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ABSTRACT: Graphdiyne is a new two-dimensional carbon allotrope with many
attractive properties and has been widely used in various applications. However, the
synthesis of large-area, high-quality, and ultrathin (especially monolayer) graphdiyne and
its analogues remains a challenge, hindering its application in optoelectronic devices.
Here, a wafer-scale monolayer pyrenyl graphdiyne (Pyr-GDY) film is obtained on
hexagonal boron nitride (hBN) via a van der Waals epitaxial strategy, and top-floating-
gated multibit nonvolatile optoelectronic memory based on Pyr-GDY/hBN/graphene is
constructed, using Pyr-GDY as a photoresponsive top-floating gate. Benefiting from the
excellent charge trapping capability and strong absorption of the graphdiyne film, as well
as the top-floating-gated structure and the ultrathin hBN film used in the device, the
optoelectronic memory exhibits high storage performance and robust reliability. A huge
difference in the current between the programmed and erased states (>26 μA μm−1 at
Vds = 0.1 V) and a prolonged retention time (>105 s) enable the device to achieve
multibit storage, for which eight and nine distinct storage levels (3-bit) are obtained by
applying periodic gate voltages and optical pulses in the programming and erasing processes, respectively. This work provides an
important step toward realizing versatile graphdiyne-based optoelectronic devices in the future.

KEYWORDS: monolayer pyrenyl graphdiyne, van der Waals epitaxy, photoresponsive top floating gate, multibit storage,
nonvolatile optoelectronic memory

1. INTRODUCTION

Graphdiyne (GDY), a new two-dimensional (2D) carbon
allotrope containing only sp and sp2 carbon atoms with high
degrees of π-conjugation, has attracted tremendous attention
because of its novel structure and outstanding properties.1−5

The highly conjugated π-system, tunable intrinsic bandgap,
strong optical absorption, and distinct electrical properties
have lead to GDY and its analogues being widely applied in
photo/electrocatalysis,6−8 energy storage and conversion,9−13

water purification,14,15 and humidity sensors.16 In particular,
the predicted ultrahigh carrier mobilities and a natural
bandgap17−19 endow GDY with attractive prospects for
electronic and optoelectronic applications. However, the
applications of GDY in these fields, especially in optoelectronic
memory, remain in their infancy. The major obstacle for
further development lies in the fact that GDY films prepared
via existing methods hardly satisfy the requirements of device
applications. In recent years, many efforts have been made to
prepare large-area and high-quality GDY and GDY analog
films.20−25 For example, an interface-confined synthetic
strategy was developed to synthesize GDY24,25 and N-GDY23

films at the liquid/liquid or gas/liquid interfaces, and a

solution-phase van der Waals epitaxial synthetic strategy was
proposed to obtain highly crystalline and ultrathin GDY20,21

and β-GDY22 films on graphene. However, GDY films
prepared via these methods are either very thick or difficult
to exfoliate, which limits their further applications in
optoelectronics. Until now, the synthesis of large-area and
high-quality monolayer GDY and its analogues suitable for
device applications has remained a challenge.
Promoting in-plane coupling and suppressing out-of-plane

cross-linking of monomer molecules are key to obtaining a
monolayer GDY film, and van der Waals epitaxy has been
demonstrated to be an effective way to confine the in-plane
growth of GDY.20 In this work, wafer-scale monolayer pyrenyl
graphdiyne (Pyr-GDY) was obtained on the hexagonal boron
nitride (hBN) substrate by an Eglinton coupling reaction using
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1,3,6,8-tetraethynylpyrene (TEP) as monomers. Compared
with the previously used graphene substrate, hBN is an ideal
epitaxial substrate for the preparation of GDY for device
applications because hBN has been widely used as a dielectric
substrate in various devices, such as field effect transistors
(FETs),26 tunneling devices,27 photodetectors,28 artificial
synapses,29 and nonvolatile memories,30−34 to improve device
performance. Therefore, GDY and its analogues synthesized on
the hBN film can be directly used for device applications
without further exfoliation. In addition, we have found that
GDY exhibits excellent charge-trapping capability in recent
research, enabling its application in optoelectronic memory as
a photoresponsive top-floating gate. Herein, we constructed a
multibit optoelectronic memory with the structure of Pyr-
GDY/hBN/graphene. This device can be programmed via a
positive gate voltage, while the erasing process can be achieved
by applying a negative gate voltage or by light illumination.
Benefitting from the excellent charge-trapping capability of
Pyr-GDY, an ultrathin hBN film (3 nm) can be used to
separate the graphene channel and Pyr-GDY; this significantly
improves the storage performance of the memory device,
leading to a large memory window (137 V at Vg‑max = ±90 V),
the use of small programming/erasing voltages (±30 V), and a
small light pulse energy (3 nJ). The reliability and stability of
the device are demonstrated from its long retention time (>105

