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Lateral heterostructures of dissimilar monolayer transition metal 
dichalcogenides provide great opportunities to build 1D in-plane p–n junctions 
for sub-nanometer thin low-power electronic, optoelectronic, optical, and 
sensing devices. Electronic and optoelectronic applications of such p–n 
junction devices fabricated using a scalable one-pot chemical vapor deposition 
process yielding MoSe2-WSe2 lateral heterostructures are reported here. 
The growth of the monolayer lateral heterostructures is achieved by in situ 
controlling the partial pressures of the oxide precursors by a two-step heating 
protocol. The grown lateral heterostructures are characterized structurally 
and optically using optical microscopy, Raman spectroscopy/microscopy, and 
photoluminescence spectroscopy/microscopy. High-resolution transmission 
electron microscopy further confirms the high-quality 1D boundary between 
MoSe2 and WSe2 in the lateral heterostructure. p–n junction devices are 
fabricated from these lateral heterostructures and their applicability as 
rectifiers, solar cells, self-powered photovoltaic photodetectors, ambipolar 
transistors, and electroluminescent light emitters are demonstrated.
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studied in recent years owing to their 
unique electronic and optical proper-
ties for potential applications in ultrathin 
device technology.[1,2] TMD monolayers 
are available as n-type semiconducting 
(MoSe2, MoS2, WS2),[3] p-type semicon-
ducting (WSe2),[4] metallic (NbSe2, NbS2),[5] 
and as semimetallic (WTe2)[2,5] materials. 
The ability to connect them laterally in a 
single atomic plane provides opportunities 
to define a spatial modulation in electronic 
properties which is an absolute prerequi-
site for realizing sub-nanometer atomi-
cally thin TMD based device architectures 
including p–n junction diodes,[6–9] photo-
detectors,[6,10] photovoltaic devices,[7,11–13] 
space instruments,[14] electrolumines-
cent,[6,13,15] and quantum devices.[6,16] Fur-
thermore, lateral heterostructures provide 
unique opportunities to study physical 
phenomena in the 1D limit and may lead 
towards other unique applications.

Commonly used layer stacking techniques[17] of van der Waals 
layers are not applicable for the fabrication of 2D lateral hetero-
structures. Typically, a one-step[8,18–20] or a two-step[21–23] growth 
procedure either by physical vapor deposition (PVD)[18,19] or by 
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1. Introduction

Monolayer transition metal dichalcogenides (TMD) such as 
MoS2, WSe2, MoSe2, WSe2, NbSe2, etc. have been intensively 

Adv. Funct. Mater. 2021, 2101086

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202101086&domain=pdf&date_stamp=2021-05-04


www.afm-journal.dewww.advancedsciencenews.com

2101086 (2 of 9) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

chemical vapor deposition (CVD)[22–24] is employed for growing 
TMD lateral heterostructures by lateral edge epitaxy.[18,20] A two-
step growth procedure in which regions of different TMDs are 
grown one after another in subsequent growth experiments is 
the most common approach for obtaining TMD lateral hetero-
structures.[21–23] However, this method is difficult to scale up 
and the TMD layer grown initially has to be exposed to ambient 
conditions for the preparation of the second growth, which may 
have detrimental effects to the interface. In general, CVD is the 
most viable approach to produce TMDs due to its simplicity as 
well as lower growth temperatures in comparison with PVD 
techniques.[22–24] By employing a one-step CVD approach with 
suitable growth conditions, TMD lateral heterostructures can 
be grown sequentially by lateral edge epitaxy without exposure 
to ambient conditions.[24] However, such a growth procedure is 
challenging due to the possibility of precursor mixing, resulting 
in alloying, and subsequent poor quality of the p–n junction.

