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ABSTRACT: We fabricated all-solution processed, fully trans-
parent resistive random access memory (sol-TRRAM) with a
configuration of ITO/GaZnO(GZO)/ITO. All layers, includ-
ing an active layer and top and bottom ITO electrodes, were
deposited on a glass substrate by either spin coating or inkjet
printing using a sol—gel solution. Our sol-TRRAM was trans-
parent, with 86.5% transmittance at S50 nm. An initial form-
ing process is unnecessary for the production of transparent
memory due to the presence of sufficient inherent nonlattice
oxygen ions in the solution-processed GZO layer. The sol-
TRRAM also showed reasonable bipolar resistance switching
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with a low operation current (<100 #A) and excellent cycle endurance properties (>300 cycles). The main conduction mechanism
during the set process can be explained by the trap-controlled space-charge limited conduction, and the resistance change occurred
by the modification of the potential barrier height because of the charge injection by Fowler—Nordheim tunneling.

KEYWORDS: transparent electronics, transparent memory device, solution processing, indium tin oxide, resistive random access

memory, zinc oxide

1. INTRODUCTION

Transparent electronics is one of the most important emer-
ging technologies for next generation electronic systems,"” and
has recently attracted great interest due to its potential to make
significant impacts in fields like transparent displays, transparent
energy storage, ultraviolet (UV) detectors, and solar cells."™*
Transparent wide-band gap materials with well-controlled carrier
concentrations are necessary for the development of transparent
electronics such as degenerately doped oxides (~1 x 10*' cm ™)
referred to as transparent conductive oxides (TCO) that include
indium tin oxide (ITO) and Al-doped ZnO. Alternatively, oxides
with intermediate carrier concentrations (1 x 10" to 1 x
10"® cm™>) can be utilized in field-effect transistors as an active
channel.® Fully transparent field-effect transistors based on ZnO and
related oxides have been actively investigated, and transparent
nonvolatile memory devices based on the oxide semiconductor
TFT have been also demonstrated, but they suffer from high voltage
operation, complicates structure, and short retention time.>”

Resistive random access memory (RRAM) is promising due to
characteristics such as nonvolatility, low power consumption, fast
operation speed, and simple structure, and can serve as a substitute for
flash memory, which is hampered by scaling-down limitations.
Resistive switching phenomena have been observed in various oxides,
such as TiO,,* NiO,"® ZnO,'""> HfO,,"*™* Ta,05,"° WO,,'° and
MnO,."” These oxides are mostly transparent, with wide-band gap
energies, and therefore RRAM is a good candidate for enabling trans-
parent memory. After the first demonstration of fully transparent
RRAM (TRRAM) in a structure of ITO/ZnO/ITO by Seo et al,"®
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configurations such as ITO/TiO,/ITO,” ITO/Mg:ZnO/FTO,”
ITO/Gd,0,/ITO,”" ITO/InGaZnO/ITO,” Al:ZnO/Mg:ZnO/Al:
Zn0," and Ga:ZnO/ZnO/Ga:ZnO* have been reported. The
active layers are either vacuum-deposited or solution-processed,
whereas the transparent electrodes are usually deposited by radio
frequency (rf) magnetron sputtering. This vacuum processing
increases manufacturing costs, which is problematic for applica-
tions in modern, mass-produced electronics. Scalable large-area
manufacturing based on solution processing is of growing interest,
with the ultimate goal of fabricating invisible electronics. It should
be noted that solution-processed Ag nanowire/TiO,/Ag nanowire
RRAM has only been recently developed,”* but the transmittance
of the polyethylene terephthalate(PET)/Ag nanowire/TiO, is
only 66.5% at 550 nm and the device is nearly opaque.

In this paper, we fabricated all solution-processed, fully transparent
RRAM (sol- TRRAM) using a ITO/GaZnO(GZO)/ITO config-
uration. All layers, including the active layer and top and bottom ITO
electrodes, were fabricated by solution processing with spin coating
and inkjet printing. The sol-TRRAM shows high transmittance in the
visible band and reasonable resistance switching behavior.

