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Abstract—This paper reports on the enhanced photol uminescence
(PL) of nanocomposites through the layered structuring of phosphor
and quantum dot (QD). Green phosphor of Sr2SiO4:Eu, red QDs of
CdSe/CdS/CdZnS/ZnS core-multishell, and thermo-curable resin
were used for this study. Two kinds of composite (layered and mixed)
were prepared, and the schemes for optical energy transfer between
QD and phosphor were suggested and investigated based on PL decay
characteristics. It wasfound that the layered structure is more effective
than the mixed one in the respects of PL intensity, PL decay and
thermal loss. When this layered nanocomposite (QDs on phosphor) is
used to make white light emitting diode (LED), the brightness is
increased by 37 %, and the color rendering index (CRI) valueisraised
to 88.4 compared to the mixed case of 80.4.

Keywor ds—Quantum Dot, Nanocomposites, Photoluminescence,
Light Emitting Diode

I. INTRODUCTION

LLOIDAL QDs have attracted much attention due to

heir unique characterigtics, including nanometer scales,
high PL quantum yields (QY s), wide absorption spectra toward
shorter wavelengths, exquisite color purity, lower light
scattering, and size-tunable optical properties [1]-[6]. These
advantages make nanocrystals useful for applications in a
variety of light-emitting technologies, such as general lighting,
display, photovoltaic devices, and lasers[7]-[10].

To tune the wavelength of the absorbed light, QDs have
recently been used as fluorescent phosphors for optical devices
to make white light or high-quality color light [11]-[16].
Although this has been reported for a white color rendering of
LED using QDs, blendsof QDs and conventional phosphorsare
a more typical approach than QDs, only due to optical
performance, cost, and stability. QDs often simply tune the
color of the LED toward the desired color coordinate along with
high CRI. Previous research has only reported the change in
optical properties according to simple mixing of QDs and
phosphors. It did not consider the optical energy transfer
between the QDs and phosphor. There are several optical paths
between those, as they are randomly dispersed in space.
Therefore, a simple blending structure might show relatively
low energy-transfer efficiency because of several intermediate
energy-loss steps in the transfer process [17].

This paper systematically analyzesthe optical energy transfer
between QDs and phosphor. For the first time, a layered
structure to QD—phosphor thin filmsisintroduced. Two kinds of
composite (layered and mixed) are compared in terms of optical
and thermal characteristics. It includes two kinds of layered
composites according to the position and concentrations of the
QDs.
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The PL decay characteristics are measured to arrive at a
feasible reason as to why QDs layer on phosphor layer is more
preferable with respect to PL. When an LED device with
layered nanocomposite (QDs on phosphors) is fabricated, it
shows highest brightness and CRI values among the tested
Nanocomposites.

I1. EXPERIMENTAL

A.Materials and their characterization

For the synthesis, the experiment used Trioctylamine
(Aldrich, 98 %), Oleic acid (Alfa, 99 %), Cadmium oxide (Alfa
Aesar, 99.998 %), Se powder (Alfa Aesar, 99.999 %), Zinc
oxide (Aldrich, 99.99 %), Trioctyl phosphine (Aldrich, 90 %),
and 1-octanthiol (Aldrich, 98.5+ %).

An absolute quantum yield was measured through quantum
yield measurement system (C-9920-02, Hamamatsu, Japan)
composed with integral sphere, PMT, monochrometer and Xe
lamp. QY was measured under 480 nm excitation wavelength. A
sample has 0.02 ~ 0.05 absorption intensity (OD) at the 480 nm.
The absorption and photoluminescence were characterized
using a UV-vis spectrophotometer (SD-1000, Scinco, Korea)
and afluorometer (Fluorolog, HoribaJOBIN YVON, France) at
room temperature. Transmission electron microscopy (TEM)
images were obtained using a Tecnai G2 F30 S-Twin model
(FEI, The Netherlands) at 300 kV. QDs were dispersed in
toluene and dropped on the 300-mesh holey carbon grids to
prepare the sample. The decay properties of composite film
were characterized with a Ti:Sapphire femtosecond pulse laser
(Coherent, USA). The 519 nm green-emitting Sr2SiO4:Eu
phosphor was purchased from Force4 Co., (Gwangju, Korea)
and used as received. InGaN-based blue LED chips (NLX-5
blue power die, Amax = 455 nm, non-epoxy molding packages)
were purchased from Trikaiser (Gwangju, Korea). The
dual-component thermal curable silicone resin (OE-6630 A and
B) was purchased from Dow Corning.

