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Resistive-switching tunability with size-dependent
all-inorganic zero-dimensional tetrahedrite quantum

dots
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ABSTRACT All-inorganic zero-dimensional (0D) tetrahedrite
(Cuy,Sb,S,5, CAS) quantum dots (QDs) have attracted extensive
attention due to their excellent optical properties, bandgap
tunability, and carrier mobility. In this paper, various sized CAS
QDs (5.1, 6.7, and 7.9 nm) are applied as a switching layer with
the structure F:SnO, (FTO)/CAS QDs/Au, and in doing so, the
nonvolatile resistive-switching behavior of electronics based on
CAS QDs is reported. The SET/RESET voltage tunability with
size dependency is observed for memory devices based on CAS
QDs for the first time. Results suggest that differently sized CAS
QDs result in different band structures and the regulation of the
SET/RESET voltage occurs simply and effectively due to the
uniform size of the CAS QDs. Moreover, the presented memory
devices have reliable bipolar resistive-switching properties, a
resistance (ON/OFF) ratio larger than 10, high reproducibility,
and good data retention ability. After 1.4 x 10°s of stability
testing and 10" cycles of quick read tests, the change rate of the
ON/OFF ratio is smaller than 0.1%. Furthermore, resistive-
switching stability can be improved by ensuring a uniform
particle size for the CAS QDs. The theoretical calculations
suggest that the space-charge-limited currents (SCLCs), which
are functioned by Cu 3d, Cu 3p and S 3p to act as electron self-
trapping centers due to their quantum confinement and form
conduction pathways under an electric field, are responsible for
the resistive-switching effect. This paper demonstrates that CAS
QDs are promising as a novel resistive-switching material in
memory devices and can be used to facilitate the application of
next-generation nonvolatile memory.

Keywords: memory device, tetrahedrite quantum dots, resistive-
switching tunability, resistance mechanism

INTRODUCTION
All-inorganic colloidal semiconductor quantum dots
(QDs) have attracted great attention in the past decade
[1,2], and its most interesting aspects are their optical and
electronic properties. Fortunately, these properties can be
easily tuned by their sizes, phases, and components,
which themselves can be precisely controlled during the
formation process [3-5]. All-inorganic colloidal semi-
conductor QDs have great potential as active absorbers
and hole transporting materials in photovoltaic devices,
optoelectronics, gas sensors, and memory devices [6-9].
Focusing on memory devices, miniaturization, and in-
telligence, the advent of the big data era has led to the
discovery of improved nonvolatile memory devices [10].
Resistive random-access memory (RRAM) is a promising
technology for next-generation nonvolatile storage [11].
To date, a large number of materials, such as three-di-
mensional bulk oxides, nitrides, tellurides, and selenides,
as well as two-dimensional (2D) thin films, have been
applied as switching layers [12]. However, their complex
preparation processes result in high cost and excessive
power consumption. Compared with bulk materials and
2D thin films, low-dimensional inorganic materials, in-
cluding zero-dimensional (0D) QDs or nanocrystals
(NCs) [13-14], one-dimensional (1D) nanotubes, 1D
nanowires, and 2D nanosheets [15-16], can be simply
and efficiently synthesized. Furthermore, nano-memories
with ultrahigh density are also preferred due to their
high-speed operation, excellent tunability, small device
size, and excellent resistive switching on the nanoscale
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structure [17].

Among these nanomaterials, memory devices based on
all-inorganic QDs have several advantages, such as the
ability to act as electron self-trapping centers due to
outstanding quantum confinement, ambipolar charge
transport, and edge effects, as well as the ability to be
precisely controlled by adjusting their thickness.
[3,18,19]. Graphene QDs [20], molybdenum disulfide
QDs [21], black phosphorus QDs [22,23], MXene QDs
[24], and perovskite QDs can be used to fabricate RRAM
cells [25]. In the conventional and effective strategy of
realizing resistive switching, low-dimensional inorganic
materials are introduced into a polymer matrix, thereby
forming an organic-inorganic hybrid structure to achieve
charge trapping for the memory effect [26]. However,
uniformly dispersing inorganic materials in thin films is
difficult. The complex structures and properties of the
active layer and polymer matrix, as well as the interface
between the active layer and electrodes, result in the re-
sistive-switching characteristics being difficult to control.
To overcome this, only all-inorganic QDs should be used
as the switching materials.

