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ABSTRACT

Despite the unique advantages of the memristive switching devices based on two-dimensional (2D) transition metal dichalcogenides,
scalable growth technologies of such 2D materials and wafer-level fabrication remain challenging. In this work, we present the gold-assisted
large-area physical vapor deposition (PVD) growth of Bi2Se3 features for the scalable fabrication of 2D-material-based crossbar arrays of
memristor devices. This work indicates that gold layers, prepatterned by photolithography processes, can catalyze PVD growth of few-layer
Bi2Se3 with 100-folds larger crystal grain size in comparison with that grown on bare Si/SiO2 substrates. We also present a fluid-guided
growth strategy to improve growth selectivity of Bi2Se3 on Au layers. Through the experimental and computational analyses, we identify two
key processing parameters, i.e., the distance between Bi2Se3 powder and the target substrate and the distance between the leading edges of
the substrate and the substrate holder with a hollow interior, which plays a critical role in realizing large-scale growth. By optimizing these
growth parameters, we have successfully demonstrated cm-scale highly-selective Bi2Se3 growth on crossbar-arrayed structures with an in-lab
yield of 86%. The whole process is etch- and plasma-free, substantially minimizing the damage to the crystal structure and also preventing
the formation of rough 2D-material surfaces. Furthermore, we also preliminarily demonstrated memristive devices, which exhibit reproduc-
ible resistance switching characteristics (over 50 cycles) and a retention time of up to 106 s. This work provides a useful guideline for the
scalable fabrication of vertically arranged crossbar arrays of 2D-material-based memristive devices, which is critical to the implementation
of such devices for practical neuromorphic applications.

Published under an exclusive license by the AVS. https://doi.org/10.1116/6.0004022

I. INTRODUCTION

Two-dimensional (2D) materials have been extensively studied
for revolutionizing numerous electronic devices, including thin-film
transistors,1–3 photovoltaic4,5 and optoelectronic devices,6–8 and
spintronics.9,10 Recently, memristive switching devices based on
2D-layered transition metal dichalcogenides (TMDCs) such as
MoS2 have been reported.11–14 These 2D-materials-based memris-
tive devices exhibit unique characteristics such as low power con-
sumption, effective tunability through electrostatic gates, and
fast-switching rate attributed to their atomically thin structures.15,16

In addition to TMDC-based materials such as MoS2, other layered
materials such as Bi2Se3 have also been investigated for making new
resistive switching devices.17–19 For example, Chen et al. recently
reported laterally arranged Bi2Se3 memristors for neuromorphic pro-
cessing of the temporal information carried by analog sensory

signals.20 Yin et al. also reported a resistance switching behavior of
2D topological Bi2Se3 nanosheets, fabricated by the damageless
oxygen plasma injection method.19 These 2D-material-based mem-
ristive devices have exhibited several important advantages in com-
parison with oxide-based memristors, including the lower threshold
field for initiating state changes, significantly improved level of inter-
connectivity among multiple devices, and higher biological similarity
for emulating real neuron functions.

Despite the explosive growth of the studies on 2D-layered
material-based memristors, the scalable synthesis of uniform 2D
materials over large areas for making arrays of vertically arranged
memristors is an unresolved challenge. On the contrary, the mem-
ristor families based on transition metal oxides (TMOs) such as
TiOx, TaOx, WOx, and HfOx have been extensively studied and
some researchers have reported the memristors fabricated and
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integrated into commercially viable circuit-level architectures.21–25 In
conventional oxide-based memristor fabrication processes, oxide-
based insulating layers are deposited over the entire exterior surface
of the substrate with prepatterned bottom electrodes using sputtering
or thermal oxidation techniques, which are suitable for wafer-scale
growths.26,27 To realize such scalable wafer-scale fabrication of
layered materials, vapor-based growth methods have been reported
to successfully synthesize various 2D materials.28–30 However, most
2D-material growth techniques generate isolated few-layer crystal
grains or cluster islands across the cm-scale substrate surface, result-
ing in shorted nodes in the crossbar arrays over cm-scale areas.
Additionally, the sample quality resulted from these growth methods
is extremely sensitive to a series of processing parameters such as
powder/vapor types, gas flow rates, types of substrate materials, sub-
strate positions, growth temperatures, and processing time, resulting
in significant variations in the qualities of 2D materials among the
samples from different growth batches. Thus, additional research are
needed to explore new 2D-material-based fabrication schemes and
especially realize scalable fabrication of the vertically stacked device
structures. A few works have been reported toward addressing this
challenge. For example, Ahn et al. reported an atomic layer deposi-
tion (ALD) method to enable area-selective deposition of MoS2, and
Huang et al. demonstrated CVD-based selective growth of Sb2Te3
features.31,32 In these works, however, strong chemical solutions are
needed to completely eliminate the required seeding features after
the growth process, which can damage as-grown layered materials.

