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ABSTRACT: Eco-friendly green Zn−Ag−In−S (ZAIS) and
red Zn−Cu−In−S (ZCIS) core/shell-like alloyed quantum
dots (QDs) have been synthesized by a facile hot-injection
method with a multiple injection approach. Broad full-width at
half-maximum (fwhm) of the photoluminescence (PL)
emission and tunability of the green ZAIS and red ZCIS
QDs were obtained by adopting a low-temperature core growth
and high-temperature multiple alloyed reaction. The alloyed
green ZAIS and red ZCIS QDs reached PL quantum yields as
high as 0.61 and 0.53; fwhm of the PL peaks were as wide as 81
and 106 nm, respectively. This demonstrates the practical
realization of white down-converted light-emitting diodes (DC-LEDs), fully covering the whole visible wavelength range and the
cyan gap, using two broad fwhm green ZAIS and red ZCIS QDs. We also characterized the vision and color performance using
luminous efficacy (LE), color rendering index (CRI), special CRI for strong red (R9), and color quality scale (CQS) of white
DC-LEDs incorporated with green ZAIS and red ZCIS QDs at the correlated color temperature (CCT) range of 2700−10 000
K. The tricolor white DC-LED using broad fwhm green-emitting ZAIS and red-emitting ZCIS core/shell-like alloyed QDs
exhibits a moderate LE (31.2 lm/W) and ultrahigh color qualities (CRI = 97, R9 = 97, and CQS = 94) with warm white at a CCT
of 3500 K.
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■ INTRODUCTION

Over the past decade, both eco-friendly III−V and I−III−VI
based semiconductor quantum dots (QDs) have been
intensively investigated in an effort to replace commonly
available II−VI based QDs, which are environmentally harmful,
which, in turn, limits their suitability for most optoelectronic
device applications.1−7 Various synthetic approaches for highly
efficient III−V and I−III−VI based QDs have been studied
extensively for application to a variety of unique devices, such
as QD-based light-emitting diodes (LEDs),8,9 white down-
converted (DC) LEDs,10,11 photovoltaic cells,12,13 and
bionanodevices related to biotagging14,15 due to their excellent
optical and electrical properties.
Among the many physical properties of QDs, the full-width

at half-maximum (fwhm) of the emission spectrum is one of
the key factors to determine the suitability of certain optical
properties of QD-based LEDs for applications in QD-LED
displays or white DC-LED lighting. As previously reported, it is
well-known that III−V type QDs have a narrow emission
spectrum; however, I−III−VI type QDs have a broad emission
spectrum if the size distribution of QDs is narrowed.16,17 It is
also known that the narrow emission spectrum is mainly due to
band-to-band recombination; however, a broad emission
spectrum is usually obtained from donor−acceptor (D−A)
pair recombination of QDs.18,19 In view of application to
indoor lighting, QDs with a broad spectrum are better for use

in the DC layer of white LEDs. The enlarged fwhm of the QD
emission spectrum with a homogeneous size distribution makes
it possible to improve the color rendering index (CRI) and
color quality scale (CQS), which determine the color quality of
white light. CRI and CQS are the most important figures of
merit of artificial lighting for the evaluation of color
performance,20,21 which compares the spectral power distribu-
tion (SPD) of artificial lighting with that from the Sun. Both
CRI and CQS of 100 represent ideal white sources.
Before recent developments of I−III−VI based QDs with a

broad emission spectrum, most QD-based white DC-LEDs
were fabricated by mixing and coating one or two inorganic
phosphors and/or one or two narrow-band CdSe-based II−
VI22−27 or InP-based III−V10,28,29 QDs onto a blue LED to
attain a high CRI with warm white. However, CdSe or InP QD-
based DC-LEDs have exhibited CRIs of less than 92 with warm
white.27,28 Nonetheless, they are still lower than the best high
CRIs of inorganic phosphor-based DC-LEDs.30,31 Following
the development of broad band I−III−VI based QDs for white
DC-LEDs,32−34 CuInS2 based QDs were suggested as a
promising red emissive phosphor for warm white LEDs
applications.35 Many approaches using I−III−VI-based QDs
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were developed to enhance the CRI of white DC-LEDs and
they are summarized in Table 1.10,35−41 These high CRIs are
possible mainly because the emission bandwidths of the I−III−
VI2/ZnS QDs available to date are substantially broader, that is,
less color-pure to cover the low emission efficiency in the
yellow and red regions, than those of their II−VI and III−V
rivals. The best reported CRIs of QD-based DC-LEDs were
obtained by integrating green and red CuInS2-based QDs with
blue emitting InGaN chips. The as-fabricated white DC-LEDs
showed a CRI of 95, luminous efficiency of 67.8 lm/W, and
correlated color temperature (CCT) of 4694 K.37 However, the
CRI values of green and red I−III−VI-based QD-coated LEDs
were still limited to values as high as ∼95 at CCT of ∼4700 K,
which is higher than that (2700−3500 K) of warm white. Due
to the presence of the cyan gap between the blue LED
spectrum and the green QD spectrum in most warm white QD-
based DC-LED lighting, a satisfactory solution to produce a
green and red QD-based DC-LED (tricolor) structure that can
guarantee a high CRI over 95 for use in warm white (CCT of
2700−3500 K) has yet to be reported.
To enhance the CRIs and CQSs of QD-based DC-LEDs at

