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The substitutional doping of electron-rich or hole-rich atoms 
into the lattice of 2D TMDs follows the conventional band struc-
ture engineering approach to tune the bandgap and modulate 
the free carrier type in semiconductors. For example, recently 
the electrical conduction in monolayer MoS2 has been modu-
lated by substitution of Mo atoms with electron-donor atoms 
such as Re (n-type)[20] and hole-donors such as Nb (p-type).[12,13] 
However, in these cases when the size difference between the 
dopant and host atoms becomes too large, unintended effects 
such as incorporation of impurities or dislocations in the lat-
tice[21] can occur and the solubility of the dopant atoms becomes 
hard to control.

Alternatively, these drawbacks can be suppressed by isoelec-
tronic doping with dopant atoms similar to those of the host. 
Isoelectronic dopants tend to more easily form alloys, impede 
the generation and multiplication of dislocations, and reduce 
the formation of amphoteric native defects.[22] Although isoelec-
tronic dopants provide no extra electrons or holes, it is possible 
that their different electronegativity can introduce trapping 
potentials in the lattice to modulate the free carrier density and 
net conductivity behavior.

So far, two types of 2D TMD isoelectronic alloys have been 
synthesized by substituting either isoelectronic chalcogens, e.g., 
MoS2(1-x)Se2x (refs. [6–8]), or transition metals, e.g., MoxW1-xS2 
(refs. [18,23–25]). These isoelectronic alloys show a continuous 
variation of bandgap energy, resulting in photoluminescence 
(PL) with tunable emission wavelength in a wide spectral 
range.[6–8,18,23] A major difference between the chalcogen and 
metal isoelectronic alloys is that the strong spin–orbit coupling 
resulting from the d-orbitals of the transition metals in TMDs 
can lead to large valence band splittings of several hundreds 
of meV,[19] which can be exploited in the metal alloys (e.g., 
Mo1-xWxSe2) to tune the degree of spin or valley polarization.

However, the tuning of electrical properties (such as the car-
rier type) in isoelectronic 2D TMD alloys has never been dem-
onstrated. As has been widely reported, monolayer MoSe2 is 
natively n-doped[26] and WSe2 is intrinsically p-type doped,[27,28] 
although the characteristics may vary with substrates or con-
tact metals.[29] Since Mo and W have different d-orbital band 
energies, and the band edges of MoSe2 and WSe2 are mainly 
determined by the contributions from these d-orbitals, it is rea-
sonable to expect that without changing the fundamental band 
structure, 2D TMD alloys and homojunctions based on isoelec-
tronic substitution in the MoSe2−WSe2 system should provide 
uniform alloys with tunable band edge position, and a modu-
lation between p- or n-type doping. Monolayer Mo1-xWxSe2 

2D transition metal dichalcogenides (TMDs) have emerged as 
new promising materials for the next generation of electronics 
and optoelectronics based on atomically thin systems.[1–3] They 
show excellent optical, electronic, and optoelectronic properties 
such as highly efficient light harvesting,[4] highly sensitive photo-
detection,[3] and low-threshold lasing.[5] To tune the properties 
of TMDs and realize their potential applications, band struc-
ture engineering is of great importance. For example, a wide 
range of bandgap values can be obtained to match the solar 
spectrum[6–9] for solar energy conversion.[4,10] Band structure 
engineering can also effectively modulate the carrier type of 
semiconducting TMDs[11–14] for field-effect transistors (FETs) 
and p−n junctions, which are highly desirable for integrated 
electronics.

