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ABSTRACT: In this study, we report bright yellow-green-
emitting CulnS, (CIS)-based quantum dots (QDs) and two-
band white light-emitting diodes (LEDs) using them. To
achieve high quantum efficiency (QE) of yellow-green-
emitting CIS QDs, core/shell/shell strategy was introduced
to high quality CIS cores (QE = 31.7%) synthesized by using
metal—oleate precursors and 1-dodecanethiol. The CIS/ZnS/
ZnS QDs showed a high QE of 80.0% and a peak wavelength
of 559 nm under the excitation of 450 nm, which is well
matched with dominant wavelength of blue LEDs. The
formation of core/shell/shell structure was confirmed by X-
ray diffraction, transmission electron microscopy, and
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inductively coupled plasma-optical emission spectroscopy analyses. Intense and broad yellow-green emission band of the
CIS/ZnS/ZnS is beneficial for bright two-band white light. When the CIS/ZnS/ZnS was coated on the blue LEDs, the fabricated
white LED showed bright natural white light (luminous efficacy (7,) = 80.3 Im-W™', color rendering index (R,) = 73, correlated
color temperature (T.) = 6140 K). The QD—white LED package showed a high light conversion efficiency of 72.6%. In addition,
the CIS/ZnS/ZnS-converted white LED showed relatively stable white light against the variation of forward bias currents of 20—

150 mA [color coordinates (x, y) = (0.3320—0.3207, 0.2997—0.2867), R, = 70-72, T,
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1. INTRODUCTION

Colloidal semiconductor nanocrystals, so-called quantum dots
(QDs), have been extensively studied for past three decades
since the report on the synthesis of high quality colloidal CdE
(E =S, Se, Te) in 1993." Although many studies have reported
CdSe-based QDs due to their high quantum efficiency (QE)
and full color tunability from blue to red,” recently, Cd-free
QDs are spotlighted because of toxicity issue.” For commerci-
alization of QDs in optoelectronic devices and biorelated
applications, the QDs should have environmentally benign
properties as well as high performances such as high QE and
stability. Among various compositions of semiconductor
materials, CulnS, (CIS) can be an alternative emitter for
CdSe QDs because the QE of the CIS QDs coated with a ZnS
shell is as high as ~50—60% and the emission color of the CIS
QDs can be tuned from  green to near-infrared via controlling of
size and Cu/In ratio.*”® In addition, Cu vacancy-related broad
emission is beneficial for blue light-emitting diode (LED)-

pumped white LED application because a wide range of visible
spectral region can be covered with emission from the CIS QD-
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converted white LEDs, although only CIS QDs are adapted as
converting materials.® White LEDs, which are regarded as a
next-generation light source, can be fabricated by combining
blue LEDs with luminescent materials such as phosphors and
QDs.””® When green- and red-emitting QDs are coated onto a
blue LED chip, white LEDs with high color rendering index
(CRI, R,) can be fabricated. However, the use of two or three
luminescent materials in the LED package may lead to low
luminous efficacy due to reabsorption of emission colors.'®**
In general, full width at half maximums of the emission band of
the CdSe and InP QDs are narrow”" and thus, blue LED-
pumped yellow-emitting CdSe (or InP) QD-based white LEDs
will show a low R, value and the QDs such as CdSe and InP are
not appropriate for the bright white LEDs showing two-band
white light. On the contrary, as mentioned above, CIS QDs
exhibit broad emission band and they are suitable as a single
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color-converting material in the white LED packages. Although,
thanks to many efforts, efficient CIS/ZnS core/shell QDs were
reported; most CIS/ZnS QDs with high QE over 65% are red-
or deep-red-emitting CIS/ZnS or CIS/CdS QDs.'*'* Some
reports indicate that CIS QDs with shorter peak emission
wavelengths tend to show lower QEs compared with the CIS
QDs with longer peak emission Wavelengths.H’lé Recently,
Zhong and co-workers reported green-emissive CIS by Zn
addition with a high QE of ~65% and yellow- and red-emissive
CIS QDs (QE ~ 75%), and they fabricated white LEDs with
high CRI values using the green- and red-emissive CIS QDs."®
The Zn-containing CIS QDs were synthesized to achieve high
efficiency and green-emissive CIS QDs. On the other hand, in
this study, we used metal—oleate precursors and core/shell/
shell structures to synthesize CIS QDs with high QE. Indeed,
we successfully synthesized highly efficient yellow-green-
emitting CIS/ZnS/ZnS core/shell/shell QDs and fabricated
white LEDs showing bright two-band natural white light. The
high quality core CIS QDs with QE of ~30% were first
synthesized by using metal—oleate precursors and two separate
formation of ZnS shell on the CIS core resulted in yellow-
green-emitting CIS/ZnS/ZnS QDs with high QE of 80%.
These CIS/ZnS/ZnS QDs were coated on blue LED chips to
fabricated white LEDs and bright two-band white light with
relatively high CRI value was created from the CIS/ZnS/ZnS
QD-converted white LEDs. For application of white LEDs to
general illumination, both natural white-emitting white LEDs
and warm white-emitting white LEDs are important. Warm
white light (lower color temperature) is often used in public
area to promote relaxation, whereas natural/cool white light
(higher color temperature) is used to enhance concentration in
offices.’” In this study, we would like to fabricate white LEDs
emitting white light, which is close to daylight, i.e., natural white
light. The luminescent properties of the CIS QDs and optical
properties of the natural white-emitting white LEDs were
investigated.

