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Abstract: Semiconductor quantum dots have been on demand for niche optoelectronic
applications providing color tenability and possessing high quantum yield and high extinction
coefficient. Although the investigation of II-VI have attained a mature level of understanding
of the photo physical properties, suppression of the nonradiative decay channels and
enhancing the optical properties for I1I-V material systems still remain a challenge. In this
study, we have developed and demonstrated a simple, very fast, and efficient strategy to
synthesize the highly luminescent III-V group based In(Zn)P quantum dots (QDs) utilized by
the effect of core growth temperature, revealing their emission kinetics and their outstanding
application for white light generation. Varying the core growth temperature from 240°C to
90°C, limiting the extent of the precursors involved in the synthesis, and a substantial
enhancement of the photoluminescence quantum yield up to 75% is demonstrated. Further
modification of the synthesis procedure with optimizing the In:P precursor ratio for the first
time up to 88.5 + 5.5% quantum yield of alloyed core/shell In(Zn)P/ZnS QDs is achieved, in
which the whole synthesis process takes only around one hour. In addition, as a
demonstration of Cd-free pellets, versatile pellets of green and orange emitting QDs within
KCI macrocrystals are prepared. Hybridizing with blue LED, a white light with correlated
color temperature of 4597K along with an unprecedentedly high color rendering index of 90
is presented.
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1. Introduction

Since their first appearance in 80s, semiconductor quantum dots (QDs) have been on the spot
serving for the energy efficient applications [1]. The ease in the modification of their optical
properties by changing the chemical composition or size, altering their functionalization by
the modification of the functional ligand groups attached, and the versatility in their
processing (i.e., solution process-ability) have made them promising alternative agents when
compared to epitaxial grown nano structures [2]. Thanks to their narrow emission profile and
high photoluminescence quantum yield, these particles have started to take part in the
development of the high- end technology, on one side serving as energy harvesting agents for
solar energy applications [3, 4] and white light generation [5, 6], on the other hand acting for
in vivo imaging in biotechnology [7, 8]. Along with the efforts on the chemical synthesis, the
methods of “heating up” or “hot injection” have been found to be leading routes for the
synthesis of these particles [9]. As the quantum confinement mechanism taken into account,
the efficient carrier confinement at the nano-scale core is achieved by means of using a wide
band gap material, by suppressing the nonradiative decay channels in the recombination
process. With the synthesis approaches and recipes developed, the materials of the II-VI
semiconductor family, including CdSe [10, 11] and CdTe [12] quantum dots have now been
established to possess near unity quantum yield and narrow size distribution. However, InP
based quantum dots suffer from the lower quantum yield and wider emission spectral
bandwidth as compared to CdSe based counterparts. In the literature, Tessier et.al,
demonstrated the color tunable InP/ZnS and InP/ZnSe quantum dots in the range of 510-630
nm with emission band width of 46-63 nm, using indium halide and aminophosphine
precursors [13].

In their report the measured quantum yield is given as 79% (maximum) for the particles
possessing 70 nm full width at half maximum (FWHM) value. Regarding the efforts in
achieving QDs with narrow FWHM, our group recently demonstrated InPZnS alloyed
core/ZnS shell quantum dots with up to 45nm FWHM value and quantum efficiency level of
78% [14]. Thuy, et al. reported In(Zn)P/ZnS shell quantum dots with quantum yield in the
range of 60-70% [15]. Using heating up method, InP/GaP/ZnS QDs have been achieved with
quantum efficiency reaching 85% [16]. This is one of the highest reported quantum yield
value thus far for InP based materials. Although various methods and recipes have been
employed in order to reveal the emission kinetics and mechanisms of the InP/ZnS quantum
dots, the effect of hot injection temperature for these material systems have not been
investigated thus far.

In addition to the efforts in the synthesis of QDs, the investigations of their solid state
forms also attain considerable interest from the application point of view. Recently, there has
been a great interest in embedding QDs in macrocrystals [17, 18]. The macrocrystals of QDs
have been shown to provide passivation of colloids from the environment and enhance
thermal and photo stability of the QDs. A new era of QD powders [17-21] to open up new
possibilities for the use for optoelectronics.