2. RESULTS AND DISCUSSION

Figure 1 shows our sol-TRRAM devices in a configuration of
ITO/GZO/ITO on glass substrates. The devices were truly
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Figure 1. (a) UV-laser confocal image of inkjet printed ITO electrodes
on a GZO/spin-coated ITO/glass substrate. (b) Schematic of an all-
solution processed ITO/GZO/ITO RRAM device. (c) Surface profile of
the top electrodes following the yellow line in (a).
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Figure 2. UV—vis transmittance of bare glass (black), ITO/glass
(green), GZO/glass (red), ITO/GZO/ITO/glass (blue). To determine
the optical properties, both the ITO bottom and top layers were spin-
coated four times, resulting in a film with a thickness of ~30 nm. The
inset is a photograph of the so- TRRAM (ITO/GZO/ITO/glass)
device. The background is observed through the device without refrac-
tion or distortion.

transparent in the visible band, as shown in Figure 2 (inset), such
that their features were detectable by confocal laser scanning
microscopy as shown in Figure 1a. Inkjet printing of the ITO ink
resulted in a dot-shaped top electrode array with spacing of
200 ym in the x-direction and 500 #m in the y-direction. The line
profile of the ITO top electrodes is shown in Figure 1c. Thickness
differences between the edge and center can be attributed to a
coffee-ring effect during the drying of inkjet printed ITO ink.*®
The peak-to-valley height ratio of an electrode was ~100 nm and
the diameter of the top electrode was ~200 um. To quantita-
tively evaluate the transparency, we measured the transmittance
of ITO/glass and GZO/glass, which were 90.6 and 93.5% at
550 nm, respectively (Figure 2). The solution-processed ITO
and the solution-processed GZO are good candidates for use as
transparent materials in RRAM. The sandwich structure of ITO/
GZO/ITO was still highly transparent with a transmittance of
86.5% at 550 nm, which is very transparent compared to
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Figure 3. Bipolar resistance switching curves for the all-solution
processed ITO/GZO/ITO RRAM. DC voltage was applied to the top
ITO electrode in a sequence of 0 — 6 — 0— —7 — 0 V with a
compliance current 100 #A. SET occurred in the positive region and
then the high resistance state (HRS) changed to a low resistance state
(LRS). In the negative voltage region, RESET occurred and LRS
changed to HRS.

solution-processed RRAM using Ag nanowire/TiO,/Ag nano-
wire (transmittance of 66.5% at 550 nm). These high transmit-
tance properties indicate that our ITO/GZO/ITO is a suitable
configuration for use in fully transparent memory devices.

Figure 3 shows the bipolar I—V switching characteristics of sol-
TRRAM under the applied DC voltage bias at room temperature.
DC voltage was applied to the top ITO electrode in a sequence
of 0 =~ 6 — 0— —7 — 0 V. Compliance currents were fixed at
100 1A in both the positive and negative voltage regions to
prevent permanent breakdown of the devices. The SET occurred
in the positive voltage region and the RESET was observed in the
negative voltage region. Despite the device involved, the rela-
tively large electrode (~200 xm) used, and the possibility that
the solution-processed active layer may contain defects, the
RESET current of our sol-TRRAM was less than 100 #A with
self-compliance. This current level was less than values reported
for other ZnO based RRAMs (1 X 10 > to 1 x 10~ 'A).!11%23:26
The low RESET current is an important factor in RRAM
operation, because it enables low power consumption. Our
sol- TRRAM was operated in a higher voltage region of —7 to +6
V compared to other RRAM devices using ITO electrodes. We
believe that this discrepancy is related to the relatively high
resistivity associated with solution-deposited ITO compared
to sputtered ITO (see the Supporting Information, Figure S1).
To investigate the endurance property of sol-TRRAM, we
performed continuous voltage scans on devices over 350
switching cycles with a current compliance of 100 #A at room
temperature. The resistances of each LRS and HRS measured at
0.3 V were nearly constant with no device damage or break-
down during cycles. The on/off ratio was displayed at approxi-
mately 15, as illustrated in Figure 4a. The resistance fluctuations
at both the on and off states must be small during endurance
tests to indicate reliable memory devices. Our device demon-
strated stable resistance states up to 350 cycles. Figure 4b shows
the I—V switching curve of sol-TRRAM in the semilogarithmic
plot. The I—V curves of the first, 100th, 200th, and 300th sweep
are selected to reveal a degree of the I—V characteristic
variations during the repeated cycles. Although the initial
I—V curve exhibited a slightly higher SET voltage and lower
RESET current level, the I—V curves of the 100th, 200th, and
300th sweeps nearly overlapped.
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Figure 4. (a) Cycle endurance of sol-TRRAM at room temperature.
The read voltage was 0.3 V and the on/off ratio was approximately 15.
(b) I-V switching curve of sol-TRRAM in a semilogarithmic plot. The
1st, 100th, 200th, and 300th I—V curves are extracted during the total
350 sweep cycles.
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Figure 6. (a) HR-TEM cross-sectional images of sol-TRRAM (ITO/
GZO/ITO). The left image is the as-fabricated device and the right
image is the SET device after more than 350 cycles. (b) Cross-sectional
images of bottom ITO electrode (left) and top ITO electrode (right) for
the as-fabricated device. The bottom ITO was polycrystalline and the
top ITO was amorphous. The inset represents a Fast Fourier transform
image obtained from the marked region of HR-TEM.
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Figure 5. X-ray photoelectron spectroscopy data for the as-fabricated

