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Memristive Behavior Enabled by Amorphous—Crystalline

2D Oxide Heterostructure

Xin Yin, Yizhan Wang, Tzu-hsuan Chang, Pei Zhang, Jun Li, Panpan Xue, Yin Long,
J. Leon Shohet, Paul M. Voyles, Zhengiang Ma, and Xudong Wang*

The emergence of memristive behavior in amorphous—crystalline 2D oxide
heterostructures, which are synthesized by atomic layer deposition (ALD) of a
few-nanometer amorphous Al,O; layers onto atomically thin single-crystalline
ZnO nanosheets, is demonstrated. The conduction mechanism is identified
based on classic oxygen vacancy conductive channels. ZnO nanosheets pro-
vide a 2D host for oxygen vacancies, while the amorphous Al,O; facilitates
the generation and stabilization of the oxygen vacancies. The conduction
mechanism in the high-resistance state follows Poole—Frenkel emission, and
in the the low-resistance state is fitted by the Mott-Gurney law. From the
slope of the fitting curve, the mobility in the low-resistance state is estimated
to be #2400 cm? V-1 s7!, which is the highest value reported in semiconductor
oxides. When annealed at high temperature to eliminate oxygen vacancies, Al
is doped into the ZnO nanosheet, and the memristive behavior disappears,
further confirming the oxygen vacancies as being responsible for the memris-

broad selection of electrical properties. In
particular, ZnO thin films have attracted
great interest due to their facile prepara-
tion approaches, excellent compatibility for
device integration, and controllable elec-
tronic and optoelectronic behavior.”! Their
memristive behavior is primarily associated
with the non-equilibrium distribution of
oxygen vacancies in response to an external
electrical field. This switching mechanism
allows robust cycling endurance, but it
is always associated with low switching
speed."¥ In contrast, 2D nanomaterials offer
a quantum-confined medium which can
have exceptional transport properties and
substantially improved memristive behavior
compared to conventional bulk materials.

tive behavior. The 2D heterointerface offers opportunities for new design of

high-performance memristor devices.

The increasing demand of high density, non-volatile memory
devices has been driving the development of nanoscale memory-
bit cells.! First proposed by Chua et al.” the memristor was
realized in the form of metal-insulator-metal (MIM) heterostruc-
tures in which the electrical resistance of the insulator could be
switched by applied electrical bias. This simple structure offers a
promising solution for high-density data storage. The electrically
switched on-off behavior also has great promise as the artificial
neuron synapses for neuromorphic computing.l’! A large class of
materials have been studied as the memristive material, including
metal oxides,”l halides,”! chalcogenides,”! colloidal suspensions!”!
and organic polymers.!) Among them, metal oxides are the most
intensively investigated due to their good chemical stability and
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For example, single atomic layer 2D tran-
sition metal dichalcogenide memristors
exhibited high-frequency switching with
an extremely low power consumption,®!
and memristors based on ultrathin single-
crystalline SiGe layer demonstrated significantly improved repro-
ducibility and low energy consumption.’! Developing memory
devices with low operating voltages and low energy consumption
go in the direction of a connection between instrinsically neuro-
morphic devices and living neurons.” Nevertheless, due to the
unavailability of 2D oxides nanomaterials and the high entropy
of introducing vacancies in 2D confined geometry, stable 2D
oxide-based memristors have yet to be demonstrated.]

Recently, ionic layer epitaxy (ILE) was developed as a
versatile solution-based approach for growing large-area oxide
nanosheets on a liquid surface.3! Atomically thin single-crystal-
line ZnO nanosheets were synthesized with sizes over 10 um,
enabling the study of the memristor properties based on 2D
metal oxides. In this work, we show extraordinary memristive
behavior enabled by interfacing atomically thin single crystal-
line ZnO nanosheets with a few-nm thick amorphous Al,05
layer. The conduction mechanism was attributed to the classic
oxygen vacancy conductive channels in the lateral transistor
module. In this configuration, the ZnO nanosheet provides a
2D host of oxygen vacancies, while the amorphous Al,O; facili-
tates the generation and stabilization of the oxygen vacancies.
The 2D heterointerface brought a new promise for flexible non-
volatile and ultralow power memory devices.