In that regards, in this report we demonstrate the synthesis of very efficient In(Zn)P/ZnS
QD by the investigation of hot injection temperature and utilize them for the generation of
white light with unprecedentedly high color rendering index of 90. As an important
investigation of the effect of the hot injection temperature, we have varied the growth
temperature of the synthesized quantum dots systematically from 240 °C to 90 °C.
Decreasing the P-precursor injection temperature has provided us achieve narrower FWHM
and higher photoluminescence quantum yield reaching 75%. At temperatures less than 90 °C,
the P-precursor is not reacted sufficiently to provide nucleation and growth of quantum dots.
Further optimizing the recipe by modifying the In:P precursor ratio and other precursors
involved, we have achieved QDs with very high quantum yield, i.e. 88.5 £ 5.5%. Our results
have also been monitored using the time resolved photoluminescence measurements.



Vol. 25, No. 23 | 13 Nov 2017 | OPTICS EXPRESS 28374 |
Optics EXPRESS N BN

In addition, as a potential application of these colloidal QDs, we have incorporated them
with salt macrocrystals and fabricated versatile pellets of Cd-free quantum dots. In a hybrid
approach with inorganic blue LED, the white light generated possesses an unprecedentedly
high color-rendering index of 90, along with correlated color temperature of 4597K.

2. Experimental
2.1 Chemicals and reagents

Indium chloride (InCl;, 98%), stearic acid (CH;(CH;),(COOH, 98.5%), Zinc undecylenate
([H,C = CH(CH,)3CO,]»Zn, 98%), Hexadecylamine (CH3(CH,);sNH,, 98%), 1-octadecene
(C1sHz6, 90%), tris(trimethylsilyl)phosphine ([(CH3);Si]3P, 95%),, Cyclohexyl isothiocyanate
(CsHINCS, 98%), hexane (C¢H 4, 95%), acetone ((CH3),CO, 99.5%)and methanol (CH;0H,
99.8%), Potassium chloride (KCl, 299%). The chemicals and reagents were obtained from
Sigma Aldrich and used without further purification.

2.2 Characterization

Photoluminescence (PL) characterizations were carried out using Agilent-Cary Eclipse
fluorescence spectrophotometer. UV-Vis spectroscopy was performed using Shimadzu 1800
and Thermo Genesys 10S spectrometer. Time resolved photoluminescence (TRPL)
characterization were conducted with Pico Quant FluoTime 200 equipped with 375 nm pulsed
laser diode, Transmission electron microscope (TEM) images and Energy-dispersive X-ray
spectroscopy (EDX) analysis were carried out employing a FEI Tecnai G2 F30 and XRD by
PANalytical: X'pert Pro MPD. Fourier Transform Infrared Spectroscopy (FTIR) were
performed using Thermo Scientific Nicolet-6700 and white LED characterizations were
carried out using fiber coupled StellarNet Inc. Spectrometer and Konika Minolta LS150
Luminancemeter.

2.3 QD Synthesis methods
2.3.1 Method-1

In a typical synthesis for the core and shell materials, we have followed and modified the
recipe outlined by Nann and associates [22], Indium chloride (0.1 mmol), stearic acid (0.1
mmol), hexadecylamine (0.2 mmol) and zinc undecylenate (0.08 mmol) were mixed in 1-
Octadecene (3 ml) into the three-necked flask and degassed (under vacuum) at room
temperature for 5 minutes. Then, Argon (Ar) gas flow has been maintained and the flask is
quickly heated to the elevated temperature, at which the solution of tris (trimethylsilyl)
phosphine (P(TMS);) is introduced to the reaction P(TMS); precursor solution was prepared
inside the glove box by mixing (0.1 mmol, 29 uL) of (P(TMS);) in 1-octadecene (0.5 mL).
When temperature is maintained at a given set temperature, the P-precursor (P(TMS);) is
rapidly injected to the flask during vigorous stirring and the system is kept at that temperature
for 20 minutes. After that, the core solution was cooled down to room temperature and ready
for shell process.