B. Preparation of QD-phosphor-resin Nanocomposite and
LED Device

Composite films were fabricated after the solvent was
removed, and PL emission and decay properties from
layer-by-layer  (LBL) assembly and blending of
QD-phosphor-resin  film were measured after curing.
QD-phosphor-silicone mixture was continuously dropped on
blue LED chips to prevent bubble formation. Optical
characteristics, such as eectroluminescence (EL), luminous
efficiency, correlated color temperature (CCT), and the
Commission Internationale de I'Eclairage (CIE) color
coordinates of WLEDs were evaluated by PR650 spectrascan
(Photoreseach, USA) under a 350-mA working current at room
temperature. CRI were recorded using a SLMS LED 1060
(Labsphere, USA) at room temperature.
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Ill.  RESULTSAND DISCUSSION

Fig. 1a shows the structure of a core-multishetiazaystal
optimized for high luminance efficiency and stakili The
synthesized core-multishell QDs (CdSe/CdS/CdZnS)yzar8
composed of Cd, Se, Zn, and S as shown in FigodGEM
images. The as-synthesized core-multishell QDglgle@pear
on the TEM grid. They are almost monotonically éised,
without agglomeration. Well-defined lattice fringies the QD
particles can be observed in the high-resolutioNTiBage (the
inset of Fig. 1b), indicating that core-multish€lDs have a
well-defined homogenous crystalline structure. dugigrom
the TEM images, the average particle size of tldeeraitting
core-multishell QDs is about 6.8 nm. The photogriagig. 1c
shows the toluene solutions of the QDs in a cuvatider
daylight and at 365-nm ultraviolet (UV) excitatioRig. 1d
shows typical UV-vis absorption spectra and theesgonding
PL spectra of core-multishell QDs. The core-mu#lsiQDs
exhibit high and sharp first absorption peaks & &fn and
emission peaks at 617 nm, indicating that they laghly
monodispersed with a narrow size distribution. T of the
QDs obtained through the synthetic methods deatriipe
Experimental Section, is above 55 % and the fulitviat half
maximum (FWHM) of the QDs is 32 nm. The PL excaati
(PLE) and the maximum wavelength of the PL spectnfm
green-emitting phosphor are monitored at 450 nm=r&dnm,
as reported previously[18]. There is a spectratlapebetween
the phosphor emission and absorption of the QDcating
that photons emitted from the phosphor could difipibe
transferred to the QDs. In contrast, the PLE spettof the
phosphor does not overlap with the QD emission tspeg
indicating that there is no energy transfer viatphe from the

QD.

Intenslty (au.)
PL Intensity (a.u.)

Widengh (nm)

Fig. 1 a) Structure of a core-multishell nanocrlysia TEM images of
CdSe/CdS/CdZnS/ZnS core-multishell QD (scale H&rnm). The
inset shows TEM images with high resolution for @Dale bar : 2
nm). ¢) A picture of the QD solutions under daytighd at 365 nm

