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h i g h l i g h t s

� Remote phosphor using graphene was prepared for the generation of white LEDs.
� Remote phosphor using graphene showed higher luminous flux properties.
� Graphene plays an important role as a high thermal property.
� Remote phosphor is a good candidate of heat dissipation in optoelectronic devices.
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a b s t r a c t

A hybrid remote phosphor with single-layer graphene was developed for the fabrication of warm white
LEDs, and with an off-the-shelf blue LED operating at 350 mA it produced a high luminous flux of �64 lm
at 100 �C. The remote use of a single layer of graphene with a phosphor has a multi-functional role that
improves the luminous properties, long-term stability and thermal properties of LEDs. We suggest that it
can be expected to play an important role as a promising candidate for next-generation remote phos-
phors of high-power LEDs.

� 2015 Elsevier B.V. All rights reserved.

1. Introduction

White light-emitting diodes (LEDs) with a blue LED chip and
yellow emitting phosphor (Y3Al5O12: Ce3+) embedded in epoxy
have been highly popular for solid state lighting due to their
advantages of energy savings, compactness, long lifespan, high effi-
ciency, and environmental friendliness [1–5]. The Y3Al5O12: Ce3+

phosphor for the generation of white light possesses good lumines-
cence properties such as excellent chemical stability, a typical
broad emission band, and outstanding absorption of the light of
blue LED chips [6,7]. The drawback of Y3Al5O12: Ce3+ phosphor is
its thermal dissipation characteristics, so that the correlated colour
temperature is unstable with an increasing forward bias current

[8]. For suitability of use in high-power LEDs, high thermal proper-
ties are required [9,10].

The alternative is a remote phosphor. Generally, the remote
phosphor structure separates the phosphor layer away from the
blue LED chip [11]. White LEDs using remote phosphors can avoid
heat generation. As a result, a colour-stable and thermally stable
design of white LEDs can be achieved.

According to Hong et al., quantum dot/polymer nanohybrid
films are reported for white LEDs [12]. Generally, it is not only
the quantum dot that is unstable to moisture and heat, as the poly-
mer is also degraded with increases of temperature in blue LED
chips from a forward bias current.

Graphene materials are seen as an alternative solution to the
above problems. Graphene has attracted considerable attention
because of two excellent physical properties, its flexibility and high
intrinsic thermal conductivity, which come about because of the
strong bonding of the light carbon atoms [13,14]. So, graphene
has been focused on for its possible application in optoelectronic
devices, to overcome the heat dissipation problems.
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A remote phosphor used with a single layer of graphene has not
previously been reported anywhere. We report on a Y3Al5O12: Ce3+

remote phosphor that uses a single layer of graphene in application
to high-power LEDs.

We fabricated graphene with Y3Al5O12: Ce3+ phosphor to exploit
the excellent thermal properties of graphene for remote use with
LEDs, so as to render their output white. To the best of our knowl-
edge, this is the first reported attempt at using such hybrid
materials.

With operation at a colour temperature of 5300 K the hybrid
structure respectively saves more than 17% and 37% in phosphor
usage, compared to conventional remote and conformal structures.
The effect on the operation of the LEDs of the down-conversion
characteristics of the phosphor hybrid structure was found to be
a superior luminous flux.

2. Experimental

A graphene single layer was grown on copper foils using a
chemical vapour deposition (CVD) method. Firstly, the Cu foil
(99.8%, Alfa-Aesar, item No. 13382) was loaded into a quartz tube
of the CVD system and annealed at 1000 �C and under 90 mTorr
with 10 SCCM of H2 flowing for 60 min, to enlarge the sizes of
the graphene crystals on the Cu foil. The growth was initiated using
reaction gas mixtures (CH4/H2 = 15:10 SCCM) under 560 mTorr for
25 min, followed by rapidly cooling the sample to room tempera-
ture (10 �C min�1) with flowing H2 under 90 mTorr.

For the synthesis of Y3Al5O12: Ce3+ phosphor, a spray pyrolysis
method was utilized. The yellow emitting remote phosphor was
fabricated with polydimethylsiloxane (PDMS), Y3Al5O12: Ce3+

phosphor and hardener [15]. The mixture was dropped on the gra-
phene/Cu foil. The deformation of the sample was at 40 �C in a vac-
uum oven and it was cured at 100 �C for five hours. Finally, the Cu
foil of the sample was etched away. A schematic illustration of the
remote phosphor using a single layer of graphene is shown in
Fig. 1.

The crystalline phase of the Y3Al5O12: Ce3+ phosphor was iden-
tified using powder X-ray diffraction (XRD, D-MAX 2500, Rigaku)
with a CuKa target over the range 20� 6 2h 6 80�. The photolumi-
nescence properties including the external quantum efficiency of
the prepared samples were analysed by room temperature photo-
luminescence spectrometry (PL, PSI Co., Ltd., Korea), equipped with
a 500W Xenon discharge lamp as an excitation source. The lumi-
nous properties of the hybrid remote phosphor under a 450 nm
blue LED chip as a function of input current and temperature
was investigated with an Instrument Systems CAS-140CT.

3. Results and discussion

Fig. 2(a) shows the XRD patterns of Y3Al5O12: Ce3+ phosphors.
All of the diffraction peaks were matched to the pure cubic
Y3Al5O12 phase following JCPDS Card No. 73-1370. The Ce3+ ions
had little effect in the host Y3Al5O12 materials other than bringing
about an increase of the lattice parameters of the Y3Al5O12 because
of the ionic radii of the Y3+ ion (0.088 nm) and Al3+ ion (0.0675 nm)
compared to the Ce3+ ions (0.118 nm) [16]. A selected SEM image
of the Y3Al5O12: Ce3+ phosphor deficits are shown as an inset of

Fig. 1. Schematic of fabrication of remote phosphor using single-layer graphene.

Fig. 2. (a) XRD patterns of Y3Al5O12: Ce3+ phosphors by spray pyrolysis. The inset
shows the SEM image. (b) PLE and PL spectra of the sample.
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