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ABSTRACT: We demonstrate for the first time that multilevel resistive random access memories (RRAMs) can be utilized to
modulate the luminescence of light-emitting devices (LEDs) in Au/GaOx/p-GaN/n-ZnO structures. In these structures, Au/
GaOx/p-GaN multilevel RRAMs are integrated with p-GaN/n-ZnO LEDs. The injection current of the LEDs can be controlled
by the resistance states of the multilevel RRAMs, thus modulating the luminous intensity. The results reported in this paper may
offer a route to more integrated and low-cost LED displays. Moreover, our approach may provide a clue for the diversified
applications by integrating RRAMs with other functional electronics.

KEYWORDS: light-emitting devices, resistive random access memories, multilevel switching

In the past decades, light-emitting devices (LEDs) have
attracted much attention for their significance in both

fundamental research and practical applications in the field of
displaying, lighting, labeling, and so on due to their advantages
of high brightness, high efficiency, and long lifetime.1−10 For
the technological applications of displays, the on/off state and
gray scale of each pixel are controlled by external thin film
transistor (TFT) or complementary metal-oxide-semiconduc-
tor (CMOS) via modulating the injection current, which are
constructed by complicated fabrication techniques.11−14 If the
number of transistors and circuit complexity could be reduced,
more integrated and low-cost LED display panels may be
achieved. Due to their multilevel switching characteristics and
simple structure, resistive random access memories (RRAMs)
may be a promising way to modulate the driving current
applied on LED pixels.15−18 In general, an RRAM memory is
composed of a metal−insulator−metal (MIM) sandwich
structure or a Schottky junction.19 The underlying mechanism
behind RRAMs is resistive switching.20−22 Meanwhile, multi-
level RRAMs, in which multilevel resistance states (RSs) are
achieved by means of different set voltages (Vset), may be
utilized to modulate the driving current applied onto the LED
pixels, thus, realizing on/off state and gray scale by modulating

the luminous intensity of the LEDs. However, none such report
can be found to date.
In this study, we demonstrate that the luminous intensity of

LEDs can be modulated by multilevel RRAMs for the first time,
and the RRAMs modulated LEDs were realized in Au/GaOx/p-
GaN/n-ZnO structures. In these structures, the p-GaN/n-ZnO
junctions act as LEDs that can produce strong emission at
current injection, and the Au/GaOx/p-GaN junctions act as
driving current controllers to modulate the luminous intensity
of the LEDs. The multilevel switching behavior of the Au/
GaOx/p-GaN junctions originates from the variation of
Schottky barrier due to the charge trapping/detrapping process.
By modulating the RSs of the Au/GaOx/p-GaN junction
RRAMs via various Vset, multilevel luminous states have been
achieved from the LEDs. In these devices, multilevel RRAMs
have been integrated with LEDs to modulate the luminous
intensity, replacing complicated driving transistors in each pixel
circuit, which may be a promising way toward more integrated
and low-cost LED displays.
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Figure 1a shows the schematic diagram of the Au/GaOx/p-
GaN/n-ZnO structure, and the existence of the GaOx layer at

the surface of the GaN has been confirmed by XPS analysis.
Two peaks can be observed from the O 1s XPS spectra of the
GaN surface (Figure 1b), which can be attributed to Ga−O
bonding (530.3 eV) and nonlattice oxygen ions (531.9
eV).18,23,24 The XPS spectra of Ga 2p3/2 in Figure 1c shows
three peaks, which can be attributed to Ga−Ga bonding
(1116.5 eV), Ga−N bonding (1118.0 eV) and Ga−O bonding
(1119.0 eV).23,25,26 In this structure, the Au/GaOx/p-GaN
multilevel RRAM acts as a driving current controller and the p-
GaN/n-ZnO performs as a luminescent device. Although
resistive switching effect has also been reported from ZnO
films, but in our case, it cannot be observed from the ZnO film
as the I−V curve of the p-GaN/n-ZnO junction shows no
switching behavior (see Supporting Information, Figure S1).
Figure 2a shows the resistive switching characteristics of the