2. EXPERIMENTAL SECTION

Materials. To synthesize CIS/ZnS/ZnS core/shell/shell QDs,
CuCl,-2H,0 (>99.99%), InCl;-4H,0 (97%), Zn(acetate), (99.99%),
dodecanethiol (DDT, >98%), 1-octadecene (ODE, technical grade,
90%) were purchased from Sigma-Aldrich and sodium oleate (>97%)
was obtained from TCL

Synthesis of the CIS/ZnS/ZnS QDs. The CIS/ZnS/ZnS core/
shell/shell QDs were synthesized via one-pot heating-up route. First,
Cu—oleate and In—oleate precursors (Cu:In = 0.25:1) were prepared
by adapting the method reported by Hyeon’s group.'® Typically, Cu—
oleate was prepared as follows. The CuCl,-2H,0 (0.25 mmol) and
Na—oleate (0.5 mmol) were added to the mixed solvents of deionized
(DI) water (1.2 mL), ethanol (EtOH, 1.6 mL), and hexane (2.8 mL)
in a round-bottom three-neck flask. The mixed solution was heated to
70 °C for 4 h. After completion of the reaction, the upper organic layer
was separated and washed for three times with 6 mL of DI water. The
In—oleate was prepared with 1 mmol of InCl;-4H,0, Na—oleate (3
mmol), DI water (2.4 mL), EtOH (3.2 mL), and hexane (5.6 mL)
using the aforementioned synthetic procedure. A three-neck flask was
loaded with 0.25 mmol of Cu—oleate complex and 1 mmol of In—
oleate complex, S mL of DDT, and 15 mL of ODE. The mixed
solution was heated to 100 °C for degassing followed by heating to
230 °C under Ar atmosphere for nucleation and growth of the CIS
cores. After 30 min of reaction, 4 mmol of Zn—oleate in mixed
solvents of 1 mL of DDT and 5 mL of ODE was added to the reaction
flask and then the reaction solution was heated to 250 °C. After 7 h of
reaction, for the synthesis of the CIS/ZnS core/shell nanocrystals, 4
mmol of Zn—oleate in the mixture of DDT (1 mL) and ODE (5 mL)
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was additionally injected into the reaction flask and the reaction
solution was maintained at 250 °C for 7 h for the formation of the
second ZnS$ shell. After washing with ethanol (EtOH) several times,
the CIS/ZnS/ZnS QDs were dispersed in hexane.

