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An Optically Readable InGaN/GaN RRAM
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Abstract— The unidirectional bipolar resistance switching in
GaN/InGaN-based light-emitting diode (LED) was discovered
to explore optically readable resistive random access mem-
ory (RRAM) device. The device displays stable resistance window
in both endurance and retention tests, showing good nonvolatility
for memory application. The light-emitting state of this device
can also be tuned by the resistance switching. Such phenom-
enon is illustrated as the switching between conventional light-
emitting rectifying behavior and nonlight-emitting metal-like
ohmic behavior. Large amount of structural and point defects
in the epitaxial wafer were considered as the main contributor
to the resistance switching in LED device.

Index  Terms—Defect, filament, GaN, light-emitting
diode (LED), resistive random access memory (RRAM).

I. INTRODUCTION

S ONE of the most promising candidates for the

next generation memory, resistive random access mem-
ory (RRAM) has achieved remarkable development in the
last two decades. By virtue of its simplicity both in device
configuration and operation principle, some pioneering work
has been done to explore the multifunctional devices by
combining the resistance switching (RS) property with other
optoelectronic devices [1], [2], such as the memristor with
tunable electroluminescence (EL) [3] and the light-controlled
multilevel switching RRAM [4]. As well accepted by the
community, filament formation associated with defects is
the origin of the most RS phenomenon. The completeness
of the conductive filament throughout certain bulk material
defines the two different resistance states, while the migratable
defects in the RS material directly contribute to the filament
dynamic. Defect is also a challenging topic in the InGaN/GaN
multiple quantum well (MQW) light-emitting diode (LED).
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Both structural defect (i.e. threading dislocation/V defect) and
point defects (i.e., nitrogen vacancies, Mg-H complex) in
such LED devices account for the nonradiative recombination
and leakage current during operation, which leads to the
efficiency droop at higher injected current [5], [6]. These
defects are troublesome in LED but sometimes favorable for
RRAM, because the operation of the RRAM is defect related.
The apparent contradiction could be converted into excellent
combination of these two functional devices as long as the
defects are well manipulated. Our previous work has already
discovered that the p-n junction could produce unidirectional
bipolar RS between rectifying and ohmic behavior [7]. The
reverse bias softly breaks down the junction into ohmic char-
acteristic in the SET process, and the forward bias recovers
the junction to rectifying behavior in the RESET process.
In this paper, similar properties were also found in the defec-
tive InGaN/GaN LED. The coexistence of resistance switching
and light emitting in such device was analyzed in detail.
The switching between two different resistance states directly
tuned the light-emitting behavior. Therefore, a bifunctional
device, the so-called optically readable RRAM or in-LED
memory, was successfully realized. Such device will either
improve the serial electrical reading process of RRAM with
the assistance of parallel optical reading [4] or enrich each
single LED cell with data storage ability. Therefore, our result
offers an alternative way in developing the next generation of
optoelectronic devices.

II. EXPERIMENTAL DETAIL

InGaN/GaN LED wafers in this paper were grown by a
metal-organic chemical vapor deposition (MOCVD) system
and patterned by photolithography on the 2-in c-sapphire
substrate. The growth started with a 30-nm lightly Si-doped
GaN (u-GaN) buffer, followed by a 4-um u-GaN as a
template for subsequent epitaxial growth. A 2-um Si-doped
n-GaN was grown right before the deposition of eight-period
of InGaN/GaN QWs. AlGaN with a thickness of 20 nm
was deposited as an electron blocking layer, and finally,
the structure was covered by a 200 nm of Mg-doped
p-GaN [8], [9]. The indium contact with a diameter of 1 mm
was made on the wafer for electric and optic characterization.
An integrating sphere with the Ocean Optics spectrometer
was employed to measure the EL of LED. The /-V and
capacitance—voltage (C—V) characterizations were carried out
on a probe station with the Keithley 4200 SCS semiconductor
parameter analyzer.

III. RESULT AND DISCUSSION

In common LED devices, the light emitting usually takes
place in forward bias, while only a small leakage current
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Fig. 1. (a) Resistive switching of as-prepared LED wafer. Inset: EL spectra
comparison between NRS-LED and RS-LED. (b) Multiple RS cycles drawn
in linear scale. Inset: device schematic and SEM image of defective wafer
surface. (c) Cumulative probability plotting of SET and RESET voltages.