Atomically thin single-crystalline ZnO nanosheets were syn-
thesized by ILE,* in which amphiphilic molecules (oleyl
sulfate) self-assembled into a monolayer at the water—air
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interface, serving as a template to direct the nucleation and
growth of ZnO crystalline nanosheet underneath. The as-
synthesized ZnO nanosheet with a size up to =10 um was then
transferred onto a Si wafer with 50 nm thermal oxide layer for
device fabrication. All the as-transferred nanosheets displayed
a well-developed triangular shape without any observable
wrinkles or overlap (Figure Sla, Supporting Information), and
thus were ready for device processing. Ti/Au electrodes were
deposited onto ZnO nanosheets by e-beam evaporation to form
lateral Ti/Au-ZnO-Ti/Au (MIM) devices (Figure 1a; Figure S1d,
Supporting Information). Owing to the relatively uniform
distribution and large coverage of ZnO nanosheets, no pre-
alignment was needed for electrodes and >50% were connected
to form a functional device. The MIM structure had a wide
space (=3 um) between the two electrodes, where the thick-
ness of the uncoated nanosheet channel was only =0.75 nm as
probed by an AFM scan (Figure 1b,c). This thickness roughly
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corresponded to one unit cell of wurtzite ZnO. The Ti/Au
electrodes were measured to be =43 nm thick (Figure SIf,
Supporting Information). When sweeping the voltage from
—-15 to 15 V, ZnO nanosheets behaved as an insulator
(Figure S2a, Supporting Information). This result was expected
because when a bulk material is downsized to atomically thin
dimensions, a strong correlation between the surface states
(or traps) and charge carriers would significantly impair
the mobility of free charges.> Tt has also been reported that
the band gap of atomically thin ZnO increases up to 4.0 eV,
becoming more insulating.[1%]

A 5 nm thin amorphous Al,0; layer was then deposited on
the surface of the entire ZnO nanosheet device by atomic layer
deposition (ALD), as schematically shown in Figure la (also
see Figure S3 in the Supporting Information). Due to the con-
formal coverage of the ALD film, the height profile of the coated
device was not observably different from the profile of the
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Figure 1. ZnO/Al,0; memristive device characterization. a) Schematic of a ZnO/Al,O; heterolayered nanosheet memristor. Inset: SEM image showing
a conductor-oxide-conductor memristor consisting of two electrodes bridged by one nanosheet. b) AFM topography image illustrating the channel
width and length of one typical memristor. c) Height profile showing the thickness of the nanosheet in (b) was 0.75 nm. d) The logarithm scale of the
|-V curve of ZnO/Al,O3 memristor. €) Fitting curve at the HRS portion showing the Poole—Frenkel emission model as the conduction mechanism.
f) Fitting curve at the LRS portion showing Mott—Gurney behavior as the conduction mechanism. g) Three I-V curves of the ZnO nanosheet memristor
at the 1 x 10%h cycle, 85 x 10%h cycle, and 100 x 10%h cycle, showing the sustained memory behavior throughout a large number of cycles. h) The
endurance of one device over 10° cycles at “On” and “Off” states respectively. =500 ns pulses were used for the device measurement. i) The retention
of the “On” and “Off” states over 100 min. A read voltage of 1V was used for the measurement.
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uncoated device. The ALD-coated ZnO nanosheets exhibited
a strong memristive behavior when the voltage was swept
between +10 V (Figure 1d). Starting at 0 V, the device exhib-
ited the high-resistance state (HRS) with a very low current at
the level of nA. As the voltage increased to =8.75 V, the current
abruptly jumped to above PA, switching to the low-resistance
state (LRS), i.e., the set process. This bipolar behavior could be
attributed to the largely different ZnO channel width between
the two electrodes (Figure 1b). The observed current saturation
at 30 LA was a result of the compliance to prevent the device
from electric breakdown due to the ultrahigh current in the
LRS. The device stayed at the LRS when the voltage was swept
back to 0 V. In the negative bias sweep, the device began with
the LRS and then changed back to the HRS at =744 V. This
relatively large applied voltage was due to the large electrode
distance (3 pm). Given the fact that the set voltage is directly
proportional to the electrodes distance,”'®! the V,./V;eser could
be reduced to the mV level when the distance was decreased to
tens of nanometers with advanced fabrication technology. Only
Al,03 ALD-coated ZnO nanosheets exhibit the memristive hys-
teresis loop; while bare nanosheets do not. Besides, no forming
process was needed in the ZnO/amorphous Al,0; memris-
tors. This was because a large amount of oxygen vacancies was
formed in ZnO after Al,0O; ALD coating, which brought the
resistance of the as-fabricated device close to the reset state.”]
Control experiments showed that neither the substrate nor
amorphous Al,0; without ZnO exhibit memristive behavior
(Figures S2 and S4, Supporting Information).