Doping is one of the most effective ways to engineer the 
band structure of a material to precisely tailor its properties 
for desired applications. Due to spatial confinement, doping 
in 2D TMDs produces especially pronounced effects.[6–17] 
Diverse doping strategies for 2D TMDs have so far been devel-
oped, including direct charge injection via electrostatic FET 
gating,[11] the donation of charge from physically adsorbed vola-
tile molecules[15] or alkali metals,[16] and approaches involving 
covalent bonding via edge functionalization[9,14] or substituted 
atoms.[12,13,18,19] Of these methods, substitutional doping via 
covalent bonding with different metal or chalcogen atoms is 
highly desirable in order to produce robust, stable alloys.[12,13]
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rier type modulation. According to theoretical predictions, 
monolayer Mo1-xWxSe2 alloys should be thermodynamically 
stable and direct bandgap semiconductors.[30,31] Especially, the 
formation energies for Mo1-xWxSe2 alloys are negative due to 
well-matched lattice constants, similar electronic structures, 
and increased attractive Coulomb interaction (caused by dif-
ferent atomic orbital energy and electronegativity of Mo and W) 
between MoSe2 and WSe2,[30,31] which means that Mo1-xWxSe2 
alloy formation is energetically favorable. Until now 2D 
Mo1-xWxSe2 alloys have only been fabricated by mechanical 
exfoliation.[32]

In this study, a chemical vapor deposition (CVD) method 
was employed to synthesize semiconducting Mo1-xWxSe2 alloy 
monolayers with x ranging from 0 to ≈0.18. Atomic-resolution 
STEM imaging, Auger electron and spectroscopic characteriza-
tions showed that the W atoms uniformly incorporate into the 
monolayer MoSe2 lattice by substitution of Mo, forming ideal 
random alloys with significantly enhanced photoluminescence. 
For the first time it was demonstrated that isoelectronic doping 
of W into MoSe2 switches the dominant conduction type of the 
monolayer flakes, suppressing n-type conduction in monolayer 
MoSe2 and tunably enhancing p-type conduction to become 
dominant at increased W concentration. Localized “W-rich” 
regions in the Mo1-xWxSe2 lattice were revealed, where the 
valence band maximum (VBM) shifts toward the Fermi level, 
resulting in p-type nondegenerate doping in Mo1-xWxSe2 mon-
olayers. Vertically stacked monolayers of p-type Mo1-xWxSe2 
and n-type MoSe2 were used to fabricate van der Waals (vdW) 
p−n homojunctions to demonstrate their applicability for gate- 
tunable current rectification. Such tunable n- and p-type con-
duction realized within an isoelectronic monolayer alloy is 
highly encouraging as an important new strategy to syntheti-
cally adjust the functionality of 2D TMD systems for many elec-
tronic and optoelectronic applications.

Monolayer MoSe2 crystals were synthesized through a low 
pressure CVD method similar to those described elsewhere,[7] 
in which Se powder was used to react with MoO3 in the pres-
ence of hydrogen gas. Mo1-xWxSe2 was obtained by mixing 
WO3 and MoO3 at different ratios as the source materials (see 
the Supporting Information for details of the synthesis pro-
cess). Figure 1a,b shows optical micrographs of MoSe2 flakes 
grown on SiO2 (250 nm)/Si and fused quartz substrates, 
respectively. Individual flakes are triangular in shape with the 
size ranging from tens to hundreds of microns. Mo1-xWxSe2 
flakes show similar triangular shapes and sizes (Figure S1, 
Supporting Information). Atomic force microscopy (AFM) 
analyses indicate that the thickness of each individual flake 
is ≈0.7 nm (Figures 1c), corresponding to monolayer MoSe2 
and Mo1-xWxSe2. Both optical microscopy and AFM charac-
terization demonstrated that large-size, uniform monolayer 
crystals of both MoSe2 and Mo1-xWxSe2 were synthesized and, 
by tuning the growth conditions, the size, layer number, and 
density of the flakes were controlled (Figure S1, Supporting 
Information). Micro-X-ray photoelectron spectroscopy meas-
urements[33] confirmed the existence of W4+ in the Mo1-xWxSe2 
flakes (Figure S2, Supporting Information). Figure 1e shows 
a scanning electron microscopy (SEM) image of a monolayer 
Mo1-xWxSe2. Nano-Auger elemental mapping revealed that the 