In this work, we present a gold-assisted large-area physical
vapor deposition (PVD) growth of the Bi2Se3-based crossbar arrays
for the scalable etch-, chemical-, and plasma-free fabrication of
2D-material-based memristors. We also integrate the PVD process
with COMSOL-based computational fluidic dynamics (CFD) analysis
to investigate the changes in gas flows under various experimental
and processing conditions. Such simulation results, along with the
experimental results, allow us to examine the correlation between
the resultant Bi2Se3 thickness distribution and the substrate place-
ment configuration, as well as other critical processing parameters,
leading to the optimization of the growth conditions essential to
achieve a cm-scale 10 s nm thick few-layer Bi2Se3 features selec-
tively grown on Au surfaces.

II. EXPERIMENTS

A. Photolithography for patterning the Au electrodes

A polydimethylglutarimide lift-off resist (PMGI SF 6) is spin-
coated on a 500/3 μm thick Si/SiO2 substrate using a CEE Apogee
tool at 2000 rpm. After 190 °C baking for 300 s, the substrate is spin-
coated with another 0.97 μm thick SPR 955 photoresist (PR) using a
TEL Mark Vz Coater. The PR-coated substrate is exposed to UV
light using a stepper (GCA Autostep). After the developing process,
Ti/Au (10/100 nm) metal layers are deposited using an Enerjet
Evaporator. The metal-deposited substrate is subsequently immersed
into a Remover PG tool for performing the metal lift-off process.

B. PVD of Bi2Se3

Au-patterned substrate (1 × 2 cm2 size) is loaded into a quartz
tube furnace (25 mm OD× 20.5 mm ID × 600 mm L) for Bi2Se3

deposition through the PVD process. First, Bi2Se3 powder (Bi2Se3,
99.995%, Sigma-Aldrich) is loaded to the inlet area of a crucible
boat (AdValue Technology) and the crucible boat is located at the
center of the quartz tube. The target substrate is placed on an
alumina crucible (50 × 12 × 10 mm3), which is located downstream
toward the open-end of the tube. Afterward, the PVD tube is
pumped to a pressure below 160mTorr, and the carrier gas
(99.999% argon from cryogenic gases) continuously flows through
the PVD tube with a flow rate of 100 SCCM. The outlet absolute
pressure is maintained at 2.2 Torr (∼293 Pa). After deposition over
a 15 min course at 500 °C, the furnace is opened to let the tube
cool down to the ambient temperature of 25 °C.

C. COMSOL simulation setup

For the purpose of simplification, simulation only focuses on
computational fluid dynamics (CFD), temporarily neglecting the
thermal effects involved in the growth process. The modeled geom-
etry includes the quartz tube, the alumina crucible holders for
loading Bi2Se3 powder, and the target substrate. For both crucibles,
the wall thickness is 2.5 mm. The argon gas flow inside the quartz
tube is assumed to be laminar (Reynolds number: <100), with a
boundary condition, which neglects the viscous effects in the boun-
dary layer and only focuses on the distribution of free-stream flow
velocity on the substrate. The inlet flow rate is set to 100 SCCM
and the outlet absolute pressure is maintained at 2.2 Torr
(∼293 Pa), which are consistent with our experimental parameters.
The argon gas temperature is set at 500 °C, with a density of
0.0018 kg/m3, and a dynamic viscosity of 4 × 10−6 Pa s, which is
derived from ideal gas law and kinetic theory of gases. Here, the
argon gas is assumed as an ideal gas due to its relatively high tem-
perature and low pressure. Multiple parametric sweeps are con-
ducted for simulating the growth cases with various positions of
the Bi2Se3 sample and the target substrate holder.

