshaw, L. R. et al., Nano Lett. 2015, 15,
(2), 1315-1323, each of which is incorporated by reference in its entirety. A two-step process can
be used to synthesize the shell by first using a hot injection reaction to grow a thin CdS shell,
followed by a slow second growth. This combined approach resulted in the synthesis of highly
monodisperse samples with tunable shell dimensions, highly suppressed defect emission, and
fluorescence quantum efficiencies up to 100%.

The general synthetic scheme for the shell growth is illustrated in Fig. 1A. Spherical
CdSe cores were first overcoated using a fast injection-based recipe to yield thin-shelled
CdSe/CdS nanorods with a high degree of monodispersity. These nanorods were then isolated
and in a second reaction the shell was grown further using a high-temperature, slow-injection
reaction. The second growth provided two key advantages: 1) an increase in the fluorescence
quantum yield and a suppression of the trap emission and 2) independent control of the shell
thickness. This synthetic protocol resulted in nanorods that remained very monodisperse at the
batch level even as the shell thickness was continuously increased.

A two-step method can be used to grow an elongated CdS shell on CdSe cores, yielding
highly monodisperse nanorods with tunable shell thickness and near unity quantum yields. The
nanorods also exhibited highly efficient energy transfer from the shell to the core, making the
structures well-suited for broadband light harvesting. The improvement in the optical properties
of the system may be attributed to the increased uniformity and crystallinity of the shell made by
possible by the long reaction time of the second growth. This can also be used for spherical
giant-shelled CdSe/CdS particles to a quasi-one dimensional geometry where the good optical
properties can be combined with linear polarization. These new materials can be good candidates
for a variety of optical applications such as luminescent down-shifting and luminescent solar
concentrators. See, for example, Meinardi, F. et al., Nat Photon 2014, 8, (5), 392-399, which is
incorporated by reference in its entirety.

A method of preparing a core-shell nanorod can include growing a shell of a core-shell
nanorod (M1X1)M2X2 in a solution through a slow-injection of M2 precursor solution and X2
precursor solution to a suspension of M1X1 nanocrystals, wherein the core-shell nanorod
includes a M1X1 core. The growth can occur in two steps, first at a temperature of between
about 350-380 °C then at a second temperature of about 310 °C. The slow-injection rate of M2

precursor can be less than 0.4 mmol per hour; the slow-injection rate of M2 precursor can be less
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than 0.2 mmol per hour; the slow-injection rate of M2 precursor can be less than 0.1 mmol per
hour. The slow-injection rate of X2 precursor can be less than 0.4 mmol per hour; the slow-
injection rate of X2 precursor can be less than 0.2 mmol per hour; the slow-injection rate of X2
precursor can be less than 0.1 mmol per hour. The growth can occur in two steps, first at a
temperature of 350 °C -380 °C and then at 310 °C. The second temperature can also be less than
310 °C. The concentration of the M2 precursor can be between 0.05 M — 0.20 M. The
concentration of the X2 precursor is between 0.07 M — 0.30 M.

EXAMPLE
Synthesis of Thick-Shelled CdSe/CdS Nanorods:

Initial Nanorod Growth: The initial seeded nanorods were prepared by following the
procedure reported by Carbone et al, Nano Lett. 2007, 7, (10), 2942-2950, which is incorporated
by reference in its entirety, using CdSe cores with a maximum of the first excitonic feature in the
absorbance spectrum at 585nm. The nanorods after this step had approximately a length of 44nm
and a thickness of 4.5nm.

Second Slow Growth: To a 250mL round bottom flask was added 40nmol of the initial
CdSe/CdS cores nanorods dissolved in hexane, 3mL of ODE, 3mL of oleylamine, and 3mL of
oleic acid. The solution was degassed at r.t. for 1 hr. and then for 20 min at 100°C to remove the
hexane and water. The solution was then stirred under N, and the temperature was raised to
310°C. At 200°C, a solution of Cd-oleate (2mL of a 0.2M solution of Cd-oleate in ODE)
dissolved in ODE and a separate solution of octanethiol (84uL) dissolved in ODE (for a total
volume of 6mL for each) were injected at a rate of 3mL/hr. The final solution was then cooled
down and the nanorods were collected by precipitation using acetone followed by re-dispersion
in hexane. At this stage the nanorods had a length of 45nm and a thickness of 6.7nm.