s) and programing/erasing (P/E) endurance of 100 cycles.
Moreover, the huge difference in currents between the
programmed and erased states provides a route to achieve
multibit storage, for which eight and nine distinct storage states
(3-bit) are obtained by applying periodic electrical/optical
pulses, respectively.

2. RESULTS AND DISCUSSION

Figure 1a schematically illustrates the synthesis process of a
monolayer Pyr-GDY film on hBN using 1,3,6,8-TEP as
monomers. First, a monolayer hBN film was grown onto Cu
foil via chemical vapor deposition (CVD) and then transferred
onto a SiO2/Si substrate followed by thermal annealing
(Figure S1). The as-prepared hBN epitaxial substrate was
immersed into a pyridine solution of Cu(OAc)2 and toluene in
a reactor, followed by the slow addition of a CH2Cl2 solution
of 1,3,6,8-TEP monomers into the reactor during the reaction
using an injection pump. As the bending energy of 1,3,6,8-TEP
monomers on hBN is higher than that on Pyr-GDY, the
monomers prefer to adsorb onto hBN because of thermody-

namics that favor the in-plane coupling reaction. Furthermore,
to control the kinetics of the reaction, 1,3,6,8-TEP solution
with an ultralow concentration (1 μM) was slowly injected
into the solution mixture at a rate of 10 μL min−1 to avoid the
accumulation of monomers on hBN. After 24 h successive
reaction in an Ar atmosphere and dark environment at room
temperature, a monolayer Pyr-GDY film was synthesized on
hBN. As shown in Figure 1b, a wafer-scale monolayer Pyr-
GDY film was obtained on the hBN film. As shown in Figure
1c,d, optical microscopy (OM) and scanning electron
microscopy (SEM) images demonstrate that the as-prepared
Pyr-GDY film on hBN is continuous and uniform. The
wrinkles marked in Figure 1d originate from the growth and
transfer processes of the hBN film.35,36 Atomic force
microscopy (AFM) characterization shows that the total
thickness of the Pyr-GDY/hBN film is approximately 0.86
nm (Figure 1e), indicating that a monolayer Pyr-GDY film is
obtained via this method. The thickness of the Pyr-GDY film
can be controlled by adjusting the concentration of the
monomer solution. Figure S6 shows a three-layer Pyr-GDY
film on hBN prepared using a monomer solution with a
concentration of 2 μM during the reaction.
The bonding structure and chemical composition of Pyr-

GDY on hBN were investigated by Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). As shown in Figure
2a, six sharp Raman bands at 1247, 1368, 1499, 1609, 2104,
and 2193 cm−1 were observed in the Raman spectrum of the
Pyr-GDY/hBN film. The band at 1247 cm−1 is attributed to
the C−H in-plane bending vibration, while the bands at 1368,
1499, and 1609 cm−1 are ascribed to the CC stretching
vibration of the pyrene rings.37 Especially, the remarkable
bands at 2104 and 2193 cm−1 correspond to the in-plane and
out-of-plane stretching vibration of CC triple bonds,
respectively, indicating high crystallinity for the as-prepared
Pyr-GDY film.20 The Raman band for the hBN film at 1369
cm−1 is very weak (Figure S2)38 and is covered by the band at
1368 cm−1. The XPS spectrum in Figures S7 and 2b indicate
that the primary element comprising the Pyr-GDY film is
carbon and that the C 1s peak can be deconvoluted into four
subpeaks at 284.6, 285.3, 286.7, and 288.5 eV, corresponding
to CC, CC, C−O, and CO bonds, respectively.20−22

