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Most of today’s integrated circuits, known as chips or micro-
chips, are fabricated using complementary metal–oxide–semicon-
ductor (CMOS) technology. Conventional CMOS devices (mainly
referred to as Si-based transistors) have reached their fundamental
physical limits and are facing energy-efficient challenges. There-
fore, it is difficult to scale them down further, primarily due to
the challenges concerning short-channel effect, quantum effects,
etc. In contrast, atomically thin two-dimensional (2D) materials,
such as graphene, transition metal dichalcogenides (TMDs), and
hexagonal boron nitride (h-BN), exhibit uniquemechanical, electri-
cal, thermal, and optical properties, allowing the further scaling
down in the device dimensions and the reduction of power con-
sumption [1,2]. Moreover, hybrid integration is more attractive
as it can benefit from multiple materials and combine their advan-
tages together [3]. For example, several attempts have been made
to integrate graphene into radio-frequency device with multiple-
functions, while the integration density is still low and cannot
meet the requirements of semiconductor industry [4]. Ref. [5]
reported a hybrid hardware integrating 2D MoS2 synapses with
CMOS neurons to achieve character recognition with high accuracy
(98.8%) and low evergy consumption (11.4 lW). Therefore, the
introduction/integration of 2D materials in electronic devices
would highly enable its potential application for high-density chips
with enhanced performance.

Up to now, various mechanical-exfoliated 2D materials-based
prototype devices (e.g., transistors, memristors, sensors) have been
constructed in the labs and most of them presented enhanced per-
formances with promising applications in the fields of optoelec-
tronics, bio-medicine, among others [6–8]. For the semiconductor
industry, 2D materials, were proposed as a potential solution by
IEEE International Roadmap for Devices and Systems (IRDS) (the
2021 edition). Furthermore, some world-leading institutes/compa-
nies in the field of the semiconductor industry, such as IMEC [9],
TSMC [10], Intel [11], have implemented the exploitation of 2D
materials in CMOS technology, to explore its possibilities in current
sub 10 nm-node CMOS chips and for neuromorphic computing.
However, the scalable fabrication of 2D materials remains a big
challenge aiming for its implementation in the semiconductor
industry. On the other hand, most of reported works have shown
prototype devices of 2D materials, few of them present the abilities
of data storage and compute in a real microchip. Moreover, low
yield and low reliability/variability are also main issues existing
in most of the reported devices to hinder the steps of 2D materi-
als-based electronics moving from Lab-to-Fab [12]. The hybrid
2D/CMOS microchips remain elusive [13].

In a recent paper [14], the authors successfully constructed
hybrid 2D/CMOS microchips by transferring chemical vapor depo-
sition (CVD) synthesized h-BN (18-layer-thick, �6 nm) onto the
back-end-of-line interconnections of silicon microchips that con-
tain CMOS transistors of the 180 nm node, enabling its large-scale
integration, high parallelism and more complex operations for
future data-intensive chips. In this work, a 2 cm � 2 cm microchip,
containing (without a passivation layer) 5 � 5 crossbar arrays of
one-transistor-one-memristor (1T1M) cells (Fig. 1a), was separated
from a 200 mm silicon wafer fabricated in a standard CMOS foun-
dry. Compared with common fabrication methods (e.g., mechanical
exfoliation, solution-processed approach), this work employed
scalable CVD (a more reliable method and scaled up to chip inte-
gration) to obtain wafer-scale thin h-BN layer, and transferred it
onto target 1T1M crossbar arrays, following by top Au-Ti elec-
trodes deposition (Fig. 1b). And the correct layered structure of
h-BN and construction of Au-Ti-h-BN-W memristor (as small as
�0.053 lm2) on the exposed conductive tungsten (W) via have
been further demonstrated by high-angle annular dark-field
cross-sectional transmission electron microscope (TEM, Fig. 1c).
Herein, good electrical contacts between 2D h-BN and the W vias
have been confirmed by etching the native oxides of the as-
received crossbar array. Given the successful demonstrations of
wafer-scale hybrid h-BN/CMOS microchips, it is noted that vdW
materials can even be directly embedded in silicon chip by a pre-
cise transfer process or can be post-fabricated on a silicon chip
through layer-by-layer stacking [15].