For the growth of ZnS shell, Zinc undecylenate (0.3 mmol) was added into the previously
prepared quantum dot solution at room temperature. The solution was maintained under
vacuum for 5 minutes to remove the moisture and oxygen from the system. Afterwards, the
solution is heated to 220 °C under Ar gas atmosphere. When temperature of the solution
reached to 220 °C, then cyclohexyl isothiocyanate solution (0.15 mmol) in ODE (1mL) was
introduced to the system by syringe pump at 10ml/hour rate. The solution was stirred
vigorously at 220 °C for 20 minutes. Finally, it was cooled down to room temperature for
further purification process of synthesized QDs and 5 ml of hexane added. The mixture of as
synthesized QDs was precipitated by centrifugation (5000 rpm, 5 min) to remove any
insoluble residues and then the particles have been crashed out by adding acetone and
methanol followed by centrifugation (5000 rpm, 15 min). The process has been repeated for
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two times and the purified quantum dots are dissolved in fresh hexane. It is worth noting here
that for the optimization of the cleaning process; after separation of by-product in the
synthesis, instead of one times precipitation with adding acetone and methanol together, the
first precipitation can be carried out by acetone addition (1:2 by volume) and the precipitate
may be discarded. This first step precipitations allow us to remove unreacted species and also
enable size selective precipitation, which provides us settle the larger sized particles with low
quantum yield. By this approach, large and inefficient QD particles are separated from the
first precipitation. The supernatant then is to be precipitated by methanol addition and
centrifugation, which would provide particles with better size distribution and higher
emission characteristics. Finally, the purified quantum dots are dissolved in fresh hexane.

2.3.2 Method-2

Different from Method 1, we have focused on the optimization of In:P ratio and Zn
concentration and ligand concentration in general. In our previous study [14], quantum
efficiency of synthesized In-based Cd-free QDs increased with increasing of In/P ratio. In that
study, In/P ratio changed from 0.8 to 1.4 and QE of obtained nanocrystal’s increased from
41% to 61%. Therefore in Method 2, In/P ratio has been changed from 1 to 1.4. For the In to
ligand ratio, a ratio of 1:3 has been implemented, which has also been to be optimal for In
based synthesis [23]. The kind and concentration of Zn-precursor also affect the quality of
InZnP/ZnS QDs [24]. The concentration of Zn-precursor increased from 0.1 mmol to 0.12
mmol allowing for an optimized Zn amount at the core growth stage. In addition, the solvent
Octadecene has been increased from 3 ml to 4 ml in Method 2 in order to control the core
growth rate. Also shell growth temperature has been increased from 220 °C to 230 °C which
is the most convenient temperature for the formation of ZnS shell materials especially in InP
core nanocrystal. Shell growth time also increased to 30 min.

In this synthesis method, InCl; (0.12 mmol), SA (0.12 mmol), HDA (0.24 mmol) and zinc
undecylenate (0.12 mmol) were loaded in ODE (4mL) into the three-necked flask and
degassed at room temperature (under vacuum) for 5 minutes. Then, the reaction was kept
under Ar gas flow and quickly heated up to 90 °C. The solution of tris (trimethylsilyl)
phosphine (P(TMS);) ((24.65 pL, 0.085 mmol) in 0.5 mL ODE) was introduced to the
reaction flask swiftly under vigorous stirring and particle growth continued for 20 minutes at
90 °C. Finally, the reaction was rapidly cooled down to room temperature.

In this shell process, precursor’s concentrations of zinc undecylenate and cyclohexyl
isothiocyanate were same as previously described in shell process (Method-1), with the only
variation of temperature and waiting time for shell growth process. The temperature for shell
growth was used at 230 °C and kept for 30 min. The purification process of the QDs was
performed same as discussed earlier in (Method-1).

2.4 Preparation of QD macrocrystal pellet

In the preparation of the QD macrocrystals pellet, we have used the modified recipe of QD
salt preparation outlined in literature [21, 25]. After milling process, 0.5 g KCI salt was mixed
with hexane (1 ml), and orange emitting (75 pl) and green emitting (50 pl) QDs dissolved in
hexane (corresponding to green:orange PL intensity ratio 3:1). The solution was stirred 45
minute under room temperature. In order to obtain the powder QD-salt, the mixture was dried
under vacuum assisted desiccator for 30 min. QD salt powder was compressed with Specac
hydrolic pressure system (applying 10 ton per c.a.l cm?) and prepared pellets were stored
under desiccator to prevent from moisture. The pellet prepared with 500 mg KClI is 13 mm in
diameter and 1.94 mm in thickness.