Mo, W, and Se compositions are uniform over the Mo1-xWxSe2 
flake (Figure 1e,f; see Figure S3 in the Supporting Informa-
tion for the Auger elemental mapping of monolayer MoSe2), 
with the W concentration of 0.18 ± 0.02 (≈18%). The W con-
centration in monolayer Mo1-xWxSe2 was tuned by altering the 
amount of WO3 in the source. In this report, we focus on three 
typical concentrations: ≈2%, ≈7%, and ≈18% (i.e., x = 0.02, 
0.07, and 0.18, respectively), obtained with the weight ratio of 
MoO3/WO3 being ≈1/0.05, ≈1/0.1, and ≈1/1, respectively.

The atomic structures of MoSe2 and Mo1-xWxSe2 monolayers 
were investigated using annular dark field (ADF) imaging on 
an aberration-corrected scanning transmission electron micro-
scope (STEM). As revealed by the atomic resolution ADF image 
in Figure 1g, a MoSe2 monolayer displays a honeycomb struc-
ture composed of alternating brighter and dimmer atomic sites. 
The intensity line profile along the solid green line is shown in 
Figure 1i (lower row). As the ADF-STEM image is Z-contrast, 
the image intensity depends on the total atomic number of the 
atoms occupying each site. According to the corresponding 
simulated ADF-STEM image (Figure 1h) and line profiles 
(Figure 1i, upper row), the brighter sites correspond to columns 
occupied by two Se atoms while each dimmer site contains one 
Mo atom, which is in good agreement with the experimental 
STEM images.

Figure 1j shows the ADF-STEM image of monolayer 
Mo0.82W0.18Se2, in which the same honeycomb atomic structure 
as that corresponding to the MoSe2 monolayer is displayed. A 
portion of the Mo sites show brighter contrast as indicated by 
the intensity line profile in Figure 1l (lower row). These sites 
correspond to W atoms, as confirmed by the simulated ADF-
STEM image (Figure 1k) and the corresponding intensity line 
profile (Figure 1l, upper row). The ADF-STEM results demon-
strate that W atoms substitute for Mo in the honeycomb lat-
tice, and no interstitial atom is observed (Figure 1j; Figure S4, 
Supporting Information). Statistical analysis of the ADF-STEM 
image in Figure 1j and a lower magnified image in Figure S4 
(Supporting Information) estimates that W atoms in monolayer 
Mo0.82W0.18Se2 substitute for ≈18% of the Mo sites, which is in 
good agreement with the Auger analysis. The alloying degrees 
(describing the extent of alloying[34]) of W and Mo were cal-
culated to be 99.2% and 98.2 % (the calculation method was 
described in ref. [24] and [33]), respectively, very close to 100%, 
indicating that this Mo1-xWxSe2 is close to an ideal random 
alloy.[34] No indication of phase separation is found. This experi-
mental observation agrees well with the theoretical prediction 
that the formation energy of Mo-W alloys is negative,[30] indi-
cating that Mo1-xWxSe2 tends to form random alloys, rather 
than segregate into a lateral heterostructure of MoSe2−WSe2. 
It is worth noticing that at the atomic scale (Figure 1j,k;  
Figure S4, Supporting Information) there are some regions 
with higher W concentration in the Mo1-xWxSe2 lattice, forming 
“W-rich” regions. These “W-rich” regions may contribute to the 
formation of different band structures and may also affect elec-
trical properties of these monolayers, which will be discussed 
later. We also notice that few Se vacancies exist in the lattice 
of both MoSe2 and Mo1-xWxSe2 monolayers (as pointed out by 
the red arrows in Figure 1g,j). The possible creation of chalco-
genide vacancies in monolayer crystals during the growth has 
been previously reported.[35,36] However, it should be pointed 
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out that these vacancies cannot be used as a doping strategy 
since they produce deep trap states in TMD monolayers.[35,36] 
Therefore, the modulation of electrical properties in mon-
olayer Mo1-xWxSe2 discussed below is not likely to be achieved 
through the Se vacancies.