The conduction behavior at HRS and LRS was analyzed
to understand the memristive mechanism in the 2D hetero-
system. The [~V curve within the HRS range from 0 to 6.25 V
was fitted. As shown in Figure le, by plotting InJ as a function
of V12, the transport characteristic fitted well to the Poole-
Frenkel emission model within the voltage range between 0.5
and 2.5 VY2 following the equation/?%

]EVEXP(%(\MV/“'ngSOd_¢B)) 1

where g is the electron charge, k is the Boltzmann constant,
d is the distance between electrodes, & is the relative permit-
tivity, & is the permittivity of free space, ¢ is the barrier height,
and T is absolute temperature. The -V curve within the HRS
range does not fit the hopping conduction model. Therefore,
the conduction mechanism at the HRS could be attributed to
charge emission from traps to the conduction band under high
electric fields, which is a normal conduction mechanism in
insulators. At a higher voltage range (>6.25 V), the curve devi-
ated from the Poole—Frenkel emission model. This is possibly
due to the state transition from HRS to LRS, as the set pro-
cess started at =8.75 V. The LRS [~V characteristic was fitted
from 4 to 1 V2 when the applied voltage was swept back to 0 V.
The transport behavior fitted well with the Mott—-Gurney law!?!
(Figure 1f), following the relation
9 2
I =§€r80#d—3 (2)

where u is the carrier mobility. The Mott—Gurney behavior
describes the charge transport as a result of the drifting of the
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charge carriers along the direction of the electric field. The Mott—
Gurney fitting indicated that the LRS at 1-2 V was mainly
controlled by space charge limited conduction (SCLC). In the
SCLC mechanism, the current flow in the LRS is governed by
oxygen vacancies, which form a conductive filament between
the electrodes.?2?% In addition, according to the fitting curve,
the carrier mobility was estimated to be =2400 cm? V! 57, by
using & = 8.5 and d = 3 um. This value is the highest reported
carrier mobility in semiconductor oxides (Table S1, Supporting
Information).l? The drift velocity (v) can be estimated using the
equation: v = uE, where “E” is the electric field, and u is carrier
mobility.?’) When the applied voltage was 2 V, the drift velocity
was estimated to be 1.6 x 10° m s~!, which was comparable to
the electron thermal velocity in Si (2.3 X 10° m s7Y).

Repeatability was studied through setting/resetting the
device by pulse cycles for up to x 10° times (Figure 1g;
Figure S5, Supporting Information). The blue curve and the red
curve in Figure 1g represent the 8.5 x 10°th cycle and 1 x 10°h
cycle, respectively. By increasing the cycle number, both the set
and reset voltages decreased. The set voltage decreased to 7.56
and 5.88 V at the 8.5 x 10°th and 1 x 10°th cycles, while the reset
voltage became —6.84 and —6.32 V, respectively. The resistance
of both the LRS and HRS also decreased gradually in the nega-
tive bias sweep. However, except for these observations, the
similar characteristic hysteresis loops indicate that the memris-
tive behavior remained repeatable for 10° cycles. The current at
the LRS and HRS extracted from different pulse cycles showed
good endurance (Figure 1h), comparable to the typical endur-
ance of commercial flash memories.l?%! Retention is another
important criterion, which was evaluated by respectively meas-
uring the current at a sustained voltage of 1 V after setting the
devices at LRS and HRS. As shown in Figure 1i, the current
was stable at 0.28 mA mm™" at HRS and 5.42 x 10> mA mm™
at LRS for 100 min without degradation. Major parameters
extrapolated from our memristor are summarized in Table 1.
Compared to various memristive structures based on ZnO,?’]
our device showed an endurance among the highest values
(10°), while maintaining a large ON/OFF ratio and good reten-
tion performance. Most importantly, our device was able to
reset at a low current (0.03 mA) and switch between HRS and
LRS at low electric field (2.9 x 10° V m™), suggesting a good
potential to achieve low power consumption. In contrast, most
ZnO-based memristive devices exhibited high power consump-
tion as a result of the high operation current (>mA).