warm white color, it is also necessary to develop broad-band
green QDs that can cover the cyan color and have sufficient
photoluminescence quantum yield (PL QY). Quite recently, we
developed a Zn−Ag−In−S (ZAIS) core/shell-like alloy QD as
a member of the solid solution I−III−VI and II−VI QDs,
which show a good PL QY (>0.50) with a broad full width at
half-maximum (fwhm >85 nm).32 Compared to the case of
typical Zn−Cu−In−S (ZCIS)-based QDs, with the ZAIS-based
QDs it is slightly easier to produce bluish green emissive
samples with good PL QYs and broad fwhm through the
formation of a core/shell-like alloy. In this study, broad fwhm
green- and red-emitting non-Cd QDs of ZAIS and ZCIS core/
shell-like alloy QDs42 were synthesized using a facile hot-
injection method with multiple injection reactions. The low-
temperature core growth and high-temperature alloyed reaction
approaches were used to synthesize the core/shell-like alloyed
green ZAIS and red ZCIS QDs with broad fwhm of the
photoluminescence (PL) emissions. In addition, the emitting
wavelengths of the ZAIS QD and ZCIS QD were optimized
using a green and red color converter to attain tricolor DC
white LEDs with high CRIs and CQSs of over 90 in a wide
CCT range from 2700 to 10000 K. Finally, we reported the
detailed optical properties of a tricolor white DC-LED with
wide fwhm of green ZAIS (>80 nm) and red ZCIS (>100 nm)
based QDs that, when combined with a blue LED, can
simultaneously achieve CRI > 94, special CRI for strong red

(R9) > 79, and CQS > 92 at a wide CCT range between 2700
and 10000 K.

■ EXPERIMENTAL METHODS
Materials. All chemicals were used without further purification.

Silver nitrate (AgNO3, 99%, Aldrich), copper iodide (CuI, 99.999%,
Aldrich), indium(III) acetylacetonate (In(acac)3, 99.99%, Aldrich),
indium(III) acetate (In(ac)3, 99.99%, Aldrich), sulfur (S, 99.98%,
Aldrich), zinc stearate (10−12% Zn basis, Aldrich), zinc acetate
dihydrate (Zn(ac)2, reagent grade, Aldrich), 1-octadecene (ODE, 90%,
Aldrich), oleic acid (OA, 90%, Aldrich), 1-dodecanethiol (DDT, 98%,
Aldrich), oleylamine (OLA, 70%, Aldrich), and trioctylphosphine
(TOP, 90%, Aldrich) were obtained from Sigma-Aldrich in order to
synthesize ZAIS and ZCIS QDs. Silicone binder (OE-6636 A/B kit,
Dow Corning Co.) was obtained to make ZAIS and ZCIS QDs mixed
paste. The cup-type InGaN LED (λmax = 445 nm, Dongbu LED, Inc.)
were utilized as blue light source.

Synthesis of Green ZAIS QDs.32 For AIS core QD growth, 0.1
mmol of AgNO3, 0.4 mmol of In(acac)3, 1.5 mmol of OA, and 25
mmol of ODE were placed into a three-neck flask. The reaction
solution was purged through N2 gas for 20 min at room temperature
and quickly heated to 90 °C so that 4.0 mmol of DDT could be added
as the main capping material into the reaction mixture. After the
addition of DDT, the mixture was maintained at the same temperature
to allow reaction between the core precursor and DDT for 30 min
with N2 gas purging. Then, as the S source of AIS core QDs, 0.65
mmol of S dissolved in 4.0 mmol of OLA was injected into the three-
neck flask at 120 °C, and the crude AIS core QD solution was reacted
for 3 min. The first shell solution, consisting of 0.4 mmol of Zn
stearate and 0.4 mmol of S dissolved in 0.4 mmol of TOP, was then
quickly added to the AIS core QD solution. The ZnS shell growth
temperature was controlled up to 180 °C, and the reaction pot was
maintained at the same temperature to allow the growth of ZAIS for 2
h. After the reaction, the second ZnS shell solution was injected again
into the mixture and heated to the reaction temperatures of 210, 220,
and 230 °C for 2 h. To control the emission wavelength of the green
ZAIS core/shell-like alloy QDs, the third ZnS shell solution was
injected again at each reaction temperature and reacted for 2 h. The
crude green ZAIS QD solution was purified with centrifugation and
stored in chloroform.