could be detected with negative bias, which is also described
as rectifying behavior. A permanent breakdown (or hard
breakdown) will occur when the negative voltage is high
enough. However, beyond this normal LED behavior, an
RS phenomenon was observed in our device with specific
operation. A typical RS cycle of InGaN/GaN LED is shown in
Fig. 1(a). If a compliance current of 10 mA is applied during
the negative sweep, the breakdown triggered at the region of
over —20 V is soft, which could be recovered by the next
positive sweep. Such process is defined as SET, and the device
switches from the high resistance state (HRS) to the low resis-
tance state (LRS) as indicated by a sudden current increase.
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When the subsequent positive bias is applied, the device still
maintains LRS with high current in the low-voltage region,
corresponding to the nonvolatile data storage. However, the
device shows no light emitting in this region [Fig. 1(a)
(orange region)]. When the forward sweep proceeds to another
threshold value (usually over 4 V), the current abruptly drops
down with the appearance of a visible blue light emitting at
the current density of ~0.05 A/mm? [Fig. 1(a) (blue region)].
Such process is defined as RESET and the device is switched
to HRS again. The turn-ON voltage for defective LED device
is usually ~4 V. Therefore, the light emitting could be clearly
detected after the RESET threshold point. As the positive
sweep continues, a gradual increase in both current and light-
emitting intensity is observed, which confirms the restoration
of light-emitting capability and the rectifying behavior of LED.

To summarize, a bistable bipolar RS is obtained between the
nonlight-emitting LRS and the light-emitting HRS. Such RS
phenomenon cannot be observed in high-quality InGaN/GaN
LED, but only the defective ones. Fig. 1(a) (inset) shows
the EL spectra comparison between the nonresistive-switching
LED (NRS-LED) and the resistive-switching LED (RS-LED).
With different injection current densities from 0.163 to
0.816 A/mm?, the light-emitting intensity of a defective LED
(at HRS status) is apparently lower than a common high-
quality one. In other words, a tradeoff has to be made between
the RS ability and the light-emitting efficiency. Multiple
switching cycles were shown in Fig. 1(b) with the inset
showing the device schematics and the SEM image of the
wafer surface. Fig. 1(c) shows the cumulative probability
plotting of SET and RESET voltages. The SET window
(—20.3 to —27.9 V) is a bit larger than the RESET window
(4.4~7.1 V) as indicated in the data summary. Despite such
fluctuation of operation voltages, the device still shows stable
repeating cycles. Reading voltage is fixed at 1 V for safely
reading out the corresponding storage status. It obviously does
not overlap with the SET window and will not affect each
present resistive status.

The resistance distribution in 200 repeating cycles is shown
in Fig. 2(a), with a stable resistance window of about three
orders. The retention test was also taken at room temperature
and 85 °C, as shown in Fig. 2(b). Both resistances in HRS and
LRS display little decay over 10° s, showing good nonvolatility
for RRAM applications. As the temperature increases, the
LRS resistance increases slightly according to the property
of metallic filament, while the HRS resistance declines which
corresponds to the transport characteristics of semiconductor.

As we mentioned earlier, high-epitaxial-quality InGaN/GaN
LED wafer could not produce RS behavior. However, such
RS phenomenon is prominent in some defective wafers. The
defect-related issues in GaN-based LED have been studied
intensively, because it has been one of the most serious
obstacles for high-power solid-state lighting. The lowering
of internal quantum efficiency in high current injection is
attributed to the inevitable threading dislocation (density usu-
ally around 10% cm~2) and other point defects in the thin film
stacks. The V defects associated with threading dislocation on
the surface of our LED wafer were examined, as shown in the
SEM image in Fig. 1(b). These defects introduce the deep level
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Fig. 2. (a) RS endurance performance of defective LED. (b) RS retention
performance at 25 °C and 85 °C.

traps, which assist the carrier tunneling and leakage current
under both forward and reverse biases [10]. Such defect-related
carrier transport plays an even more important role in the
SET process (reverse bias). Here, the forward and reverse
I-V curves of light-emitting HRS are plotted in the semilog
scale at different temperatures, as shown in Fig. 3.

The forward /-V characteristics in Fig. 3(a) can be rep-
resented as I = Ipexp(qV/E), where Iy is a preexponential
factor and E is an energy parameter. At room temperature, the
calculated E at the voltage region of 2.3~3.2 V is 208 meV.
Assuming E = nkT, an unrealistic ideality factor n of 8.1
can be extracted. Usually, n = 1 indicates the domination
of diffusion current, while n» = 2 indicates the domination
of recombination current. The much larger ideality factor
obtained here stands for a typical tunneling current in the
space-charge region [11]. Moreover, the slope shows little
dependence of temperature, which is another feature of carrier
tunneling [12]. Therefore, the forward current in the defec-
tive LED consists of diffusion, recombination, and tunneling
components. The tunneling process mainly takes place at the
interfaces of MQW/cladding layers and within MQW region,
with nonradiative recombination at deep level traps, including
nitrogen vacancies, oxygen impurities Mg-H complex, and
threading dislocation in the thin-film stacks [11], [13].

