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A phosphor-converted light-emitting diode (LED) was realized by coating BaMg2Al16O27:Eu2 +
�Mn2 +

and (SrCaPO4) �B2O3:Eu2 +
�Na+ phosphors onto an n-ZnO/i-MgO/p-GaN heterojunction diode. Two

emission bands at around 450 and 520 nm were observed in the phosphor-converted LED under the

injection of continuous current. By analyzing the optical properties of the heterojunction diode and

phosphors, it is concluded that the emission at 450 nm comes from (SrCaPO4) �B2O3:Eu2 +
�Na+

phosphor, while the one at 520 nm comes from BaMg2Al16O27:Eu2 +
�Mn2 + phosphor under the

excitation of the light emitted from the n-ZnO/i-MgO/p-GaN heterojunction diode. The results reported

in this paper may provide a route to ZnO-based phosphor-converted LEDs for future lighting or

displaying purpose.

& 2010 Elsevier B.V. All rights reserved.
1. Introduction

White light-emitting diodes (LEDs) for the purpose of solid
state lighting have attracted much attention in recent years [1,2].
Currently the most promising candidate for solid state lighting is
phosphor-converted LEDs, in which white LEDs are fabricated by
coating yellow and/or red phosphors onto blue or near-ultraviolet
(UV) light-emitting chips [3–6]. Recently, gallium nitride (GaN)
based quantum well structures have been widely employed as the
chips of white LEDs [1]. However, the performance of GaN-based
phosphor-converted white LEDs is still below expectation for
their relatively low emission efficiency and high cost. Zinc oxide
(ZnO) has a similar band gap with GaN, but the exciton binding
energy of ZnO (60 meV) is much larger than that of GaN (25 meV),
which implies that higher emission efficiency could be expected
from ZnO [7–10]. Additionally ZnO is abundant and cheap, which
is favorable to reduce the cost of LEDs made from it. The above
factors make ZnO a strong candidate for white LEDs. Although some
ZnO-based homojunction LEDs have been reported [11–13], the
reproducible and stable p-type doping of ZnO is still a huge
challenge. On this account, some efforts have been made on
n-ZnO/p-GaN heterojunctions, from which white emission has been
observed by mixing the blue emission from GaN and red emission
from ZnO [14,15]. However, no ZnO-based phosphor-converted LED
has been reported up to date to the best of our knowledge.
ll rights reserved.
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han).
We have recently found that by modulating the carrier
transportation process in n-ZnO/p-GaN heterojunction using a
thin MgO dielectric layer, intense electroluminescence (EL) or
even low-threshold lasing can be obtained [16,17]. In this paper,
an n-ZnO/MgO/p-GaN heterojunction diode with MgO layer
modulating the carrier transportation has been fabricated, and a
phosphor blend was coated onto the heterojunction diode to form
a phosphor-converted LED. Obvious EL emission has been
observed from the LED.
2. Experimental details

The ZnO-based heterojunction diode was fabricated by
depositing 30 nm MgO and 300 nm undoped n-ZnO film in
sequence onto a commercial available p-GaN/sapphire template
in a VG V80H plasma-assisted molecular beam epitaxy (MBE)
system. For more details about the growth process please refer
to our previous publication [17]. The thickness of the GaN layer is
about 2 mm, and the hole concentration and mobility are
3.0�1017 cm�3 and 10 cm2V�1 s�1, respectively. The ZnO layer
exhibits n-type conduction with an electron concentration of
3.0�1018 cm�3 and a mobility of about 24 cm2V�1 s�1. Bilayer
Ni–Au and In–Au contacts were evaporated onto the p-GaN and
n-ZnO layers acting as electrodes, respectively. The heterojunction
diode was then coated with the blend of BaMg2Al16O27: Eu2+

�Mn2+

and (SrCaPO4) �B2O3:Eu2+
�Na+ phosphors. The schematic diagram

of the heterojunction diode and the photograph of the finished
phosphor-converted LED are shown in Fig. 1.
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Fig. 1. Schematic diagram of the heterojunction diode (a) and a photograph of the

phosphor-converted LED (b); note that a five chiao coin was used to show the size

of the device.
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The electrical characteristics of the component layers were
measured in a Hall measurement system (LakeShore 7707). The
photoluminescence (PL) and photoluminescence excitation (PLE)
spectra of the phosphors, and the electroluminescence (EL)
spectra of the device were recorded in a Hitachi F4500 spectro-
meter at room temperature. Note that a continuous current power
source was used to excite the diodes for the EL measurements.
Fig. 2. EL spectra of the phosphor-converted LED under various injection currents;

the inset shows the dependence of the emission intensity on the injection current.

Fig. 3. EL spectra of the n-ZnO/i-MgO/p-GaN heterojunction diode under various

injection currents.
3. Results and discussion

The EL spectra of the phosphor-converted LED are displayed in
Fig. 2. As shown in the figure, two emission bands can be observed
from the LED under the injection of continuous current: one
locates at around 450 nm, and the other at around 520 nm. Note
that with increase in the injection current, the shape of the
spectra remains, but their intensity varies. As indicated by the
dependence of the emission intensity of the LED on the injection
current shown in the inset of Fig. 2, the emission intensity of the
LED increases greatly when the forward injection current is
enhanced from 3.55 to 8.60 mA, but it almost saturates when the
injection current is increased further. The above variation trend
has been frequently observed in LEDs, and can be attributed to the
decrease in luminescence efficiency and the enhancement in
joule-heating of the n-ZnO/i-MgO/p-GaN chip at elevated
injection current [18].