UV illumination. d) UV-vis absorption spectra angriesponding PL

emission spectra of core-multishell QDs

Fig. 2 illustrates the emission mechanism and gneagsfer
between QDs and phosphor in a polymer matrix. WtherQD
layer on the phosphor layer is exposed to blue (gfg. 2a),
there are three optical paths for the blue ligbtvard the
phosphor, the QD, and the polymer. At this timeission loss
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(absorption, reflection, refraction, scattering,. eaind heat loss
(from QDs, the phosphor, and the polymer) occuinguthe
light transmission. In the next step, the lightcnverted to
green and propagates toward the QDs and the palymer
Accordingly, the red light converted by the QDsilisated from
green light by the phosphor and blue light souErergy loss
from the QDs also happens during this light coneard=inally,
white light is emitted from the composite layer hiye
combination of the blue, green-converted, and wurerted
light. In the case of the phosphor layer on the fBg. 2b), the
regime of light transmission is apparently simtlathat in Fig.
2a, but the light-conversion efficiency is diffetelue to the role
of the QDs. In the case of QDs on phosphor, mast hjght is
first converted by phosphor with high efficiencyD®are used
to convert the blue light and the green light frihva phosphor.
However, for phosphor on a QD layer, if the QDscabsmost
of the blue light, they emit the converted red tigth a low
conversion efficiency. Considering the overall oagti
conversion, it seems better to position the QDgheroutermost
layer rather than the layer near the light souasea significant
energy loss due to heating occurs during the tightrersion. In
the phosphor layer, only the blue light that is cotverted by
the QD layer is absorbed by the phosphor. The oedarted
light from the QDs mostly passes through the phosfayer. In
the case of the mixed layer in Fig. 2c, energysierand energy
loss occurred simultaneously. Emission loss is ebguke to
increase due to the increased optical interferemteeen the
QDs and phosphor. Based on the discussion of kignd 2b, it
can be predicted that the conversion efficiencthefblue light
has roughly some value in the interval between Higand 2c.

a) Converted Transmitted b) Converted Transmitted o) Converted  Transmitted
Light Light Light Light Light Light

Heat Loss

Heat Loss Heat Loss

(S8 :gr (Resin)

Re-ahsorptian

Heat Loss Heat Loss
Emission Loss ,\‘:'-,_

Y
Heat Loss Re-absofption Emission Loss

{Phosphor)

Emission Loss
(Phosphor)
Absorption

Light Source
Fig. 2 Schematic illustration of the emission metsia and the
energy transfer between QDs and phosphor in polynagrix : a) QD
layer on phosphor layer, b) phosphor layer on Qeriaand ¢) mixed
layer
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Fig. 3 shows the PL emission spectra of the nanposite
films with core-multishell QDs and phosphors in #ikcone
resin after thermal curing. The PL intensity and #pectral
maximum of QDs does not provide the same valud_ad$the
QD solutions. The PL intensity could be reducedrdyufilm
formation by surface defects in the QDs or différside
reactions in the silicone resin at high temperatLdg [19]. Fig.
3a shows the PL spectra of both pure phosphor dagad
phosphor layers coated by QDs. Blue light (400 fnomn the
PL apparatus was used as a light source for thgmziments.
The phosphor layer alone does not show any redsemisipon
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excitation with blue light, as expected. After tmdition of the
QD layer to the phosphor layer, the PL intensitygoéen
emission due to the phosphor is significantly rediijand the
red emission appears in the PL spectrum. The Pttispe of
the red emission results from the blue light traittsch through
the phosphor layer and re-absorption of the photmited
from the phosphor layer. However, Fig. 3b showdthepectra
of the layer with QD only and of the phosphor layéth QD,
respectively. The red emission attributed to the-guoultishell
QDs shifts slightly to a longer wavelength, fronv&im to 622
nm, compared with the PL of the QD solution in Fig. This
might be due to the aggregation of QDs which resulta new
energy band and the re-absorption of light in iheogie resin
[20], [21]. When the phosphor layer is added to i layer,
the PL intensity of the red emission by the QDslightly
reduced, and the PL spectrum of the green emisgippars at
521 nm. This means that the light converted by dheen
phosphor is mostly due to blue light, not red. Shght change
in PL intensity at the red region is likely dudight scattering at
the interface area between the QD and phosphor. |&yso,
micron-sized phosphor particles in phosphor layedd cause
the light scattering, which would lead to a decee@s PL
intensity at the QD emission region. Fig. 3c shdtes PL
spectra of the phosphor layer on the QD layerQbelayer on
the phosphor layer, and the mixed layer. The QRran the
phosphor layer exhibits the highest PL intensity gnéen
emission among these three structures, even thdhgh
maintain a similar intensity of red emission. Timdicates that
the layer adjacent to the light plays a major riolehe light
conversion.
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Fig. 3 The PL emission spectra of nanocompositesfitomposed of
phosphors, core- multishell QDs, and resin : a)l@@r on phosphor
layer (only phosphor layer : black, QD layer on gtwor layer : red),
b) phosphor layer on QD layer (only QD layer : klgghosphor layer
on QD layer : red), and c) QD layer on phosphoeigplack),
phosphor layer on QD layer (red), and mixed (gréeygr.