GZO thin film layer. In the O 1s core level spectra, the lattice peak
(530.11 eV) and additional peaks (531.10, 532.05 eV) were observed.

Our sol-TRRAM device was operated without an additional
forming process to initiate resistance switching. The forming
process is a one-time application of high voltage or current that
produces significant change in electronic conductivity.”® " After
forming, devices operate as tunable resistance switches, but with
a wide variance of electrical properties depending on the details
of the forming process.*” Thus, the forming step can limit the
device design and practical applications of RRAM. Although
several binary oxides with appropriate oxidation, such as CuO
and NiO, do not require forming processes, all of these devices
suffer from unstable resistance switching or insufficient
endurance.® The stable bipolar resistance switching of our sol-
TRRAM without a forming process is attributed to the as-
fabricated GZO layer, which retains sufficient nonlattice oxygen
ions such as oxygen vacancies that are responsible for resistance

change.”” We believe that the GZO thin film annealed at 500 °C
is mainly amorphous, with some nanocrystallites of zinc gallate or
ZnO (see the Supporting Information, Figure S2). The presence
of nonlattice oxygen ions in the film can be supported by X-ray
photoelectron spectroscopy (XPS) analysis of the GZO thin film,
as shown in Figure S. The XPS peaks for the O1s core level may
be consistently fitted by three different near-Gaussian subpeaks,
centered at 530.11, 531.10, and 532.0S eV. The dominant peak
located at 530.11 eV was assigned to O ions from oxide lattices,
while the peaks located at 531.10 and 532.4 eV were associated
with nonlattice oxygen ions, such as oxygen vacancies and
surface hydroxyl groups.>**® Based on these XPS results, the
GZO thin film contains significant numbers of nonlattice oxygen
ions. The presence of nonlattice oxygen ions likely plays an im-
portant role in the resistive change and requires further investi-
gation. Sufficient nonlattice oxygen ions in the GZO thin film
allows our sol-TRRAM to be operated without a forming process.

Microstructural evidence can provide a clear understanding of
the on/off operating mechanism associated with RRAM. In
previous studies, high resolution transmission electron micro-
scopy (HR-TEM) analysis revealed that Magnéli nanofilaments
connecting top and bottom electrodes were observed in the SET
sample, while the nanofilaments were disconnected in the
RESET sample.” Alternatively, Jeong et al.>” observed that the
variation of oxygen ions accumulated or were released by
oxidation—reduction at the TiO, and Al interface during on/
off switching in the Al/TiO,/Al system. Similarly, we prepared
two samples with different resistance states to monitor micro-
structural changes in the sol-TRRAM. Figure 6a shows a HR-
TEM cross-sectional image of the as-fabricated sample (6a left)
under an initial high resistance state (HRS), and a sample
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Figure 7. To analyze the SET mechanism, we replotted the I—V curves
measured at room temperature in the positive voltage region @,
sections in Figure 3). In the high resistance state (HRS), (a) space-
charge-limited conduction (SCLC) — trap-filled SCLC. (b) SCLC in
the low resistance state (LRS). (c) The linear relationship and the
negative slope of the HRS current in the log(J/V*) — log(1/V) plot
indicate the Fowler—Nordheim current transport above the Vrgy
region.