3. Results and discussion

The optical properties of the synthesized quantum dots are given in Fig. 1. The colloidal
quantum dot synthesis recipe has been studied and developed using the recipe in the
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literature, given in Methods section. Unless otherwise stated, core quantum dots have further
been coated with the same ZnS shell coating, using recipe outlined in the manuscript. Figures
1(a) and 1(b) show the spectra by changing of the core injection and growth temperature
systematically from 240 °C to 90 °C, we have observed the blue-shift of the first excitonic
peak and peak emission wavelength of the nanocrystals. The injection of the tristrimethylsilyl
phosphine precursor at lower temperatures has changed the growth kinetics of the particles,
influencing the emission properties and optical quality of the particles. By lowering the core
growth temperatures, the peak emission wavelength has down shifted from 621 to 508 nm,
along with quantum yield increasing from 18% to 75%. Figure 1(c) depicts the change in
FWHM, peak emission wavelength and quantum yield as a function of core injection
temperature.

(a) (b)
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Fig. 1. (a) Absorption spectrum of alloyed core/shell In(Zn)P/ZnS QDs at different
temperatures. (b) Photoluminescence spectrum of alloyed core/shell In(Zn)P/ZnS QDs at
different temperatures. (c) Peak emission wavelength, quantum yield and full width-half
maximum for alloyed core/shell In(Zn)P/ZnS QDs as a function of core growth temperature.

The experimental value of the quantum efficiency for the alloyed core/shell In(Zn)P/ZnS
QDs have been measured by comparing with organic dye [26], Rhodamine 6G, having
quantum efficiency of 95% (dissolved in absolute ethanol), using Eq. (1).
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Here subscripts “s” and “r” stands for the sample and reference respectively, “QE” stands
for quantum efficiency, “I” represent the integrated photoluminescence intensity, “4”
represents absorbance value and “n” stands for the refractive index of the solvent (ethanol for
the respective dye and n-hexane for the QD solvent).

The full width half maximum values of the colloidal quantum dots have decreased from
96 to 63 nm, which is shown to be correlated with the photoluminescence quantum yield
values. The optical properties discussed have further been summarized in Table 1.

Table 1. Photoluminescence peak emission wavelength, quantum yield, emission full
width half maximum value and core growth temperature for cyan, green, yellow, orange
and red emitting In(Zn)P/ZnS quantum dots. (The measured quantum yield values vary

+ 5%, depending on the excitation wavelength of the QDs)

Parameters Cyan Green Yellow Orange Red
PL peak emission wavelength (nm) 508 536 569 602 621
Quantum yield (%) 75 66 35 29 18
FWHM (nm) 63 75 77 88 96
Core growth temperature (°C) 90 130 170 200 240

Regarding the emission quality of the nanocrystals formed with hot injection method, the
observation of the increase in quality of the alloyed core/shell In(Zn)P/ZnS QDs with
decreasing the core injection temperature has systematically been shown. In order to
understand the origin of this behavior, emission kinetics of the alloyed core/shell QDs have
been investigated by time correlated single photon counting method. As has been shown in
Fig. 2, we observed the suppression of the trap states by using lower temperatures for
precursor injection, which is critically important to suppress the nonradiative decay channels.
In agreement with the observation of the enhanced photoluminescence quantum yield, the
time correlated single photon counting measurements have also shown to reflect the
nonradiative decay channels being more dominant for the case of quantum dots with growth
temperatures higher than 90 °C. We have observed faster lifetime decay components
becoming more dominant as the core growth temperature have been increased.

10000 A

1000 4

Photon count

100 4

10+ T T T
0 100 200 300 400
Time (ns)

Fig. 2. Time correlated single photon count decays for alloyed core/shell In(Zn)P/ZnS quantum
dots as a function of core growth temperature.
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The decay curves have been fit with 3-exponentials using the intensity-weighted lifetime
as given in Eq. (2) [27].

AT’
T = Z 11 2
int 1 AiTi ( )
We have calculated the intensity weighted average lifetime to change from 51.81 ns in
case of 170 °C, to 71.47 ns for particles grown at 90 °C core growth temperature (Table 2).
Due to the low quantum yield and wide FWHM value of the particles synthesized at 200 °C

and 240 °C growth temperature, their analysis have not been included in Fig. 2.