Fabrication of the QD-Converted White LEDs. To fabricate the
CIS/ZnS/ZnS QD-converted white LEDs, the CIS/ZnS/ZnS QDs
were redispersed in chloroform (optical density ~ 3.0 at 450 nm), and
the solution was mixed with 1.23 g of silicone resin (OE-6630 B, Dow
Corning Co.) The concentration of the CIS/ZnS/ZnS QDs was
approximately 8.2 wt % in the silicone resin. After the chloroform
solvent was removed by heating the mixture at 90 °C for 1 h, a
hardener (OE-6630 A) was added to the QD—silicone mixture. The
final CIS/ZnS/ZnS QD—silicone resin mixture was coated on a 455
nm blue light-emitting InGaN-based blue LED chip (5.0 X 5.0 mm?
surface mounting device (SMD) type, Haewon semiconductor,
Korea). The blue LED-pumped white LED packages encapsulated
with the CIS/ZnS/ZnS—silicone resin was thermally cured at 60 °C
for 1 h and then at 150 °C for 1 h, separately.

Characterization. Absorption and photoluminescence (PL)
spectra of the CIS-based QD samples were obtained by using a
PerkinElmer lambda2$ spectrometer and a Hitachi F-7000 spec-
trophotometer. The size and morphologies of the QDs were
investigated by transmission electron microscopy (TEM) by using a
Tecnai F20 G* transmission electron microscope. The formation of
core/shell (CS) and core/shell/shell (CSS) QDs were investigated by
energy dispersive X-ray spectroscopy (EDS) using the Tecnai F20 G
equipped with EDAX EDS spectrometer PV9761. The CIS core (C),
CIS/ZnS CS, and CIS/ZnS/ZnS CSS samples for the EDS
measurement were prepared by separately dropping the C, CS, and
CSS solutions on the Ni grids coated with amorphous carbon. The
chemical compositions of the CIS, CIS/ZnS, and CIS/ZnS/ZnS QDs
were investigated by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) with a Varian-720ES (Agilent, U.S.A.). The
crystal structure of the QDs were analyzed by X-ray diffraction (XRD)
using a Bruker D8-Advance operated at 40 kV and 40 mA (Acuk, =
1.5406 A). The PL QEs of the core, core/shell, and core/shell/shell
QDs were obtained by using a quantum efficiency measurement
system QE-1100 (Otsuka Electronics co., Japan). The QEs were
calculated using the following equation:'**°

N Em(4)
he/ 2
QE = Nem = / Ex(l)c— Re(d) 41
abs he /2 (1)
where, N, is the number of photons for the QD’s emission, N, is the

number of the absorbed photons by the QD sample, 1 is the
wavelength, h is the Planck constant, c is the speed of light, Em(4) is
the intensity of the QD’s emission as a function of 4, Ex(1) is the
intensity of the light emitted from the excitation light source as a
function of 4, and Re(4) is reflectance for the QD sample as a function
of 4, respectively. The Ex(4) was measured by using the Spectralon
diffusive white standard and empty solvent without the QD sample
with the QE-1100 quantum efficiency measurement system.

Optical properties such as electroluminescence (EL) spectrum,
luminous efficacy (1,), correlated color temperature (T.), Commis-
sion Internationale de 'Eclairage (CIE) color coordinates, and CRI
values of the fabricated CIS/ZnS/ZnS-converted white LEDs were
evaluated under various forward currents of 20—150 mA in an
integrating sphere with a diode array rapid analyzer system (PSI Co.
Ltd.).

3. RESULTS AND DISCUSSION

It is known that the luminescence from CIS QDs is attributed
to radiative transition due to donor—acceptor pair recombina-
tion and QE of CIS QDs can be significantly enhanced by the
formation of ZnS shell.¥>*!'7% According to Chen et al,, molar
ratio of Cu to In influences on the QE of CIS QDs.>' We also
synthesized CIS and CIS/ZnS QDs with varying Cu:In ratios
(1:8, 1:4, 1:2, and 1:1) before the formation of the second ZnS
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Figure 1. TEM images of (a) CIS core, (b) CIS/ZnS core/shell, and (c) CIS/ZnS/ZnS core/shell/shell QDs, respectively. Insets show

corresponding HR-TEM images.