industry due to their environmental friendlinesghtefficiency,
applicability in a wide range of sizes, and low pow
consumption [22]-[25]. To fabricate WLEDs, red
core-multishell QDs, green phosphor, and thermdiara
polymer are coated onto a blue LED chip using adileg and
LBL assembly technique (QDs on phosphor and phaspho
QDs). Fig. 4a shows the EL spectra of blue lightapad LEDs
using only phosphor layer and QD layer on phosphager.
Similar to PL results, only the phosphor layer doesshow any
red emission and after hybridization of the QD taga the
phosphor layer, a large drop in blue and greensomisand a
small rise in re-emission appear. These resultgesighat both
blue and green light can be re-absorbed by QDs.4Bighows
the EL spectra of only the QD layer and phosphgeran the
QD layer. As expected, only the QD layer does hotxsgreen
emission. However, when the phosphor layer is kiybed on
the QD layer, a decrease of blue emission, increaggeen
emission, and no change of red emission are oldetvés
evident that QD emission has no relationship tosphor
emission. Fig. 4c shows the EL spectra of the phasiayer on
the QD layer, QD layer on phosphor layer, and mieg@r on
blue light-pumped LEDs. The QD layer on phosphgetehas
the most EL peak area, and phosphor layer on Qér lags the
least EL peak area. The decrease of the EL peak are
corresponds to a reduction in luminous efficiency.

o
<

b)
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QD on phosphor

Only QD
Phosphor on QD
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Wsz‘)re]ength(?:n) o
Fig. 4 The EL spectra of blue light-pumped LEDs wioperated at
350 mA : a) QD layer on phosphor layer (only phasgbyer : black,
QD layer on phosphor layer : red), b) phosphoriayeQD layer
(only QD layer : black, phosphor layer on QD layezd), and c) QD
layer on phosphor layer (black), phosphor laye@@nlayer (red), and
mixed (green) layer

Fig. 5a shows the CIE color coordinates of the ciaticity
diagram of the QD layer on phosphor layer, phospdaer on
QD layer, and mixed layer cases on light-pumped &EDd
corresponding photo images at an operating cuofe3®0 mA.

The CIE coordinates of the QD layer on phosphoetdayre

WLEDs have attracted both scientific and commerciatb_2889 0.3627), those of the phosphor layer onl&y@r are

attention. They may be useful for many solid-stitienination
applications, including general lighting, backligigt of large
displays, and decorative lamps as well as in thenaotive
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(0.3651, 0.2869), and those of the mixed layer (Arg178,
0.3426). For layered structures, the color of itjetlemitted by
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the device shifts to the color emitted by the laadjacent to the

blue light. For the mixed structure, the devicetsrtiie color
between the QD layer on phosphor layer and thepfturdayer
on QD layer. Fig. 5b shows the EL spectra as atimmof QD

content for a forward current of 350 mA when the @&er is

hybridized on top of the phosphor layer. As the Qintent
increases, a decrease in blue and green spediahseand a
relative increase in red spectral
simultaneously.

Phosphor on QD

b) QD content (wi%a)
El i \
_g- \ / A 0.4

) W
= WAN

Wavelength (zm >
Fig. 5 a) The CIE color coordinates of the chronigtidiagram of QD
layer on phosphor layer, phosphor layer on QD laged mixed layer

on light-pumped LEDs and corresponding photo imajes
operating current of 350 mA. b) The EL spectra asation of QD
content for a forward current of 350 mA when QDelais hybridized
on top of phosphor layer.