Synthesis of Red ZCIS QDs.33 For CIS core QD growth, 0.125
mmol of CuI, 0.5 mmol of In(ac)3, 2 mmol of DDT, and 15 mmol of
OLA were placed in a three-neck flask. The reaction solution was
degassed for 15 min at 120 °C and purged through N2 gas for 15 min.
Subsequently, as the S source of CIS core QD, 3 mmol of S dissolved
in 9 mmol of ODE was injected into the three-neck flask at 160 °C,
and the crude CIS core QD solution was reacted for 3 min. The first
ZnS shell stock solution, consisting of 5.3 mmol of zinc acetate
dihydrate dissolved in 16.8 mmol of OA and 8.3 mmol of ODE, was
then added drop-wise at a rate of 2.0 mL/min into the CIS core
solution, and the reaction temperature was controlled up to 220, 230,
and 240 °C for 30 min. After the first ZCIS reaction, the second ZnS

Table 1. Properties of I−III−VI QD-based White DC-LEDs in Previously Reported Works

color-converting materials luminous efficacy (lm/W) applied current (mA) CCT (K) CRI ref

green InP/ZnS + red CIS/ZnS 45.5 20 3803 90 10
yellow YAG:Ce + red CuInS NCs 91.4 20 5420 81.9 35
yellow YAG:Ce + orange 45.4 20 4764 93.1
Silicate:Eu + red CuInS QDs 45.1 20 3800 91.8
yellow YAG:Ce nanophosphor + red CIS/ZnS QD 21.1 1200 3934 84.6 36
green CIS/ZnS QDs + red CIS/ZnS QDs 67.8 20 4694 95.3 37

69.4 20 5322 95.1
bicolor green and orange CIS/ZnS:Mn/ZnS QD 61 20 4000−6000 83 38
green Ba2SiO4:Eu + orange CIS/ZnS QD + red CIS/ZnS QD 32.7 20 6552 90 39
green Carbon dots + red Zn−Cu−In−S QDs 20 5749 93 40
green CIGS/CIGS-ZnS/ZnS QDs + red InP/ZnS QDs 34.7 20−80 5322 94 41

3691 92
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shell stock solution, consisting of 5.3 mmol of zinc stearate dissolved
in 11.1 mmol of DDT and 16.7 mmol of ODE, was injected drop-wise
at a rate of 2.0 mL/min into the ZCIS solution at each reaction
temperature and reacted for 2 h. The crude red ZCIS QD solution was
purified with centrifugation and stored in chloroform.
Fabrication of Green−Red QD-based Single-Package DC-

LED. For the fabrication of a green−red QD-based single-package DC-
LED, an InGaN blue LED (λmax = 445 nm) was used as an excitation
source, and green ZAIS and red ZCIS QD solutions were prepared
with optical density values of ∼3.0 at 450 nm in chloroform. The
prepared green and red QD solutions were mixed with silicone binder
and heated on a hot plate to evaporate the chloroform in the mixture
at 90 °C for 30 min. These final green ZAIS and red ZCIS QD pastes
were dispensed into an InGaN blue LED cup as a function of weight
ratio. For the white DC-LED based on dual green and red QD color
converters, mixtures of green emissive ZAIS, red emissive ZCIS, and
silicone binder with various weight ratios of 28:1:82, 32:1:110,
40:1:160, 43:1:206, 50:1:283, and 54:1:445 were used for 2700, 3500,
4000, 5000, 6500, and 10 000 K, respectively.
Characterization.32 The optical properties of the QDs were

measured using a UV−vis spectrometer (S-3100, SINCO Co., Ltd.)
for absorbance and a Xe-lamp and spectrophotometer (Darsa, PSI
TRADING Co., Ltd.) for PL. The QY of the QDs was calculated with
a commercial dye (Rhodamine 6G, QY = 95% in ethanol) as a
reference by comparison of the integrated PL intensities. The
structural properties of the QDs were investigated by X-ray diffraction
(XRD) with Cu Kα radiation (D-max 2500, Rigaku), and the size,
shape, and lattice of the QDs were measured by transmission electron
microscopy (TEM) with 200 kV (JEM-2100F, JEOL Ltd.). The
optical properties of the DC-LEDs were measured in an integrated
sphere by using a spectrophotometer (Darsapro-5000, PSI TRADING
Co., Ltd.) with an applied current of 60 mA. The current dependence
of the DC-LEDs was measured as a function of applied current from
10 to 120 mA with a 10 mA interval.

