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W e dream of electronic devices 
that consume less power, con-

vey information with higher speed, 
or even are elastic for flexible and 
wearable electronics. Two-dimension-
al (2D) materials may realize this for 
us. These materials are layered, with 
intra-layer covalent bonds to form the 
layer structure and then stacking with 
van der Waals (vdW) force to form the 
bulk materials. Because of the vdW 
nature, these materials can be thinned 
down to one layer and exist in the 2D 
form. 2D materials have been found 
to have a variety of electronic struc-
tures from insulator, semiconductor, 
semimetal to metal, superconductor, 
or even topological insulator. All these 
abundant electronic structures ensure 
a wide variety of interesting function-
alities while forming heterostructures. 
Among these 2D materials, the semi-
conducting layered transition metal 
dichalcogenides (TMD) have especially 
attracts attentions in recent years, 
because they can easily overcome the 
scaling limit of current complementary 
metal-oxide semiconductor technol-
ogy, or achieving atomically thin op-
toelectronics. However, there are still 
some obstacles that need to be solved, 
and the most urgent grand challenge 
is the realization of monolayer TMD 
pn homojunction, which is the funda-
mental building block of every modern 
electronic device. 

In this regard, Chung-Lin Wu (Nation-
al Cheng Kung University), Chia-Hao 
Chen (NSRRC) and their collaborators 
proposed to utilize a multiferroic (MFE) 
substrate to control the electronic 
structure of the TMD overlayer.1 The 

Fig. 1:  Schematic band diagram of a WSe2 pn homojunction derived from a ferro-
electric-pattern-assisted BFO layer. Both polarization states (Pdown and Pup) 
on a ferroelectric BFO layer can directly affect the carrier type of monolayer 
TMD with either p-type or n-type semiconducting behavior [Reproduced 
from Ref. 1]

Beyond Moore’s Law: A Non-Volatile Atomic Thin 
pn Diode
Moore’s Law recognizes that the integrated circuits (IC) industry will double the capacity of 
an IC every 18 months to two years. Following this trend, the IC industry will hit the physical 
limit soon. Semiconducting, two-dimensional materials are promising solutions to this barrier. 
A non-volatile pn diode, based on an atomically thin monolayer of WSe2 has been realized, 
paving the way to extend Moore’s law. 

MFE materials possess a controllable spontaneous electrical polariza-
tion that can be tuned with an external stimulus, and as a substrate, 
support the TMD to achieve a pn homojunction. The accumulation or 
depletion of an inevitably charged mobile carrier occurs in the TMD 
to screen the polarization field of the MFE substrate. 

In this featured article, Wu, Chen and their collaborators utilized a 
BiFeO3 (BFO) as the MFE substrate, by turning the polarization field, 
they successfully demonstrated the respective WSe2 electron-filling 
(n-type) and electron-emptying (p-type) regions configured and 
modified with the ferroic domains of the BFO substrate, and thus de-
fine a monolayer WSe2 pn homojunction, as the schematic drawing 
showed in Fig. 1.

How do they know it is a pn homojunction? Wu and Chen employed 
the scanning photoelectron spectromicroscopy (SPEM) located at 
TLS 09A1 to verify it. The WSe2 flakes were normally only tens of μm2 
in size and 0.7 nm thick and without a microscope; it is impossible to 
study them. Combining the surface sensitive nature of synchrotron 
radiation based photoelectron spectroscopy and microscope capabil-
ity, SPEM is an ideal tool to study such system. 
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As showed in Fig. 2(a), a direct visualization of triangular WSe2 flake was achieved by imaging the W signal. 
The energy shift (ΔECL) of Se 3d and W 4f signal in Fig. 2(a) can directly be interpreted as the Fermi level shift 
between the Pup and Pdown regions. The energy positions of Bi 4f emitted from the substrate were constant (Fig. 
2(b)) further support this assertion. The Fermi level shift at Pup and Pdown areas are summarized as the band dia-
gram showed in Fig. 2(c). This is clearly a semiconductor band alignment of a pn diode.

In summary, Wu and Chen used a multiferroic material to support WSe2 and constructed a monolayer diode. 
They used SPEM to confirm the formation of a pn homojunction. This simple approach showed a non-volatilely 
rectification behavior without assistance of gate biasing. This diode shows strong current-rectifying behavior in 
the electrical transport properties, which confirms the results revealed in the homojunction band structure. This 
work provides a non-volatile control of TMD doping and a promising way to produce a pn homojunction as a 
future building block of 2D device applications. (Reported by Chung-Lin Wu, National Cheng Kung University)

This report features the work of Chung-Lin Wu, Chia-Hao Chen and their collaborators published in in Nature Com-
mun. 9, 3143 (2018).