Recently, all-inorganic QD-based RRAM devices have
attracted an increased amount of attention due to their
outstanding resistive-switching characteristics, with some
scholars comparing them with organic-inorganic hybrid
memory devices to demonstrate their advantages. Cur-
rent state-of-the-art all-inorganic QD RRAMs are based
on perovskite QDs, which have a low reading voltage
(0.3 V) and a high light-assisted resistance (ON/OFF)
ratio (107) [27]. However, for perovskite QDs, unavoid-
able defects, such as the existence of photogenerated
carriers and surface recombination charges, result in an
unstable switching performance. Memory devices using
Ag-In-Zn-S NCs exhibit bipolar resistance behavior
across 70 endurance cycles with an ON/OFF ratio of 18
[28], which should be low for the successful commer-
cialization of the memory devices. In light of this in-
formation, it is evident that large differences exist in the
resistive-switching properties of different switching ma-
terials. Unfortunately, the intrinsic mechanism behind
the resistive-switching behavior of all-inorganic QD-
based RRAM devices is yet to be determined, though
some mechanisms have been suggested, such as fila-
mentary conduction [29,30] and charge trapping and
detrapping [31]. Therefore, extensive studies should be
conducted concerning the resistive-switching properties
of memory devices based on all-inorganic QDs, especially
with respect to developing new switching materials and
establishing an intrinsic mechanism to provide a practical
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solution for commercialization.

Tetrahedrite (Cu;,Sb,S,;5, CAS) QDs have excellent
optical properties and bandgap tunability and can be
synthesized by the facile method [32,33]. As typical p-
type direct bandgap semiconductors, CAS QDs have two
non-occupied states in the valence band, which con-
tributes to their excellent hole mobility and makes them a
potential and novel resistive-switching material for
RRAM devices [33]. However, research in this area is
lacking. In our previous work, the quantum size effects of
CAS QDs with bandgap tunability were reported for the
first time [34,35]; we also applied CAS QDs as a charge
transporting material in gas sensors and photovoltaic
devices [36-38]. The previous studies provide a founda-
tion to examine the influence of size effects and band
structures on the resistive-switching behavior by design-
ing differently sized CAS QDs.

In this work, we focus on CAS QD-based memory
devices, including resistive-switching characteristics, sta-
bility, reproducibility, and the intrinsic mechanism be-
hind their operation. CAS QDs with different sizes were
designed to investigate the influence of size on the
threshold voltage. Density functional theory (DFT) in
combination with the nonequilibrium Green’s function
(NEGF) method is implemented to study the carrier
transport properties of CAS QDs. Moreover, current-
voltage (I-V) measurements are recorded to investigate
the resistive-switching and retention properties of mem-
ristive devices. Based on the theoretical results and I-V
fitting curves, a detailed intrinsic mechanism behind QD
resistive-switching memory devices is obtained. These
observations provide important information for next-
generation nonvolatile memory application.

EXPERIMENTAL SECTION

Synthesis of tetrahedrite QDs

Analytical grades of cuprous iodide (Cul, 99%), oleyla-
mine (OLA, 80%—90%), diphenyl ether (C,,H,,0, >99%),
N,N-diphenyl thiourea (C;;H,N,S, 98%), and antimony
trichloride (SbCl;, 99%) were obtained from Aladdin.
CAS QDs were prepared by a hot injection method. In
this case, OLA was selected as the reaction solvent. We
observed that, at reaction temperatures below 110°C,
OLA did not coordinate well with the metal salt, and the
stability of the QD solution reduced dramatically at re-
action temperatures above 150°C. Therefore, we tested
target reaction temperatures of 110, 130 and 150°C. The
reaction mixture with Cul (0.2857 g) and OLA (30 mL)
was prepared by stirring and heating at 120°C in three-
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neck round-bottom flasks. The flasks were evacuated and
kept under argon gas throughout the reaction. The re-
action temperature was then raised to 130°C, and the
reaction mixture was aged for 10 min, after which SbCl,
(0.114 g) was added and the solution was stirred con-
tinuously for 3 min. In a separate flask, C;sH,N,S
(0.5137 g) was added to 2.25 mL of C},H,,O; the solution
was then heated at 90°C until dissolving took place. The
C;3H,N,S-C,H,,O solution was rapidly injected into
OLA using a quartz syringe, and the reaction process was
precisely controlled at 130°C for 600 s. The resultant so-
lution was rapidly cooled to room temperature after re-
action completion. Washing and centrifugation were
performed to obtain purified CAS QDs, which were then
dispersed in hexane for storage in a nitrogen glovebox.