■ RESULTS AND DISCUSSION
Both AIS and CIS QDs can be easily alloyed with ZnS to
control the band gap and the wavelength of PL emission.
Herein, ternary AIS and CIS core QDs and quaternary ZAIS
and ZCIS core/shell-like alloy QDs are efficiently synthesized
via a facile hot-injection route with multistep reactions of a low-
temperature core synthesis and high-temperature alloying
process.43−45 As described in the Experimental Methods
section, both the green ZAIS and the red ZCIS-alloyed QDs
were synthesized by a three-step heating process involving core

growth, a first alloying process, and a second alloying process.
Figure 1a−d shows the typical UV−vis absorption and PL
spectra of the core and alloyed QDs of both the green ZAIS
QDs and red ZCIS QDs. It can be seen that the band gap and
consequent emission energies of the ternary AIS and CIS QDs
are significantly shifted to the blue wavelength by incorporating
a Zn constituent, forming quaternary ZAIS and ZCIS core/
shell-like alloy QDs. Here, the narrow bandgaps of the AIS and
CIS QDs can be widened by forming an alloy (solid solution)
with the ZnS shell with a wide bandgap through a bandgap
engineering process. As a result of controlling the bandgap, the
wavelengths of the absorption and emission spectra of the AIS
and CIS semiconductor QDs are also altered in the desired
manner by changing the chemical composition of the ZAIS and
ZCIS alloyed QDs. We obtained the appropriate emission
colors and color coordinates of the green and red-emitting QDs
for their application to white DC-LEDs by optimizing the
reaction temperature and time of the alloying step. As
previously reported, it is considered that both the absorption
and emission peaks of both green ZAIS and red ZCIS QDs
move to a higher energy side as a result of not only the alloying
process but also the etching process during the alloying step. It
was reported that the blue shift of the alloying process is
attributable to the formation of solid solutions with wider band
gaps of ZnS, to the surface etching of I−III−VI QD during the
shell growth and, consequently, to the reduction of effective
core QD size.46,47

Here, the variations of the peak wavelength, fwhm, QY, and
CIE color coordinates of the green ZAIS and red ZCIS QDs are
displayed as a function of the shelling, alloying, or both reaction
step of the ternary AIS or CIS cores and ZnS (Figure 1e−h).
The peak wavelengths of the last alloyed green ZAIS and red
ZCIS QDs reached 501 and 606 nm with fwhm values of 81
and 106 nm, respectively. The PL QYs of all the ZAIS and
ZCIS alloyed QDs are enhanced by adding ZnS to the core
QDs, irrespective of the I−III−VI core material, as previously
reported.2,11 The PL QYs of the resultant green ZAIS and red
ZCIS QD samples reach about 0.61 and 0.53, respectively. In
particular, the PL QYs of the ZCIS alloy QDs were almost 41
times higher than those of their CIS core counterparts, whereas
the ZAIS alloyed QDs show QYs enhanced about 1.8 times

Figure 1. (a) UV−vis absorption (inset, band gap) and (b) normalized PL spectra of core and alloyed QDs of green ZAIS QDs. (c) UV−vis
absorption (inset, band gap) and (d) normalized PL spectra of core and alloyed QDs of red ZCIS QDs. (e) Peak wavelength, (f) fwhm, (g) QY, and
(h) CIE color coordinates of the green ZAIS and red ZCIS QDs as a function of alloying reaction step; (inset) photographs of emission of ZAIS and
ZCIS QDs. The arrows in panels b, d, and h indicate the increased number of alloying reaction steps.
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compared to the original bare AIS cores. These significant
differences of PL QY enhancement levels may be understood
based on the earlier hypothesis that AIS core QDs have lower
surface defect density than do CIS core QDs. As explained in
our previous publications,18,32 if the passivation of the core-
alloy surface by the ZnS shell filled most of the surface states
present for all the ZAIS and ZCIS QDs, the surface state-
related nonradiative recombination would no longer be
dominant; then, only the intragap internal states and their
concentrations would govern the radiative recombination and
determine its efficiency, respectively, resulting in similar values
of PL QY for ZAIS or ZCIS alloyed QDs and even resulting in
a slight decrease of PL QY of the ZAIS alloyed QD after
multiple ZnS injection reactions. These values indicate that the
resultant green ZAIS and red ZCIS QDs show adjustable peak
wavelengths and color coordinates with proper QY and wide
fwhm for application in green and red color converting white
DC-LEDs.
The formation of alloyed crystals in both the green ZAIS and

red ZCIS QDs samples can be seen in the XRD measurements
and via HR-TEM observation. As shown in Figure 2, the XRD