Au/GaOx/p-GaN/n-ZnO structure, in which forward bias is
defined as the situation that positive bias is applied onto the Au
electrode on the GaOx/p-GaN junction. The arrows in the
figure denote the voltage sweeping direction. Initially, the
device is in a high resistance state (HRS, OFF state). As the
voltage sweeps from 0 to +30 V (sweep 1), the current
increases rapidly once the voltage exceeds a specific voltage,

equivalent to a SET process. As the voltage goes on sweeping
to +30 V, several other rapid increases in the current flow can
be observed. The multilevel SET process before the device
reaches its final low resistance state (LRS, ON state) indicates
the presence of more inherent RSs between the LRS and HRS.
The LRS is maintained in the following sweep 2 (from +30 to 0
V), indicating the nonvolatile feature of the device. When
negative voltage is applied onto the device, the resistance
increases only slightly (sweep 3 and 4). The stability of the
switching is also an important factor for memories. To test the
stability of the structure, the HRS/LRS state was probed at
regular time intervals using a + 1 V bias as reading voltage, as
shown in Figure 2b. During the measurement, the resistance of
the LRS maintains 8 orders of magnitude smaller than that of
the HRS. A retention time of around 1000 s has been obtained.
The multi RSs and good stability of the device suggest that
multilevel RRAMs may be utilized to modulate the injection
current of LEDs. Moreover, the high ON/OFF resistance ratio
of ∼108 ensures the distinctiveness of each neighboring state.
Conducting filaments and charge trapping/detrapping are

two main mechanisms that have been demonstrated to be
responsible for the resistive switching behaviors.19,27−30 To
explore the switching mechanism in our case, the I−V
characteristics of the Au/GaOx/p-GaN/n-ZnO structure have
been investigated, as shown in Figure 3a. HRS I−V curve shows
prominent rectifying behavior, which can be attributed to the
Au/GaOx/p-GaN Schottky junction.31−34 Note that although
rectifying behavior also exists in the p-GaN/n-ZnO junction,
the opening direction of the p-GaN/n-ZnO junction is opposite
to that of the Au/GaOx/p-GaN Schottky junction, and the
current injection under positive bias is mainly limited by the
reversely biased Schottky junction, supporting the Schottky
emission mechanism. Moreover, the decrease of current in ON
state also serves as an evidence for the validity of the charge
trapping/detrapping mechanism, as shown in Figure 3b.19,28

Figure 1. (a) Schematic diagram of the Au/GaOx/p-GaN/n-ZnO
structure; XPS spectra of the O 1s (b) and Ga 2p3/2 (c) peak for the
GaN surface after annealed in O2 ambition at 650 °C for 30 min.

Figure 2. (a) I−V characteristics of the Au/GaOx/p-GaN/n-ZnO
structure; (b) Retention test at a reading voltage of +1 V in LRS/HRS
state.
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The switching mechanism of the device can be understood in
the schematic bandgap diagram of the Au/GaOx/p-GaN
Schottky junction, as indicated in Figure 3c. Initially, due to
the thin GaOx layer, the Schottky barrier in the Au/GaOx/p-
GaN is high.31,35 Under positive bias, the Schottky barrier limits
the current flow and the device is in HRS. In the GaOx layer,
there exist trapping states such as defects and impurity states.
Upon the high voltage drop across the reversely biased
Schottky barrier, some trapped holes in the GaOx layer will
be detrapped and flow toward p-GaN, leaving negatively
charged empty traps nearby the interface, as shown in Figure
3d.29,31,36 The negatively charged traps change the potential
distribution within the depletion region, which will lower the
Schottky barrier and turn the device into LRS. Memories based
on the charge trapping/detrapping effects are usually reversible.
Whereas, in our case, the resistance only increases slightly
under reverse bias, this is because of the fact that the barrier in
the Au/GaOx/p-GaN Schottky junction is low in ON state,
thus reverse bias is mostly applied onto the series resistance of
the GaN, which means that the bias distributed to the Au/
GaOx/p-GaN junction is not high enough to reset it back into
the original HRS.
It has been shown that multilevel RSs can be achieved by