Device fabrication

The fluorine-doped tin oxide (FTO)-coated glass sub-
strate (2 x 2 cm’, 15 Q/ O) was cleaned by ultrasound for
15 min with acetone, deionized water, and ethanol (in
said order). It was then dried with a stream of pressurized
nitrogen and treated with oxygen plasma for 10 min. The
CAS QD mother liquor (1 mL) was mixed with methanol
(3mL), and the precipitates were separated by cen-
trifugation at 8000 rpm for 3 min. The resultant colloidal
CAS QDs were then dissolved in 1-hexanethiol at a
concentration of 10 mg mL . After the CAS QD solution
was loaded on the FTO substrate by the spin coating
technique, an Au electrode with a thickness of roughly
200 nm was deposited on the CAS QDs by radio fre-
quency magnetic sputtering through a metal mask at a
system pressure of 1 x 10 ° Torr. The thickness of the
active layer was adjusted by changing the rotation speed
during the spin coating process or changing the duration
of the process. The device was then annealed under a
controlled air atmosphere on a hot plate at 90°C for
10 min. The entire fabrication process was conducted in a
nitrogen glovebox.

Calculation details

Optimizing the geometrical structure was carried out
using DFT and the DMol’ package. General gradient
approximation (GGA) was employed in the form of a
Perdew-Burke-Ernzerh  (PBE) exchange-correlation
functional. We used a double-numeric quality basis set
with dynamic nuclear polarization functions. A Fermi
smearing of 0.005 hartree was used to accelerate con-
vergence. The convergence thresholds were set as
0.002 hartree/A for the maximum force, 0.005 A for the
maximum displacement, and 1.0 x e~ hartree for the
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energy change. The geometrical optimization was stopped
when the energy convergence was satisfied by the dis-
placement or force criteria. The transport property cal-
culations for the CAS QDs were conducted within the
framework of DFT in combination with the NEGF. These
were implemented in Materials Studio, using GGA with
the exchange-correlation functional and the PBE basis set
for an electron wave function. An energy cutoff of 150 Ry
was adopted to converge the grid integration of the
charge density. A Monkhost-Pack k-mesh of 1 x 1 x 25
was selected when calculating the total energy and
transport properties. The transmission function was cal-
culated from —1.0 to 1 eV with a step size of 0.005 eV.
The convergent criterion of total energy was set by the
default value of the DMol’ code.

Material characterization

The crystal structure and microstructure properties of the
CAS QDs were examined by high-resolution transmission
electron microscopy (HRTEM, JEM-2100F, JEOL, Japan)
and X-ray diffraction (XRD, Pert-Pro, PANalytical,
Netherlands) with Cu Ka radiation. Field-emission
scanning electron microscopy (FESEM, Zeiss Ultra Plus,
Zeiss, Germany) was used to observe the morphology of
the materials and devices. The elemental mapping images
and compositional ratios were analyzed using the energy
dispersive X-ray spectroscope (EDS) attached to the
FESEM (Model Inca X-Max50, Japan). Atomic force
microscopy (AFM, Cypher ES, Oxford, USA) was used to
observe the surface morphology, phase imaging, and
image amplitude of the devices. UV-vis absorption (UV-
2550, Shimadzu, Japan) in the wavelength range of
300-800 nm was recorded to characterize the optical
absorption properties of the samples. Photoluminescence
(PL) spectra were measured on a Horiba Yvon Fluoromax
4 at room temperature. Valence band offset was measured
by UV photoelectron spectroscopy (UPS, ESCALAB
250Xi, Thermo Fisher, USA) with He (21.22 eV) as the
radiation source. The electrical characteristics of the
fabricated devices were carried out using a Keithley 4200
semiconductor parameter analyzer. The pulse width and
interval time were 1 ms in the endurance measurements.