patterns also indicate that three broad peaks exist in all core and
multiple alloyed QD samples. As previously reported, the three
broad peaks are a typical feature in the XRD patterns of I−III−
VI and ZnS alloyed QDs.2,48−50 The XRD data also indicate
that the three broad peaks of the cubic AgIn5S8 and tetragonal
CuInS2 QD samples have shifted to a higher angle after ZnS
alloying. Each shifted peak is located between the correspond-
ing peaks of the bulk cubic ZnS and the c-AgIn5S8 and t-
CuInS2, respectively. These facts also confirm that the obtained
ZAIS and ZCIS QD powders are not a mixture of ZnS and AIS
or CIS but are almost solid-solutions of ZnS−AIS or ZnS−CIS.
Figure 3 provides HR-TEM images of the green ZAIS and red
ZCIS QDs prepared at 120, 180, 220, and 220 °C and 160, 230,
and 230 °C, respectively, at the very beginning of the focus
stage of the HR-TEM measuring process, that is, at a focus time
of less than 10 s. Similar to the TEM images used in previous
publications, TEM images of both ZAIS and ZCIS QDs reveal
that the oval shape single crystals have a clear single and
continuous lattice fringe with interplanar spacing of 0.322 and
0.312 nm for the ZAIS and ZCIS QD, respectively.50,51 This
reveals the highly crystalline nature of the as-synthesized ZAIS
and ZCIS QDs. The measurements of the single lattice spacing,
and no evidence of the formation of an interface between I−
III−VI and ZnS in both green ZAIS and red ZCIS QDs, also
confirm that these two samples were the result of the coherent
epitaxial growth of shells or solid-solutions, irrespective of the

crystal phases of the core AIS and CIS QDs. The average
diameters of the ZAIS- and ZCIS-alloyed QDs from the TEM
measurements were found to be approximately 3.9 and 4.4 nm,
respectively.
Table 2 summarizes the optical properties and synthetic

conditions of the three green ZAIS alloyed QDs and the three

red ZCIS alloyed QDs in order to show the possibility of finely
tuning the peak wavelength and determining a good green and
red candidate for wide-band QD-based RGB tricolor white
LED. The peak wavelengths of the three green ZAIS alloyed
QDs are located between 491 and 526 nm, with broad fwhm
values over 81 nm. Otherwise, the peak wavelengths of the
three red ZCIS alloyed QDs are located at 589 and 614 nm,
with broader fwhm values over 98 nm (Figure 4a,b).
In this experiment, even though the emission peaks of the

broad-bandwidth alloyed QDs are not in general easily tuned to
the wavelength by controlling the core size of the QDs, here,
the fine-tuning of the peak wavelength (Figure 4a,b) and the
CIE color coordinates (Figure 4c) can be successfully
performed by controlling the degree of alloying capability
using different alloying temperatures and reaction times (i.e.,
amounts of ZnS). As has been previously reported in many
publications,52,53 the retained broad FWHMs (>80 nm) and
the less tunable size-selective effect of the emission spectra
suggest that the green ZAIS alloyed QDs and red ZCIS alloyed
QDs contain many D−A transitions, free-to-bound, or bound-
to-free transitions that contribute to the wide range of radiative
transitions. To study the suitability of the broad-bandwidth
green ZAIS and red ZCIS alloyed QDs as color-conversion
materials for use in high color-quality white DC-LEDs, we
compared three green and three red emitted samples; then, we
selected one green (501 nm) and one red (606 nm) QD
candidate after considering both the high QY and the proper

Figure 2. (a) XRD patterns of AIS core and multiple alloyed ZAIS QD
samples, (b) XRD patterns of CIS core and multiple alloyed ZCIS QD
samples; (green ▲) the three main peaks of bulk cubic ZnS and (black
▼) the three main broad peaks of the AIS and CIS QDs.

Figure 3. (a) Low- and (inset) high-magnification TEM images of
triple-alloyed ZAIS QD and (b) low- and (inset) high-magnification
TEM images of double-alloyed ZCIS QD.