In order to study the effective monodisperisty of the sample as it relates to the optical
properties of the system, the ensemble and average single nanorod spectral correlations were
measured using solution-Photon Correlation Fourier Spectroscopy (s-PCFS, see Fig. 1C). See,
for example, Cui, J. et al., Nature Chem. 2013, 5, (7), 602-606, which is incorporated by
reference in its entirety. From the small difference between the two spectral correlations, one can
readily conclude that the inhomogeneous broadening of the sample only results in a minor

contribution to the overall spectral width. In addition, the particles were highly uniform and
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crystalline at the individual nanorod level as can be seen from the high resolution TEM in Fig.
ID. The uniformity achieved after the second growth step appears to be a significant
improvement from the initial nanorods, where the fast injection frequently results in the
appearance of visible kinks as well as other crystallographic defects such as edge dislocations.

In order to systematically study the evolution of the electronic and optical properties of
the new nanorods, a size series was prepared by first creating a batch of nanorods using the
conventional fast-injection based growth (denoted F1), which was then subjected to one or two
additional slow growth steps to create three new samples, which was denoted in the order of
increasing thickness as S1, S2, and S3. As can be seen from table 1, while the length of all the
four samples is almost unchanged, the thickness varies from 5.4nm for F1to 6.1, 7.1, and 8.1 in
S1, S2, and S3 respectively. By taking into account the initial size of the core (~4nm) and the
thickness of each individual CdS layer, the change in the number of CdS monolayers can be
estimated to be from 2 in S1 to 4, 5, and 6 respectively in S1, S2, and S3.

Table 1: Dimensions and Fluorescence Quantum Efficiency of Nanorod Samples

Sample  Height Width Quantum Yield
(nm) (nm) (%)

S1 48 6.1 95+ 1%

S3 50 8.1 85+ 1%

Characterization of core-shell nanorods

Absorption spectra were recorded using a Cary 5000 spectrophotometer and emission
spectra were recorded using a Fluoromax-3 spectrofluorometer. Quantum yield measurements
were taken using a Labsphere integrating sphere using a SmW, 405nm as the source, chopping
the beam at 210 Hz and collecting the output using a calibrated silicon detector through a
Stanford Research Systems lock-in amplifying system. The polarization dependent studies were
carried out using 488nm light from an Argon Ion laser as the excitation source and a PI-MAX3
ICCD as the detector.

The fluorescence spectra of these samples are shown in Fig. 2A. As the shell volume was

increased the spectra continuously redshifted and the lineshapes slightly broadened as expected
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from the known tendency of the electron to delocalize into the shell across the quasi type-II
barrier typical of CdSe/CdS heterostructures. An interesting qualitative difference between the
spectra is revealed when re-plotting the data on a logarithmic scale (Fig. 2b). In addition to the
band-edge luminescence, one can distinguish an additional red-shifted band in some of the
spectra. Such a feature is ubiquitous to CdSe or CdS based nanoparticles and while its origin has
not been definitively identified, it is generally attributed to defect states either at the surface of
the nanoparticle or at the core/shell interface and is for this reason usually denoted as the #rap
band in these materials. See, for example, Kambhampati, P., Chem. Phys. 2015, 446, (0), 92-107,
which is incorporated by reference in its entirety. What is interesting is that while this feature is
strongly pronounced in the initial CdSe cores and still clearly apparent in the initial nanorods,
this band is highly suppressed in the samples subjected to the second slow shell growth. Indeed
the feature is essentially undetectable in the two thinner nanorod samples (S1 and S2) and only
re-emerged in the thickest sample (S3), but even then remained much weaker than in the initial
nanorods. It is possible that the reduction of the defect band is in part due to the large degree of
uniformity and crystallinity of the shell and a better passivation of the surface.