shell on the CIS/ZnS QDs and CIS/ZnS QDs with Cu:In ratio
of 1:4 showed the highest PL intensity among the prepared
samples (Figure S1 of the Supporting Information). We
optimized reaction time to form the first ZnS shell on the
CIS core QD. In our experimental conditions, the optimized
reaction time was 7 h and longer reactions for the formation of
thicker ZnS shells did not result in higher PL intensity, as
shown in Figure S2 of the Supporting Information. However,
the formation of the second ZnS shell on the CIS/ZnS CS QDs
enhanced the PL intensity of the CIS QDs (see below). Thus,
we synthesized CIS/ZnS/ZnS QDs in which the ratio of Cu to
In was 1:4. For further enhancement of the PL intensity of the
CIS QDs, the third ZnS shell was grown on the CIS/ZnS/ZnS
CSS QDs. However, the CIS/ZnS/ZnS/ZnS QDs showed
similar PL intensity to the CIS/ZnS/ZnS CSS QDs (Figure S3
of the Supporting Information). Figure 1 shows TEM images of
CulnS, core, CulnS,/ZnS CS, and CulnS,/ZnS/ZnS CSS
QDs. As the ZnS shell grew, the size of the CIS QDs increased.
The particle size increased from 2.5 + 0.4 nm for the CIS core
to 3.5 + 0.4 nm for the CIS/ZnS core/shell. Finally, the size
increased to 4.3 + 0.4 nm after the second ZnS shell growth on
CIS/ZnS QDs. Such a broad size distribution is ascribed to the
non-injection-based synthesis and can be partially attributed to
continuous release of S>~ from DDT molecule throughout the
reaction.’® Although particle size of the CIS core is extremely
small, clear lattice fringes are observed in the high resolution
TEM (HR-TEM) image of Figure la, indicating the high
crystallinity of the CIS QDs. The spacing between two adjacent
fringes was measured to be 0.32 nm which is accordance with
the d-spacing between the (112) planes of tetragonal CulnS,
crystals. The CIS/ZnS and CIS/ZnS/ZnS QDs also showed
highly clear lattice fringes in the HR-TEM images of Figure
1b,c, respectively. Due to small lattice mismatch (~2%)
between CulnS, and ZnS,** although they have different
crystal structures, it is postulated that ZnS was epitaxially grown
on the CIS core, judging from ambiguity of the interface
between the CIS core and ZnS shell in the HR-TEM images.
The morphologies (nearly sphere for cores and tetrahedral
shape for CS and CSS QDs) of the CIS, CIS/ZnS, and CIS/
ZnS/ZnS QDs synthesized with Cu—oleate and In—oleate
precursors were similar to those of the previously reported CIS
and CIS/ZnS QDs synthesized with Cul and In(CH;COO),
precursors.é’15

Formation of ZnS shell on the CIS core was directly verified
from energy dispersive spectroscopy (EDS) spectra shown in
Figure 2. The EDS spectra of the CIS C, CIS/ZnS CS, and
CIS/ZnS/ZnS CSS QDs were obtained by using a Tecnai F20
G’ transmission electron microscope equipped with an EDAX
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Figure 2. EDS spectra of CIS core (bottom panel), CIS/ZnS core/
shell (middle panel), and CIS/ZnS/ZnS core/shell/shell (top panel)

QDs.

EDS spectrometer PV9761. The Ni peaks were attributed to
the use of the Ni grid coated with carbon to avoid the Cu peaks
from the carbon-coated Cu grid, which is frequently used for
TEM measurement. In CIS cores, only Cu-, In-, and S-related
peaks were observed, whereas in CIS/ZnS and CIS/ZnS/ZnS
QDs, Zn-related peaks were observed. Intensities of Cu and In
peaks were largely decreased after the growth of the ZnS shell.
Moreover, a Cu Lo peak seemed not to be observed due to an
intense Zn La peak in close proximity of the Cu La peak. In
addition, the intensity of the Zn La peak of CIS/ZnS/ZnS QDs
was significantly increased compared with that of CIS/ZnS
QDs. In addition to the EDS results, the ICP-OES result
confirmed that CIS/ZnS/ZnS QDs were successfully synthe-
sized. For the CIS core, Cu:In:Zn was measured to be
0.05:0.26:0, while Cu:In:Zn ratios were measured to be
0.16:0.68:5.93 and 0.21:0.76:11.52 for the CIS/ZnS and the
CIS/ZnS/ZnS QDs, respectively. In the case of the CIS/ZnS/
ZnS QDs, the ratio of Cu™ to In*" was higher than the
theoretical value (Cw:In = 1:4) and it may be attributed to the
cation exchange between In** and Zn®" during the reaction.
According to Park and Kim,”® In*" can be exchanged with Zn**
at a high reaction temperature due to the thermodynamic
driving force because the ionic radii of In** and Zn>" are similar
to each other (60—62 pm in a four coordinated site) and CIS
and Zn$ have similar Gibbs formation enthalpies of —221%¢ and
—206"" kJ-mol . In addition, exchange reactions are allowed in
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particles in nanometer scale regime.”® Nonetheless, these
results confirm that the Cu:In:Zn ratios of the synthesized C,
CS, and CSS samples are well consistent with the Cu:In:Zn
ratio used in the precursors and the second ZnS shell was well
grown on the first ZnS shell.