operated for 300 sweep cycles and then SET to the low resistance
state (LRS) (6a right). There was no noticeable microstructural
variation between the as-fabricated device and the device when
they were cycled 350 times. Neither a filament-like structure in
the GZO film nor an additional interfacial layer at the ITO-GZO
interface were observed. Microstructural analysis indicated that
the resistive switching in our sol-TRRAM occurs without sig-
nificant structural changes. This invariance is advantageous for
stable device operation as shown in Figure 4. Repeated significant
structural changes during the operation impose physical loads on
devices, and switching stability and device life are adversely
affected. Figure 6b shows magnified cross-sectional images of
the bottom ITO electrode (left) and top ITO electrode (right) of
the as-fabricated device. The bottom ITO layer contained crystal
domains, while no crystallites were observed in the top ITO layer.
Fast Fourier transform (FFT) obtained from HR-TEM images
(inset) also revealed differences in the phases between the top
and bottom ITO electrodes. Although both the top and bottom
ITO electrodes were deposited from the same sol—gel solution,
each layer underwent a different fabrication method and heat
treatment history. The top electrode was deposited by inkjet
printing and annealed once at 500 °C, whereas the spin-coated
bottom electrode received three consecutive annealing treat-
ments (after deposition, during GZO deposition, and during top
ITO deposition). As a result, the inkjet printed top ITO electrode
was amorphous, while the spin-coated bottom ITO electrode had

sufficient time to be converted into a polycrystalline film during
multiple annealing steps. The different amounts of crystallinity of
the bottom and top ITO electrodes likely lead to different
conductivities. In addition, the bottom ITO layer was exposed
to an O, plasma treatment to form a hydrophilic surface for
better film deposition of the subsequent GZO layer. O, plasma
treatment may alter the work function of the ITO film.*® These
differences in the work function and conductivity between the
top and bottom electrodes can modify the Schottky barrier
height at each interface, resulting in asymmetric I—V switching
curves shown in Figure 4b.** To support the existence of
Schottky barrier at bottom electrode and the asymmetric
work function of top and bottom electrode, the I—V measure-
ments were performed by changing the directions of ground
and DC bias application (see the Supporting Information,
Figures S3—S6.)

The I—V characteristics measured in Figure 3 were replotted
to clarify the SET mechanism in the sol-TRRAM. The conduc-
tion modes can be distinguished via isothermal IV’ correlation.*’
For example, I o< V for ohmic conduction, In I/V o< VoS
for Poole-Frenkel emission, and In I/V* o< V™! for Fowler-
Nordheim (FN) tunneling with T as the absolute temperature.
Figure 7a and 7b show the logarithmic plots of the I—V curves for
the positive voltage sweep region. Figure 7a indicates the HRS,
and the initial section of the I—V curve showed linear behavior
with a I «< V relationship (slope ~1). This relationship indicates
that ohmic conduction is a key conduction mechanism in this
range. Ohmic conduction results from the fact that the injected
carrier density is less than the thermally generated carrier density.
In the high-voltage region where V > 0.2 V, space-charge limited
conduction (SCLC) becomes dominant in the GZO thin film. In
the defect-free crystal, SCLC can be described by Mott’s V2 law*"

] = 9o, V? /8>

where u,, is the hole mobility, V'is the applied voltage, d is the
thickness, &, is the permittivity of free space, and ¢, is the static
dielectric constant. However, as demonstrated in the XPS results,
the GZO film contains considerable defects, such as nonlattice
oxygen ions. Defects in the GZO film could form trap sites below
the conduction band, where the injected charge carriers can be
entrapped. Thus, the SCLC model should be modified according
to the concept of shallow traps.** Since shallow traps below the
conduction band entrap the injected charge carriers, the density
of the injected charge carriers that freely contribute to the SCLC
is reduced by the factor 6, and the ratio of the total density of free
electrons g to the trapped electrons n, is given by:

