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ABSTRACT: By taking semiconductors with different band-gap energies as the active
layers and controlling the electron—hole recombination region through the electric field,
bias-polarity dependent ultraviolet/visible switchable light-emitting devices have been
realized in Au/MgO/Mg49Zny5,0/Mg,Zn,_,O/n-ZnO structures, of which the
emission bands can be switched from the ultraviolet region to the orange region by
changing the polarity of the applied bias. The results reported here may provide a feasible

idea to multicolor-switchable light-emitting devices.
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1. INTRODUCTION

Semiconductor-based solid-state light sources, e.g, light-
emitting devices (LEDs), have profoundly changed the way
humans generate light for general lighting applications.' > At
present, a remarkably broad range of spectral bands, from near-
infrared to deep ultraviolet, have been covered by this kind of
light source.*"® A semiconductor-based light source featuring
low power consumption, high efficiency, compact size, long
lifetime, etc., is believed to be an ideal light source and benefit
humanity at large.”'® Moreover, continuing efforts have been
paid to this area to improve the performance of the solid-state
light sources in keeping with a variety of practical requirements.
It is well-known that semiconductors are characterized by a
band-gap energy (Eg), which determines the energy of the
photon produced when an electron in the conduction band
recombines with a hole in the valence band, ie., hv = E,. The
above fact means that the emission spectral band of a LED will
be fixed once the active layer of the device is chosen. However,
multicolor-switchable light-emitting devices, of which the
emission band can be changed by varying the bias, are of
great importance for multicolored flat panel displays, indicators,
back-lights, etc.'"'> Although many commercial approaches
have been proposed, such as using a planar arrangement of red,
green, and blue (RGB) color filters to subtractively create
saturated RGB colors from white light,B'14 and integrating side-
by-side single-color RGB devices that produce additive
multicolored emissions,"® such multicolored devices are always
problematic due to the unavoidable energy loss caused by the
filters or the high cost and complexity resulting from the
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integration. In view of practical use, multicolor-switchable
devices should utilize a relatively simple structure, of which the
color can be switched by the magnitude of applied voltage or by
the polarity of the applied bias. To this end, lots of color-
switchable devices with relatively simple structures, including
organic light-emitting diodes and inorganic thin-film electro-
luminescent devices, have been proposed and demonstrated in
visible bands.""**™'® Meanwhile, it will be of great importance
to further extend the spectral region of these kinds of color-
switchable devices, such as to the ultraviolet region and to the
infrared region.'”” However, no report on a UV/visible
switchable device can be found up to date.

MgZnO alloy is a promising candidate for ultraviolet
optoelectronic devices due to the wide variation of band-gap
energy (3.37—7.8 €V).***' Moreover, MgZnO alloys have
many unique characters, such as the relatively low growth
temperatures (100—750 °C), the high resistance to radiation,
the environmentally friendly characteristics, etc.,”””>® which
make it an ideal choice as the ultraviolet light emitter under the
excitation of accelerated electrons.

In this paper, semiconductor-based color-switchable LEDs
have been fabricated from Au/Mgj49Zn,5,0/Mg,Zn, O/n-
ZnO structures, of which the emission bands can be switched
from the ultraviolet region to the orange region by changing the
polarity of the applied bias. The emission mechanism has been
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discussed in terms of the carrier transportation process under
the drive of applied bias.

2. EXPERIMENTAL DETAILS

The fabrication processes of the devices are detailed as follows: Firstly,
a 570 nm ZnO layer with an electron concentration of 2.5 X 10" cm™
and a Hall mobility of 66 cm”> V™' s™" was used as the conducting layer
in this structure. The n-ZnO conducting layer was deposited on an a-
plane sapphire substrate using a VG V80H plasma-assisted molecular-
beam epitaxy (MBE). The detailed growth conditions can be found
elsewhere.”” A 200 nm Mg,Zn,_,O composition-gradient layer with a
Mg content changing gradually from 0 to 0.49 was deposited onto the
n-ZnO conducting layer via the MBE. Our previous work has
demonstrated that the Mg Zn, ,O composition-gradient layer can
help to prevent the occurrence of phase separation in the MgZnO
layer deposited onto it.*® In order to fabricate the Mg, Zn,_,O
composition-gradient layer, the Mg content was adjusted by increasing
the temperature of the Mg cell from 310 to 340 °C at a rate of 0.02
°C/s gradually, while the temperature of the ZnO cell was fixed at 280
°C. The O, gas was activated in an Oxford Applied Research plasma
cell (Model HD2S) with a radio frequency operating at 13.56 MHz at
a fixed power of 300 W. During the growth process, the substrate
temperature was kept at 500 °C and the chamber pressure at 5.2 X
107® Torr. After that, a 380 nm Mg Zngs,O active layer was
deposited onto the Mg, Zn, O composition-gradient layer. A 100 nm
MgO layer was used as the electron-accelerating layer due to its
dielectric properties, which was deposited onto the Mg, 49Zn,5,0
active layer in a reactive radio-frequency magnetron sputtering
technique using a 99.99% magnesium target in a mixed gas of oxygen
and argon with a flow ratio of 1:2 at 400 °C. Finally, a semitransparent
Au layer was deposited onto the MgO layer and an In layer onto the
ZnO layer in vacuum evaporation, respectively, acting as electrodes.