The fluorescence quantum yield of the four nanorod samples were then measured using
an integrating sphere (see Table 1). The excitation wavelength was selected to be 405nm in order
to ensure that the majority of the absorption occurred directly into the shell. The initial quantum
yield of the nanorods after the first growth was only moderate at 60%, which already represented
a reduction from the higher values (70%+) measured for nanorods made from the same batch of
cores but having a shorter shell. Upon growing a thin shell using the slow growth method
(sample S1), the quantum yield increased to 90%. A similar sample having a thicker shell (S2)
was measured to have a quantum yield of 100%. This significant increase in the quantum yield
even as the shell volume was increased, suggests a strong suppression of the non-radiative decay
channels present in the initial nanorods. It was only when growing the shell further that the
quantum yield decreased, a value of 90% being measured for the thickest-shelled nanorods in
this series. This final decrease in the quantum yield may largely be due to the gradual
lengthening of the radiative lifetime as the shell volume was increased (see Fig. 2D), which
again made the remaining non-radiative decay channels competitive with radiative

recombination.
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The evolution of the normalized absorption spectra from the CdSe cores to the nanorod
series is shown in Fig. 2C. At high energies (above 500nm), where most of the absorption is
mediated by the CdS shell, the spectra remain relatively constant, barring the gradual
disappearance of the sharp features as the CdS shell gradually transitions from the quasi-one
dimensional confinement to its bulk-like limit. However, as in the case of spherical CdSe/CdS
quantum dots, the biggest change observed in the spectra consists in the relative reduction of the
first excitonic features (see the inset of Fig. 2C) compared to the CdS band as the volume of the
shell increases and consequently the volumetric ratio of CdSe to CdS decreases. Because
virtually all of the spectral overlap between the emission and absorption spectra of the nanorods
occurs through this first excitonic feature, its relative reduction directly leads to a decrease in the
effective reabsorption of these materials. Indeed, for the sample with the largest shell volume
(S3), the absorption at the fluorescence maximum is reduced by two orders of magnitude
compared to its value in the CdS band. Such a low reabsorption is comparable to values
previously reported for giant-shelled CdSe/CdS quantum dots and represents one of the lowest
levels of reabsorption measured in inorganic or organic materials.

One additional advantage of dividing the shell growth in two steps is to allow for an
independent control of the length and thickness of the nanorods, allowing for the synthesis of
uniform particles with a wide range of aspect ratios for any particular length. The shell thickness
can be increased by adding additional precursors during the second growth. The length width
aspect ratio of the nanorod can be between 1 and 20. While conventional fast growth techniques
yield highly uniform particles with a tunable length, changing the thickness has proven to be
much more challenging since varying most synthetic parameters such as the amount of
precursors injected and the reaction time predominantly affects the length while leaving the
thickness largely unchanged. While some progress has been reported and preparing thicker
shelled nanorods by using a higher injection temperature, this approach nevertheless still resulted
in coupled growth of the nanorods along both their long and short axes. See, for example,
Pisanello, F. et al, Adv. Mater. (Weinheim, Ger.) 2013, 25, (14), 1974-1980, which is
incorporated by reference in its entirety. In contrast, using our method, because the first step
results predominantly in growth along the long axis, while the second step results in a uniform
growth in all directions, it becomes possible to separately vary each of the dimensions, making it