In order to explore the origin of the EL from the
ZnO-based phosphor-converted LED, the EL spectra of the
n-ZnO/i-MgO/p-GaN heterojunction diode have been measured,
and the results are shown in Fig. 3. As the injection current
increases from 3.05 to 8.80 mA, all the spectra exhibit a strong
emission at about 395 nm. Similar emission has been observed in
our previous publication [17], and it has been attributed to the
emission from ZnO with the MgO layer modulating the carrier
transportation in the heterojunction [16,17]. The MgO layer will
block the drift of electrons in the n-ZnO to the p-GaN for the large
conduction band offset between ZnO and MgO (3.55 eV), while
because the valence band offset between GaN and MgO is much
smaller (0.9 eV), and the conduction and valence bands of MgO
will bend significantly under forward bias, the effective thickness
of the barrier that blocks the injection of holes from p-GaN to n-
ZnO will be greatly reduced. As a result, holes in the p-GaN layer
can tunnel through the MgO layer and enter into the ZnO layer,
and recombine radiatively with the electrons accumulated in the
ZnO layer. Consequently, intense emission coming from the ZnO
layer is observed [17]. In the EL spectra of the phosphor-converted
LED shown in Fig. 2, the emission at 395 nm is totally invisible,
which indicates that this emission from the n-ZnO/i-MgO/p-GaN
heterojunction diode has been fully absorbed by the phosphors.

The PL and PLE spectra of the BaMg2Al16O27:Eu2 +
�Mn2 +

and (SrCaPO4) �B2O3:Eu2 +
�Na+ phosphors used in the phosphor-

converted LED are shown in Fig. 4. The (SrCaPO4) �B2O3:
Eu2 +

�Na+ phosphor exhibits a PLE peak at 395 nm, as shown in
Fig. 4a. Note that the position of the PLE peak of the phosphor is in
sharp accordance with the emission of the heterojunction diode
(395 nm) employed as the chip of the phosphor-converted LED.
Under the excitation of the 395 nm light of a xenon lamp, a strong



Fig. 4. PL and PLE spectra of the (SrCaPO4) �B2O3:Eu2 +
�Na+ (a) and BaMg2

Al16O27:Eu2+
�Mn2+ (b) phosphors.
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blue emission centered at 456 nm is observed from the phosphor,
which is close to the emission band at around 450 nm of the
phosphor-converted LED. The above phenomenon indicates that
the emission at around 450 nm of the phosphor-converted LED
observed in Fig. 2 comes from the (SrCaPO4) �B2O3:Eu2 +

�Na+

phosphor under the excitation of the 395 nm light emitted from
the n-ZnO/i-MgO/p-GaN heterojunction diode. The PL and PLE
spectra of BaMg2Al16O27:Eu2 +

�Mn2 + phosphor are shown in
Fig. 4b. The PLE spectrum shows a broad curve spanning from
250 to 450 nm, which means that the BaMg2Al16O27:Eu2 +

�Mn2 +

phosphor can also be excited by the 395 nm light emitted from
the heterojunction diode. Under the excitation of the 395 nm line
of a xenon lamp, the PL spectrum of BaMg2Al16O27:Eu2 +

�Mn2 +

phosphor shows an intense emission at 525 nm, the position of
which matches well with the 520 nm emission observed from the
phosphor-converted LED shown in Fig. 2. Therefore, the emission
at around 520 nm of the phosphors-converted LED should come
from the BaMg2Al16O27:Eu2 +

�Mn2 + phosphor. Summarily,
an emission at around 395 nm will be emitted from the
n-ZnO/i-MgO/p-GaN heterojunction diode under the injection of
continuous current, and the emission is almost totally absorbed
by the phosphors coated onto the diode. Under the excitation of
the 395 nm light emitted from the heterojunction diode, an
emission at around 450 nm coming from (SrCaPO4) �B2O3:
Eu2 +

�Na+ phosphor and another emission at around 520 nm
from BaMg2Al16O27:Eu2 +

�Mn2 + are observed from the phosphor-
converted LED. This is the reason why two emission bands at
around 450 and 520 nm are observed in the n-ZnO/i-MgO/p-GaN
heterojunction diode based phosphor-converted LED under the
injection of continuous current.
4. Conclusion

A phosphor-converted LED was realized by coating phosphors
onto an n-ZnO/i-MgO/p-GaN heterojunction diode, and two broad
emission bands at around 450 and 520 nm were observed from
the LED. By analyzing the emission of the heterojunction diode,
together with the PL and PLE spectra of BaMg2Al16O27:Eu2 +

�Mn2 +

and (SrCaPO4) �B2O3:Eu2 +
�Na+ phosphors employed, the origin of

the emissions has been attributed to the emission from the two
phosphors under the excitation of the 395 nm light emitted from
the heterojunction diode. Although the performance of the LED
reported here needs improvement, the results reported in this
paper may suggest a route to ZnO-based phosphor-converted
LEDs for possible applications in lighting or displaying in the
future.
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