RESULTS AND DISCUSSION

Characterizing tetrahedrite QDs

Fig. la-c show the HRTEM images of the CAS QDs
prepared at temperatures of 110, 130 and 150°C, from
which it is evident that the CAS QDs are spherical in
shape and monodispersed. Moreover, the CAS QDs
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Figure 1 Characteristics of CAS QDs: low-magnification TEM images of CAS QDs at reaction temperatures of (a) 110°C, (b) 130°C, and (c) 150°C.
Insets are the size distribution histograms of the samples. (d-f) Local amplification images of CAS QDs from (a-c), respectively. (g) HRTEM image of

a CAS QD from (d). (h) SAED pattern of the CAS QD from (g).

prepared at 110, 130 and 150°C have diameters of 5.1 +
0.6 (0 =9.5%), 6.7 + 0.4 (0 = 10.1%), and 7.9 + 0.5 nm (o
= 9.1%), respectively. Moreover, the QDs have standard
deviations of about 10%, which is typical for mono-
dispersed QDs. Fig. 1d-f show the morphologies of the
small (5.1 nm), intermediate (6.7 nm), and large (7.9 nm)
QDs, from which it is evident that their sizes increase
with increasing reaction temperature. Fig. 1g shows the
HRTEM image of a single 5.1-nm QD. The lattice image
indicates it has high crystallinity. Fig. 1h shows the se-
lected area electron diffraction (SAED) pattern, wherein
the clear bright diffraction rings correspond to the (220),
(222), (400), (440), and (622) reflections of the CAS QDs.
Indeed, the QDs have a cubic structure. XRD was em-
ployed to determine the crystal phase of the CAS QDs
(Fig. S1), the results of which are inconsistent with the
results from the HRTEM images in Fig. 1g, h, wherein the

CAS QDs create a cubic lattice with a I43m space group
(a =10.33 A). Fig. S2 shows a simulated image of a single
unit cell of the CAS QDs.

Fig. 2a and b illustrate the UV-vis spectra of the 5.1-,
6.7-, and 7.9-nm CAS QDs; the corresponding bandgaps
calculated from the Tauc plots are 1.94, 1.84, and 1.76 eV,
respectively. The bandgaps decrease with an increase in
size, which proves that the QDs in question have excellent
quantum size effects and bandgap tunability. The inset in
Fig. 2a illustrates the positions of the absorption edges of
the CAS QDs, from which it is evident that the absorption
bands of the 5.1-, 6.7-, and 7.9-nm CAS QDs are 602, 673,
and 705 nm, respectively. When the size changes from 5.1
to 7.9 nm, the absorption bands are red-shifted from 602
to 705 nm. As shown in Fig. 2¢, the PL emission peaks are
also red-shifted from 560 to 600 nm. The observed size-
dependent bandgap tunability and the red-shifting optical
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Figure 2 Optical properties of CAS QDs with different sizes: (a) UV-vis absorption spectra, (b) energy gaps calculated using the plots of (ahv)® vs. hv,

and (c) PL spectra.
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properties are consistent with the quantum confinement
effects [3,32].

The scheme of the device structure is shown in Fig. 3a.
The CAS QD layer and Au electrode in Fig. 3b have the
same thickness, i.e., 200 nm. The top-view FESEM image
indicates that the CAS QD layer completely covers the
FTO glass surface (Fig. S3a, b). The surface element
distribution of the CAS QD layer is revealed by the ele-
mental mapping images shown in Fig. 3c-g. Fig. 3¢ shows
the top-view SEM image of the FTO/CAS QDs, and
Fig. 3d shows the local amplification of the selected re-
gion. Fig. 3e-g display the corresponding mapping ima-
ges of the Cu, Sb, and S elements, indicating that these
elements are uniformly distributed in the CAS QD layer.
The EDS spectrum of Fig. 3c-g is also shown in Fig. S3,
the inset table of which shows that the Cu:Sb:S ratio is
12:4.3:13.2, indicating that tetrahedrite is slightly rich in
antimony. Fig. S3d is the backscattered electron image
corresponding to Fig. 3b after more than 1.4 x 10°s of
stability testing and 10" cycles of reproducibility tests,
from which it is evident that there is no migration of the
top electrode, which means that the resistance switching
behavior of the FTO/CAS QDs/Au device is dependent
on the CAS QDs instead of the diffused Au atoms.