In this communication, we demonstrate a simple one-pot 
CVD method of large area MoSe2-WSe2 lateral heterostructures 
by subsequent selective evaporation of the metal oxide precur-
sors by adjusting their precursor partial pressures during the 
growth process using differential heating. We have characterized 
the grown lateral heterostructures by optical microscopy (OM), 
Raman spectroscopy, atomic force microscopy (AFM), and pho-
toluminescence (PL) spectroscopy for probing their morpho-
logical, structural, and optical properties. Furthermore, we have 
employed aberration-corrected high-resolution transmission 
electron microscopy (HRTEM) and high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM) 
combined with energy-dispersive X-ray spectroscopy (EDX) to 
reveal the high-quality interface between the MoSe2 and WSe2 
areas of the lateral heterostructure. We have then realized atomi-
cally thin electronic and optoelectronic p–n junction devices, 
which can be used as rectifiers and exhibit photovoltaic character-
istics under illumination with light. Furthermore, we have dem-
onstrated that the heterojunction devices can be employed as a 
self-powered photovoltaic photodetector or ambipolar field-effect 
transistor. Under suitable biasing conditions, we have observed 
electroluminescent emission from our devices showing their 
potential applicability as ultrathin light-emitting diodes (LEDs).

2. Results and Discussion

We used a modified CVD method which employs a Knudsen 
type effusion cell (Figure S1, Supporting Information) to deliver 
the chalcogen precursors for the growth of the lateral hetero-
structures.[25] This technique has been shown to produce high-
quality transition metal disulfide monolayers.[26] A scheme 
of the CVD setup is presented in Figure 1a. The Se precursor 
was loaded into the quartz effusion cell (see page 5 Supporting 
Information) and placed upstream in an inner tube at the low-
temperature zone of the furnace. The temperature of the Se 
precursor was maintained at ≈400  °C during the growth pro-
cedure. The MoO3 and WO3 precursors were placed on two 
different silicon substrates inside the inner quartz tube and 
located in the high-temperature zone of the furnace. We have 
mixed a certain amount of NaCl to the oxide precursors to pro-
mote faster evaporation of the oxides by forming highly volatile 
molybdenum oxychloride or tungsten oxychloride  species.[27] 

The growth substrate was placed next to and downstream 
of the oxide precursors. We used Ar as a carrier gas to trans-
port the precursors to the growth substrate. Our growth proce-
dure has two different heating steps for growing the MoSe2 and 
WSe2 areas of the lateral heterostructure. The growth substrate 
together with the metal oxide precursors was initially heated 
to a temperature of 730  °C. At this temperature, a flow of H2 
was introduced. This temperature is sufficient for the evapo-
ration of molybdenum oxychloride species which reacts with  
the incoming Se atoms forming the MoSe2 monolayer areas  
on the growth substrate. The substrates were kept at this temper-
ature for 30 min to ensure complete evaporation and removal of 
the Mo-containing precursor from the furnace. Next, the flow of 
H2 was stopped and the temperature was increased to 800 °C. At 
this temperature, a flow of H2 was reintroduced into the furnace. 
The samples were kept under this condition for the next 15 min 
for the growth of WSe2. The WSe2 nucleates and grows prefer-
ably at the edges of the MoSe2 crystals by lateral edge epitaxy[18,22] 
forming the MoSe2-WSe2 lateral heterostructure. In addition, 
we tested the growth of WSe2 at 730 °C (with similar conditions 
for the MoSe2 growth) and no deposition of isolated WSe2 crys-
tals takes place. This experimental observation is supported by 
the thermodynamic assessment of the system (see page 6 and 
Figure S2, Supporting Information). At 730 °C, partial pressure 
of the Mo-containing species is ≈200 times higher than the par-
tial pressure of the W-containing species, which indicates that 
MoO3 precursor can evaporate completely already at 730 °C, (see 
Figures  S2 and S3, Supporting Information). Moreover, a flow 
of H2 is essential for the growth of both MoSe2 and WSe2 areas, 
as it facilitates fast reduction of the oxide precursors to maintain 
sufficient concentration of transition metal precursors during 
the growth.[28,29] Thus, by controlling vapor pressure of the pre-
cursors by temperature and H2 flow rates, we could successfully 
grow large area MoSe2-WSe2 lateral heterostructures.