0 p

(p + po)

where p is the density of free carriers and p; is the density of
trapped carriers. When all the available traps are filled by the
applied voltage, the current density abruptly increases with a I—V'
slope greater than 2 and the voltage where the current density
increases is called the trap-filled limit (TFL), Vrgr. This phe-
nomenon was also observed in our device, as shown in Figure 7a,
where the current abruptly increased at a voltage greater than
Ve, and its slope reached 6—7. In the same voltage region (i.e.,
greater than Vg ), the I—V correlation was well fit to the In-
(J/V*) — 1/V plot with a negative slope, as shown in Figure 7c,
indicating Fowler—Nordheim (FN) tunneling.43 FN tunneling is
a conduction mechanism in thin dielectric films under high
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electric field, where the charge carriers are injected from the
electrode to the insulator by tunneling through a potential
barrier. This analysis suggests that the mechanism of the SET
process is due to the FN tunneling when the voltage reaches the
trap-filled limited region above Vrpr. The possible SET mechan-
ism from these results is that the accumulation of injected charge
carriers at the interface between ITO and GZO layers by FN
tunneling could modify the potential barrier height, which alters
the resistance state from HRS to LRS. The I—V graph in the LRS
region was also fitted in a log I — log V plot, as shown in
Figure 7b. In the high-voltage region, the log I — log V'slope was
approximately 2, indicating that the dominant conduction me-
chanism of LRS is the SCLC model with no traps. The conduc-
tion in the low-voltage region can be expressed by the ohmic
conduction. With respect to the logarithmic plot of the -V
curve in the HRS (Figure 7a), the log I — log V plot in the LRS
was a better linear fit, suggesting that the trapped carriers are not
released completely with reduced voltage.** The HRS and LRS
states in our sol-TRRAM can be well-described by the SCLC
model in which shallow traps reduce the HRS current and the
LRS current approaches the trap-filled SCLC as the traps get
filled by the applied bias.

During the RESET process, there was gradual change in the
resistance state (Figure 4b) instead of an abrupt current transi-
tion. Kinoshita et al.*> observed a similar phenomenon in Ga-
doped ZnO RRAM, suggesting that Ga-doping is responsible for
the gradual resistance change observed during the RESET
process. In pure ZnO, the dominant carriers are injected by
oxygen vacancies. When the reset voltage is applied, the recovery
between oxygen vacancies and movable oxygen occurs by Joule
heating.46 Therefore, the current flow in the ZnO film will
decrease rapidly because of a drastic decrease in the carrier
density, because nearly all the carriers in ZnO are injected by the
oxygen vacancies. However, in the case of GZO, Ga** introduc-
tion into the ZnO matrix can introduce donor defects by
Ga®" substitution of Zn>*, increasing the charge carrier
concentration.”’” Then, the carriers induced by Ga substitution
remain in the GZO film, even if the carriers injected by the
oxygen vacancies diminish. Thus, doped Ga generates residual
carriers that hinder rapid cooling, even after the drastic decrease
in carriers injected by the oxygen vacancies during the RESET
process.

3. CONCLUSIONS

We fabricated all-solution processed, fully transparent resistive
memory devices. All layers, including the GZO layer and top and
bottom ITO electrodes, were deposited by spin coating and
inkjet printing using sol—gel solutions to implement a sand-
wiched structure with a ITO/GaZnO(GZO)/ITO configura-
tion. Our sol-TRRAM was truly transparent, with a transmittance
of 86.5% at 550 nm. The sol-TRRAM also showed reasonable
bipolar resistance switching behavior with a low operation
current (<100 #A) and excellent cycle endurance (>300 cycles).
Our transparent memory devices do not require an initial
forming process. XPS analysis revealed that considerable
amounts of nonlattice oxygen ions exist in the GZO film, and
these nonlattice oxygen ions allow the forming operation to be
omitted. The SET mechanism was investigated by isothermal
I-V curve fitting. The main conduction mechanism during
the SET process can be explained by the SCLC model, in which
the SET occurred through the modification of potential barrier

height due to charge injection by FN tunneling. HR-TEM
analysis confirmed that our sol-TRRAM involves the electrical
resistive change mechanism without the formation of a structural
filament or additional interfacial layer. This resistive switching
behavior, which occurs without significant microstructural
changes, is advantageous for use in memory devices with stable
switching and long lifetimes. Asymmetric I—V switching phe-
nomena resulted from the difference in physical characteristics
between the top and bottom ITO electrodes, which received
different heat- and surface-treatments. Gradual resistance transi-
tion behavior observed during the RESET process can be
explained by the Ga doping effect. With excellent transparent
properties and reasonable resistance switching behavior, sol-
TRRAM is promising for use in future RRAM applications.
Furthermore, our all-solution processed transparent memory
devices could pave the way for transparent electronics and other
future applications, including flexible electronic papers and smart
window.