According to Fig. S4a-c, the surfaces of the CAS QD
layers corresponding to the 5.1-, 6.7-, and 7.9-nm QDs on
top of the FTO possess root mean square roughness va-
lues of 5.3, 3.1, and 4.3 nm, respectively. The AFM images
shown in Fig. S4d-f suggest a relatively spherical struc-
ture with respect to the CAS QDs. Moreover, the AFM
amplitude images in Fig. S4g-i illustrate the surface un-
dulation of the memory devices. Indeed, surface rough-
ness and surface undulation are important with respect to
ensuring the smooth and homogeneous coverage of CAS
QDs spin-coated on the FTO substrate and prove that
CAS QD size does not change after the nearly whole
coverage of CAS QDs on the FTO surface and further
annealing treatment in our case.

Room-temperature resistive-switching properties

Room-temperature resistive-switching properties can be
investigated using the I-V curves shown in Fig. 4a-c,
from which it is evident that the voltage is swept in the
sequence of 0 - =2 - 0 — 2 — 0V during the test
session. In digital memory devices, the transition from
the high-resistance state (HRS; i.e., OFF state) to the low-
resistance state (LRS; i.e., ON state) is equivalent to a
writing process, which, in this paper, is called the SET
process, wherein the threshold voltage is the SET voltage.
Alternatively, the transition from the LRS to the HRS is
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Figure 3 (a) Schematic of FTO/CAS QDs/Au memory device, (b) cross-
sectional FESEM image, (c) top-view SEM image, (d) local amplification
of the selected region, and (e-g) element mapping images obtained by
EDS.

equivalent to an erasing process, which, in this paper, is
called the RESET process, wherein the threshold voltage
is the RESET voltage.

We can use the I-V curve of the 7.9-nm CAS QDs to
describe the process. Initially, the device is in the HRS.
When a negative voltage is applied, the Au electrode in-
creases to —0.46 V, and the current increases rapidly from
roughly 10 ®to 10~ A, indicating that the device transitions
from the HRS to the LRS and that the SET voltage is
—0.46 V. The device has good stability at the LRS in the
negative (Sweep 4) and positive sweeps (Sweeps 5 and 6).
Subsequently, the current decreases from roughly 10 to
10 ° A after 0.51 V (Sweep 7), suggesting that the device
transits from the LRS to the HRS. The device remains in
the HRS during the subsequent positive sweep (Sweep 8).
The 6.7- and 5.1-nm CAS QDs have similar resistive-
switching behavior; however, differences can be seen in the
SET and RESET voltages across the various sized CAS QDs.
Indeed, a memory device can be maintained in the LRS by
applying a positive bias of the same magnitude or turning
off the power, indicating a nonvolatile memory effect.

The SET voltage was investigated for the CAS QDs
using 100 memory units. Fig. S5 shows the curves ob-
tained during the successive switching cycles. As shown
in Fig. 4d-f, the sample statistics suggest that the SET
voltages for the 7.9-, 6.7-, and 5.1-nm CAS QDs are
—0.46, —1.02, and —1.51 V, respectively, whereas the RE-
SET voltages are 0.51, 1.08, and 1.61 V, respectively. The
stability of the memory device is shown in Fig. 4g-i, from
which it is evident that, for a memory device with a
readout voltage of —0.1 V, slight fluctuations exist in the
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Figure 4 Resistive-switching performance of the FTO/CAS QDs/Au device: (a-c) typical resistive-switching I-V characteristics in a semi-logarithm
scale for the 7.9-, 6.7-, and 5.1-nm CAS QDs, respectively; (d-f) SET/RESET voltage distribution histograms; (g-i) memory device stability at 0.1 V
for over 1.4 x 10° s of stability testing; (j-1) reproducibility of the FTO/CAS QDs/Au memory device.