Figure 3 shows XRD patterns of the CIS, CIS/ZnS, and CIS/
ZnS/ZnS QDs. Although molar ratio of Cu to In (1:4) was far

CulnS,
A ZnS

i ! clsiznsizns

CIS/ZnS

Diffraction intensity

1
50 70
20 (°)
Figure 3. XRD patterns of CIS core, CIS/ZnS core/shell, and CIS/
ZnS/ZnS core/shell/shell QDs.

from the stoichiometric ratio (1:1), XRD patterns of the
synthesized QD samples were well matched with the literature
value of the CIS with a chalcopyrite structure (JCPDS 85-
1575). In our Cu deficient synthesis condition, Culn;Ss phase
might be formed. However, deduction from the Culn;S; phase
from the XRD patterns is very difficult because diffraction peak
positions of the Culn;S; are close to those of the CIS and the
XRD peak of the CIS QDs are broad due to their ultrasmall
size. Nonetheless, according to Uehara et al. and Song et al,>¢
it was reported that Cu-deficient CIS showed a tetragonal
chalcopyrite structure and it is postulated that our CIS QDs
also have the chalcopyrite structure. The XRD peak position
shifted to a larger 26 value with the formation of ZnS shell
because lattice parameter (a = 5.345 A) of ZnS with zinc
blende structure is smaller than that (a = 5.575 A) of the CIS
with chalcopyrite structure. For instance, the (112) diffraction
peak shifted from 27.5° for the CIS cores to 28.6° for the CIS/
ZnS/ZnS CSS QDs through 28.3° for the CIS/ZnS CS QDs.
This result also indicates that ZnS shell was well grown on the
CIS/ZnS CS QDs as well as the CIS core QDs. Particle sizes of
the CIS QDs can be calculated by using the Debye—Scherrer
equation. The calculated sizes were 2.0, 3.3, and 3.8 nm for CIS
C, CIS/ZnS CS, and CIS/ZnS/ZnS CSS, respectively. These
values are consistent with the sizes obtained from TEM images.

Figure 4 shows absorption and PL spectra of the CIS C, CIS/
ZnS CS, and CIS/ZnS/ZnS CSS QDs. As previously reported
from other research groups,é’m’25 the absorption spectrum was
blue-shifted when ZnS shell was formed on the CIS core. The
blue shift of the absorption spectrum after ZnS shell formation
is attributed to the reduction of the effective core size due to
formation of a CIS—ZnS alloy at the interface between the core
and the shell***” and cation exchange of Cu* and In** ions by
Zn®* ions.*® The blue shift of the absorption spectrum of the
CIS QDs means the increase of band gap energy of the QDs. It
led to the blue shift of the PL spectrum of the CIS-based QDs.
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Figure 4. (a) Absorption and (b) PL spectra of (i) CIS core (C), (ii)
CIS/ZnS core/shell (CS), and (iii)) CIS/ZnS/ZnS core/shell/shell
(CSS) QDs. Insets of panels a and b show photographs of CIS, CIS/
ZnS, and CIS/ZnS/ZnS solutions taken under room light and UV
lamp, respectively.