Table 2. Photoluminescence decay coefficients and corresponding lifetime values for
In(Zn)P/ZnS quantum dots synthesized by varying the core growth temperature.

Core growth Ti(ns) T, (ns) T3 (ns) T average(NS) )
temperature (intensity) *
L S TR
e REIe mmw e g
e mem e RGeS g

As have been explained in the Methods section, the synthesis starts with the formation of
the alloyed core structure (In(Zn)P) rather than a regular core of InP. The addition of Zn at the
core stage has previously been shown to enhance the optical properties of the nanocrystals,
decreasing the lattice mismatch with the shell material to be over coated [15, 28]. Within this
scope, the alloyed core including the hexadecylamine and stearic acid ligands as well as
indium and zinc precursors have been dissolved and then the P-precursor (tristrimethylsilyl-
phosphine) is introduced to the reaction flask at different temperatures (see Method 1).

In order to the understand the origin of the effect of temperature on the alloyed core
structure, we have done some further characterizations at the core growth stage without shell
coating. Alloyed core structure (In(Zn)P) is characterized with absorbance, steady state PL
measurement and EDX analysis which are given in Fig. 3. In that respect we have seen that,
the particles having low precursor injection temperatures have pronounced absorption peaks
as shown in Fig. 3(a). Also we observe that their absorption and emission spectra are blue
shifted as compared to their final shell coated structures (Fig. 3b and Fig. 1). Regarding the
elemental composition, carrying out the energy dispersive X ray analysis, Fig. 3¢ shows the
elemental composition of the core core sample of which the injection temperature is 90 °C. It
has been shown that the P content of the core is is lower than the In. This is in agreement with
our previous finding that the In-rich content provides particles with higher quantum yield
[14]. Upon the formation of the alloyed core, the particles shown in Fig. 3d are coated with
wider band gap ZnS shell material. The thick shell content employed has a clear influence on
the quality of the synthesized particles.
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Fig. 3. (a) Absorption, (b) emission spectra of alloyed core In(Zn)P QDs, (c¢) EDX analysis of
alloyed core In(Zn)P QDs which has 90 °C core growth temperature, (d) Photo under daylight
for different core growth temperature alloyed core In(Zn)P QDs.

Having observed the effect of particles’ emission quality on the core growth temperature,
we have worked on achieving particles with higher optical performance, optimizing the
synthesis for the particles with core growth temperature of 90 °C. In that regards, we have
increased the shell coating temperature from 220 °C to 230 °C allowing for more time for the
shell coating, and we have tried our optimization route with changing the In:P ratio in the
synthesis, namely using even less P precursor per In employed. Carrying out the synthesis
work with P:In ratio as 0.071:1 as compared 1:1, which have been used previously in Method
1, we have seen a substantial enhancement on the emission quality of the particles. The
redshift of the peak emission wavelength with lowering the P ratio is in agreement with our
previous work [14]. The details of the synthesis of high efficiency particles have been
detailed in the Methods sectionl.

Figure 4 presents the optical properties of the highly efficient particles synthesized at 90
°C. The peak emission wavelength has been found to be 523 nm, along with FWHM value of
68 nm. (It is worth noting here that the excitation wavelength of the emitters has an influence
on the FWHM and peak emission wavelength.) The particles synthesized with the Method 2
outlined in the manuscript have record high quantum yield as compared with reference dye,



Vol. 25, No. 23 | 13 Nov 2017 | OPTICS EXPRESS 28380

Optics EXPRESS

N

and do not possess significant degradation in their emission even after more than one year at
+ 4 °C shelf life. Figure 4(a) presents the absorption and photoluminescence spectra of the
synthesized particles and Fig. 4(b) depicts the photoluminescence excitation spectrum which
resembles the absorption profile. For the photoluminescence and photoluminescence
excitation measurements, a photoluminescence spectrometer (Agilent-Eclipse) with Xe flash
lamp equipped with monochromator on excitation and emission window end has been used.
The monochromators allow for tuning the excitation wavelength precisely using built in slits
as narrow as 1.5 nm and scanning the emission spectra through 190 - 1100 nm window. The
photoluminescence measurement has been carried out by exciting the sample at determined
excitation wavelength and scanning through the visible, whereas the photoluminescence
excitation measurement has been operated by selecting the emission peak wavelength and
scanning the excitation spectra through the high energy spectra. It is also worth noting here
that apart from the early reports by other groups which takes around 6 hours of reaction time
and up to 80% quantum yield [13], the approach presented in this work provided the whole
synthesis process to complete within approximately 1 h time, in a simple way, which is
considered to be crucial for the large scale integration of the whole system; yielding particles
with narrow FWHM and higher quantum efficiency.