simple to synthesize nanorods with the desired combination of length and thickness.
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One key property exhibited by the nanorods grown using the current method is that in
contrast to other large volume CdSe/CdS particles, they exhibit effectively complete energy
transfer from the shell to the core. Such a result could be anticipated from the fact that a unity
quantum yield was measured even when exciting at 405nm, where most of the absorption
occurred directly into the shell. A more systematic demonstration of this property follows from
the analysis of the excitation-emission spectrum of the nanorods, shown in Fig. 3B, which shows
the variation of the fluorescence spectrum of the nanorods as a function of the excitation
wavelength. Upon normalizing the spectrum to the peak of the fluorescence at each excitation
wavelength (Fig. 3B), it is apparent that the spectrum remains completely unchanged, suggesting
that the exciton is always able to equilibrate on a time scale much faster than the fluorescence
lifetime. Upon taking a cross-section of the 2D plot prior to normalization (or equivalently
directly measuring an excitation spectrum), the resulting spectrum tracks the absorbance
spectrum completely. This behavior indicates that excitation at any wavelength if absorbed is
equally likely to ultimately result in radiative recombination. The reason that the energy transfer
in these nanorods is significantly more efficient than in conventional nanorods of similar
dimensions may be due to the higher uniformity of the shell, which results in a suppression of the
surface traps that may otherwise prevent the exciton from localizing to the core. See, for example,
Wu, K. et al., ACS Nano 2015, which is incorporated by reference in its entirety. It should be
pointed out that upon magnifying the spectral range around 500nm, one can observe a very small
peak as shown in the inset of Fig. 3D, presumably due to emission of light from the CdS shell
prior to thermalization. The integrated area of this feature is about 10,000 weaker than the
integrated band-edge spectrum, which is consistent with the fact that the typical carrier
localization timescale (~40ps) is about 1000-10000 times shorter than the typical intrinsic
radiative lifetime of CdS nanostructures (~10ns).

Finally, in order to assess the degree of polarization of the nanorods, polarization-
dependent single particle fluorescence spectroscopy was performed. It would be interesting to
see whether the thickest shell nanorods would exhibit the same degree of polarization (P.,
defined as the difference of the orthogonally polarized components of the fluorescence divided
by the total fluorescence intensity) as the conventional, thinner nanorods obtained after the initial
first injection. The experimental set-up that was used is shown schematically in Fig. 4A (a

detailed description of the experiment is described in the supplementary information). The
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sample consisted of a dilute solution of nanorods spun cast onto a coverslip, which allowed for a
clear separation between individual particles. The nanorods had a length of 63nm and a thickness
of 10nm, resulting in an aspect ratio (the ratio of the length to the width) of approximately 6. A
typical trace showing variation of the fluorescence intensity as a function of the polarizer angle is
shown in Fig. 4B, from which the degree of polarization can be estimated to be ~65%. This value
is comparable to values that have been previously reported for nanorods that had a similar aspect
ratio, but with a thinner shell (and a proportionately shorter length). Such a result is consistent
with the theoretically predicted component of the fluorescence polarization that is attributable to
the dielectric environment, as this contribution should only depend on the aspect ratio rather on
the ratio of the length and the width of the shell, rather on their absolute dimensions. See, for
example, Shabaev, A. et al., Nano Lett. 2004, 4, (10), 1821-1825, which is incorporated by
reference in its entirety.

Other embodiments are within the scope of the following claims.

10
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WHAT IS CLAIMED IS:

1.

10.

11

12.

A method of preparing a core-shell nanorod comprising growing a shell of a core-shell
nanorod (M1X1)M2X2 in a solution through a slow-injection of M2 precursor solution
and X2 precursor solution to a suspension of M1X1 nanocrystals, wherein the core-shell
nanorod includes a M1X1 core.

The method of claim 1, wherein the core nanocrystal includes CdSe.

The method of claim 1, wherein the shell includes CdS.

The method of claim 1, wherein the solution includes an acid.

The method of claim 1, wherein the solution includes an amine.

The method of claim 1, further including degassing the solution.

The method of claim 1, further including growing the core-shell nanorod at a temperature

of no higher than 310 °C.

The method of claim 1, wherein the slow-injection rate of M2 precursor is less than 0.4

mmol per hour.

The method of claim 1, wherein the slow-injection rate of X2 precursor is less than

0.4mmol per hour.

The method of claim 1, wherein the M2 precursor solution includes 1-octadecene.

. The method of claim 1, wherein the X2 precursor solution includes 1-octadecene.

The method of claim 1, wherein concentration of the M2 precursor is between 0.05 M —

0.20 M.

11
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13. The method of claim 1, wherein concentration of the X2 precursor is between 0.07 M —

0.30 M.

12
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