As can be seen from Figure  1b,c and Figure  2, the grown 
MoSe2-WSe2 heterostructures have mostly hexagonal, star-
like, or triangular shape with typical lateral sizes of inner and 
outer areas of 20–60 µm (see also Figure S4, Supporting Infor-
mation, for additional images and description). To study their 
topography, we characterized the lateral heterostructures with 
an AFM using the tapping mode. Thus, Figure 1d,e present the 
respective height and phase images of the area highlighted in 
Figure  1c with a dashed square. The height profile across the 
lateral heterostructure on the SiO2 substrate, corresponding to 
the dashed line in Figure  1d, is shown as an inset. The esti-
mated heterostructure height of 0.8 ± 0.3 nm corresponds well 
to the monolayer thickness. A boundary between MoSe2 and 
WSe2 areas can be recognized in the phase image (Figure 1e); 
however, as expected for an atomically flat sheet, the height var-
iation is not observed between the areas covered with different 
TMDs. A root mean square roughness of the heterostructure 
areas (measured on an area of 5 × 5 µm2) was found to be  
0.3 ± 0.1 nm, which further confirms its atomic flatness.

Next, to confirm the structural identity of the MoSe2 and WSe2 
areas, we performed Raman spectroscopy and microscopy meas-
urements. In Figure 2a,b, we show Raman spectra recorded on 
the inner MoSe2 area and the outer WSe2 area of the lateral het-
erostructure presented in Figure  2a as an inset. The formation 
of MoSe2 is confirmed by the A1g peak at 240.5 cm−1 originating 
from the out-of-plane vibrations of the Se atoms and E2g peak at 
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286 cm−1 originating from the in-plane vibrations of the Mo and 
Se atoms.[30] The A1g peak at 250 cm−1 originating from the out-of-
plane vibrations of the Se atoms confirms the formation of WSe2, 
Figure 2b.[31,32] The 2LA(M) mode at 260.5 cm−1 originating from 
the longitudinal acoustic phonons, which are in-plane collective 
periodic compressions and expansions of atoms in the lattice, is 
also present in the WSe2 spectra.[32] A Raman spectrum recorded 
at the border region of the MoSe2 and WSe2 areas is presented 
in Figure S5, Supporting Information, showing a superposition 
of the characteristic peaks of both materials. Intensity maps of 
the A1g Raman modes of MoSe2 and WSe2 mapped on the entire 
MoSe2-WSe2 heterostructure are presented in Figure 2c,d, respec-
tively. As seen from Figure 2c, intensity of the A1g peak of MoSe2 

is only detected in the inner area of the heterostructure. Since the 
laser beam diameter was ≈1–2 µm, the MoSe2 area appears to be 
slightly larger than the actual size. A line scan of Raman spectra 
recorded on a bigger lateral heterostructure is provided in Figure 
S6, Supporting Information. From the intensity map of the A1g 
peak of WSe2 presented in Figure 2d, it is evident that WSe2 is 
only present in the outer area confirming the formation of the 
expected lateral heterostructure. Additionally, the chemical iden-
tity of the formed lateral heterostructure was confirmed by X-ray 
photoelectron spectroscopy (XPS) (see Figure S7, Supporting 
Information, for details).

The optical quality of the grown lateral heterostructures was 
probed by room-temperature PL measurements using a 532 nm 

Figure 1. One-pot CVD growth of MoSe2-WSe2 lateral heterostructures. a) Schematic diagram of the CVD growth setup. b–c) OM images of MoSe2-
WSe2 lateral heterostructures. False colors are used to enhance contrast between the MoSe2 and WSe2 areas. The area highlighted within the dashed 
square in (c) is imaged using an atomic force microscope in the tapping mode. d) AFM height image shows no contrast between the MoSe2 and WSe2 
areas. The height profile between the SiO2 substrate and the heterostructure is shown using solid white line (the height profile is extracted from the 
dashed white line). The thickness of the lateral heterostructure is estimated as 0.8 ± 0.3 nm which corresponding to a monolayer. Furthermore, there 
is no height difference between the MoSe2 and WSe2 areas, whereas they can be clearly recognized in the respective AFM phase image (e).
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laser for the excitation. Figure 2e shows a PL spatial map of a 
MoSe2-WSe2 heterostructure. It can be seen that the inner part 
(MoSe2) and the outer part (WSe2) of the heterostructure show 
different PL intensities. As can be seen from the PL line profile 
(extracted from the dashed line in Figure 2e), the PL intensity 
from the WSe2 is on average about 10 times higher than from 
the MoSe2 (see Figure  2f); it is homogeneous for each mate-
rial within ≈15%. Moreover, within the lateral resolution of the 
employed optical microscope (≈1 µm) a sharp border between 
two materials is observed, which excludes the formation of 