HRS; however, the ON/OFF ratio still exceeds 10* and
lasts for more than 1.4 x 10°s without electrical de-
gradation. The reproducibility of the memory device
under a continuous read pulse is shown in Fig. 4j-1, from
which it is evident that memory device in the HRS and
the LRS has a voltage of 0.1 and —0.1 V, respectively.
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producibility.

Indeed, the LRS and the HRS values are almost equivalent
after 10" quick read tests, suggesting excellent device re-

The measured I-V curve shows typical bipolar re-
sistive-switching behavior and nonvolatile memory effect.
In addition, the memory devices have an ON/OFF ratio

December 2020 | Vol.63 No.12
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larger than 10", high reproducibility, and good data re-
tention. After 1.4 x 10°s and 10* cycles of quick read
tests, the change rate of the ON/OFF ratio is smaller than
0.1%, which is comparable to organic-inorganic hybrid
memory devices and higher than some all-inorganic QD-
based memory devices [26,28]. Therefore, CAS QDs can
be used as an active layer in nonvolatile resistive-
switching memory devices. Furthermore, the observation
for the SET/RESET voltage and the size dependency of
the developed CAS QDs is unprecedented for RRAM
devices based on 0D QDs.

Electronic and transport property computations of
tetrahedrite QDs

Electronic and transport property computations were
conducted using Materials Studio based on DFT and
NEGF. To simplify the calculation model of electron
transport properties, a transport device was constructed
by sandwiching 0D CAS QDs (d = 5.1 nm) between the
Au (top) and FTO (bottom) electrodes (Fig. 5a). The
potential of the FTO electrode was maintained at 0V,
whereas that of the Au electrode was maintained at
—1.5 V. The optimized CAS QD structure model is shown
in Fig. 5b, from which it is evident that groups of tetra-
hedrite are contained in the CAS QDs as repeating units.
Fig. 5¢ is a local enlargement of the repeating units. When
voltage is applied, electrons are injected into the CAS QDs
from the Au electrode. The electron trapping capability of

RN

deode

o707

the atoms in the CAS QDs is shown in Fig. 5d, The greater
value, the stronger electron capture ability. As shown in
Fig. 5d, Cu and S act as electron capture centers in the
CAS QDs. Applying a bias voltage influences the bias
potential, thereby enabling transmission along the scat-
tering region of the CAS QD transport device, which can
be seen from the QD transmission spectrum (Fig. S6a).
When a bias voltage is applied, a sharp maximum peak
is observed in the conduction band, rather than the va-
lence band. In this case, the applied potential is sufficient
for the electrons to traverse from the valence band to the
conduction band. Fig. S6b shows the calculated I-V
curves, from which it is evident that the current increases
rapidly at —0.35 V. This can be explained by examining
the projected density of states (PDOS) at a bias voltage of
0 and —0.35 V, as shown in Fig. S7a, b. According to the
PDOS plots, the valence band maximums (VBMs) of the
CAS QDs are mainly derived from the Cu 3d, Cu 3p and
S 3p orbitals, whereas the conduction band minimums
(CBMs) are mainly derived from the Cu4p and Sb 5p
orbitals. These results suggest that, for CAS QDs with a
bias voltage of 0 V, the Cu 3d, Cu 3p and S 3p orbitals of
the VBM transition are superior to the Cu 4p orbitals of
the CBM. Fig. S6b shows the metallic behavior of the CAS
QDs at a bias voltage of —0.35V, indicating that the in-
jected electrons are captured in the VBM and occupied by
the Cu 3d, Cu 3p and S 3p orbitals [39]. Furthermore, as
shown in Fig. S7c, the deformed electron density of Cu in
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Figure 5 Electron transport properties of FTO/CAS QDs/Au electron transport devices: (a) optimized structures, (b) optimized CAS QD structure
models, (c) repeating units contained in the CAS QDs, (d) the electron trapping capability of every atom, and (e-h) the process of electron capturing

in the CAS QDs.
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the left and right electrodes indicates that, at a bias vol-
tage of —0.35 V, many electrons are transferred from the
electrode to the CAS QDs, and the injected electrons
move freely between the QDs and electrode. Fig. 5e-h
show the electron capture process, from which it is evi-
dent that Cu and S act as electron self-trapping centers
and form conduction pathways in the memory device.