Fig. 2:  SPEM images and μ-PES measurements on the WSe2 pn homojunction. Se 3d, W 4f, and Bi 4f core-level photoelectron spectra 
measured with SPEM in Pup and Pdown regions of a WSe2/BFO homojunction. (a) Core-level spectra of Se 3d and W 4f recorded 
from a Pdown (blue) and a Pup (orange) region. SPEM images of W 4f taken in 34.6 eV and 35.4 eV, which correspond to a Pdown 
and a Pup region, respectively. (b) Core-level spectra of Bi 4f emitted from the BFO substrate. (c) The band structure deduced 
from a reveals the pn junction for WSe2 in Pdown and Pup regions near 300 K. [Reproduced from Ref. 1]
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Toward Next-Generation Electronic Devices
An atypically large electron concentration makes difficult the fabrication of transistors with 
transition-metal dichalcogenide layer materials. Clarifying the puzzle with angle-resolved 
photoemission spectra can enable to achieve quasi-intrinsic electronic devices with these 
two-dimensional materials.

U nlike graphene that is a gapless semiconductor, 
two-dimensional (2D) nanostructures based 

on transition-metal dichalcogenide (TMD) layer 
materials, such as MoS2, WS2 and ReS2, exhibit semi-
conducting characteristics, and have thus attracted 
considerable attention. The discovery of an electronic 
structure transition from an indirect to a direct band 
gap in MoS2 monolayers has opened a new direction 
for photonic and optoelectronic applications involv-
ing TMD layer materials. In particular, these quasi-2D 
semiconductors are ideal systems to integrate with 
graphene for the development of next-generation, ul-
trathin, flexible, transparent light-emitting, light-har-
vesting and light-detecting devices. A remarkably 
large on/off ratio up to 108–109 was also realized in 
2D MoS2 field-effect transistors (FET). 

With increasing research concentrating on varied 
applications of TMD nanomaterials, understanding 
the surface effect on electronic transport properties is 
crucial because of a large ratio of surface to volume. 
The 2D electron concentration (n2D) in monolayer and 
multilayer MoS2 FET can readily attain 2 × 1013–1 × 
1015 cm-2 under a gate voltage. The large on/off ratio 
and saturation current of 2D MoS2 FET operated in 
the depletion mode partially benefit from the large 
electron concentration, but the residual concentra-
tion at zero gate voltage of MoS2 monolayers at 5.6 × 
1012 cm-2 is much larger than that (approximately 1.6 
× 1010 cm-2) of their bulk counterparts. The atypically 
large electron concentration in the unintentionally 
doped layer semiconductor increases the difficulty of 
fabricating intrinsic and p-type MoS2 nanostructures. 
To explore the origin of heavy n-doping is critical 
for the practical control of the conducting type and 
carrier concentration of MoS2 2D structures. Especially 

van der Waals crystals such as MoS2 without dangling 
bonds are expected to have an inert surface and de-
creased surface states.

Ruei-San Chen (National Taiwan University of Science 
and Technology), Ya-Ping Chiu (National Taiwan Uni-
versity), Cheng-Maw Cheng (NSRRC) and their teams 
investigated the origin of heavy n-doping on the 
surface of MoS2.1 In the result of the transport mea-
surement, the surface electron concentration of MoS2 
is nearly four orders of magnitude greater than that 
of its inner bulk. A substantial thickness-dependent 
electronic transport in MoS2 nanoflakes beyond that 
of the quantum confinement scale was observed. This 
result reveals that the presence of a surface electron 
accumulation (SEA) exists in this layer material. The 
exposure of the sulfide surface to air might result in 
two major effects, namely, the escape of sulfur atoms 
and the adsorption of foreign molecules. 

To clarify the origin of the donor-like surface states 
in MoS2, the surface of MoS2 cleaved in situ was also 
measured under two conditions with angle-resolved 
photoemission spectra (ARPES). The authors inves-
tigated the electronic structure of MoS2 nanoflakes 
in various environments using ARPES at TLS 21B1. 
The pronounced n-doping characteristic was not 
observed in the freshly cleaved surface of MoS2. The 
ARPES measurement (Fig. 1) indicates that the freshly 
cleaved MoS2 surface exhibits a nearly intrinsic state 
without SEA, but the valence-band maximum (VBM) 
shifted gradually to greater binding energy, and a 
mid-gap state appeared between the VBM and the 
Fermi level for a MoS2 surface protractedly exposed 
to ultrahigh vacuum (UHV); this result provides di-
rect evidence that the SEA formed gradually in the 
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