varying the compliance current or Vset. Due to the multilevel
SET process before the device reaches its final LRS, multiple
LRSs can be achieved by means of varying Vset. By sweeping the
applied voltage from 0 to 10 V, the RS is switched to LRS1
from the HRS. In the subsequent sweep, the Vset are applied to
higher voltages of 15, 25, and 35 V from 0 V, and lower RSs
LRS2, LRS3, and LRS4 are subsequently achieved, as shown in
Figure 4a. The retention time of each RS tested by a periodical
1 V pulse is more than 1000 s, as shown in Figure 4b.
To further verify whether the resistive switching is induced

by the variation of Schottky barrier, we studied the Schottky

Figure 3. (a) I−V behaviors of the HRS and LRS of the Au/GaOx/p-
GaN/n-ZnO structure; (b) The decrease of current in LRS state read
at +1 V; Schematic band diagram of the HRS (c) and LRS (d) of the
Au/GaOx/p-GaN junction. The hole detrapping causes the reduced
barrier height and forms switches to the LRS.

Figure 4. (a) I−V characteristics of the Au/GaOx/p-GaN/n-ZnO structure at different set stop voltages (10, 15, 25, and 35 V in sequence) (b) The
retention of each state in around 1000 s. (c) I−V characteristics of the Au/GaOx/p-GaN/n-ZnO structure in different RSs. The dashed lines are fits
to the thermionic emission process. (d) The relationship between the resistance and the deduced barrier height.
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barrier of each RS. Taking the standard Schottky barrier model
into account, the current under forward bias can be determined
by applied bias according to the following expression:31

= ⎜ ⎟⎛
⎝

⎞
⎠I J S

eV
n

exp0 (1)

ϕ
= * −

⎛
⎝⎜

⎞
⎠⎟J A T

e

k T
exp0

2 B

B (2)

where S is the junction area, e is the electron charge, n the
ideality factor, kB is the Boltzmann’s constant, T is the
temperature, A* is Richardson’s constant, and ΦB is the
Schottky barrier height. It is expected that, in higher voltage
region prior to the saturation of current due to series Ohmic
resistance, the current increases exponentially with voltage.
Figure 4c shows ln I−V curves in HRS, LRS1, and LRS3, which
fit well with the straight dashed lines. The deviation of the ln I−
V curves from the linear fitting at lower voltage may come from
excess current flows through the Schottky barrier.31 The value
of ΦB can be deduced from the intercept of the linear part of
the ln I−V plot at V = 0. Figure 4d shows the relationship
between the obtained ΦB and the resistance at +1 V, an
approximate linear relationship between log R and ΦB can be

observed, confirming that the resistive switching is originated
from the variation of the Schottky barrier.
To investigate the feasibility of utilizing the multilevel

switching memories to modulate the luminous intensity of the
LEDs, the emission characteristics of the device have been
studied using +8 V as reading voltage. +8 V is chosen as the
reading voltage because it is large enough to induce
luminescence brightly in LRS (Figure 5a) but smaller than
the lowest switching voltage (9.6 V, see Figure 4a). Various Vset

have been employed to modulate the luminous intensity by
tuning the injection current. Initially, the device is in HRS and
the current at +8 V is 0.61 μA, no emission can be observed
from the LED (Figure 5b) due to the low current injection.
The Vset is denoted as +8 V and the luminous state as “0” for
clarity. After subsequently applied by Vset of 22, 25, 28, and 32
V, the injection current is tuned to 37, 89, 170, and 425 μA
accordingly, obvious emission with different luminous intensity
can be observed from the spectra and optical images, as
indicated in Figure 5b. The device has been set into different
luminous states denoted as “1”, “2”, “3”, and “4”. All the
luminous states show good stability during a 1000 s retention
test (see Supporting Information, Figure S2). One can see that
for all the luminous states, the emission spectra are asymmetric.