IV. CONCLUSION

In summary, this paper has developed a novel nanpasite
structure embedding CdSe/CdS/CdZnS/ZnS core-meltistd
QDs and Sr2SiO4:Eu green phosphors in a silicosia fer a
color converting material using various structurimgthods
(layered and mixed). It is observed that an enhaercé of
brightness is demonstrated and attributed to éffecnergy
transfer, and that layer structure plays a majta o the light
conversion. A two-step change of the QD emissioa tduthe
re-absorption of photons emitted from the phospéer leads
to the broadest PL area and slow decay proper@iobfayers.
When this layered structure is applied to fabraratf WLEDS,
the performance of WLED is significantly improvedterms of
luminance efficiency and CRI. It can be concludkdt tthis
layer-by-layer structuring of QDs and phosphor ibBDs is a
good solution for many optical applications.

ACKNOWLEDGMENT

This research was supported by the Industrial &jrat
technology development program (MKE),
Research Program from the Center for Nanoscale Meatics
& Manufacturing (MEST) and Basic Research (KIMMppri€a.

International Scholarly and Scientific Research & Innovation 6(5) 2012

region are oleskrv

21C Frontier

405

REFERENCES

[1] Y. L, A. Rizzo, R. Cingolani, and G. Gigli, “Brigh
White-Light-Emitting Device from Ternary Nanocryst@omposites,”
Adv. Mater., 18, 2545, 2006.

[2] R. Xie, D. Battaglia, and X. Peng, “Colloidal InPahbcrystals as
Efficient Emitters Covering Blue to Near-Infrared,” Am Chem. Soc.,
129, 15432, 2007.

[3] J. S. Bendall, M. Paderi, F. Ghigliotti, N. L. Rird. Lambertini, V.
Lesnyak, N. Gaponik, G. Visimberga, A. EychmilerM. S. Torres, M.
E. Welland, C. Gieck, and L. Marchese, “Layer-by#All-Inorganic
Quantum-Dot-Based LEDs A Simple Procedure with bkt
Performance,Adv. Funct. Mater ., 20, 3298, 2010.

[4] S.Jeong, J. Lee, J. Nam, K. Im, J. Hur, J.-J.,Rakl. Kim, B. Chon, T.
Joo, and S. Kim, “One-Step Preparation of Stronglyninescent and
Highly Loaded CdSe Quantum Dot-Silica Film3,Phys. Chem. C, 114,
14362, 2010.

[5] W. K. Bae, J. Kwak, J. W. Park, K. Char, C. Leed & Lee, “Highly
Efficient Green-Light-Emitting Diodes Based on C@®&nS Quantum
Dots with a Chemical-Composition GradienAtv. Mater., 21, 1690,
2009.

[6] P.O. Anikeeva, J. E. Halpert, M. G. Bawendi, andBMlovic, “Quantum
Dot Light-Emitting Devices with Electroluminescentenable over the
Entire Visible Spectrum,Nano Letters, 9, 2532, 2009.

[71 W. C. W. Chan, and S. Nie, “Quantum Dot Bioconjegatfor
Ultrasensitive Nonisotopic DetectiorStience, 281, 2016, 1998.

[8] V.l Klimov, A. A. Mikhailovsky, S. Xu, A. Malko,J. A. Hollingsworth,
C. A. Leatherdale, H.-J. Eisler, and M. G. Baweri@iptical Gain and
Stimulated Emission in Nanocrystal Quantum DoSsjence, 290, 314,
2000.

[9] E. Jang, S. Jun, H. Jang, J. Lim, B. Kim, and Y.mKi
“White-Light-Emitting Diodes with Quantum Dot Col&onverters for
Display Backlights,”Adv. Mater., 22, 3076, 2010.

[10] I. Koutselas, P. Bampoulis, E. Maratou, T. EvagelinG. Pagona, and G.
C. Papavassiliou, Some Unconventional Orgafiic Inorganic Hybrid
Low-Dimensional Semiconductors and Related LightitEng Devices,”
J. Phys. Chem. C, 115, 8475, 2011.

[11] S. Haubold, M. Haase, A. Kornowski, and H. WelleStrongly
Luminescent InP/ZnS Core * Shell NanoparticlégiemPhysChem, 2,
331, 2001.

[12] H. Zhang, J. Han, and B. Yang, “Structural Fabrarand Functional
Modulation of Nanoparticle—Polymer Compositeadv. Funct. Mater.,
20, 1533, 2010.