A Hall measurement system (LakeShore 7707) was used to evaluate
the electrical properties of these films. The absorption spectra of the
layers were recorded using a Shimadzu UV-3101PC spectropho-
tometer. The Mg content in the MgZnO layer was determined by
energy-dispersive X-ray spectroscopy. Photoluminescence (PL)
spectra of the layers were measured by employing either a He—Ag
laser (1 = 224 nm) or a He—Cd laser (1 = 325 nm) as the excitation
sources. The current—voltage (I—V) characteristics of the structures
were measured using a Keithley 2611A System, and the emission
spectra were recorded in a Hitachi F4500 spectrometer at room
temperature with a continuous-current power source.

3. RESULTS AND DISCUSSION

The inset of Figure 1 shows the schematic diagram and
emissions recording geometry of the Au/MgO/Mg 49Zn,5,0/
Mg, Zn,_,O/n-ZnO structure. As indicated in the figure, this
structure shows a weak rectification behavior at both forward
and reverse bias regions, where the reverse bias is defined as the
situation where the Au electrode is biased negatively. To
evaluate the optical band-gap energy of the MgZnO active
layer, the absorption spectra of the MgZnO films have been
measured, as shown in Figure 2a. The absorption component of
the Mg, Zn, O composition-gradient layer can be recognized
by comparing the absorption spectra of the MgZnO films both
with and without the Mg,Zn, O layer, as indicated by an
arrow. The band-gap energy of the Mg 40Zn, 5,0 layer deduced
from the plot of (ahv)* vs hv (a and hv are the absorption
coefficient and photon energy, respectively) is around 4.16 €V,
as indicated in the inset of Figure 2a. Furthermore, the Mg
content of the Mg, Zn,_ O layer is proved to almost linearly
increase along the growth direction according to its content
distribution, as shown in Figure 2b.

Figure 3a shows the emission spectra of the structure under
different reverse biases. Under the reverse bias of —25 V, two
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Figure 1. Current—voltage characteristics of the Au/MgO/Mg -
Zng5,0/Mg,Zn,_,O/n-ZnO structure, and the inset shows the
schematic diagram and emissions recording geometry of the structure.

(a)

—with Mg,Zn, ,O

’T — =—without MgXZnHO*;_ [ A
= Al
(4] S~
S St :
= e
E— 24 27 3.0 33 3.6 39 4.2
(o) Mg,Zn,_, 0 hv (eV)
7, I8
=

320 360 400 440 480 520

Wavelength (nm)

Figure 2. (a) Absorption spectra of the MgZnO films both with and
without the Mg, Zn,_,O layer, and the inset shows a plot of (ahv)? vs
hv. (b) The SEM image of the MgZnO films with a Mg, Zn,_.O layer;
the inset shows the line profile of the Mg content.

emission bands located at around 310 and 400 nm, can be
observed. Since the emissions at around 310 nm (4.00 eV) are
close to the band-gap energy of the Mg, 40Zn, ;O derived from
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Figure 3. Emission spectra of the Au/MgO/Mg49Zn,sO/Mg,-
Zn,_O/n-ZnO structure under reverse bias conditions (a) and
forward bias conditions (b).

the absorption spectra (4.16 €V), it can be attributed to the
near-band-edge (NBE) emissions of the Mgy 4Zn,s;O layer.
Note that this emission increases significantly with further
increasing the bias, as evidenced in Figure 3a. More
interestingly, the dominant emission band of this structure
can be switched after changing the polarity of the applied bias,
as shown in Figure 3b. It can be seen that the structure shows
strong emissions at around 590 nm, and a weak emission band
extending from 300 to 360 nm in the ultraviolet region can also
be detected. As the applied bias increased, the emissions at
around 590 nm increased dramatically, whereas the ultraviolet
emissions hardly changed. Furthermore, an emission band at
about 405 nm that may come from the n-ZnO layer can be
recognized at higher forward bias.