III. RESULTS AND DISCUSSION

Figure 1(a) schematically illustrates the overall fabrication
route involving Au-assisted PVD growth and photolithography for
patterning the top/bottom metal electrodes of the crossbar arrays.
The detailed fabrication process includes the following specific
steps. First, a 500 nm wide Au bottom electrode (BE) is patterned
by photolithography followed by metal deposition and lift-off pro-
cesses. Subsequently, the Au-patterned substrate (1 × 2 cm2) is
loaded into the furnace for Bi2Se3 deposition through the PVD
process. The Bi2Se3 powder (Bi2Se3, 99.995%, Sigma-Aldrich) is
loaded to the inlet region of a crucible boat (AdValue Technology),
and the crucible boat is located at the center of the PVD quartz
tube. The target substrate with prepatterned Au bottom electrodes
is placed at a downstream location in the furnace tube, facing up
for the vapor deposition (condensation) process. Figures 1(b)
and 1(c) show the top-view scanning electron microscopy (SEM)
and energy-dispersive x-ray spectroscopy (EDS) images of a repre-
sentative Bi2Se3 feature selectively grown on a prepatterned Au BE,
respectively. Both results show a good continuity of as-grown
Bi2Se3 over the whole BE region. The EDS images further indicate
that most Bi2Se3 deposition takes place on the Au surface
[Fig. 1(c)]. It is noted that there are still nonspecifically deposited
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Bi2Se3 flakes on bare Si/SiO2 substrate regions. However, such non-
specifically deposited flakes are not continuous over large areas.

To further optimize the fabrication process of the crossbar
structures with vertically arranged memristors, we further analyze
the growth results of Bi2Se3 films on both Au and Si/SiO2 substrate
regions. In this work, suppression of the growth of Bi2Se3 features
on the bare SiO2 substrate regions is preferentially pursued because
it allows the etch-free patterning of 2D-material device features
(i.e., direct formation of isolated memristor nodes for the crossbar
implementation). Figure 2 demonstrates a quantitative comparison
of the deposition results on Au and bare SiO2 surfaces. As shown
in Fig. 2(a), only sparsely distributed tiny triangular Bi2Se3 crystal
grains are found on the bare SiO2 surface regions near the edge of
the Au BE. Contrarily, on the Au electrode surface (electrode width
∼4 μm), the nucleated Bi2Se3 crystal grains have much bigger sizes
and they continuously cover the whole Au electrode surface. Such a
distinction of the growth results between Au and SiO2 surfaces
strongly implies the catalytic role of Au in the Bi2Se3 growth. We
further quantitatively compare these growth results by measuring
the statistical distributions of the Bi2Se3 grain size data captured
from the two different regions, as displayed in Fig. 2(b). The
average grain size of the Bi2Se3 crystals grown on the Au layer is
∼450 nm, which is 50-folds larger than the crystal size grown on
the bare SiO2 substrate. Such a selective growth result is tentatively

attributed to a hypothesized mechanism described in Fig. 2(c).
Specifically, vapor-solid-state (VSS) Bi2Se3 molecules, which are
vaporized after being heated up to 500 °C, have quintuple layer
(QL) structures and two different types of dangling bonds. One
type of the dangling bonds is located along the top and bottom Se
atoms in a QL, while the other type of the dangle bonds is located
along the side Bi atoms in the QL. Because Se dangling bonds have a
stronger affinity to the gold layer than to the SiO2 layer, they can
preferentially initiate the nucleation of Bi2Se3 molecules on the Au
surface. Furthermore, the Bi dangling bonds, which are parallel to
the surface, can facilitate the formation of large Bi2Se3 crystal grains.

Nevertheless, over the whole 1 × 2 cm2 size substrate surface,
the resultant crystal qualities and growth selectivity are still not
uniform. For example, as shown by the photograph in Fig. 3(a), the
areal density of the as-grown Bi2Se3 crystal grains near the leading
edge (LE) of the substrate is noticeably higher than that in the
proximity of the trailing edge (TE) (here, the higher grain density
is manifested as the apparently white color regions with the higher
saturation in this macroscopic photo). To improve the yield and
effective throughput of the growth of Bi2Se3 device features over
large areas, such a nonuniformity issue needs to be addressed.
Here, the nonuniformity of as-grown Bi2Se3 grains is further ana-
lyzed by examining the SEM images captured from both LE and
TE areas [Fig. 3(b)]. These SEM images clearly indicate that for