[13] J. S. Steckel, P. Snee, S. C.-Sullivan, J. P. ZimdheE. Halpert, P.
Anikeeva, L. A. Kim, V. Bulovic, and M. G. BawendiColor-Saturated
Green-Emitting QD-LEDs,Angew. Chem. Int. Ed., 45, 5796, 2006.

[14] H. S. Chen, S. J. J. Wang, C. J. Lo, and J. Y. ®thite-light emission
from organics-capped ZnSe quantum dots and apipiicatn
white-light-emitting diodes,Appl. Phys. Lett., 86, 131905, 2005.

[15] S. Nizamoglu, G. Zengin, and H. V. Demir, “Colomeerting
combinations of nanocrystal emitters for warm-wHigght generation
with high color rendering indexAppl. Phys. Lett., 92, 031102, 2008.

[16] M. Ali, S. Chattopadhyay, A. Nag, A. Kumar, S. Saps. Chakraborty,
and D. D. Sarma, “White-light emission from a blepnfl CdSeS
nanocrystals of different Se:S ratidJanotechnology, 18, 075401, 2007.

[17] S. Chanyawadee, P. G. Lagoudakis, R. T. Harlefp MB. Charlton, D. V.
Talapin, H. W. Huang, and C.-H. Lin, “Increased @edConversion
Efficiency in Hybrid Light-Emitting Diodes utilizig Non-Radiative
Energy Transfer,Adv. Mater., 22, 602, 2010.

[18] J. Y. Woo, K. N. Kim, S. Jeong, and C.-S. Han, ‘ffhal behavior of a
quantum dot nanocomposite as a color convertingemahtand its
application to white LED,Nanotechnology, 21, 495704, 2010.

[19] X. Cao, C. M. Li, H. Bao, Q. Bao, and H. Dong, “Fahtion of Strongly
Fluorescent Quantum Dot-Polymer Composite in AgseSolution,”
Chem. Mater., 19, 3773, 2007.

[20] J. Lim, S. Jun, E. Jang, H. Baik, H. Kim, and JoCtPreparation of

Highly Luminescent Nanocrystals and Their Applioati to

Light-Emitting Diodes,"Adv. Mater., 19, 1927, 2007.

[21] H. S. Jang, H. S. Yang, S. W. Kim, J. Y. Han, SL&, and D. Y. Jeon,
“White Light-Emitting Diodes with Excellent ColoréRdering Based on
Organically Capped CdSe Quantum Dots ancSiSs:Ce™ Li*
Phosphors,Adv. Mater., 20, 2696, 2008.

1SN1:0000000091950263



Open Science Index, Nuclear and Quantum Engineering Vol:6, No:5, 2012 publications.waset.org/12205.pdf

World Academy of Science, Engineering and Technology
International Journal of Nuclear and Quantum Engineering
Voal:6, No:5, 2012

[22] H. S. Jang, B. H. Kwon, H. Yang, and D. Y. JeonrigBt three-band
white light generated from CdSe/ZnSe quantum dsisted
SKSiOs:Ce™ Li*-based white light-emitting diode with high color
rendering index, Appl. Phys. Lett., 95, 161901, 2009.

[23] S. Nizamoglu, T. Ozel, E. Sari, and H. V. Demir, iif¢ light generation
using CdSe/ZnS core-shell nanocrystals hybridizé¢th WmGaN/GaN
light emitting diodes, Nanotechnology, 18, 065709, 2007.

[24] R. J. Xie, N. Hirosaki, N. Kimura, K. Sakuma, and. Mlitomo,
“2-phosphor-converted white light-emitting diodes sing
oxynitride/nitride phosphorsAppl. Phys. Lett., 90, 191101, 2007.

[25] H. Wang, K. S. Lee, J. H. Ryu, C. H. Hong, and Y GHo, “White light
emitting diodes realized by using an active paakgginethod with
CdSe/ZnS quantum dots dispersed in photosensitpoxyeresins,”
Nanotechnology, 19, 145202, 2008.

International Scholarly and Scientific Research & Innovation 6(5) 2012 406 1SN1:0000000091950263