Electrical measurements conducted on both standalone Au-Ti-
h-BN-W and hybrid Au-Ti-h-BN-W/CMOS devices present erratic
current–voltage (I–V) characteristics (no resistive switching) and
typical non-volatile resistive switching behaviors, respectively,
revealing that the transistors in CMOS provide a precise and effec-
tive control over the current across the h-BN-based memristors.
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Fig. 1. (Color online) (a) Photograph of 2 cm � 2 cm microchips containing the CMOS circuitry. (b) Optical image of a 5 � 5 crossbar array of 1T1M after transferring a
6 nm-thick h-BN layer and depositing top Au electrodes. (c) High-angle annular dark-field cross-sectional transmission electron microscope (TEM) image of a 1T1M cell in the
crossbar array. The inset (20 nm � 16 nm) shows a cross-sectional TEM image of the Au–Ti–h-BN–Wmemristor on the via. (d) Endurance plot of 1T1M cell showing around 1
million cycles for write pulse duration of 1 ms. (e) STDP characteristics of the 1T1M cell with Au–Ti–h-BN–Wmemristor, before STDP characterization, the devices are always
tuned to the same initial conductance (lower box charts, which relate to the right y axis). Figures are reproduced from Ref. [14], Copyright � 2023, Springer Nature.
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Moreover, by applying sequences of pulsed voltages stresses (PVS)
and tuning write pulse durations from 0.1 to 1 ms, the fabricated
hybrid h-BN/CMOS devices could show high endurance up to �5
million cycles with adjustable RHRS/RLRS ratio (Fig. 1d). The
obtained ultra-high endurance in such small memristors
(�0.053 lm2) is quite competitive with the commercial metal-
oxide-based resistive random-access memories (0.5 million cycles,
Fujitsu). The authors also estimated the properties of the 1T1M
cells using different top electrodes (i.e., Au, Ag), revealing a reliable
switching at lower state resistances, shorter switching time and
lower switching energy when Au electrodes are used solely, and
the values of the above parameters can be further reduced when
Ag electrodes used, especially the switching energy down to 1.41
pJ, due to higher conductivity and diffusivity of Ag ions. This pro-
vides researchers with strategies for choosing appropriate elec-
trodes and designing novel device structures.

Note that this work also proves the hybrid h-BN/CMOS 1T1M
cells show good potential for data computation by applying pairs
of PVS. The results demonstrate in-memory computation using
the 5 � 5 crossbar array and present spike-timing dependent plas-
ticity (STDP) signals (Fig. 1e) that are suitable for the implementa-
tion of spiking neural networks (SNN). Furthermore, by fitting the
measured STDP and device-to-device variability data, h-BN-based
memristors successfully implement unsupervised learning rules
with a very high accuracy up to 90%. Moreover, it needs to high-
light that the programming voltages in the h-BN-based memristors
are around ±1.4 V, which are much lower than most commercial
Flash memories (20 V), bipolar-CMOS microchips for automotive
applications (40 V), as well as prototype memristive devices devel-
oped by companies (±5 V).

Pure CMOS technology still suffers from the scaling limit and
energy consumption. Developing 2D technology can enable further
scaling down with low energy consumption. There are two strate-
gies to develop the 2D/CMOS electronics. One is Front end of line
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(FEOL), but 2D materials may not survive the rest potential high
temperature processes. The other is back end of line (BEOL). This
article proofs the BEOL is an effective way to enable the integration
of 2D electronics with CMOS. Future challenge can be large-scale
integration of 2D electronics with CMOS. Overall, this work is not
only extremely helpful to promote the development of high-inte-
gration-density 2D/CMOS hybrid microchips, especially in the
aspects of scaling limit and energy consumption, but also repre-
sents a significant advance for 2D neuromorphic devices with high
reliability and low variability toward the semiconductor industry.
Instead of prototype electronic circuits presented in most litera-
ture, this work successfully achieved in-memory computation in
2Dmaterials-based industrial microchips with high endurance, ini-
tially realizing the Lab-to-Fab of 2D semiconductor devices, and
presenting promising to extend the Moore’s Law. This is a ground-
breaking that accelerates the application for semiconductor com-
panies and breaks the wall of energy-hungry electronics.
However, we are still at the early stage of the development for
the integration of 2D materials in semiconductor industry, and
numerous fundamental challenges (e.g., scalable growth methods
compatible with CMOS technology, high-uniformity, high device
yield and high reliability) still need to be addressed before these
materials can meet the standards for industrial applications.
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