4. EXPERIMENTAL SECTION

Preparation of ITO Films. The sol—gel solution used for ITO
electrodes was prepared by dissolving indium nitrate hydrate
(In(NO;)5-H,0, Aldrich), and tin(IV) acetate (Sn(CH;COO),,
Aldrich) in 2-methoxyethanol (anhydrous, 99.8%, Aldrich).*® The total
concentration of metal precursors was 0.2 M and the molar ratio of In:
Sn was 95: S. Ethanolamine (=99.0%, Aldrich) was used as a stabilizing
agent to improve the solubility of the precursor salts and formamide
(299.5%, Aldrich) was used to enhance coating properties. The ITO
bottom electrode layer was deposited on the glass substrate by spin
coating at 3000 rpm for 30s. The glass substrate was cleaned with
isopropyl alcohol and O, plasma cleaner prior to deposition. Four
coatings were performed to obtain sufficient thickness with low sheet
resistance. The resulting films were annealed at 500 °C for 2 h. Both ITO
and GZO sol—gel solutions were filtered with a 0.2 ym membrane
(poly(tetrafluoroethylene), Whatman) prior to spin-coating and inkjet
printing.

Preparation of GZO Films. For the active layer, we synthesized
a gallium zinc oxide (GZO) sol—gel solution at 0.4 M. Gallium nit-
rate hydrate (Ga(NO;);-xH,0, Aldrich) and zinc acetate dihydrate
(Zn(CH;COO0),-2H,0, 99.999%, Aldrich) are dissolved in 2-methox-
yethanol and the molar ratio of Ga:Zn was 1:1. Ethanolamine was used
as a stabilizing agent. The GZO layer was obtained by spin coating,
followed by annealing at 500 °C for 4 h.

Inkjet Printing of Top ITO Electrodes. After the annealing of
the GZO active layer, top contact electrode deposition was performed by
inkjet printing using the same ITO solution as the spin coating. The
printer setup consisted of a drop-on-demand (DOD) piezoelectric
inkjet nozzle with an orifice size of SO um (MicroFab Technologies,
Inc., Plano, TX, USA). The gap between the surface and nozzle was
approximately 0.5 mm during printing. Uniform droplet ejection was
achieved by applying 4 us long, 40 V pulses at a frequency of 1000 Hz.
Inkjet printed ITO top electrodes annealed at 500 °C for 2 h had a
circular shape with a diameter of ~200 um.

Characterization. The cross sectional morphology of the inkjet
printed ITO top electrodes was characterized by a surface profiler
(Dektak 150, Veeco). Each layer thickness for the ITO(bottom)/
GZO/ITO(top) was ~33 nm, 30 nm, and 34 nm, respectively, as
determined by high resolution transmission electron microscopy (HR-
TEM, Titan, FEI). Current—voltage (I-V) characteristics were mea-
sured by an Agilent B1500 parameter analyzer. During the measure-
ments, a DC voltage bias was applied to the top electrode while the
bottom electrode was grounded. All the measurements were performed
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at room temperature in the dark. Sheet resistances of the solution-
deposited ITO electrodes were determined by four-point probe mea-
surement (Model RG-100, Napson Corp.). The phase identification,
microstructure, and surface chemical structure of the films were analyzed
using high resolution X-ray diffraction (X PET-PRO MRD, Phillips),
HR-TEM, and XPS. The optical properties of the spin-coated multi-
layered ITO/GZO/ITO films on glass were measured by a UV—vis
spectrophotometer (V530, JASCO).

B ASSOCIATED CONTENT

© Ssupporting Information.  Current—voltage (I—V) char-
acteristics of the sputtered-ITO/GZO/sputtered-ITO RRAM
device, X-ray diffraction of GZO thin film with varying Ga:Zn
composition, I—V measurements performed by changing the
directions of ground and DC bias application. This material is
available free of charge via the Internet at http://pubs.acs.org.
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