Intrinsic mechanism behind the 0D QD resistive-switching
memory device

To determine the switching mechanism of the memory
devices, taking the 6.7-nm QDs as an example, the I-V
curves for the SET process were plotted in double loga-
rithmic coordinates. Fig. 6a shows the SET process (0 —
—2 — 0V). In the HRS, the plot of In] vs. InV with a slope
of ~1.06 reveals a linear plot at a low voltage range, which
is shown in Fig. 6b, indicating Ohmic conduction beha-
vior for 0 — —0.56 V (Step A in Fig. 6a). Two kinds of
slopes can be observed. On the one hand, for the negative
sweep of —0.57 — —0.78 V (Step B), a line relation can be
observed in the plot of InI vs. V", indicating electrical
conduction governed by thermionic emission (Fig. 6c).
On the other hand, for the negative sweep of —0.78 —
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—1.06 V (Steps C and D), a line relation can be observed
in the plot of Ln(I) vs. Ln(V) with a slope of ~2.07, which
is consistent with the classical space-charge-limited cur-
rent (SCLC) shown in Fig. 6d. In the LRS, the current has
a linear plot with a slope of ~1.00, implying Ohmic
conduction.

Resistive-switching properties are affected by various
factors. Researchers have used defects, vacancies, inter-
stitials, and cation substitutions formed in the resistive-
switching layer and environment during device fabrica-
tion to regulate the resistive-switching effect [22,40,41].
In our work, the differences in the SET/RESET voltage
between the 7.9-, 6.7-, and 5.1-nm CAS QDs can be at-
tributed to the Schottky barrier at the interface between
the CAS QDs and the FTO electrode. UPS was used to
explore the exact energy levels of the CAS QDs, the re-
sults of which are shown in Fig. S8. Under a bias of 10 eV,
the Fermi energy (Ep) position relative to the vacuum
level and the difference between the Er and the VBM were
calculated for the CAS QDs with the intercept for the
secondary electron onset. In combination with the
bandgaps shown in Fig. 2b and the work functions of the
electrodes, Fig. 7a shows the band structure alignment of
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Figure 6 Experimental and fitted I-V characteristics of the FTO/CAS QDs/Au device with (a) I-V, (b) InI-InV, (c) InI-V"*, and (d) InI-InV

characteristics during the SET process in a negative voltage sweep.
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the CAS QDs, from which it is evident that the ag-
gregation of electrons increases the Schottky barrier
height at the interface. Fig. S9 shows the schematics of the
Schottky barrier at the interface. The height of the barrier
reduces with an increase in the size of the CAS QDs.
Therefore, the SET/RESET voltages are size-dependent.

In this study, a detailed mechanism is described from
the perspective of the electron quantum transport theory
of conductors, as well as the calculation results. For
simplification, a one-trap case is considered for the
modeling. Fig. 7b shows a schematic of the asymmetric
trap structure. The trap-filled limit voltage (Vig) can be
determined by the trap density [42]:

en,?
Vie, = Ttgoa (D

where L denotes the thickness of the CAS QDs, ¢ denotes
a relative dielectric constant, and ¢, denotes the vacuum
permittivity of the CAS QDs. For CAS QDs, Cu 3d, Cu 3p
and S 3p act as the electron capture centers. In the SET
process (negative bias region), with the negative bias in-
creasing from 0V, as shown in Fig. 8a, the injected
electrons cannot fill the traps because, under a low op-
eration bias voltage (V,,;,< V < Vig), the reduced injected
carrier concentration is less than the equilibrium con-
centration. At this state, the current density (J) formed by
the electron flow transmitted from the FTO to the CAS
QDs can be expressed as follows [43]:

J — chVR [_Q¢BN] exp[%] _ 1]’ (2)