Table 2. Optical Properties of ZAIS and ZCIS Alloyed QDs

sample

final alloy
reaction

temperature
(°C) CIE x CIE y

peak
wavelength

(nm)
fwhm
(nm) QY

ZAIS
series

210 0.347 0.554 526 88 0.75

220 0.241 0.464 501 81 0.61
230 0.225 0.388 491 89 0.42

ZCIS
series

220 0.577 0.413 614 104 0.44

230 0.572 0.418 606 106 0.53
240 0.545 0.447 589 98 0.57
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emission wavelength to cover the cyan gap and the proper red
region in the white spectrum when fabricating the tricolor
single package white DC-LED.
Compared to the narrow band emissions of commercialized

CdSe/ZnS-based QDs (fwhm <30 nm), these broad-bandwidth
emissions of the green ZAIS and red ZCIS alloyed QDs could

have desirable characteristics for realizing ultrahigh color
rendering white LEDs. Figure 5a,b shows the changes of the
electroluminescent (EL) emission spectra of partially converted
green and red QD-based LEDs were prepared with three
concentrations in each case in a silicone binder (ZAIS, 20, 27,
and 33 wt %; ZCIS, 17, 23, and 28 wt %) at an equal-current

Figure 4. Emission PL spectra of (a) ZAIS and (b) ZCIS. (c) CIE color coordinates of three green ZAIS and three red ZCIS-alloyed QDs under
various final temperatures for each ZAIS (210, 220, and 230 °C) and ZCIS (220, 230, and 240 °C) QD. (Insets) Schematic diagrams of QDs and
photographs of the emissions of the ZAIS and ZCIS QDs. The arrows indicate the increase in the final reaction temperature.

Figure 5. EL emission spectra of partially converted (a) green ZAIS QD and (b) red ZCIS QD-based LEDs as a function of the QD concentration;
(insets) schematic diagrams of QD-based LEDs. (c) CIE chromaticity coordinates of green ZAIS QD and red ZCIS QD-based two-color QD LEDs
as a function of QD concentration; a and b indicate the color coordinates from the LPDF-capped dicolor spectrum of the green/blue and red/blue
QD-based LEDs, respectively; (inset) photographs of the emission of ZAIS QD and ZCIS QD-based dicolor LEDs. Arrows indicate the increase in
the concentration of QDs.

Figure 6. (a) EL emission spectra of six I−III−VI QD-based tricolor white LEDs as a function of the CCTs; arrow indicates the decrease of CCT.
(b) CIE chromaticity coordinates of mixed green ZAIS and red ZCIS QD-based tricolor white LEDs with the variation of CCT; stars (★) indicates
the color coordinates of monochromatic green and red peaks in the filtered EL white spectrum of the LPDF-capped, I−III−VI QD-based dicolor
green/blue and red/blue LEDs, respectively; (inset) photographs of emission of ZAIS and ZCIS QD-based white DC-LEDs with a decrease in the
CCT from left to right. (c) EQE and LE, (d) LER, (e) CRI and R9, and (f) CQS of six I−III−VI QD-based tricolor white LEDs as a function of the
CCT.
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condition (60 mA). When the concentration of the ZAIS-
alloyed QDs is increased, the intensity of the blue emission
from the InGaN LED chip decreases, while that of the green
emission of the ZAIS-alloyed QD increases slightly due to the
low transmission of blue light and the efficient Förster resonant
energy transfer (FRET) of inter-QD at a high concentration of
QDs. Figure 5c shows the variations of the CIE color
coordinates of the EL spectra of the blue and green ZAIS (or
red ZCIS) alloyed QD emitting dicolor LEDs as a function of
the concentration of both green and red QDs. As the
concentration of the ZAIS alloyed QD is increased, the CIE
chromaticity coordinates shift from those of blue LED (x =
0.16, y = 0.03) to those of the pure green emitting ZAIS alloyed
QD (x = 0.37, y = 0.53; Figure 5c, a). Similarly, the red
emission of the ZCIS alloyed QDs decreases with the increase
of the ZCIS alloyed QD concentrations, while the blue
emission decreases as shown in Figure 5b. Here, the color
coordinates of the pure green and red spectrum were calculated
from the green and red spectrum from the long-wave pass
dichroic filter (LPDF) capped dicolor spectrum of green/blue
and red/blue LED, respectively.54 Also, the CIE color
coordinates of the blue and red emitting LEDs move from
those of blue to those of the red ZCIS alloyed QD (x = 0.63, y
= 0.30; Figure 5c, b) when the QD concentration is increased
in the LED package. Therefore, by controlling the ratio and
amounts of the green ZAIS and red ZCIS alloyed QDs in the
silicone resin, the color coordinates of white LEDs with green
ZAIS alloyed and red ZCIS alloyed QDs can reproduce any of
the CIE color coordinates within the color gamut, which is
triangularly defined by the color points of red, green, and blue.
Moreover, a wide-bandwidth white DC-LED can be obtained as
a set of six CCTs along Planckian locus radiation, although the
reproduction area of the triangle is relatively small compared to
that of the narrow-bandwidth QD white LEDs.
We fabricated six different white LEDs with the selected