alloys on the respective length scale. Figure  2g presents the 
characteristic PL spectra acquired at the WSe2 and the MoSe2 
areas as well as at the boundary region. For the MoSe2 we 
measure an average peak wavelength of 790 nm (1.568 eV) with 
an FWHM bandwidth of 60 meV. For the WSe2 an average peak 
wavelength of 748 nm (1.656 eV) with an FWHM bandwidth of 
68 meV was detected. These values are consistent with the data 
reported for high-quality pristine monolayer crystals fabricated 
by CVD.[29,33] We, therefore, conclude that the fabricated hetero-
structure consists of well-separated areas, where these areas are 

Figure 2. Raman spectroscopy and imaging of the MoSe2-WSe2 lateral heterostructures. A laser with λ = 532 nm is used to excite the Raman modes.  
a) Raman spectrum recorded on the MoSe2 inner area showing the A1g characteristic peak at 240.5 cm−1. The inset shows an OM image of the MoSe2-WSe2 
lateral heterostructure on which the Raman measurements are conducted. b) Raman spectrum recorded on the WSe2 outer area of the heterostructure 
showing the A1g peak at 250 cm−1. c–d) Raman intensity map of the MoSe2-WSe2 heterostructure. In (c) the A1g peak of MoSe2 is mapped and in (d) 
the A1g peak of WSe2 is mapped. e–g) PL of the WSe2-MoSe2 lateral heterostructure. e) PL-map of the heterostructure, with indicators for the lineout 
in (f) and the positions at which PL-spectra have been measured in (g). f) PL-intensity along the lineout displayed in (e). The outer WSe2-section has 
an intensity of 1700 ± 170 a.u., whereas the intensity of the inner MoSe2-area has a brightness of 126 ± 20 a.u. g) Typical PL-spectra at the positions 
marked in (e) WSe2 with a mean energy of 1.655 ± 0.03 eV and an FWHM of 0.16 ± 0.01 eV (red). MoSe2 with a mean energy of 1.56 ± 0.02 eV and an 
FWHM of 0.06 ± 0.005 eV (blue). On the border with clear contributions by both materials (dark).
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of the same properties as the individual materials when they are 
grown separately. The PL observed for WSe2 is stronger than 
that for MoSe2. This difference is typical for our growth process 
and is likewise observed for individual material samples; hence 
we argue that the quality of neither material is degraded in the 
lateral heterostructure growth process.

To further characterize the lateral MoSe2-WSe2 heterostruc-
ture interface, we performed HAADF-STEM combined with 
EDX as well as chromatic (Cc) and spherical (Cs) aberration-
corrected HRTEM. In Figure 3a, we show an overview HAADF-
STEM image of the lateral heterostructure on a holey carbon 
TEM grid and Figure  3b,c demonstrate the corresponding 
Mo/W- and Se-EDX maps, respectively. The HRTEM unambig-
uously confirms the formation of a monolayer heterostructure 
(see Figure S8, Supporting Information), whereas the formation 
of large-sized MoSe2 and WSe2 areas, as well as a very straight 
boundary, are clearly revealed from HAADF-STEM (see red 
arrows in Figure 3a). Note that the edge of the WSe2 area pos-
sesses a saw-toothed shape. As more electrons are scattered to 
higher angles from the heavier W in comparison to lighter Mo, 
the WSe2 area appears brighter than that of MoSe2. From the 
contrast analysis in Figure  3a and the respective EDX maps 
in Figure  3b,c we conclude that Se is homogeneously distrib-
uted on the whole heterostructure area, whereas Mo and W are 
present in the inner and outer regions, respectively. The EDX 
spectra were acquired over such long exposure time, the signal-
to-noise ratio of the monolayer is small explaining very faint 
signals outside the flake originating from noise only.