The peak emission wavelength shifted from 670 nm for the CIS
core to 559 nm for the CIS/ZnS/ZnS CSS through 576.4 nm
for the CIS/ZnS CS. This blue shift of the PL spectrum is
directly verified by emission colors from the CIS (red), CIS/
ZnS (yellow), and CIS/ZnS/ZnS (yellow-green) QDs, as
shown in Figure 4b inset. The PL QE of the synthesized QDs
increased with the formation of ZnS shell. The QEs of red-
emitting CIS core, yellow-emitting CIS/ZnS, and yellow-green-
emitting CIS/ZnS/ZnS QDs showed 31.7, 76.4, and 80.0%
under the excitation of 450 nm, respectively. Although the
solvothermally synthesized orange-emitting CIS/ZnS QDs
showed the QE of 91%,* our yellow-green-emitting CIS/
ZnS/ZnS showed higher QE value compared with the QEs
(~40—60%) of CIS QDs showing similar color emissions.'® It
is worth noting that to the best of our knowledge, our CIS core
showed the highest QEs com{)ared with previously reported
CIS cores (mostly below 15%).">*°7** This high QE of the CIS
core may be attributed to the use of metal—oleate precursors,
which allowed long reaction and the formation of core QDs
with high crystallinity. In previous reports, reaction time for
core synthesis is short (~5—10 min).*"® In our synthetic
condition, PL intensity of the CIS core was optimized at 30 min
reaction. Because the CIS/ZnS synthesized with high quality
CIS core showed higher QE than that synthesized from the CIS
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core with low QE,*° the QE of the CIS/ZnS/ZnS is expected to
be enhanced via further synthesis optimization.

Although it was recently reported that the red-emitting CIS/
ZnS QDs were additionally incorporated into the white LED
packasge containing the yellow-emitting Y3;Al;0,,:Ce phos-
phor,”*** our CIS/ZnS/ZnS QDs are appropriate for single
emitter-converted white LEDs due to their broad yellow-green
emission with high QE value. In addition to the combination of
yellow (yellow-green) light and blue light, the combination of
orange light and blue light can also generate white light and
orange-emitting CIS/ZnS QDs can be used for the fabrication
of white LEDs. However, orange-emitting QDs are suitable for
the fabrication of white LED showing warm white light and
Song and Yang reported that orange-emitting CIS/ZnS QD-
converted LED showed magenta light.*® In this study, the CIS/
ZnS/ZnS CSS QDs were coated onto blue LED chips to
fabricate natural white light (or daylight)-emitting white LEDs
with high luminous efficacy because the CIS/ZnS/ZnS QDs
exhibited higher QE than CIS/ZnS QDs and they showed
yellow-green emission in which peak wavelength was shorter
than that of CIS/ZnS QDs. To determine the amount of the
CIS/ZnS/ZnS QDs in the white LED showing natural white
light, the quantity of the CIS/ZnS/ZnS QDs in the silicone
resin was adjusted and CIS/ZnS/ZnS QD-converted LEDs
containing various amounts of the CIS/ZnS/ZnS QDs were
fabricated. The quantity of the CIS/ZnS/ZnS QDs in the
silicone resin was slightly increased from low concentration to
high concentration to find the appropriate amount for the
realization of natural white light from the fabricated white
LEDs. As the amount of the CIS/ZnS/ZnS QDs in the LED
packages increased, the CIE color coordinates of the CIS/ZnS/
ZnS QD-converted LED shifted from blue to yellowish orange
region (Figure S4 of the Supporting Information). When the
concentration of CIS/ZnS/ZnS QDs in silicone resin was 8.2
wt %, the fabricated white LED generated natural white light,
and Figure S inset shows an as-fabricated SMD type white LED
and its luminescent photograph. The optical properties of the
white LED were evaluated at forward bias current of 20 mA. As
shown in the photograph of the operating white LEDs in Figure
S, natural white light was generated from the CIS/ZnS/ZnS-
converted white LED. It showed the CIE color coordinates of
(0.3229, 0.2879) and T. of 6140 K, and R, of 73, which is
comparable to the R, value of commercial YAG:Ce-converted
white LEDs.” After encapsulation with CIS/ZnS/ZnS QD-
mixed silicone resin on the blue LED chip, EL intensity of the
blue LED largely decreased, while the EL band was newly
generated at the yellow spectral region, as shown in Figure Sa.
Although integrated area of EL spectrum of the blue LED was
larger than that of the CIS/ZnS/ZnS-converted white LED,
luminous efficacy of the CIS/ZnS/ZnS QD-converted white
LED was much larger than that of the blue LED. Because
human eye sensitivity was reflected to the luminous flux unlike
the radiant flux,>® the contribution of the green photons at
around 550 nm to the luminous flux is much higher than that of
the blue photons at around 450 nm and the fabricated white
LED showed high luminous efficacy (17, = 80.3 Im-W™"). The
light conversion efficiency was calculated to be 72.6%, which is
comparable the record value (72%) of the LED fabricated with
a blue LED and green-emitting CdSe/multishell with the QE of
100%.%°