In order to understand the influences of the amorphous
Al,O; coating on the emergence of the memristive behavior, the
crystal structure before and after the amorphous Al,05 coating
was investigated. The low-magnification STEM image in
Figure 2a showed an as-synthesized triangular ZnO nanosheet
(with brighter contrast) resting on a holey carbon TEM grid.
The high-resolution TEM (HRTEM) image in Figure 2b reveals
the single-crystalline lattice with a typical hexagonal arrange-
ment. The selected area electron diffraction (SAED) in the
inset of Figure 2b confirmed the wurtzite crystal structure
with the surface in the (0001) plane. Then, a 2 nm amorphous
Al,O5 layer was uniformly deposited on the nanosheet sample
by ALD. Figure 2c shows that the morphology of the trian-
gular nanosheet after Al,O3 coating was well maintained. The
single-crystalline wurtzite crystal lattice also was well preserved

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1. Comparison of the memristive performance of ZnO structures.

structure Electrodes Maximum operation ~ V [V] Vi [V] Electricfield Endurance ON/OFF ratio Retention [s]  Year Ref.
distance current [mA] [x107 V. m™| [cycles] [times]

Pt/ZnO/Pt 100 nm 30 -2 -1 -2 100 10310 NA 2008 [20b]
Pt/ZnO/Pt 25 nm 3 1.2 -0.5 4.8 106 >100 >6x105 2012 134]
Pt/ZnO/Ru 85 nm 10 1.9 0.7 2.2 200 175 9 % 10* 20M [35]
TiN/ZnO/Pt 30 nm 5 12 -1.2 4 >500 10 NA 2008 [36]
Au/ZnO/ITO 20 nm 40 2 -2 10 >100 >10 10¢ 2011 37]
Al/ZnO/Al 70 nm 1 2.5 0.5 3.6 219 10 10 2015 138]
TiN/ZnO/TiN 40 nm 80 —4 3 -10 NA >10 10 2016 [39]
Pt/V-ZnO/Pt 250 nm 10 -2.5 -0.5 -1 10° 10? 3.6 x10* 2014 [40]
Al/AI,05/(ZnO/Al,O3)10/n-Si/Al 118 nm 0.05 7 -7 5.9 NA 103-10* 10 2015 [47]
Al/ZnO/Al 60 nm 0.1 -6.2 6.3 10 250 10 106 2017 [42]
Al/ZnO/p+-Si 38 nm 0.1 2.2 -2.5 5.8 NA NA NA 2017 [43]
Cu/ZnO/Pt 100 nm 80 1 -1.5 1 100 10 NA 2018 [44]
Au/ZnO/Pt 200 nm 0.01 3 -0.5 1.5 300 10 10 2018 [45]
Mg/ZnO/W 100 nm =12 1.5 -1 1.5 140 =10* 10 2018 [46]
Cu/ZnO/ITO 14 nm 70 1 -1.7 7 100 10 NA 2019 [47]
Au/ZnO/Al,05/Au 3um 0.03 875 744 0.29 106 10 6% 10° This work
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Figure 2. Crystal structure characterization of ZnO and ZnO/Al,O3 nanosheets. a) Low-magnification STEM image of one ZnO nanosheet resting on
a TEM grid. b) High-resolution TEM image showing the crystal lattice of wurtzite ZnO, viewed on the [0001] zone axis. Inset is the selected-area elec-
tron diffraction (SAED) pattern confirming the single-crystalline wurtzite structure. ¢) Low-magnification STEM image of one ZnO nanosheet coated
by an amorphous Al,O; layer on a TEM grid. d) High-resolution TEM image showing of the wurtzite crystal lattice of ZnO nanosheet, indicating the
ZnO nanosheet was not impaired by the Al,O; deposition. Inset is the SAED pattern. e) Low-magnification STEM image and f,g) corresponding EDS
elemental mapping of aluminum (f) and zinc (g) in the area marked by the red dashed box in (e). h) Al and Zn element intensity profile along the
red solid line in (e). i) Cross-section STEM image of one memristor device showing the stacking of the ZnO nanosheet and the amorphous Al,O;.
j-!) The corresponding element mapping of Al (j), Zn (k), and Si (I) showing that each layer had a distinct area and there was no observable interac-
tion among them. m) Depth-profiling X-ray photoelectron spectroscopy of one memristor device, showing the oxygen peak shifted from 531.9 eV in
Al,O;3 to 532.4 eV in ZnO, and to 533.3 in SiO,.
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after the coating (Figure 2d), and the sharp SAED pattern in the
inset of Figure 2d further confirmed no other crystalline phase
was introduced by ALD. Energy-dispersive X-ray spectroscopy
(EDS) mapping was employed to investigate the elemental
distribution. EDS mapping at the corner area marked by the
red dashed box in Figure 2e showed a universal distribution of
Al (Figure 2f) and a well-defined triangular distribution of Zn
(Figure 2g). The line profiles of Al and Zn along the red solid
line in Figure 2e also exhibited a good match across the entire
nanosheet (Figure 2h). The STEM image in Figure 2i is a cross-
section through the heterojunction, showing three distinct
layers of thick amorphous SiO,, =<1 nm ZnO, and =2 nm amor-
phous Al,O;. The corresponding element maps confirmed the
well separated layers of Al (Figure 2j), Zn (Figure 2k), and Si
in SiO, (Figure 2l). The depth profile from X-ray photoelectron
spectroscopy (XPS) was obtained by etching away the materials
layer-by-layer through Ar sputtering with a depth resolution
of =0.2 nm. As shown in Figure 2m, at the beginning (the top