In order to understand the origin of the high quantum yield, we have performed time
resolved photoluminescence measurement of the synthesized particles. The decay of the
photon count has been fit with double exponentials and the decay curve is depicted in Fig.
4(c). High resolution transmission electron microscopy (HR-TEM) image for record high
efficiency of alloyed core/shell In(Zn)P/ZnS QDs is given in Fig. 4(e).
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Fig. 4. (a) Absorption and emission spectra, (b) Photoluminescence excitation spectrum, (c)
Time resolved photoluminescence spectrum, (d) Photo (up) under daylight, (down) under UV
illumination, (e) High resolution transmission electron microscopy image for record high
efficiency of alloyed core/shell In(Zn)P/ZnS QDs.
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Amplitudes and corresponding lifetime components of record high efficiency
In(Zn)P/ZnS QDs has been given in Table 3. The fractional intensities of the positive decay
components, extracted from the FluoFit software (PicoQuant) is given as 91.35% for the long
decay component (72.07 ns) and 8.65% for the short lifetime (21.08 ns) component.

Table 3. Amplitudes and corresponding lifetime components calculated for In(Zn)P/ZnS
quantum dots, synthesized by Method 2

Intensity X
A 71 (ns) A, T, (ns) weighted
lifetime (ns)
72643+  72.07+0.28 23513+ 93.5 21.08 +0.97 7.6 1.04
37.1 (91.35%) : : (8.65%) :

The lifetime components both include radiative and nonradiative decays, and in general
the short-lived component correspond to the Auger recombination in QDs, which are known
to be non-radiative. Therefore, hypothetically the fast component may be attributed to the
nonradiative recombination process owing to the short-lived Auger recombination lifetime
[29-31]. In our analysis, we have observed that the short lifetime component only accounts
for the 8.65% fractional intensity of the positive decay components. The 91.35% contribution,
stemming from the radiative decay has confirmed the achievement of alloyed core/shell
In(Zn)P/ZnS QDs with very high quantum yield.

FTIR has been utilized in order to investigate the surface functional groups of the
quantum dots. Figure 5(a) presents the specific functional groups corresponding to the wave-
numbers by FTIR spectroscopy. The observed wave-numbers corresponding to specific
functional groups have been attributed to 722.69 (-CH, asymmetric rock), 909.27(-C = H
vinyl), 992.68 (C-N stretching), 1464.67 (-CH, bending) of aliphatic chain, 1544.70(COO
stretching) of carboxylate anions and zinc existence for QDs, 1641.61 (N-H bending, with
good agreement to isothiocyanate group in shell process), 2853.16 (-CH, stretching),
2921.63(-CHj; stretching) of alkyl chain, 3077.35(-CH = CH, stretching), and 3329.98
em'(N-H stretching, with good agreement to isothiocyanate group in shell process), as
presented in Fig. 5(a) [14, 32, 33]. In order to understand the crystal structure of the
synthesized quantum dots, XRD have been used and corresponding peaks at 27.25, 45.58 and
54.50 degrees are assigned to (111), (220) and (311) planes of the zinc blende structure [22],
which has been shown in Fig. 5(b). HR-TEM image for the In(Zn)P/ZnS alloyed core/shell
quantum dots, which indicates epitaxial growth of shell due to the zinc-blende structure as
shown in Fig. 5(c). The average size of the synthesized alloyed core/shell nanocrystals was
determined by TEM at 2.8 + 0.2 nm. EDX analysis of record high efficiency of alloyed
core/shell InZnP/ZnS QDs is given in Fig. 5(d).
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Fig. 5. (a) Fourier transform infrared spectra of alloyed core/shell In (Zn)P/ZnS QDs. (b) X-ray
diffraction spectrum alloyed core/shell InZnP/ZnS QDs. (c) High resolution transmission
electron microscopy image, (d) EDX analysis for record high efficiency of alloyed core/shell
InZnP/ZnS QDs.