The CIE color coordinates of the phosphor-converted white
LEDs can be tuned on the straight line connecting the CIE
color coordinates of the blue LED and the phosphor.”
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Figure 5. (a) EL spectra of a blue LED (dotted black line) and the
CIS/ZnS/ZnS-converted white LED (solid red line) at 20 mA, (b)
CIE color coordinates of the CIS/ZnS/ZnS-converted white LED
(triangle), blue LED (diamond), dilute CIS/ZnS/ZnS solution
(square), and concentrated CIS/ZnS/ZnS solution (circle). Inset of
panel a shows the digital camera images of fabricated CIS/ZnS/ZnS-
converted white LED under zero bias (left) and forward bias of 20 mA

(right).

However, the CIE color coordinates of the fabricated CIS/
ZnS/ZnS QD-converted white LED was not located on the line
connecting the color coordinates of the CIS/ZnS/ZnS QD-
diluted hexane solution and the blue LED (Figure Sb). It is
partly attributed to the different concentration of the CIS/ZnS/
ZnS QDs in the QD solution and in the fabricated white LED.
As described in the Experimental Section, the QD concen-
tration in the silicon resin in the white LED is higher than that
in the diluted QD solutions. In this case, the red shift of the PL
band of the CIS/ZnS/ZnS QDs was observed. The red shift is
ascribed to the local agglomeration of QDs in the silicone
resin®” and a reabsorption of light that emitted from smaller
QDs in the ensemble through bigger ones, which have a
narrower band gap than smaller ones.”*® The local
agglomeration of the QDs is due to the difference in the
Hildebrand solubility parameters between the silicone and the
QD’s surfactants.’® The local agglomeration of the QDs
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increases the efficiency of the energy transfer from smaller QDs
to larger QDs, resulting in red shift of the QD’s emission.***!
In addition, due to the reabsorption effect, the CIS/ZnS/ZnS
QDs in the white LEDs showed the red shift of the PL band
and simultaneous narrowing of the PL bandwidth. The peak
wavelength of the PL band shifted to a longer wavelength from
559 nm for the diluted QD solution to 575 nm for the CIS/
ZnS/ZnS QDs in the white LED. The PL bandwidth (91.4 nm)
of the CIS/ZnS/ZnS QDs in the white LED was narrower than
that (101.9 nm) of the diluted QD solution. When we
considered the CIE color coordinates of the concentrated CIS/
ZnS/ZnS QD solution, it showed a red shift of the PL band
compared with dilute CIS/ZnS/ZnS QD solution due to
reabsorption’ and indeed, its CIE color coordinates shifted
from yellow-green to yellowish orange region in the
chromaticity diagram. As shown in Figure 5b, the CIE color
coordinates of the white LED were found on the line
connecting the color coordinates of the concentrated CIS/
ZnS/ZnS QD solution and the blue LED.