www.advmat.de

surface), the oxygen signal mainly came from Al,O;, with a
position of 531.9 eV. By etching away the materials layer by
layer, the oxygen peak gradually shifted to 532.4 eV at the depth
of 1.8 nm and to 533.3 eV at the depth of 2.4 nm. This result
matched well with layer configuration (Al,05/Zn0/SiO,).%! All
these characterizations verified that the amorphous—crystalline
interface was formed by ALD deposition, without Al doping
into ZnO lattice or chemical reaction between ZnO and Al,O;.
Electron energy loss spectroscopy (EELS) results from cross
section samples shown in Figure 3 confirm that the Al,0;
coating induces O vacancies in the ZnO nanosheet. Figure 3a is
the O K-edge from uncoated ZnO, with a narrow peak (Peak A)
at 5378 eV and a broad peak (Peak B) at 556.2 eV. Figure 3b
is the Zn L-edge from uncoated ZnO, with a broad peak typ-
ical of ZnO and a small shoulder at 1024.2 eV. The Zn:O ratio
derived from these data is 1.10 + 0.11, so the uncoated sheet
may be slightly O-poor, but is within experimental uncer-
tainty of stoichiometric. Figure 3c,d are the O and Zn edges,
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Figure 3. Mechanism study of oxygen vacancy formation. a—d) Electron energy loss spectroscopy on cross section samples comparing the O K-edge (a)

and Zn L-edge (b) from base ZnO nanosheets to the O K-edge (c) and Zn L-

edge (d) from amorphous Al,O3 coated ZnO nanosheets. e) The proposed

mechanism for the evolution of high-concentration oxygen vacancies as a result of Al,O; ALD.
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Figure 4. Control to confirm the critical role of Al,05/ZnO heterostructure. a) EELS O K-edge peak of annealed a-Al,03/ZnO nanosheets. b) Cross-
section STEM image of an annealed a-Al,03/Zn0O nanosheet on SiO,. c—e) Corresponding cross-sectional element mapping of Al (c), Zn (d), and Si
(e). f) I-V curve measured from the transistor made from an annealed a-Al,03/ZnO nanosheets showing the non-hysteresis transport property. Inset:
fitting curve showing the conduction behavior matched well with Poole—Frenkel emission mode.