FIG. 1. (a) Illustration of the gold-assisted PVD and lithography processes to fabricate vertically arranged Bi2Se3 memristor devices, and (b) SEM (scale bars: 10 and
1 μm, respectively) and (c) EDS images of a representative as-grown Bi2Se3 memristor channel (scale bar: 100 nm).
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both LE and TE areas, the Bi2Se3 crystal grains nucleated on the
Au surfaces exhibit quite similar crystalline morphologies, whereas
the Bi2Se3 grains nucleated on the bare SiO2 surfaces of these two
regions exhibit a significant difference in their average grain sizes
and areal densities. This also indicates that the Bi2Se3 nucleation in
the proximity of the LE of the substrate exhibits a poor growth
selectivity mediated by the presence of Au. Such unwanted Bi2Se3
features within the bare SiO2 surface can cause significant leakage
currents and failure of the crossbar arrays of memristors. We tenta-
tively propose a hypothesized model for explaining this phenome-
non. In this model, the carrier gas flow containing VSS Bi2Se3
molecules can develop vortices in the proximity of the LE of the
substrate holder. The vortex flow field, formed near the LE of the
substrate holder, can be attributed to the nonuniformity of Bi2Se3
grains growth by affecting the flow gas pressure and molecular con-
centration over the substrate. We further speculate the nonuniform
growth result over the target substrate by examining two critical
processing parameters: (1) the distance between the Bi2Se3 powder
holder and the LE of the substrate holder (D1) and (2) the distance

between the LE of the substrate holder and the LE of the substrate
(D2), as schematically illustrated in Fig. 3(c).

To understand the nonuniform growth result and its correla-
tion to the PVD processing conditions, COMSOL Multiphysics simu-
lation is performed in accordance with the experimental setup. For
simplification, simulation focuses solely on computational fluid
dynamics (CFD), temporarily neglecting the thermal effects
involved in the growth process. The argon carrier gas flow inside
the quartz tube is assumed to be laminar because of the relatively
small Reynolds number (∼100), only considering the free-stream
flow velocity distribution and neglecting the details of the flow in
the boundary layer at the solid/fluid interface. As shown in Table I,
seven different sets of processing parameters are experimentally
tested and compared to the COMSOL simulation results obtained
under these settings to identify the key factors responsible for the
nonuniformity of Bi2Se3 growth over large areas.

Figure 4 shows the comparison between simulation and exper-
imental results, obtained using three sets of processing parameters
(i.e., Nos. 5, 6, and 7 in Table I). Under these processing

FIG. 2. Gold-assisted large-area PVD growth of Bi2Se3 thin films: (a) SEM image revealing the catalyzed growth of the Bi2Se3 thin film on a bottom Au electrode. (b)
Quantitative comparison of the statistical data of Bi2Se3 grain size data captured from the bare SiO2 substrate and Au bottom electrode. (c) Hypothesized mechanism of
the Au-assisted large-area PVD growth of continuous Bi2Se3 crystal grains.

ARTICLE pubs.aip.org/avs/jvb

J. Vac. Sci. Technol. B 42(6) Nov/Dec 2024; doi: 10.1116/6.0004022 42, 063203-4

Published under an exclusive license by the AVS

 16 Septem
ber 2025 22:04:10

https://pubs.aip.org/avs/jvb


conditions, the holder of Bi2Se3 powder is placed at the same loca-
tion in the tube; position parameters D1 and D2 have different
values but D1+ D2 values remain a constant (i.e., the location of
the substrate holder differs by a shift of D1 while the distance
between the LE of the target substrate and the powder holder
remains the same). Figures 4(a)–4(c) depict the flow speed contour
on top of the Si/SiO2 substrate for process conditions No. 5, 6, and
7, respectively. Such a flow speed profile is important because it is