The reverse current in Fig. 3(b) is of much larger
magnitude than the conventional diffusion and recombination
current, which also indicates the existence of carrier
tunneling. The current is not only field-dependent but also
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Fig. 3. (a) Forward and (b) reverse I-V curves of light-emitting state at
different temperatures drawn in log (I)—(V') scale.

temperature-dependent in the lower voltage region, where the
current increases much faster at higher temperature. Thus,
a thermal-assisted generation process is involved in the reverse
leakage current here [14]. In the higher voltage region, the
current shows lower temperature sensitivity, which indicates
that the tunneling process gradually dominates the carrier
transport [15]. In general, the low-field reverse tunneling is
mainly due to defect-related traps, while in the high field, the
band-to-band tunneling, such as Zener tunneling, becomes
the major contributor. When the reverse bias is high enough,
the soft breakdown will occur.

As is well known, the defects, especially the deep-level
traps, will significantly affect the C-V characteristics
of p-n junctions. Therefore, the C—V measurement of light-
emitting HRS was also carried out in the dc sweep mode
superimposed by a 30-mA ac voltage at the frequencies
of 10 kHz and 1 MHz. As shown in Fig. 4, the parallel
capacitance increases and arrives at the peak value at around
4 V in the low positive field region due to the narrowing
of space-charge region with applied voltage. However, with
the further increase in the voltage, the positive capacitance
starts to decrease and even enters the negative region, which is
called negative capacitance (NC) phenomenon. Moreover, light
emission is observed, as the capacitance begins to decrease and
the intensity increases as the NC becomes stronger. As been
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Fig. 4. C-V curves with different ac frequency and temperature setups.

discussed previously, such NC relates to both nonradiative
recombination of injected carriers in the deep traps and radia-
tive recombination in the active region of LED [16]. When
the forward bias reaches certain value, the recombination
exceeds the diffusion and leads to the negative variation of
carrier accumulation in the active region as the positive voltage
increases. From the comparison, we can also see that the
capacitance initially increases less but subsequently decreases
much faster at lower frequency and higher temperature, which
coincides with the previous studies as well [17], [18].

To further investigate the RS mechanism, the conduction
properties in both LRS and HRS are discussed in the following
section. First, a typical SET cycle in the reverse bias is singled
out and plotted in the log—log scale, as shown in Fig. 5(a).
In LRS, the high current level with the slope of ~1.0 confirms
the existence of conductive filament [19] in the defective stacks
and the ohmic conduction throughout the whole LED device.
However, the conduction in HRS is much more complex.
As we mentioned earlier, the high density of defect-related
traps accounts for the large reverse leakage current. When
the injected current density is extremely low in the voltage
region of <0.5 V, the current gain is super low due to
the multibarrier blocking effect. As the voltage increases,
the thermally generated carriers over injected carriers dom-
inate the conduction which obeys Ohm’s law (slope ~1.0).
Continuing injected carriers with increasing voltage will grad-
vally fill the defect-related traps and cause a trap-to-trap
tunneling or the so-called Mott hopping behavior, which con-
tributes to the conduction [20]. With the bias sweeping until
over 3.5V, the slope increases to 3.32, indicating the change
of conduction mechanism. A group of curves in this region at
different temperatures are replotted in Ln (I/V) — V1/2 scale
in Fig. 5(a) (inset). The excellent linear fitting of the curves is
the evidence of Poole—Frenkel (PF) emission. The PF emission
refers to the field-assisted thermally excitation of the carriers
from the traps located in the bulk material into the conduction
band, which could be depicted in the following model [21]:

—q (pp — «/q_E/nez-))

(1

JpE & Eexp( T

2331

Slope =1.01
10° | M

Slope =3.32

52y 5
< 10°
-
“qc'; Slope = 1.00
7 L. g—no—o- =

: 10 o O0—0-0-001 o !J
>
= 10° |

10" |+

(a)

24 26 28 3.0 3.2 34 36
v112

1 1

01 1 10
Voltage (V)
-13
-14.0 « 25°C
— v 45°C
S s + 65°C
L T4 v 85°C
14 1 s'“-5 o e I e 1050
— < i g - .
“2 — 450 CR N
. q
_—
e 0.07 0.08 0.09 0.10 D/D’
2 1IN o
— .0
oot
S et o
A7 1 1 1
0.0 0.5 1.5 2.0

1.0
Voltage™ (V")

Fig. 5. (a) I-V curve of the SET process plotted in log—log scale.
Inset: linear fitting of PF emission at different temperatures. (b) HRS
I-V curve in Ln (I/Vz) — 1/V scale. Inset: linear fitting of FN tunneling
at high-field region.

where Jpp is the current density, E is the electric field, ¢; is
the insulator permittivity, ¢ is the Coulombic barrier height
raised by the interaction between positive traps and negative
carriers, k is Boltzmann’s constant, and 7 is the temperature.
Here, the Schottky emission is ruled out, because the current in
the high-voltage region shows very weak temperature depen-
dence [both in Figs. 3(b) and 5(a) (inset)]. Actually, the PF
emission here plays a significant role in trap-assisted tunneling.
After the traps have all been filled, the intertrap hopping will
not satisfy the conduction with further enhancement of the
field. High field will effectively reduce the Coulombic barrier
between the traps and the carriers, so the excess injection will
force the captured carriers being detrapped from these defect
sites into the conduction band and contribute to the current.