concentration of green and red QDs on a chip-type LED using
proper concentration ratio of green QD, red QD, and silicone
binder (in the Experimental Methods section). Figure 6a
illustrates the spectral changes of the six I−III−VI QD-based
white LEDs as a function of the CCTs using one green ZAIS
and one red ZCIS QD. As previously reported, the intensity of
the red part of spectrum in each sample of white light gradually
increased with the decrease of the CCT of the white color. In
contrast, the blue-green part of spectrum increased with the
increase of the CCT. Figure 6b also shows the change of the
CIE color coordinates of the six different single-package white
LEDs at 60 mA (rated current) with CCTs of 2700, 3500,
4000, 5000, 6500, and 10 000 K. These figures indicate that the
color coordinates of the white LEDs move from warm white to
cool white with the increase of the concentration ratio between
the green and red QDs. In addition, the figures of merit for
vision performance and color performance, such as external
quantum efficiency (EQE), LE, the luminous efficacy of
radiation (LER), CRI, CQS, and R9 were measured and
calculated from the SPDs of the six white lights at an applied
current of 60 mA (rated current of LED; Figure 6c−f). As
previously reported,54−56 CQS and R9 were proposed as a
complementary color rendition metric to compensate for the
insufficient capability of the CRI to reproduce saturated blue,
green, and red colors. Here, Figure 6c indicates that the EQE of
the I−III−VI QD-based tricolor white LED decreases slowly
with CCT decrease, in a trend similar to that of the phosphor-
based tricolor white LED, owing to the various increased

energy loss mechanisms, such as absorption, scattering, and
screening loss, with the increase of green and red concentration
in the silicone resin. Compared to the trend of EQE, LE
decreased in slightly different manner from the decrease of the
CCT because of the additional decreased effect of the low eye
sensitivity of the enhanced bluish and reddish color at high (10
000 K) and low CCT (2700 K; Figure 6c, inset).
The results also show that the CRI (Ra) and CQS (Qa)

values are very high, with values of more than 93 for all LED
lamps with six different CCTs. R9 values over 79 are high
enough to render pure red colors of reflected light from any
object. Especially, the maximum values of CRI and CQS reach
over 97 and 94, respectively, for white colors between 3500 and
6500 K. These ultrahigh values of CRI, R9, and CQS confirm
that the SPD shapes of the I−III−VI QD-based RGB white
LED systems with wide-bandwidth green and red QDs are
close to those of the radiation spectrum of sunlight over 5000 K
and candlelight less than 5000 K. It can also be speculated that
this outcome indicates that a white-by-UV LED system
including a wide bandwidth of blue phosphor is not always
necessary for high color rendering white LED lamps, owing to
the closing of the cyan gap between the blue and green peak via
the use of a wide-bandwidth of green ZAIS QD.
To explain the increasing possibility of closing the cyan gap,

PL spectra of ZAIS and ZCIS QDs were measured under
different excitation wavelengths of a Xe lamp between 440 and
460 nm with 5 nm intervals. Because the emission spectrum of
the blue LED has a peak wavelength of 450 nm with a fwhm of
∼23 nm, it is necessary to analyze the effect of the wavelength
of narrow band blue on the emission spectrum of green or red
QDs. Figure 7a,b indicates that the green emission peaks of the
ZAIS QDs are shifted to a reddish color with an increase of the
excitation wavelength, but the red emission peaks of ZCIS QDs
are not moved and are located at the same wavelength
irrespective of the excitation wavelengths within the blue LED
spectrum. The real peak broadness of the green emissive ZAIS

Figure 7. (a) Emission spectra of green emitting ZAIS QDs excited by
a Xe lamp between 440 and 460 nm with 5 nm intervals. (b) Emission
spectra of red emitting ZCIS QDs excited by a Xe lamp between 440
and 460 nm with 5 nm intervals. The excitation and PL emission
spectra of (c) green emitting ZAIS and of (d) red emitting ZCIS QDs
selected for fabricating QD-based white DC-LEDs. The arrow
indicates the increase in the incident excitation wavelength of the
ZAIS QDs.
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QDs excited by the blue LED hence is slightly larger than that
excited by the Xe lamp, owing to the wider fwhm of the blue
LED (∼23 nm) than the Xe lamp (∼8 nm). This broadening of
the green emission by the blue LED is ascribed to the
overlapped excitation peak and the PL emission peak of the
ZAIS green QDs at the wavelength of ∼450 nm (Figure 7c).
However, no broadening of red ZCIS QDs is observed by the
excitation of the blue LED, owing to the absence of overlapping
between excitation and emission peaks at the wavelength of 450
nm (Figure 7d). Finally, the emission peaks excited by the blue
LED light at the shorter wavelength (∼440 nm) provide the
possibility of closing the cyan gap between blue LED and green
ZCIS QD emissions. For this reason, the CRIs, R9s, and CQSs
of the I−III−VI QD-based RGB white LED systems displayed
ultrahigh values compared to those of I−III−VI based QD
white DC-LEDs in various previous works.10,35−41 Therefore,
the RGB positions and combined broad-bandwidths of the
transmitted blue peaks and the emitted green and red peaks in
the DC-LED spectra of the six different I−III−VI QD-based
LEDs with different CCTs make it possible to utilize green
ZAIS and red ZCIS QDs in high color quality white LEDs.
Furthermore, the detailed EL properties of the five different