In order to generate white light using colloidal alloyed core/shell QDs, green and orange
emitting QDs were mixed with KCl and prepared powder form of the salt have been stacked
to form the pellet structure, as shown in Figs. 6(a) and 6(b). The details of the preparation of
the QD pellet with the KCI salt are outlined in the Methods section. The prepared pellet is
hybridized with commercially available InGaN blue LED in order to generate the white light,
as presented in Fig. 6(c). Electroluminescence spectrum of the blue LED is shown Fig. 6(d).
Starting with their emission intensity level of 1:1, we have systematically vary the ratio of the
green and orange emitter ratio in order to achieve an optimal white light spectra, which is
found to be on the order of 3:1 for the green to orange emitter. The observed output light
spectrum using 3:1 concentration ratio as given in Fig. 6(e) is attributed to the nonradiative
energy transfer from green to orange QDs, physically in close proximity in their pellet
architecture. The blue LED is operated under 2.75 V and the output light is collected using a
fiber-coupled spectrometer. The overall spectrum has been analyzed and found to generate
white light with color coordinates of (x,y) (0.358, 0.361). The correlated color temperature
corresponding the color coordinates is 4597 K and the calculated color rendering index (CRI)
is 90 (calculation done through software available at
(http://www.graham.auld.me.uk/406/Calculating CRI-CAMO2UCS-v2.xls). The high CRI
stems from the use of spectrally wide emitters along with their balanced ratio to act as an
optimal lighting source, as shown in Fig. 6(e).
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Fig. 6. (a) Photograph of powder form of prepared KCl salt blended with green and orange
emitting QDs. (b) Prepared pellet under UV exposure. (¢) QD pellet hybridized with InGaN
blue LED under operation. (d) Electroluminescence emission spectrum of blue LED, (e)
Spectra of the QD pellet hybridized with InGaN blue LED under operation.

Brightness of the blue LED is tested by Konica Minolta LS-150 luminance-meter without
and with quantum dots embedded in a salt pellet which is prepared with 500 mg KCI salt.
Luminance of blue LED decreased from 278 cd/m? to 43.73 cd/m’ after pellet hybridization.
When we prepared a new pellet with 300 mg KCI, thickness of the pellet decreases from
1.94mm to 1.2mm and the brightness of the blue LED decreased from 278 cd/m?” to 136 cd/m*
in same experimental setup. The efficiency of the blue LED is observed to increase with a
decrease in pellet thickness. Upon these studies, we see that the optimization of the KCI
concentration and quantum dot concentration can lead to a white light with desired optical
characteristics.

4. Summary and conclusion

In conclusion, we have revealed the effect of the emission kinetics of the In(Zn)P/ZnS
quantum dots by modifying the core growth temperature systematically from 240 °C to 90 °C.
We have observed that decreasing the core growth temperature substantially enhances the
optical quality of the synthesized particles yielding quantum yield up to 75%. Carrying out
the research efforts, mainly with optimizing the In:P precursor ratio, we have achieved
In(Zn)P/ZnS quantum dots with up to 88.5 = 5.5% quantum yield, as the first time
demonstration of record high efficiency for this material system. The observed high quantum
yield with lowering the core growth temperature is attributed to partial decomposition of the
P-precursor at low temperature, which provides relatively rich In surface (high In:P ratio),
which has systematically influenced the quantum yield value. Besides the structural
characterization, the emission kinetics has been investigated using time resolved
photoluminescence measurements. It was shown that the radiative decay contributes to the
91.35% of the fractional intensity of the decay components. In an effort to utilize these
emitters for the generation of white light, we demonstrate InP based QDs in their pellet
architecture and have achieved correlated color temperature of 4597 K and color rendering
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index of 90. The achievement of the record high efficiency alloyed core/shell In(Zn)P/ZnS
QDs using a simple and fast process, the results presented for the effect of the hot injection
temperature, as well as the particles’ application to white light emitting diodes in their pellet
form are believed to open up new possibilities and prospects for the future applications of I11I-
V colloidal quantum dots.
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