The optical properties of MoSe2 and Mo1-xWxSe2 monolayers 
were studied using Raman and PL spectroscopy at room temper-
ature, using a 532 nm laser as the excitation source. Figure 2a 
shows the Raman spectra of as-grown monolayer MoSe2 (solid 
black curve) and Mo0.82W0.18Se2 (solid red curve). Both spectra 
exhibit three typical Raman modes, i.e., the dominant out-of-
plane A1g mode, and the weak in-plane E1g and E1

2g modes.[22] 
The A1g mode of monolayer MoSe2 peaks at 240.4 cm−1, which 

is blueshifted to 242.7 cm−1 in monolayer Mo0.82W0.18Se2 due to 
phonon hardening by W-substitution,[37] while the E1g and E1

2g 
modes do not show an obvious shift between the two monolayer 
crystals, which are located at 145.7 and 286.8 cm−1, respectively 
(Figure 2a). Figure 2b shows the room temperature PL spectra 
of monolayer MoSe2 and three Mo1-xWxSe2 monolayers with 
different W concentrations, i.e., x = 0.02, 0.07, and 0.18. The 
monolayer MoSe2 exhibits a single emission peak at ≈1.529 eV 
(811 nm, Figure 2b, solid black curve), corresponding to the 
radiative recombination of the A-exciton (ref. [36]). The A-exciton  
emission band is greatly enhanced and slightly blueshifted as 
the W concentration increases, i.e., it is shifted to ≈1.536 eV 
(807 nm) for the Mo0.82W0.18Se2 monolayer (Figure 2b, solid red 
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Figure 1. a,b) Optical micrographs of MoSe2 monolayers grown on SiO2/Si and fused quartz substrates, respectively. c) AFM image of a Mo1-xWxSe2 
monolayer. Inset is the height profile along the solid blue arrow. d) SEM image of a Mo1-xWxSe2 monolayer. e,f) Nano-Auger elemental mappings of 
Mo and W on the monolayer shown in (d). The concentration of W is ≈18%. g,h) Experimental (g) and simulated (h) atomic resolution ADF-STEM 
image of monolayer MoSe2. i) Experimental (Exp., lower row) and simulated (Sim., upper row) intensity line profiles along the solid green line in 
(g) and (h). j,k) Experimental (j) and simulated (k) atomic resolution ADF-STEM image of monolayer Mo0.82W0.18Se2. The brightest spots correspond 
to sites where W substitutes Mo. l) Experimental (lower row) and simulated (upper row) intensity line profiles along solid blue line in the (j) and 
(k). The red arrows in (g) and (j) indicate Se vacancies.



4 wileyonlinelibrary.com © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

CO
M

M
U
N

IC
A
TI

O
N

curve). The PL mapping of a monolayer Mo0.82W0.18Se2 flake 
(Figure 2c, the corresponding optical micrograph is shown in 
Figure 2d) shows uniform PL across the flake, indicating good 
crystalline quality and further confirming the uniform dis-
tribution of W across the monolayer. The PL results indicate 
that in monolayer MoSe2 the substitution of up to ≈18% Mo 
atoms with W does not lead to a significant bandgap energy 
shift, which is consistent with theoretical calculations on the 
bandgap structure of monolayer Mo1-xWxSe2 alloys.[30,31,38] 
According to the density function theory (DFT) calculations, 

monolayer Mo1-xWxSe2 with x < 0.25 does not show signifi-
cant changes in electronic bandgaps due to a bowing effect in 
alloys.[31,38] Therefore, the above results on PL indicate that the 
optical bandgap of monolayer Mo1-xWxSe2 is not significantly 
influenced by the W concentration within the doping (or sub-
stitution) limit (≈18%) used in our experiment. However, the 
PL intensity is greatly enhanced as W is incorporated in MoSe2, 
which could be due to the suppression of deep level defects 
that serve as nonradiative recombination centers through iso-
electronic doping.[30,39] It corresponds to the technique in tra-
ditional light-emitting semiconductors, in which isoelectronic 
doping was used to greatly increase the luminescence efficiency 
in those semiconductors.[39]