The experimentally observed ratio for the CC and CC
bands was 1:2, which is consistent with the theoretical ratio for
the sp- and sp2-hybridized carbon atoms in Pyr-GDY. In
addition, the small C−O and CO bands relative to those
found for the GDY films in previous studies indicate the high

Figure 1. (a) Schematic illustration of the synthesis process of the Pyr-GDY film on hBN. (b) Photograph of a wafer-scale monolayer Pyr-GDY on
hBN. (c,d) OM and SEM images of the as-prepared Pyr-GDY/hBN film on the SiO2/Si substrate. Scale bar, 20 and 2 μm, respectively. (e) AFM
image of the monolayer Pyr-GDY film on hBN. Scale bar, 2 μm.
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quality of the prepared Pyr-GDY film.20 The absorption of the
Pyr-GDY was characterized via UV−vis absorption spectros-
copy, which exhibited a strong absorption peak at 450 nm
(Figure 2c). The nonzero absorption of the Pyr-GDY film at
longer wavelengths, which was also observed in previous
studies,21,39 may originates from the disordered defects
embedded in the Pyr-GDY film. The Tauc plot shown in
Figure 2d indicates that the bandgap of Pyr-GDY on hBN is
2.07 eV, which is larger than that of the multilayer GDY film
(∼1.4 eV).21,39 The larger bandgap, which is attributed to the
smaller π-electron delocalization and the monolayer thickness
of Pyr-GDY,40−42 will facilitate the separation of photo-
generated electron−hole pairs, leading to a stronger photo-
response.
GDY has been predicted to show an ultrahigh carrier

mobility comparable to that of graphene. However, a solution-
phase synthetic strategy makes it difficult to synthesize ideal
single-crystalline GDY. In fact, the prepared GDY films are
polycrystalline with domains that are less than a few hundred
nanometers in size, and the grain boundaries and disordered
defects between domains seriously limit the carrier mobilities
and conductivities. The electrical properties of the prepared
monolayer Pyr-GDY film were investigated, and as shown in
Figure S8, the results indicate a p-type behavior for the Pyr-
GDY film with a carrier mobility and conductivity of 4.96 cm2

V−1 s−1 and 2.05 × 104 S m−1, respectively, which are

comparable to those found for GDY films in previous
studies.20,21,39,43

The strong absorption and natural bandgap of Pyr-GDY
enable its applications in optoelectronic devices. Here, we
constructed a top-floating-gated multibit optoelectronic
memory based on a Pyr-GDY/hBN/graphene heterostructure,
as shown in Figure 3a. In this device, CVD-grown graphene
and hBN films were used as the channel and dielectric layer,
respectively, while a Pyr-GDY film synthesized on top of hBN
served as a photoresponsive top-floating gate.20 Details for the
device fabrication are described in the Experimental Section
and Figure S9. In nonvolatile memories, the thickness of the
dielectric layer (hBN in this device) is very important for
achieving high storage performance because a thicker dielectric
film will suppress the tunneling of charges and degrade the
device performance.31 In our device, Pyr-GDY with abundant
charge trapping sites can provide a higher density of charge
storage and prevent the escape of trapped charges back to the
graphene channel. As a result, a much thinner hBN film (3
nm) can be used in comparison with that used in the reported
floating-gated memories.31,32,44−46