T TR/ Vo) P\ TRT
where V and V|, denote the thermionic emission process
and the thermionic diffusion process, respectively. For
CAS QDs, Vp can be described as Vi =~ y,E,,, where E |
denotes the electric field strength and p, denotes the
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carrier mobility, which can be defined as y = et/m’, where
e denotes the electron charge, 7 denotes the carrier re-
laxation time, and m~ denotes the carrier effective mass,
which can be calculated from (m*)_1 = (1/?’12)02E/0k2(m*),
where h denotes the reduced Planck’s constant and E ~ k
denotes the band structure. Therefore, for CAS QDs with
two non-occupied states in the valence band, the carrier
mobilities are high, which ensures that the current follows
Ohmic conduction behavior due to the thermionic
emission process. In turn, this causes charge injection
through the energy barrier between the FTO and CAS
QDs. Therefore, the device starts in the HRS and follows
Ohmic conduction behavior under a low operation bias
voltage (Vi < V < Vg, State 1).

With an increase in the bias voltage (Viyp < V < Vi,
State 2), the injected electrons gradually fill the traps;
however, they cannot pass over the h, barrier nor reduce
the active material trap density in the trap-filled SCLC
region. At this stage, the current begins to increase fol-
lowing the near square law. With a further increase in the
bias voltage (V > V,, State 3), the trapped electrons jump
over the h; barrier; when all of the traps are filled with the
injected electrons, the injected electrons move freely by
trap-to-trap hopping, thereby forming the conduction
pathway. As a result, the device transits from the HRS to
the LRS, and the current follows Ohmic conduction. At
this point, the traps remain filled, and the device is in the
LRS when the negative bias is reduced (V > V, State 4),
which is shown in Fig. 8b.

In the RESET process (positive bias region), with an
increase in the positive bias voltage to a low region (V ,,
< V < V,, State 5), as shown in Fig. 8¢, the traps remain
filled because the trapped electrons cannot be released,
and the electron concentration remains at a high level,
thereby ensuring the LRS state. When V, < V < Vi, the

Figure 7 (a) Schematic of different sized CAS QDs for the band structure alignment and (b) schematic of the asymmetric trap structure.
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Figure 8 Schematic of detailed intrinsic mechanism for the resistive-switching behavior of the CAS QDs: (a) negative bias increasing in the SET
process, (b) negative bias decreasing in the SET process, (c) positive bias increasing in the RESET process, and (d) positive bias decreasing in the

RESET process.

traps release the electrons (over the barrier h,) with no
further electrons filling the trap, thus forming a higher
electron concentration. This is known as the detrapping
effect. When the positive bias surpasses Vg, the injected
electrons once again fill the traps but cannot jump im-
mediately over the barrier due to the large activation
energy. In this state (Vg < V < V., State 6), the injected
electrons contribute to the current directly, though the
traps are unoccupied, and the device remains in the LRS.
As shown in Fig. 8d, the device changes to the HRS due to
the fact that the electron concentration is smaller than the
equilibrium concentration when the decreasing negative
voltage is smaller than Vg (V, < V < Vg, State 7). In the
following process, the device is maintained in the HRS
(Vmin < V < V,, State 8).
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CONCLUSIONS

In this paper, we demonstrated the potential application
of all-inorganic CAS QDs in memory devices with re-
sistive-switching behavior. Memory devices were fabri-
cated with different sized CAS QDs using a simple spin
coating method. The size-dependent SET/RESET voltage
was observed in the CAS QD memory devices due to the
quantum size effects with bandgap tunability; moreover,
the small CAS QDs had high barriers at the interface
between the FTO electrode and the CAS QDs. Further-
more, the devices have a reliable bipolar resistive-
switching property, an ON/OFF ratio larger than 10",
excellent stability over 1.4 x 10°s, and excellent re-
producibility after 10" quick read tests. A detailed in-
trinsic mechanism behind the CAS QD memory devices

December 2020 | Vol.63 No.12
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was systematically proposed and investigated. This was
further examined by DFT in combination with NEGF.
The results suggest that the SCLC, which is functioned by
Cu3d, Cu3p and S3p to act as electron self-trapping
centers due to their quantum confinement and form
conduction pathways under an electric field, is re-
sponsible for the resistive-switching effect. Overall, the
findings suggest that CAS QDs are a candidate with re-
spect to the active layer in resistive-switching memory
devices for next-generation nonvolatile memory designs.
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