In order to study the effect of W doping on the electrical 
properties of monolayer MoSe2, FET devices based on the 
MoSe2 and Mo1-xWxSe2 monolayers with different W concen-
trations were fabricated by patterning source-drain contacts 
(Ti/Au) on the monolayers while using heavily doped Si sub-
strates as back-gates. Figure 3 displays the characteristic transfer 
(Ids−Vbg) curves of the monolayer MoSe2 and Mo1-xWxSe2 FETs 
with different W concentrations (x = 0.02, 0.07, and 0.18) at 
room temperature. The output (Ids−Vds) curves of the FETs are 
shown in Figure S5 (Supporting Information). The monolayer 
MoSe2 exhibits n-type behavior with an on-off ratio exceeding 
five orders of magnitude and an electron field-effect mobility 
(µe) of 1.46 cm2 V−1 s−1, while the Mo0.82W0.18Se2 shows 
p-type behavior with a hole mobility (µh) of 1.60 cm2 V−1 s−1. 
It is clearly demonstrated that with W doping Mo in mono-
layer MoSe2, the n-type characteristics of the MoSe2 are sup-
pressed and the p-type characteristics are gradually enhanced 
with increased hole mobility as the W concentration increases 
(Figure 3 and Table 1). Meanwhile the threshold voltages 
are shifted from 18 V for MoSe2 to −12 V for Mo0.82W0.18Se2 
(Figure 3 and Table 1). For monolayer Mo1-xWxSe2, a positive 
shift in the p-type threshold voltage (pVth) from −47.67, −18.33, 
to −12 V was observed as the W concentration increased from 
2%, 7% to 18% (Table 1). This indicates that higher W concen-
trations in the lattice gradually convert an n-type of carrier to 
p-type. The doping concentrations (n) of the monolayer MoSe2 
and Mo1-xWxSe2 were calculated according to the equation: 
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Figure 3. Transfer curves (at Vds = 2 V) of FET based on monolayer MoSe2 
(solid black curve) and Mo1-xWxSe2 with different W concentrations (solid 
blue, green and red curves for x = 0.02, 0.07, and 0.18, respectively).

Figure 2. a) Raman spectra of monolayer MoSe2 (solid black curve) and 
Mo0.82W0.18Se2 (solid red curve) with 532 nm laser excitation. Note that 
the spectra were offset for clarity. b) PL spectra of monolayer MoSe2 
(solid black curve), Mo0.98W0.02Se2 (solid blue curve), Mo0.93W0.07Se2 
(solid green curve), and Mo0.82W0.18Se2 (solid red curve) with 532 nm 
laser excitation. c) PL mapping by integration of intensity from 1.4 to 
1.65 eV for a monolayer Mo0.82W0.18Se2 flake. d) Optical micrograph of 
the flake for PL mapping.
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n = IdsL/qWµVds, in which q is the electron 
charge, Ids and Vds are the source-drain cur-
rent and voltage, respectively, L and W are 
the length and width of channel, and µ is 
the field-effect mobility. As listed in Table 1, 
the hole doping concentration (nh) increases 
from 1.46 × 1011 to 4.0 × 1011 cm−2 as W con-
centration increases from 2% to 18%, con-
sistent with the rising trend of Vth value. It 
should be noted that the FET devices with 
Ti/Au electrodes show high contact resist-
ance (Figure S5, Supporting Information), 
and therefore the carrier concentration could 
be underestimated by using the equation: 
n = IdsL/qWµVds.[13] Since the contact issue 
is similar for all of our devices, the relative 
trend of electron and hole doping concen-
trations in MoSe2 and Mo1-xWxSe2 with 
different W concentrations should not be 
affected. It is noticed that some previously 
reported 2D TMDs doped with nonisoelec-
tronic dopants have very high electron or hole 
doping concentrations, i.e., ≈1.0 × 1013 cm−2 
for potassium-doped MoS2 (ref. [16]) and 
≈2.8 × 1014 cm−2 for Nb-doped MoS2 (ref. 
[13]), which belong to degenerate doping and 
show near-metallic behaviors. In comparison, 
the much less doping concentration (from 
1.46 × 1011 to 4.0 × 1011 cm−2) makes the Mo1-