To demonstrate the data storage capability of the fabricated
memory device, the transfer characteristics under different
maximum gate voltages (Vg‑max) were explored. As shown in
Figure 3b, when the back-gate voltage Vg was swept from
negative to positive and then back to negative, a bistable state
regime originating from the obvious hysteresis was obtained,
which is essential for the operation of a nonvolatile memory
device. Moreover, the storage performance of a memory device
can be estimated from the memory window (ΔV), which is
defined as the difference in the gate voltage between the
hysteresis curves marked in Figure 3b. As shown in Figure 3c,
the memory window is 22 V when the gate voltage sweeps
from −20 to 20 V and back to −20 V, which gradually
broadens to 137 V with increasing Vg‑max to ±90 V, originating
from the increase in the number of trapped charges in the Pyr-
GDY film. It is worth noting that the absence of the ambipolar
originates from the high top gate voltage (Vtg) induced by the
trapped electrons in top-floating Pyr-GDY, which can
effectively offset the applied positive back-gate voltage
(Supporting Information Note 3). Benefitting from the
ultrathin dielectric layer (3 nm hBN), the memory window
of the Pyr-GDY/hBN/graphene-based memory is larger than
that reported in previous results.32,47 Control experiments were
performed by measuring the electrical behavior of devices
without a top-floating Pyr-GDY (Figures S10−12) or using a
much thicker hBN film as the dielectric layer (Figure S13).
Seriously degenerated storage performance was observed in the

Figure 2. (a) Raman spectrum of the as-prepared Pyr-GDY film on
hBN. (b) High-resolution XPS of C 1s. (c) UV−vis absorption
spectrum of the as-prepared Pyr-GDY film. (d) Tauc plot of the Pyr-
GDY film.

Figure 3. (a) Schematic illustration of the top-floating-gated optoelectronic memory based on the Pyr-GDY/hBN/graphene heterostructure. Inset
is the false-colored SEM image of the fabricated device with different channel lengths. Scale bar, 20 μm. (b) Transfer curves of the memory device
under different maximum gate voltage (Vg‑max) ranging from ±20 to ±90 V at Vds = 0.1 V. (c) Memory window (ΔV) as a function of the maximum
gate voltage (Vg‑max) extracted from (b). The effective length and width of the device were 5 and 6 μm, respectively.
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control experiments, demonstrating that the excellent storage
capability of the device is attributed to the top-floating Pyr-
GDY and ultrathin hBN film.
Two resistance-switching cycles, including electrical pro-

gramming, on-current reading, electrical/optical erasing, and
off-current reading, are shown in Figure 4a. Small program-

ming/erasing voltages are desirable for memory arrays in
practical applications. A higher gate voltage is always required
to effectively promote the tunneling of electrons through a
thicker dielectric layer. In our device, an ultrathin hBN film (3
nm) is used as the dielectric layer, which is much thinner than
that used in the reported optoelectronic memories with a
similar structure,31,32 enabling the gate voltage pulses with a
smaller magnitude and shorter duration to be used to switch
the on/off states of the device. For instance, after a positive Vg
pulse (+30 V, 10 s, section I), the graphene channel was
programmed from the off state to the on state; in turn, the
device returned to its off state after a negative Vg pulse (−30 V,
10 s, section II). Owing to the strong absorption of the top-

floating Pyr-GDY film, the erasing process can also be triggered
by a weak light illumination (450 nm, 10 mW cm−2, 1 s,
section III), corresponding to a light energy of 3 nJ (according
to a device area of ∼30 μm2).
To demonstrate the reliability of the Pyr-GDY/hBN/

graphene-based optoelectronic memory, the cyclic P/E
endurance and retention time of the device were tested.
Figure 4b,c show the current variation of the memory at the
programmed and erased states from the initial to 100 P/E
cycles using electrical pulses (−30 V, 10 s) and optical pulses
(450 nm, 10 mW cm−2, 1 s) for erasing processes, respectively.
The currents are almost unchanged during the successive
operations of electrical programming/electrical erasing (Figure
4b) and electrical programming/optical erasing (Figure 4c),
indicating high durability and reliability of the Pyr-GDY/hBN/
graphene-based optoelectronic memory. Moreover, high
stability and endurance of the device were demonstrated via
a long retention time of over 105 s (Figure 4d). The reduction
of the on current with electrical programming (blue) was 2.4
μA μm−1 (2.8%) even after 105 s, while the off currents
triggered by the electrical/optical pulses increased by 1.6 μA
μm−1 (2.6%, green) and 4 μA μm−1 (6.4%, red). The high
reliability and stability of our device can be attributed to the
excellent charge-trapping capability of Pyr-GDY and the top-
floating-gated structure and the high potential barrier induced
by the hBN film.31,48 The storage performance of the device
triggered by ±90 V gate pulses was also investigated. As shown
in Figure S14, a much larger current difference between the on-
and off-current (50 μA μm−1) was obtained by applying ±90 V
gate pulses, while the retention characteristics of the device
were slightly degenerated.
The mechanism for the programing and erasing processes is