Monolayer lateral heterostructures of n-type MoSe2 and p-type 
WSe2 enable the realization of atomically thin electronic and 
optoelectronic p–n junction devices. Next, we fabricated devices 
with the lateral heterostructures in two different configurations 
as shown schematically in Figure 4a,f. In the first type of device, 
the p-type WSe2 and n-type MoSe2 areas are connected in series 
with source and drain electrodes defined on each material as 
shown in Figure  4a. A current–voltage (I–V) characteristic of 
such a p–n junction diode device is shown in Figure 4b (Inset 
of 4b shows OM image). The rectification behavior of the diode 
can be observed from the I–V characteristics (i.e., the diode 
allowed electrical conduction only when it is operated in for-
ward bias). Next, we tested the photoresponse of the device by 
irradiating it using a 520 nm laser. In Figure 4c, the I–V charac-
teristics of a p–n junction device under dark and under illumina-
tion with varying intensities of the laser are shown. The device 

exhibits a dark current of 135 pA at a source-drain bias (Vds) of 
1 V. When irradiating the device, a clear photovoltaic effect can 
be observed. For instance, when irradiating with an intensity 
of 61 ± 5  mW cm−2 the device shows an open-circuit voltage 
(VOC) of 0.24 V and a short-circuit current (ISC) of 354 pA. The 
fill factor (FF) of the device is calculated as 0.27. The power con-
version efficiency (PCE), that is, the ratio of output electrical 
power to the incident light power can be calculated using the 

equation, PCE
FFSC OC

incident

I V
P

= × ×
, where Pincident is the incident 

laser power. The PCE is calculated as 0.12%, which is similar 
to the reported values on similar TMD-based junctions.[11,23,34] 
We have fabricated and characterized five p–n junction hetero-
structure devices and all of the devices show similar behavior.  
We estimated the photoresponse also theoretically (see 
Figure S9, Supporting Information) using density functional 
theory (DFT) calculations by adding the electron–photon inter-
action into the device Hamiltonian employing the first-order 
perturbation theory,[35] see page 8 Supporting Information. 
The onset of the photocurrent was found at a photon energy of 
2.35 eV, just below the 520 nm of the laser light applied experi-
mentally. However, the calculations also show that the photo-
current is sensitive to the doping level of the devices and to 
the defect concentration. For a doped junction, the onset of the 
photocurrent was found at a lower photon energy of 2.15 eV and 
the photocurrent is larger compared to the undoped junction. 
Hence, this result can be considered as a qualitative proof of the 
applicability of the heterostructures devices in a photovoltaic cell.

In Figure 4d and Figure 4e we show the optical response of the 
device with alternating light pulses (λ = 520 nm, 61 ± 5 mW/cm2).  
The data in Figure 4d is acquired without any applied Vds dem-
onstrating a self-powered photovoltaic photodetector. The rise 
(τrise) and fall (τfall) time constants of photocurrent can be esti-
mated by fitting the curves using a single exponential growth 
and decay function as shown in Figure S11a, Supporting Infor-
mation. The τrise and τfall are estimated as 0.16  ± 0.01 s and 
0.15  ± 0.01 s respectively when the photodetector is operated 
without any applied bias. The on/off ratio of the photodetector 
is in the order of 104 at Vds = 0 V without the application of a 
gate voltage. The data in Figure 4e is acquired with an applied 
bias, Vds  =  +0.5  V and applied gate voltage, Vg  =  −20  V. We 
applied a Vg = − 20 V to adjust the off current to a minimum. 
In this case, the on/off ratio of the device is estimated in the 
order of 102 and the τrise and τfall are estimated as 0.17 ± 0.01 s 