In general, the reverse conduction in such MQW LED with
high density of defects is a really complicated combination
of several mechanisms. When the voltage is high enough
approaching the breakdown threshold, the barrier becomes
sharpened especially in the MQW region. Thus, the electrons
are able to traverse the barrier by Fowler—Nordheim (FN)
tunneling and contribute to conduction, as shown in Fig. 6.
The FN tunneling can be modeled as [22]

Jin = K1 E* exp(—K2/E) 2)
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where m, is the electron mass in free space, m is the electron
tunneling effective mass, pp is the contact barrier height,
and & is Planck’s constant. As shown in Fig. 5(b), the HRS
I-V curve in reverse bias is plotted in Ln (I/V%) —1/V scale.
At extra high-field region, the linear fitting can be obtained
with temperature-independence [Fig. 5(b) (inset)]. Therefore,
the FN tunneling is proved to exist in the defective LED
as well. It should be noticed that the range of the above
conduction processes may overlap, but do appear in order as
ohmic conduction—PF emission—FN tunneling as the reverse
bias increases. Beside the three main mechanisms, there may
also be some other subordinate processes contributing to the
reverse conduction, such as Schottky emission and direct
tunneling at the interface barrier, or phonon-assisted tunneling
via neutral defects [23]. However, the trap-assisted tunneling
plays the dominant role in reverse conduction.

Although all the analyses above support the defect-related
leakage current in the LED device, one critical point has not
been taken into consideration yet. The RS in the LED is
bipolar and unidirectional, which indicates that the transition
between leakage path in HRS and conductive filament in LRS
is dependent on the direction of the external field. Therefore,
it is necessary to distinguish the mobile and immobile defects
in LED which act differently in filament-based RS. The screw
and mixed dislocations associate with V defects in MQW
and cladding layers are immobile, but act like shunt resistors
connecting the both sides of p-n junction [12]. The mobile
point defects, such as nitrogen interstitial (»;) and nitrogen
vacancies (N,), will migrate along the electric field.
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Under large reverse bias, there will be an accumulation of
positive N, at the n side interface to form a highly n-doped
region. As the same, another p-doped region by the accumu-
lation of negative N; at the p side interface will also form.
Such activity will narrow the width of the depletion region and
introduce higher density of defects, enabling the filament form-
ing and penetrating throughout the whole active region [24].
Moreover, the injected carriers gained enough energy under
the high electric field will also cause impact ionization and
create more deep-level defects near the MQW/cladding layer
interface, which also facilitates the formation of filament [14].
With the illustration in Fig. 6, the RS accompanied with tuned
light emitting could be understood as follows.

1) In reverse bias, the deep-level traps assist the tunneling
behavior, including intertrap hopping and PF emission.
When the reverse field is high enough, the leakage cur-
rent is further strengthened by FN tunneling. Meanwhile,
the migration of defects toward the junction area narrows
the space-charge region, and high density of defects
finally link up as conductive filaments, which breakdown
the whole active region to LRS (SET). The tunneling
leakage is replaced by metal-like conduction of which
the current intensity is several orders higher.

2) In forward bias, the initial small voltage is not able
to rupture the filaments and the conduction is still
ohmic like with no radiative recombination. Therefore,
no light emitting is observed in this region. LRS is
maintained until the positive voltage is high to repel
the mobile defects away from junction area and rupture
the filaments (RESET). Although the current abruptly
decreases by several orders in HRS, the light-emitting
capability restores here, because the radiative recom-
bination instead of filamentary conduction in MQW
dominates the current again. By virtue of the defective
device property, the forward leakage current mentioned
above is realized in the way of trap-assisted diagonal
tunneling [25], which will lead to the lower light emis-
sion intensity as compared with high-quality LED.

IV. CONCLUSION

In summary, the defective InGaN/GaN LED fabricated
by MOCVD could simultaneously exhibit light emitting and
RS behavior with proper operation. The SET process should
be triggered in reverse bias, while the RESET process takes
place in forward bias. The RS could be understood as the
switching between filament-based ohmic behavior and con-
ventional rectifying behavior in LED. The structural and point
defects not only assist the tunneling current in light-emitting
HRS (normal LED operation), but also construct the filaments
in LRS. The switching voltages in this paper are still quite
high, especially the SET voltages, which requires further
improvement. However, such bifunctional device could be a
potential candidate for futuristic optoelectronic applications.
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