illustrated in Figure 5. The graphene channel is p-doped at the
initial state as it is affected by the adsorbed molecules from
ambient air, such as H2O and O2.

49 As illustrated in Figure 5a,
while applying a gate voltage of +30 V for electrical
programming, the Fermi level of graphene is elevated, and
simultaneously, electrons from graphene will tunnel to the Pyr-
GDY film through the hBN layer via the Fowler−Nordheim
mechanism.31,32,50 After the Vg pulse, these electrons are
trapped in the Pyr-GDY because of the charge-trapping
capability of the Pyr-GDY film and the potential barrier
caused by the hBN. Consequently, the Pyr-GDY film can be
regarded as a negatively charged top gate to the p-doped
graphene channel, which will induce a sharp increase in the
drain current Ids to 88 μA μm−1 (programmed-state current).
In contrast, while applying a −30 V gate voltage pulse for
electrical erasing, a significant decrease in the graphene Fermi

Figure 4. (a) Two resistance-switching cycles of the Pyr-GDY/hBN/
graphene-based optoelectronic memory. Vg = ±30 V with a duration
of 10 s was used for electrical programming (section I) and erasing
(section II), and a 450 nm optical pulse (10 mW cm−2, 1 s, section
III) was used for optical erasing. The Vds and Vg at current-reading
and optical erasing processes were set to 0.1 and 0 V, respectively.
(b,c) Current variation of the device at the programmed and erased
states from the initial to 100 P/E cycles. The erasing processes are
triggered by (b) electrical pulses and (c) optical pulses. (d) Retention
characteristics of the device at the electrical programmed state (blue),
electrical erased state (green), and optical erased state (red).

Figure 5. Schematic illustration of the energy band diagram of the memory device for (a) electrical programming, (b) electrical erasing, and (c)
optical erasing.
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level will induce a strong built-in electric field from the top-
floating Pyr-GDY to the graphene channel, which will promote
the tunneling of the trapped electrons in the Pyr-GDY film
back to the graphene channel (Figure 5b). Accompanied by a
release of trapped electrons in the top-floating gate, the
negative top gate voltage will be removed and the device will
return to its initial state with Ids = 62 μA μm−1 (erased-state
current).
The optical erasing process is illustrated in Figure 5c, in

which abundant electron−hole pairs are generated in Pyr-GDY
under illumination by a 450 nm light pulse. Driven by the
built-in electric field between graphene and Pyr-GDY, the
photogenerated electrons tunnel through the small triangular
electron barrier to the graphene channel, whereas the
photogenerated holes are blocked in the Pyr-GDY film by
the large hole barrier between Pyr-GDY and hBN.31,34 These
holes neutralize the residual electrons trapped in the Pyr-GDY
film and eliminate the negative gate bias to the graphene
channel, resulting in recovery of the device to its erased state.
The huge current difference between the programmed and

erased states of the device and the long retention time enable
the optoelectronic memory to achieve multilevel electrical/
optical data storage. Here, periodic electrical/optical pulses
were used to trigger stepwise Ids for distinct storage states. In
the electrical programming process, the number of accumu-
lated electrons in the top-floating Pyr-GDY film increases with
the applied Vg pulses, which leads to a stepwise increase in the
negative top gate voltage and Ids. As shown in Figure 6a, eight