Figure 3. HAADF-STEM characterization of the MoSe2-WSe2 heterostructure. a) shows a 120 kV HAADF-STEM overview image of the lateral hetero-
structure on a holey-carbon TEM grid (the holes in the TEM grid appear black in the image and the greyish contrast originates from the flake of the 
lateral WSe2 and MoSe2 heterostructure, please notice its atomic-number-related contrast difference: deeper grey: MoSe2, lighter grey: WSe2). The 
corresponding EDX maps in (b) and (c) allow the identification of the element distribution: b) W (green), Mo (blue), and c) Se (orange).
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and 0.15 ± 0.01 s respectively (Figure S11b, Supporting Informa-
tion). We estimated the responsivity of the photodetector, that 
is, the photocurrent generated per unit power of the incident 

light using the equation =
−

λ
ph dk

incident

R
I I

P
, where Rλ is the respon-

sivity, Iph is the photocurrent, and Idk is the dark current. In the  
photovoltaic photodetector operation mode, the responsivity  
is estimated as 18 mA W−1 at an incident laser power of 28 ± 
5  mW cm−2. With an applied Vds  =  +1  V, the responsivity is 

estimated as 110  mA W−1. In Figure S12, Supporting Infor-
mation, we show the tunability of responsivity with respect 
to Vds (at Vg  = 0  V) when irradiating with an intensity of  
28 ± 5 mW cm−2 extracted from the data presented in Figure 4c. 
The external quantum efficiency (EQE) of the device, that is, 
the ratio of number of photo-induced carriers to the number 
of incident photons of the device can be estimated using the 
equation, η

λ
= × ×λ 100%R

hc

e
, where h is the Planck’s constant, c 

is the speed of light, λ is the wavelength of light used, and e is 

Figure 4. Electronic and optoelectronic characterization of p–n junction devices fabricated using the MoSe2-WSe2 lateral heterojunctions. a) Scheme 
of the p–n junction device. b) The I–V curve of MoSe2-WSe2 lateral heterostructure p–n junction device shows strong rectification behavior. The inset 
shows an OM image of the device. The p–n junction device channels are lithographically defined to enable the charge transport only in the precise 
device channel contrary to previously published reports.[15,18,21] c) The I–V characteristics of the p–n junction device at dark and under illumination  
(λ = 520 nm) with varying laser intensities. The photovoltaic response of the p–n junction device can be clearly observed. d–e) Light pulses are applied 
to the device using a laser with λ = 520 nm at an intensity of 61 mW cm−2 and the optical response is measured as a function of time. d) The device 
shows photovoltaic response to the light without applying a source-drain bias (photovoltaic photodetector). Even a higher photoresponse is observed 
when the device is measured by applying a Vds = +0.5 V and a Vg = −20 V (e). The analysis of the rise and fall time constants of photocurrent is 
shown in Figure S9, Supporting Information. f–g) Characterization of ambipolar field-effect transistors fabricated using MoSe2-WSe2 parallel channels.  
f) Schematic of the ambipolar field-effect transistor device. g) Transfer characteristics recorded at different source-drain voltages (Vds) show ambipolar 
transport behavior. An OM image of the device is shown in the inset. The dashed white line represents the boundary between MoSe2 and WSe2.
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the electron charge. In the photovoltaic photodetector operation 
mode (Vds = 0), the EQE is calculated as 4.3%. When applying 
Vds  =  +1  V the EQE is 23.4%. The detectivity (d*) of a photo-

detector can be calculated using the equation = λ
∗

2 dk

d R
S

eI
; 

where S is the effective area of the photodetector. The detectivi-
ties are calculated as 1 × 109 Jones and 6 × 108 Jones at Vds = 0 
and Vds = +1 V, respectively. The figures of merit of the hetero-
structure photodetector are comparable to previously reported 
photodetectors fabricated using TMD-based materials and junc-
tions.[36] When operating at the photovoltaic mode, the photo-
detector shows a high on/off ratio in the order of 104, which 
is higher than most of the previously reported TMD-based 
photodetectors. Such self-powered optoelectronic devices are 
desirable building blocks for energy-efficient electronic equip-
ment since no additional energy supply is required. Addition-
ally, we performed electrical and optoelectronic measurements 
on devices made of individually grown MoSe2 and WSe2 mon-
olayers (see pages 9-10 Supporting Information for details and 
Figures S13–S16, Supporting Information for the OM, AFM, 
Raman, and XPS characterization of individually grown mon-
olayers of MoSe2 and WSe2). These devices do not show any 
rectification/photovoltaic effect, which demonstrates that 
the presence of the p–n junctions due to the 1D MoSe2-WSe2 
boundary is responsible for the rectification, photovoltaic,  
and self-power photodetector effects (see pages 9-10 and  
Figures S17–S19, Supporting Information).