related to the gas pressure and Bi2Se3 molecule concentration, as
partially implied by Bernoulli equation analysis with approximation
assumption. Bernoulli’s equation suggests the decrease in velocity is
associated with an increase in pressure. Since Bi2Se3 nucleation
happens more frequently within the substrate area with the higher
pressure (i.e., the higher capture frequency for Bi2Se3 molecules), it
can be inferred using Bernoulli’s principle that the deposition
happens more actively in the substrate area with the lower gas
flow speed.33 In Figs. 4(a)–4(c), the flow speed contour profile at
5.3 m/s, which is approximately half of the maximum flow speed
for the three cases, is plotted with the dotted lines. The dashed
circles indicate the intersection of the 5.3 m/s contour profile and
the center line. These simulation results imply that as D2 decreases
from 10 to 0 mm while D1+ D2 remains constant, the substrate
area with flow speed less than 5.3 m/s increases by 87.1% (i.e., the
distances between dashed circles and LEs for substrates No. 5, 6,
and 7 are 0.31, 0.39, and 0.58 cm, respectively). This supports a
correlation between the low-flow-speed regions (<5.3 m/s) and the

FIG. 3. Spatial nonuniformity of Bi2Se3 growth result over a SiO2/Si substrate: (a) optical image of a 1 cm (height) × 2 cm (width) Si/SiO2 substrate after PVD growth. The
apparently white region indicates a poor selectivity for growing Bi2Se3. (b) SEM images captured from Sec. II A (LE) and Sec. II B (TE), further demonstrating the poor
growth selectivity at the LE of the substrate (scale bar: 100 nm). Reduction of such white regions will enhance the yield and throughput of the Au-selectively grown Bi2Se3
device features. (c) Processing factors affecting the Bi2Se3 growth uniformity: distance between the Bi2Se3 powder holder and the leading edge of the substrate holder
(D1), distance between the LE of the substrate holder and LE of the substrate (D2), furnace temperature (T), and growth time.

TABLE I. Seven sets of the processing parameters.

Sample No 1 2 3 4 5 6 7

D1 (mm) 130 130 140 140 140 145 150
D2 (mm) 10 0 0 5 10 5 0
T (°C) 500 500 500 500 500 500 500
t (min) 15 15 15 15 15 15 15
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white regions observed in the optical images of the experimental
samples, as shown in Figs. 4(g)–4(i).

The flow speed profile is not the only factor responsible for
the formation of the apparently white region modulated by pro-
cessing parameters D1 and D2. Figures 4(d)–4(f ) show the simu-
lated flow streamline distributions for three processing conditions.
When the substrate position relative to the Bi2Se3 powder holder
remains the same while varying the substrate holder location, the
simulation results for these various cases demonstrate that a larger
gap in front of the substrate (i.e., the large D2 value) allows more
carrier gas flowing toward the substrate holder’s interior. As shown
by the simulation result in Fig. 4(d), a vortex flow field is formed in
the gap between the target substrate LE and the substrate holder.
Such a configuration can indeed lower the local pressure on the
substrate, thereby reducing the apparently white region (i.e., the
region with the poor growth selectivity of Bi2Se3) and improving
the effective yield and throughput of electrically isolated Bi2Se3
device features. Figures 4( j)–4(l) show the zoomed-in SEM images
captured from the regions labelled with dashed boxes in OM

images for three different processing conditions. These SEM results
can serve as further experimental evidence to support the implica-
tion from our CFD simulation results that a large gap between the
leading edges of the substrate and the substrate holder with hollow
interior (i.e., the larger D2 value) result in the smaller region with
poor growth selectivity.

As shown in Figs. 2 and 3, the formation of unwanted appar-
ently white regions (i.e., the regions with a poor growth selectivity
of Bi2Se3 features gold and bare SiO2 surfaces) is detrimental to the
yield and throughput of the final Bi2Se3 device features. Our simu-
lation/experiment-integrated work provides important technical
insights toward addressing this issue. On the basis of the results in
Fig. 4, we can quantitatively estimate the yields of the electrically
isolated Bi2Se3 memristor channels resulted from the aforemen-
tioned processing conditions (i.e., Samples 5, 6, and 7). Here, the
yield value is calculated by the number of the Au pad regions
where growth selectivity is good (i.e., no continuous Bi2Se3 grains
are formed on the bare SiO2 region near the neighboring Au pad)
normalized by the total Au pad number. Using this method, the