distinct current levels are achieved by applying periodic Vg
pulses (30 V, 2 s). For the optical erasing process, periodic
optical pulses will gradually neutralize the trapped electrons in
the Pyr-GDY film, resulting in a stepwise decrease in the
induced negative top gate voltage and drain current Ids. Figure
6b shows the multilevel Ids recorded under the periodic
illumination of nine light pulses (10 mW cm−2, 0.2 s) at Vds =
0.1 V. Although eight and nine storage states have been
demonstrated by applying a periodic gate voltage and light
pulses, respectively, the difference in Ids between neighboring
current levels is still more than 2.6 μA μm−1, which is much
larger than the background noise (33 nA); therefore, more
storage states can be obtained by carefully adjusting the
intensity and duration of the electrical/optical pulses
(Supporting Information Note 7). As shown in Figure S15,
two distinct current levels with a gap of 35 nA were obtained
by applying a gate pulse with a magnitude of 30 V for a

duration of 100 ms, indicating that more than 740 storage
levels can be obtained.

3. CONCLUSIONS
In summary, a wafer-scale monolayer Pyr-GDY film was
prepared on a hBN film using a van der Waals epitaxial
strategy. The Pyr-GDY/hBN heterostructure can be directly
used in various devices, and a top-floating-gated multibit
optoelectronic memory based on the Pyr-GDY/hBN/graphene
heterostructure was constructed and studied in this work,
which used a Pyr-GDY film as a photoresponsive top floating
gate. Owing to the excellent charge-trapping capability and
strong absorption of the Pyr-GDY film and the top-floating-
gated structure and ultrathin dielectric layer of the device, high
storage performance was achieved for both electrical and
optical operations, resulting in a large memory window (137 V
at Vg‑max = ±90 V), the use of small programming/erasing gate
voltages (±30 V), and a small light pulse energy (3 nJ). The
device exhibited high reliability and stability with a retention
time exceeding 105 s and a P/E endurance of >100 cycles. The
huge difference in current between the programmed and
erased states and the long retention time enable the device to
achieve multibit storage. Eight distinct storage levels were
obtained by applying periodic Vg pulses in the programming
process, while treatment with periodic optical pulses can be
used to generate nine current stages in the erasing process. Our
work demonstrates that GDY and its analogues are promising
candidates for application of nonvolatile optoelectronic
memory, paving the way for the development of GDY-based
optoelectronic devices.

4. EXPERIMENTAL SECTION
4.1. Synthesis of Wafer-Scale Monolayer Pyr-GDY. A 3 cm ×

3 cm CVD-grown monolayer hBN film was transferred onto a 2 in.
SiO2/Si wafer and then annealed at 350 °C for 3 h in an atmosphere
of flowing Ar (90 sccm) and H2 (10 sccm) to obtain a clean and flat
surface. After annealing, the hBN film was immersed into 50 mL
pyridine solution of Cu(OAc)2 (2 mM) and 20 mL of toluene in a
homemade reaction vessel. Then, 50 mL CH2Cl2 solution of 1,3,6,8-
TEP monomer (1 μM) was slowly injected into the reactor using an
injection pump at a rate of 10 μL min−1. After 24 h successive
catalytic coupling reaction in an Ar atmosphere and dark environment
at room temperature, a wafer-scale monolayer Pyr-GDY film was
obtained on hBN.

4.2. Device Fabrication. The source and drain electrodes (Cr/
Au 10/50 nm) of the device were first fabricated on a 285 nm SiO2/Si
substrate by laser-direct lithography (miDALIX) and thermal
evaporation. A single-crystalline monolayer graphene film and a
hBN film with a thickness of 3 nm were vertically stacked on the Cr/
Au electrodes, and then, the hBN/graphene heterostructure was
patterned into the rectangular channel by laser-direct lithography and
oxygen plasma etching. Before Pyr-GDY synthesis, the sample was
annealed at 350 °C for 3 h to get a clean surface and a close contact
between graphene and electrodes. Finally, a uniform Pyr-GDY film
was synthesized on the hBN surface using the abovementioned
method. In this work, the effective length and width of the device we
measured were 5 and 6 μm, respectively.
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