Optical properties of the two band white light from the QD-
converted white LEDs can be easily tailored by adjusting the
quantity of the QDs in the silicone encapsulant. When the
quantity of the CIS/ZnS/ZnS in the white LED package was
slightly increased (The concentration of the QDs in the silicone
resin was approximately 9.0 wt %), the fabricated white LED
showed a higher 77, of 81.1 Im-W™' but showed a lower R, of
70. The T. value decreased from 6140 to 5497 K due to the
increase of the ratio of integrated areas of EL spectrum in
yellow to blue spectral regions. As shown in Figure 6a, the
emission bands of the CIS/ZnS/ZnS QDs increased with
increasing applied forward current from 20 to 150 mA, which
means that the CIS/ZnS/ZnS QDs exhibit no saturation.
However, the CIE color coordinates of the white LED slightly
shifted to blue region in the chromaticity diagram with
increasing forward current. The blue-shifted color coordinates
of the white LED can be explained by thermal quenching effect
of the CIS-based QDs at high forward current. As shown in
Figures 6a and SS$ of the Supporting Information, luminescence
saturation of the CIS/ZnS/ZnS QDs in the white LEDs was
not observed against the increase of the forward current. When
the forward current increases, junction temperature of the LED
chip in the white LEDs rises.*”* The higher junction
temperature raises the temperature around QDs in the silicone
encapsulant. It results in the thermal quenching of the CIS/
ZnS/ZnS QDs’ luminescence because thermal quenching is
strong for these QDs.>® Consistently, light conversion efficiency
slightly decreased from 72% at 20 mA to 64% at 150 mA, as
shown in Figure 6b. On the contrary, luminous efficacy
decreased significantly (81.1 Im-W™" at 20 mA — 37.5 Im-W™*
at 150 mA), which is attributed to the decreased of the internal
quantum efficiency (IQE) of the nitride-based blue LEDs with
increasing forward current.%**** Except for lowered luminous
efficacy due to the drop of the IQE of the blue LED, other
white light properties of the white LEDs were quite stable
against the increase of forward current from 20 to 150 mA. The
CIE color coordinates of the white LED varied from (0.3220,
0.2997) at 20 mA to (0.3207, 0.2867) at 150 mA. The R,
increased from 70 to 72 and the T. increased from 5497 to
6375 K, respectively, under the increase of forward current
from 20 to 150 mA. These results show that white light
generated from the CIS/ZnS/ZnS-converted white LED has
high stability against the increase of forward bias current.
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Figure 6. (a) EL spectra and (b) luminous efficacies and light
conversion efficiencies of the CIS/ZnS/ZnS-converted white LED at
various forward currents of 20, 60, 100, and 150 mA. Inset of panel a
shows variation of the CIE color coordinates of the white LED at
various forward currents of 20 mA (triangle), 60 mA (circle), 100 mA
(square), and 150 mA (diamond).

4. CONCLUSION

In this study, highly bright yellow-green-emitting CIS/ZnS/
ZnS CSS QDs were successfully synthesized by using metal—
oleate precursors and the separate injection of Zn and S
precursors to the reaction solution containing the CIS cores.
The XRD, TEM, EDS, and ICP analyses confirmed the
synthesis of the CSS structure. With the formation of the first
and the second ZnS shells, the peak of the PL band shifted to a
shorter wavelength (670 nm — 559 nm) and the QE
significantly increased from 31.7% for the core QDs to 80.0%
for the CSS QDs. Thanks to the use of the metal—oleate
precursors, highly efficient CIS cores with the QE of 31.7%
were obtained, and they can be a foundation for eminent
yellow- or green-emitting CS or CSS QDs having extremely
high QE values over 90% for further synthesis optimization.
When the CIS/ZnS/ZnS CSS QDs were coated on the blue
LED, bright white LEDs were fabricated. The white LED
showed bright natural white light [(CIE x, CIE y) = (0.3229,
0.2879), i, = 80.3 ImW™,, T. = 6140 K, and R, = 73]. The
fabricated white LED was also relatively stable against the
increase of forward current. It indicates that the CIS/ZnS/ZnS
QD is a promising material applicable to blue LED-pumped
white LEDs showing bright two-band white light.
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Luminescence images and PL spectra of CulnS, core and
CulnS,/ZnS core/shell QD solutions with different Cu:In
ratios, PL spectra of CulnS,/ZnS core/shell QDs with varying
shell reaction time, PL spectra of CulnS,/ZnS/ZnS/ZnS core/
shell/shell/shell QDs, photographs and color coordinates of
CulnS,/ZnS/ZnS QD-converted LEDs, and emission inten-
sities of the CIS/ZnS/ZnS QDs and blue LED chip in the
white LEDs with increasing forward current. This material is
available free of charge via the Internet at http://pubs.acs.org.
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