FIG. 4. COMSOL simulation and experimental results of the Bi2Se3 growth under various processing conditions (i.e., Condition No. 5: D1 = 140 mm, D2 = 10 mm, furnace
temperature: 500 °C, growth time: 15 min; Condition No. 6: D1 = 145 mm, D2 = 5 mm, furnace temperature: 500 °C, growth time: 15 min; and Condition 7: D1 = 150 mm,
D2 = 00 mm, furnace temperature: 500 °C, growth time: 15 min) with absolute position of the Si/SiO2 substrates (D1 + D2) remaining the same for all three conditions:
(a)–(c) display the top-view velocity profiles obtained by the COMSOL simulations at three processing conditions No. 5, 6, and 7, respectively; (d)–(f ) display the correspond-
ing side-view streamline maps; (g)–(i) are the optical images of the three samples experimentally processed with Conditions 5, 6, and 7, respectively; and ( j)–(l) show the
corresponding SEM images of the Bi2Se3 structures growth on the Si/SiO2 substrates by using Conditions No. 5, 6, and 7, respectively. For each processing condition, the
Bi2Se3 structures formed in the proximity of the first column of the right array are used for SEM imaging.
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yields of Samples 5, 6, and 7 are estimated to be 86.11%, 69.44%,
and 43.05%, respectively. By involving more processing parameters
such as temperature and growth time in both experimental and
simulation analysis in the future, the yield of the device fabrication
process could be further improved.

We further measured the hysteric I–V characteristics of a repre-
sentative vertically arranged Bi2Se3 memristor made by using
Condition No. 5, as shown in Fig. 5(a). For the measurement shown
in Fig. 5(a), the voltage-sweep rate is 5 V/s, and the compliance
current is set to 1mA. In Fig. 5(a), the directions of four
voltage-sweep processes (1–4) in a measurement cycle are labeled.
During the negative voltage-sweep processes 1 and 2 (i.e., 0 to −1 to
0 V), the device conductance increases by 215% in a progressive way.
During positive voltage-sweep processes 3 and 4 (0 to +1 to 0 V), the
device conductance progressively changes back to its initial conduc-
tance states. Four voltage-sweep processes are highly repeatable over
50 cycles, as demonstrated in Fig. 5(a). Furthermore, we performed
pulse programming to repetitively set the device to a pair of
low-resistance state (LRS) and high-resistance state (HRS) and inves-
tigated its endurance property. Specifically, each cycle of pulse pro-
gramming includes 10 positive voltage pulses (1 V, 1 ms) followed by
10 negative voltage pulses (−1 V, 1ms). The instantaneous device
conductance is sampled by a reading voltage pulse (0.2 V, 1 ms) after
each programming pulse. In an endurance test, such a pulse pro-
gramming cycle is repeated for 103 times, as shown in Fig. 5(b).
Figure 5(b) shows that the vertically arranged Bi2Se3 memristor
made by Au-assisted PVD exhibits good endurance and holds the
potential for neuromorphic computing applications.

IV. SUMMARY AND CONCLUSIONS

We present research about the scalable fabrication of vertically
arranged electrically isolated Bi2Se3 memristors in crossbar

architecture. The fabrication route is termed the Au-assisted PVD
growth. In this work, it has been observed that Bi2Se3 structures
grown on Au layers exhibit 100-folds larger average crystal grain
size and are more continuous in comparison with the grains non-
specifically grown on bare SiO2 substrates. This result indicates the
catalytic role of Au layers in Bi2Se3 nucleation. The present work
also provides the COMSOL CFD simulation results to elucidate the
key processing parameters affecting the quality of grown crystalline
structures as well as growth selectivity between Au and bare SiO2

surfaces. Specifically, a series of experimental and CFD analyses
show that the distance between Bi2Se3 powder and the target sub-
strate and the distance between the leading edges of the substrate
and the substrate holder are key processing parameters. With opti-
mization of these parameters, we have demonstrated the production
of uniform electrically isolated Bi2Se3 memristors arranged in
crossbar-arrayed structures with an in-lab yield of 86%. The entire
process is etch- and plasma-free, minimizing the process-induced
damage to Bi2Se3 channels. Finally, we present the memristive
switching results measured from as-fabricated vertically arranged
Bi2Se3 memristors. Such devices exhibit repeatable switching behav-
iors and high endurance for cyclic operations. This work provides
the scalable fabrication methods for layered-materials-based verti-
cally stacked memristor devices with no need of additional etching
or lithographic techniques, which can potentially serve as an
important approach for producing hardware-based neuromorphic
sensory systems.
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