xWxSe2 doped nondegenerately. It means that 
isoelectronic doping with W in monolayer 
Mo1-xWxSe2 alloys effectively modulates the 
carrier type without changing the semicon-
ducting characteristic of the flakes.

The carrier type transition in monolayer 
MoSe2 and Mo1-xWxSe2 was further investi-
gated by studying the electronic structures 
using scanning tunneling microscopy and 
spectroscopy (STM/S) and µ-XPS. The MoSe2 
and Mo1-xWxSe2 monolayers for the STM/S 
measurements were directly grown on highly 
ordered pyrolytic graphite (Figure S6, Sup-
porting Information). Figure 4a,b shows 
STM images of monolayer Mo0.82W0.18Se2 
under negative (−1 V) and positive (1 V) 
bias voltages, respectively. Interestingly, 
bias-dependent features are observed on the 
flakes, which appear as bright spots with 

diameters of ≈2 nm under −1 V and become 
dark spots under 1 V, as indicated by solid 
white arrows in Figure 4a,b. These features 
are not observed on monolayer MoSe2, which 
is generally “clean” under different bias con-
ditions (Figure S7, Supporting Information). 
These spots are thus likely related to the W 
doping. Figure 4c,d shows high-magnifi-
cation STM images (under −1 V) of mono-
layer Mo0.82W0.18Se2, featuring the atomic 
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Table 1. Electrical properties of the FET devices made on monolayer MoSe2 and Mo1-xWxSe2.

µe 
[cm2 V−1 s−1]

µh 
[cm2 V−1 s−1]

ne 
[cm−2]

nh 
[cm−2]

nVth 
[V]

pVth 
[V]a)

MoSe2 1.46 – 3.94 × 1011 – 18 –

Mo0.98W0.02Se2 0.1 0.16 6.78 × 1010 1.46 × 1011 30 −47.67

Mo0.93W0.07Se2 – 1.54 – 4.1 × 1011 – −18.33

Mo0.82W0.18Se2 – 1.60 – 4.0 × 1011 – −12.0

a)µe: FET electron mobility, µh: FET hole mobility, ne: electron doping concentration, nh: hole doping concen-
tration, nVth: n-type conduction threshold voltage, pVth: p-type conduction threshold voltage.

Figure 4. a,b) Low magnification STM images obtained from Mo0.82W0.18Se2 with a) V = −1 V, 
I = 50 pA and b) V = 1 V, I = 50 pA. The solid white arrows indicate bias-dependent features.  
c,d) High magnification STM images obtained from Mo0.82W0.18Se2 with V = −1 V, I = 50 pA. 
e) STS dI/dV−V spectra obtained from monolayer MoSe2 (solid green curve), and the “Mo-rich” 
region (solid blue curve) and the “W-rich” region (solid red curve) in monolayer Mo0.82W0.18Se2. 
The dI/dV is plotted in both linear (up) and logarithmic scale (down). f) XPS spectra showing 
the VBM of MoSe2 (green squares) and Mo0.82W0.18Se2 (red dots). The spectra were obtained 
using synchrotron micro-X-ray from flakes shown in Figure S2 (Supporting Information).
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by the dashed black circle in Figure 4c) with lower contrast 
compared to the ones in Figure 4a. Both regions show similar 
hexagonal lattice of monolayer MoSe2 and Mo1-xWxSe2, which 
confirms that the bright region retains the lattice integrity of 
monolayer crystals. The atoms appearing bright under −1 V are 
W atoms (as indicated by the black arrow in Figure 4d) because 
the local density of states near the VBM is localized at W sites, 
and instead at Mo sites near the conduction band minimum 
(CBM) as indicated by theoretical calculation.[25,30,38] It is shown 
in Figure 4c that the density of W atoms in the “clean” region is 
lower than that in the bright spot. By relating to the ADF-STEM 
results (Figure 1g), the bright spots shown in STM images 
(under −1 V) are actually the “W-rich” regions. Therefore, we 
denote the bias-dependent spots shown in Figure 4a,b as 
“W-rich” regions and the “clean” region as the “Mo-rich” region. 
It should be noted that the variation in contrast between the 
“W-rich” region as shown in Figure 4a,c is likely to result from 
the difference in the number of W atoms and their arrange-
ments in these regions.