The mechanism of the above emissions from this structure
under both reverse and forward biases can be understood in
terms of the band alignment of the structure, as shown in
Figure 4: Under reverse bias, such as at —25 V bias, due to the
dielectric nature of MgO, most of the bias voltage would be
applied onto this layer so that the voltage drop across the MgO
layer (V,,) is much larger than the barrier height for the
electrons (®_, = 4.3 eV). Under this condition, the effective
width of the triangular Schottky potential barrier for the
electrons will be reduced significantly; thus, many electrons can
tunnel through the MgO layer via the Fowler—Nordheim (FN)
tunneling.” Considering that the thickness of the MgO layer is
only about 100 nm, the electric field in the MgO will be very
high; e.g., it will be as high as 2.5 X 10° V/cm at —25 V bias.
Thus, when the electrons coming from the Au electrode enter
into this layer, they will be accelerated greatly and gain much
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Figure 4. Band diagrams of the Au/MgO/Mg 4Zn,5,0/Mg,Zn; O/
n-ZnO structure under reverse bias conditions (a) and forward bias
conditions (b).

kinetic energy by the high electric field in this layer. Once these
accelerated electrons gain enough energy and enter into the
Mg 40Zny 5,0 active layer, they will excite the electrons in the
valence band of the Mgy,9Zny5,O layer into its conduction
band. In this way, electron—hole pairs will be generated in this
layer under the excitation of the accelerated electrons.”®*°
Then, the free electrons may recombine radiatively with the
generated holes. As a result, UV emission from the Mg o
Zny 5,0 active layer will be detected, as shown in Figure 3a.
Note that a broad emission band at about 400 nm can also be
found under reverse bias; it may come from the #-ZnO layer or
the Mg, Zn; O layer due to the absorption of the UV
emissions from the Mg ,Zn,5,O layer. Since only the region
of the Mg 49Zn,O layer within the depth of penetration of
the accelerated electrons will be excited, the light-emitting area
under the excitation of accelerated electrons is confined to the
region in the Mgy 4Zn, ;O layer close to the interface between
the MgO layer and the Mg 49Zny5,O layer. In the case of
forwards bias, likewise, the electrons in the conduction bands of
the Mgy 49Zng5,0 layer, although few in number, will tunnel
into the MgO layer. Then, these tunneling electrons as well as
the carriers in the MgO layer will gain much kinetic energy due
to the high electric field in this layer and initiate the impact
ionization process, giving rise to free electrons and holes, which

dx.doi.org/10.1021/am5010283 | ACS Appl. Mater. Interfaces 2014, 6, 8257—8262



ACS Applied Materials & Interfaces

Research Article

has been elucidated in our previous publications.**> After that,
the generated holes will be drifted to the Mg 49Zn, 5,0 layer by
the electric field. Since the resistivity of the Mgy 49Zng 5,0 layer
is too large to be measured by our Hall system, one can
speculate that there are few electrons in the conduction band of
the Mg 49Zn, 5,0 layer. As a result, the holes can travel quite a
long distance in this layer before they recombine with electrons.
Meanwhile, electrons in the conduction band of the n-ZnO
layer will move toward the positive electrode under the drive of
the electric field. Because of the barrier effect of the Mg, Zn, O
for the electrons, most of the electrons will accumulate in the
conduction band of the Mg,Zn, O layer, as depicted in Figure
4b. Then, when the holes move into this region, they will
recombine with these accumulated electrons. However,
probably because of the large lattice and thermal expansion
coefficient mismatches within this layer, there are so many
deep-level centers that the deep-level related emissions, namely,
the orange emissions, are more prominent than either the NBE
emission of the Mg,Zn, O or the #n-ZnO, as shown in Figure
3b.