respectively, from an Al,Osz-coated ZnO nanosheet. The Zn:O
ratio is 1.37 £ 0.20. The composition suggests a large concentra-
tion of O vacancies, which is confirmed by the fine structure.
The O K-edge develops a significantly more intense low-energy
shoulder to peak A at 534.9 eV, and the Zn L-edge shoulder at
1024.2 eV becomes a distinct pre-peak. Both features are char-
acteristic of O vacancies in ZnO.1?8l

The formation of the oxygen vacancies as a result of Al,O3
coating is proposed in Figure 3e. For typical ZnO crystals,
O Frenkel defects are usually present.*”) Near the surface,
O ions move to the surface and leave the bulk lattice concen-
trated with oxygen vacancies, i.e., Og — Vg +0O%,r. We expect
similar behavior in situation for our as-synthesized ZnO
nanosheets. When the Al precursor (trimethylaluminum,
TMA) is introduced to the ZnO nanosheets during ALD, it pref-
erably bonds to the surface O ions, as the bonding energy of
Al—O (511 k] mol™) is significantly larger than that of Zn—0
(159 kJ mol™).3% The consumption of surface O ions by the pre-
cursor further drives the surface Frenkel reaction to the right
hand side and yields more oxygen vacancies near the surface
region. Such oxygen extraction reaction has also been observed
from the ALD reactions of TMA with other ZnO structures.%31
Due to the ultrasmall thickness of our ZnO nanosheets, this
surface effect would turn into a bulk property and fill the entire
ZnO channel with concentrated O vacancies. Under an in-plane
electric field, these O vacancies were able to diffuse and cluster
together,?? forming continuous conductive filaments to carry a
high electric current in between the two electrodes (Figure S7,
Supporting Information). Hence, the O vacancy-related mem-
ristive behavior could be significantly enhanced in this unique
amorphous Al,0;—ZnO nanosheet heterostructure.

To further verify that the oxygen vacancies’ contribution to the
memristive behavior, the heterojunction was annealed in air at
500 °C for 1 h, to remove the oxygen vacancies and drive Al into
the ZnO lattice. O K-edge EELS on the annealed sample shows
the characteristic peaks A and B, but the shoulder at 534.9 eV
is suppressed, indicating the quantity of oxygen vacancies was
largely reduced (Figure 4a). The cross sectional STEM image
in Figure 4b shows that the Al,O; layer and ZnO nanosheet
have mixed together and sit on the SiO, substrate, as do the
Al, Zn, and Si EDS maps in Figure 4c—e. The Al doped ZnO
nanosheets showed good conductivity due to the increased free
electrons created by Al doping (Figure 4f).*¥ The conduction
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mechanism fitted well with Poole—Frenkel emission mode
(inset of Figure 4f). As expected, no memristive behavior was
observed from the [-V characteristics. This result confirmed
our assumption that the memristive behavior was produced by
the high switching speed in the presence of an electric field.

In conclusion, we have observed high on/off ratio, easily set
and reset, high-endurance memristive switching in heterostruc-
tures consisting of atomically thin ZnO coated with amorphous
Al,O; by ALD. As-synthesized ZnO nanosheets behaved as
insulators. The Al,O3 coating dramatically enhanced the trans-
port behavior and created memristive behavior. The conduction
mechanism followed Poole—Frenkel emission in the HRS and the
Mott—Gurney law in the LRS. From the slope of the fitting curve,
the mobility and the drifting velocity in the LRS were estimated
to be =2400 cm? V™! s7' and 1.6 x 10° m s7, respectively. This
performance is superior to all other reported ZnO memristors,
particularly the considerably lower reset current and switching
electric field. The memristive behavior arises from high-speed
drift of oxygen vacancies in the ZnO created by the Al,O;. The
presence of O vacancies is confirmed by materials characteri-
zation of the heterostructures, and their role in switching is
confirmed by the absence of switching in an annealed hetero-
structure. This discovery suggests a new route for realizing high-
performance memristor devices using 2D oxide heterostructures.
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from the author.
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