To examine the electronic structures, STS dI/dV−V spectra 
were acquired from the monolayer MoSe2, as well as from the 
“W-rich” and “Mo-rich” regions in monolayer Mo0.82W0.18Se2, 
as shown by the solid green, blue, and red curves, respectively, 
in Figure 4e. The bandgap of monolayer MoSe2 is estimated 
to be ≈1.85 eV (Figure 4e, green curve), similar to the STS 
results reported previously.[40] The difference between the elec-
tronic bandgap measured from STS and the optical bandgap 
measured from PL is indicative of the strong exciton binding 
energy of 0.32 eV. The dI/dV−V spectrum from the “Mo-rich” 
region in the Mo0.82W0.18Se2 (Figure 4e, blue curve) is similar 
to that from the MoSe2. However, in the “W-rich” regions, the 
K point of the VBM shifts toward the Fermi level for ≈0.36 eV 
compared with the “Mo-rich” region, although the locations 
of CBM are close to each other (Figure 4e, lower row). It 
can also be seen that the dI/dV value of the “W-rich” regions 
is higher than that of the “Mo-rich” region at −1 V bias, but 
becomes lower at +1 V bias, which is in agreement with the 
STM images in Figure 4a,b. Previous DFT calculations[38] 
showed that the CBM states are strongly localized around the 
dz

2 orbitals of the Mo atoms in Mo1-xWxSe2, whereas the VBM 
is more uniformly contributed by the dxy and dx

2
-y

2 orbitals of 
both Mo and W atoms. As a result, a small amount of W incor-
porated into MoSe2 does not affect the CBM of alloys, but the 
VBM energy varies with the W composition due to the in-plane 
orbital coupling, which delocalizes the wavefunction. There-
fore, substitution of Mo with W in MoSe2 will reduce electron 
attraction strength of Mo due to the smaller electron affinity of 
Mo (0.7473 eV) than that of W (0.8163 eV), and shift the VBM 
to the Fermi level.

In order to further verify the contribution of the localized 
and randomly distributed “W-rich” regions to electronic struc-
ture of the monolayer Mo1-xWxSe2 at the macroscopic scale, 
XPS spectra were also measured. The VBM of monolayer 
MoSe2 and Mo0.82W0.18Se2, obtained by extrapolation of the 
linear region in the XPS spectra shown in Figure 4f, is located 
at ≈1.1 and ≈0.9 eV below the Fermi level, respectively. The fact 
that Mo0.82W0.18Se2 shows a VBM closer to the Fermi level (by 

≈0.2 eV) indicates that the Mo0.82W0.18Se2 is more favorable for 
p-type doping. Therefore, the XPS results are in good agree-
ment with the STS observations that imply that the VBM shift 
toward the Fermi level upon W substitution resulting in p-type 
doping in monolayer Mo1-xWxSe2.