To further confirm the origin of the orange emission under
forward bias condition, the PL characteristics of the MgO/
Mgy 49Zn45,0/Mg,Zn,_,O/n-ZnO structure under the excita-
tion of a 224 nm laser from the MgO side have been measured,
as shown in Figure Sa. It can be seen that a strong emission
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Figure S. (a) PL spectra of the Au/MgO/Mgg49Zn,s,0/Mg,Zn,_ O/
n-ZnO structure excited by a 224 nm laser. (b) PL spectra of the n-
ZnO conducting layer excited by a 325 nm laser. (c) PL spectra of the
Au/MgO/Mg 49Zny5,0/Mg,Zn,_ O/n-ZnO structure excited by a
325 nm laser.

band at about 309 nm dominates the spectrum, whereas no
obvious deep-level related emission or NBE emission of ZnO
can be detected, which proves the good optical quality of the
Mg 49Zn4 5,0 layer. The emissions at around 309 nm, which
are almost identical to those shown in Figure 3a, can be
attributed to the NBE emissions of the Mgy ,9Zny;,O layer.
Since the 224 nm laser can only penetrate into a thin region of
the Mg 49Zn, 5,0 layer due to the strong absorption, similar to
the case under the reverse bias, both the Mg, Zn, O layer and
the n-ZnO conducting layer will not be excited in this
condition. Meanwhile, the n-ZnO conducting layer used in
this structure is proved to have good optical quality without any
defect-related emissions under the excitation of a 325 nm laser,
as shown in Figure Sb. Considering that the absorption of the
Mg 49Zn45,0 layer at 325 nm is weak, as shown in Figure 2a, a
325 nm laser was used to excite the MgO/Mg49Zn,5,0/
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Mg, Zn,_O/n-ZnO structure from the MgO side, as shown in
Figure Sc. In this condition, both the Mg,Zn,_,O layer and the
n-ZnO conducting layer will be excited, and obvious deep-level
related emissions can be observed from the MgO/Mgg 40
Zny5,0/Mg,Zn; ,O/n-ZnO structure, besides the NBE
emissions of the n-ZnO conducting layer. On the basis of the
above experimental results, one can deduce that the orange
emissions shown in Figure 3b come from the deep-level related
emissions of the Mg, Zn,_,O layer.

Figure 6 shows the emission intensity—voltage characteristics
of the structure at UV regions and orange regions, respectively.
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Figure 6. Intensity—voltage characteristics of the Au/MgO/Mg -
Zny5,0/Mg,Zn,_,O/n-ZnO structure under both forward and reverse
bias conditions.

The UV emissions increase superlinearly with the applied
voltage under reverse bias conditions. Likewise, the orange
emissions increase with the bias voltage under forward bias
conditions. Moreover, the turn-on voltage of the UV emissions
(about 17 V) is smaller than that of the orange emissions
(about 21 V), which can also be understood in terms of the
band alignment of the structure shown in Figure 4. Considering
that most of the bias voltage will be applied onto the MgO
layer, the bias voltage determines the magnitude of the electric
field in this layer, which, in turn, determines the energy that the
carriers will gain through the acceleration process. Meanwhile,
according to the work of Anderson,® in a direct-band-gap
semiconductor with spherical constant energy surfaces and
constant effective masses m * and m,* = ym_* for electrons in
the conduction and valence bands, respectively, the threshold
energy for a phononless ionization process initiated by an
electron can be expressed by the following formula

E(2+7)
AN1+7y (1)

where E, is the band-gap energy, and m_* and m,* are taken at
the bottom of the conduction band and the top of the valence
band, and y is the ratio between m_* and m,*. Therefore, the
threshold voltage increases with the band-gap energy. In other
words, less kinetic energy will be required for the accelerated
carriers to generate electron—hole pairs in the Mgy 49Zngys,O
layer compared with the case in the MgO layer via the impact

Ey, =
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ionization process. Consequently, the UV emissions have a
lower turn-on voltage than the orange emissions.

4. CONCLUSION

In conclusion, color-switchable LEDs have been realized in a
Au/MgO/Mgg49Zny5,0/Mg,Zn,_,O/n-ZnO structure. The
emission bands of this structure can be switched from the
ultraviolet region to the orange region by changing the polarity
of the applied bias. The results reported in this paper
demonstrated that, by controlling the recombination region
of the excess carriers through the electric fields, bias-polarity-
dependent multicolor-switchable light-emitting devices can be
realized. Furthermore, in this structure, the excess carriers for
the UV emissions are generated under the excitation of
accelerated electrons, and the excess holes for the visible
emissions are generated through the impact ionization process.
The above mechanisms can lead to light emissions from
semiconductors by bypassing the doping issues, which is known
to be more difficult as the band-gap energy increases.
Therefore, the above ideas can also be applied to other
semiconductor materials to realize color-switchable devices.
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