The second type of devices was fabricated in such a way that 
the MoSe2 and WSe2 areas were connected in parallel to the 
source-drain electrodes as shown schematically in Figure  4f. 
The junction between the p and n region is in the middle per-
pendicular to the electrodes. Such devices with parallel p-type 
(WSe2) and n-type (MoSe2) channels are expected to function 
as ambipolar field-effect transistors.[37] The ambipolar transis-
tors are promising building blocks for applications including 
lighting, display, memory, logic, and neuromorphic com-
puting devices.[35] An OM image of an ambipolar transistor 
is shown in the inset of Figure 4g. We performed field-effect 
transport measurements on such devices and transfer char-
acteristics, that is, the enhancement of drain current with 
applied Vg at different applied Vds, are shown in Figure  4g. 
The transfer characteristics demonstrate ambipolar transport 

as expected. In such a device configuration, the p-channel 
(WSe2) becomes conductive towards negative Vg and the 
MoSe2 n-channel becomes conductive towards more positive 
Vg. It can be seen that the minimum conductivity points of 
the transfer curves shifted towards the negative gate voltages 
possibly due to substantial n-doping induced by the SiO2 sub-
strate as well as the transfer process.[38]

The serial p–n junction devices were also tested for their 
suitability as electroluminescent photon emitters. The devices 
were operated under forward bias voltage with both current 
and light emission measured in the process. The light emis-
sion was measured using a high-resolution camera through 
a microscopic objective. The camera images displayed in 
Figure 5a,b clearly show that light is detected in a diffraction-
limited spot on the position of the heterostructure junction 
only if voltage is supplied. A series of images with varying 
supply voltages were recorded together with the device current. 
The results are displayed in Figure  5c. Light emission onset 
can be observed at a voltage of roughly 50 to 60 V, with typical 
electrical currents in the microampere range. Light emission 
could be observed reproducibly over hours for voltages up to 
100  V. Considering the number of detected photons and the 
detection efficiency of the setup, we estimate the internal 
quantum efficiency of the emission process to be in the range 
of 10−7. High operation voltages are assumed to originate from 
the contacts operating in the Schottky mode as well as due to 
high channel resistance.

3. Conclusion

In summary, we have demonstrated a simple and reproduc-
ible method to synthesize large-area monolayer lateral het-
erostructures of MoSe2 and WSe2 by controlling the precursor 
evaporation in a scalable one-pot CVD process. The grown 
heterostructures were characterized using optical and AFM, 
Raman, and XPS as well as PL measurements to reveal their 
morphological, structural, chemical, and optical quality. Using 
TEM, we have confirmed the high quality of 1D boundary 
between the MoSe2 and WSe2 in their lateral heterostructure. 
We fabricated p–n junction devices using the synthesized het-
erostructures and demonstrated their applicability as rectifiers, 
photovoltaic cells (solar cells), self-powered photodetectors, 

Figure 5. LED type emission from the monolayer MoSe2-WSe2 lateral heterostructure p–n junction device. a) Microscope image of the heterostructure 
in voltage “off” state and with and applied voltage of 60 V (“on”) via the square contact pads. Light emission is seen as a bright spot of diffraction-
limited size appearing at the heterostructure location. b) Light intensity and current through the junction as a function of input voltage (the dashed 
lines are provided as a guide to the eye).
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and light-emitting devices. Furthermore, we demonstrated 
the possibility of ambipolar field-effect transistors using later-
ally connected parallel MoSe2-WSe2 channels. We expect that 
high-quality 1D p–n junctions are of high interest for solid-state 
physics in general, as they pose an opportunity to study the 
impact of the dimensionality on the dynamics of excitations in 
solid-state boundaries. We also anticipate that our findings will 
facilitate the ongoing search for sub-nanometer, non-silicon 
electronic, optoelectronic, and photovoltaic devices.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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