CCT, II−I−III-VI alloyed QD-based, tricolor white DC-LEDs
are compared with increases of the applied current. Figure 8a,b

shows that, with an increase in the applied current from 10 to
120 mA, the luminous flux and LE of the 6500 K I−III−VI
QD-based LED are higher than those of the other CCT LEDs.
Figure 8b also shows that the LEs of the I−III−VI QD-based
LEDs are 38, 44, 48, 53, and 54 lm/W at 20 mA with CCT of
2700, 3500, 4000, 5000, and 6500 K, respectively. The relative
LE values shown in Figure 8b indicate that the decreasing
gradients in the LE of all five I−III−VI QD-based LEDs behave
in similar to the increase in the applied current. This similar
decreasing trend was caused by the similar combined effects of
the similar thermal degradation of the green ZAIS alloyed and
red ZCIS alloyed QDs and the same current degradation of the
blue LED chip with the increase in the current. Furthermore,
Figure 8c,d shows the CRI (Ra) and CQS (Qa) values of the
broad band II−I−III-VI QD-based LEDs with five CCTs as a
function of applied current. The data in the figure indicate that
the variation of the CRI and CQS for all four II−I−III−VI QD-

based core−shell like alloyed LEDs is relatively low in spite of
the increase in the current; the II−I−III-VI QD-based white
LEDs are relatively stable under typical LED ranges of applied
current. Ultrahigh color qualities, such as CRI and CQS, are
thus maintained at values above 90, even at high applied
current.

■ CONCLUSIONS

In this study, we successfully prepared various wide-bandwidth
green ZAIS and red ZCIS QDs with tunable PL emissions in
the wavelength range of green to amber emission by ZAIS QDs
and yellow to red emission by ZCIS QDs, respectively, using a
multistep hot-injection method. This method uses a facile
approach of low-temperature core growth and high-temper-
ature alloyed reaction to enhance the possibility of the
formation of a core−shell-like solid solution between the AIS
and CIS cores and the ZnS shell. If the appropriate AIS and
CIS core growth and ZnS alloying temperature are selected, the
proposed method can easily be employed to achieve the
preparation of the alloyed QDs, select a tunable peak
wavelength, broaden the fwhm, and enhance the QYs of the
green ZAIS and red ZCIS QDs. After triple ZnS alloying over
the AIS core and double ZnS alloying over the CIS core, green
ZAIS and red ZCIS QDs reached PL QY values as high as 0.61
and 0.53, respectively, and PL FWHMs as broad as 81 and 106
nm, respectively. Furthermore, the overlapped excitation peak
and PL emission peak of ZAIS QDs provides the possibility of
broadening the bandwidth of the PL emission peak of ZAIS
QDs that are excited by a blue emission of an InGaN LED with
a moderate fwhm (∼23 nm). Therefore, it is emphasized that
our green ZAIS and red ZCIS QDs are comparable in color
tunability and fwhm, and only slightly inferior in QY value, to
the best AIS and CIS-based QDs available to date.
Through additional elaborate research, a combination of

broad fwhm green ZAIS and red ZCIS QDs of tricolor DC-
LEDs can provide the potential to close the cyan gap of the
white spectrum in phosphor-based white DC-LEDs if the LE
and stability are enhanced over the level of inorganic,
phosphor-based, tricolor DC-LEDs. A careful evaluation of
the LE, LER, CRI, R9, and CQS of the RGB tricolor white DC-
LED, including green ZAIS and red ZCIS QDs with a blue
LED, demonstrated that the green ZAIS and red ZCIS QDs are
feasible candidates as color-converting materials in ultrahigh
color quality white LEDs at various CCTs. Regarding overall
color performance, a green ZAIS and red ZCIS QD-based
tricolor single-package white DC-LED offers excellent color
quality (CRI = 94−97, CQS = 93−97, and R9 = 87−98),
moderate LE performance (LE = 26.7, 31.2, 34.1, 37.2, and 39.6
lm/W for 2700, 3500, 4000, 5000, and 6500 K at an applied
current of 60 mA). Therefore, our broad fwhm, color-tunable
ZAIS and ZCIS QDs, which are made of nontoxic elements,
have demonstrated potential for applications involving single-
package, tricolor, white DC-LEDs with ultrahigh color qualities.
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