Figure 5. (a) Optical images of the Au/GaOx/p-GaN/n-ZnO structure in ON/OFF state as a function of reading voltage; (b) EL spectra and optical
images of the device in different luminous states at reading voltage of +8 V. The device is set into different luminous states by applying various Vset
(8, 22, 25, 28, and 32 V), the current is 0.61, 37, 89, 170, and 425 μA, respectively. (c) Gaussian fit of the EL spectrum of luminous state “3”. (b) The
variation of injection current and luminous intensity vs Vset.
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And each spectrum can be fitted well using four Gaussian peaks
at 375.8, 390.2, 406.0, and 440.0 nm, as shown in Figure 5c.
The peaks at 375.8 and 390.2 nm can be attributed to NBE
emissions of GaN and ZnO, respectively, and the other two
peaks can be attributed to interfacial emissions.37−40 The
variation of luminous intensity and injection current as a
function of Vset has also been studied, as shown in Figure 5d. It
should be noted that the injection current in logarithmic
coordinate increases with Vset, whereas the luminescence
maintains OFF until Vset reaches a certain value (about 19
V), as denoted by the dashed line, because the related current
must reach a threshold before luminescence occurs. Then the
logarithm of luminous intensity increases approximately
linearly.
Based on the above facts, multilevel RRAMs have been

utilized to modulate the injection current and luminous
intensity of LEDs for the first time. In this design, the current
controller and the LED have been integrated into one device,
performing as a display pixel. Thus, the circuit complexity can
be reduced greatly. In principle, more luminous states could be
generated by employing more Vset due to the continuous
variation in Schottky barrier, satisfying the practical application
requirements of LED displays. Moreover, the issue that the
RRAMs cannot be switched to HRL from LRS can be solved
using three-dimensional structure, which will reduce the voltage
applied onto series resistance under reversed bias.
In summary, multilevel RRAMs have been integrated with

LEDs to modulate the luminescence of LEDs for the first time
in Au/GaOx/p-GaN/n-ZnO structures. In this design, the
multilevel switching behaviors stem from the variation of
barrier in the Au/GaOx/p-GaN Schottky junction. The results
reported in this paper may offer a route to LED displays
avoiding the complicated fabrication process of driving
transistor in the future. In addition, our approach may provide
a clue for the diversified applications by integrating RRAMs
with other functional electronics.

■ EXPERIMENTAL SECTION
The Mg-doped p-type GaN layer was grown on c-plane
sapphire by molecular beam epitaxy (MBE) with an undoped
GaN layer as the buffer layer. The precursors used for the
growth and doping of GaN were elemental gallium and
magnesium, and the N2 gas employed as the nitrogen source for
GaN was activated by an Oxford Applied Research HD25 radio
frequency plasma cell. During the growth process of the p-GaN,
the temperature of Ga source and Mg source were fixed at 1135
and 340 °C, respectively. The substrate temperature was kept at
900 °C, and the N2 flow rate was maintained at 3.34 sccm. The
thickness of the grown p-GaN is about 1.3 μm, and the hole
concentration and Hall mobility are 5.3 × 1017 cm−3 and 1.7
cm2 V−1 s−1, respectively. The ZnO layer was grown on the p-
GaN using MBE, and the substrate temperature for the growth
of ZnO was kept at 500 °C. After that, an oxide layer was
introduced on the p-GaN surface by annealing the p-GaN/n-
ZnO structure in O2 ambient at 650 °C for 30 min. Metallic Au
layer with a diameter of 0.4 mm was deposited onto the GaN
and ZnO layers as electrodes by thermal evaporation method.
The electrical properties of the GaN films were measured by

a Lakeshore 7707 Hall system. The chemical bonding state of
the GaN was characterized using a Thermo Scientific
ESCALAB 250 X-ray photoelectron spectroscope (XPS) with
an Al Kα (hν = 1486.6 eV) line as the irradiation source.
Current−voltage (I−V) characteristics of the Au/GaOx/p-

GaN/n-ZnO structures were recorded using an Agilent B1500A
semiconductor analyzer. Electroluminescence (EL) measure-
ments of the structures were carried out in a Hitachi F4500
spectrometer. All the tests were performed at room temper-
ature.
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