With both n-type MoSe2 and p-type Mo1-xWxSe2, we 
explored the fabrication and properties of an atomically thin 
p−n homojunction. Note that this junction should be consid-
ered as a homojunction due to the fact that the band structure 
of monolayer Mo1-xWxSe2 with 0<x<0.18 is very similar to that 
of monolayer MoSe2 (Figure 2b).[13,30] The diode characteristics 
expected for such a homojunction interface, due to the similar 
band structures, should result in fewer carrier trap sites than 
encountered for heterojunctions, leading to more efficient 
current rectification and photovoltaic response.[13] Monolayer 
MoSe2 flakes were transferred from the substrate and stacked 
on monolayer Mo1-xWxSe2 flakes (see the Supporting Informa-
tion for detailed description). As shown in Figure 5a (MoSe2 
on Mo0.82W0.18Se2), the overlapping region of the two flakes 
formed a junction. The n-type behavior of the MoSe2 and 
p-type behavior of the Mo0.82W0.18Se2 in Figure 5a were verified 
by the transport curves shown in Figure 5b, indicating that the 
transfer and stacking process did not affect the individual elec-
trical properties of each flake. The electrical properties of the 
junction area were measured using electrodes 2 and 3 as indi-
cated in Figure 5a. The output curve at zero back-gate voltage 
shows an ideal current rectification behavior, with current 
only being able to pass through the device when the p-type 
Mo0.82W0.18Se2 was forward-biased (Figure 5c). Since the indi-
vidual flakes show very symmetrical output curves with respect 
to 0 Vds (inset in Figure 5b), it was confirmed that the recti-
fying behavior originated from the p−n junction formed by the 
stacked monolayers of MoSe2 on Mo0.82W0.18Se2. The much 
decreased source-drain current in the junction could be due to 
the bubbles or wrinkles formed between layers during the wet 
transfer process.[41] However, despite the bubbles or wrinkles, 
the two stacked layers are well coupled as proven by low-fre-
quency Raman spectra,[41] which leads to a p−n junction in the 
stacked monolayers. The characteristic of the p−n junction was 
also gate-tunable. The output current of the junction increased 
with increasing positive back-gate voltage (Figure 5d), and the 
transfer characteristic of the junction (inset in Figure 5d) was 
very similar to that measured for the n-type MoSe2 (Figure 5b), 
indicating that the n-type MoSe2 dominates the charge trans-
port across the p−n junction. According to the above experi-
mental data, since the source-drain current in monolayer 
p-type Mo0.82W0.18Se2 is much higher (at about an order of 
magnitude) than that in monolayer n-type MoSe2 at zero 
back-gate voltage (Figure 3) and the electron doping concen-
tration in MoSe2 is slightly lower than the hole doping in 
Mo0.82W0.18Se2 according to the above experimental data, the 
charge transport across the p−n junction is dominated by the 
lower-doped component.[42]

In summary, a low-pressure CVD method was used to form 
uniform monolayer crystals of MoSe2 and the isoelectronic sub-
stitutional alloy Mo1-xWxSe2. Isoelectronic substitution resulted 
in highly uniform monolayer Mo1-xWxSe2 alloys displaying 
greatly enhanced PL intensity without significant changes in 
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the optical bandgap. For the first time, carrier type modulation 
was demonstrated in 2D TMDs as n-type monolayer MoSe2 
was converted to nondegenerate p-type monolayer Mo1-xWxSe2. 
Although the alloys are mesoscopically uniform in composition, 
“W-rich” and “Mo-rich” regions on atomic scale are observed, 
which could possibly be formed due to composition modula-
tion or perturbation during the growth. The p-type conduction 
in monolayer Mo1-xWxSe2 appears to originate from the upshift 
of the VBM toward the Fermi level at highly localized “W-rich” 
regions in the lattice. Atomically thin, vertically stacked p−n 
homojunctions fabricated by stacking the Mo1-xWxSe2 and 
MoSe2 monolayers displayed excellent current rectification 
and gate-tunable characteristics, indicating that isoelectronic 
alloying is a promising pathway to tune the electrical proper-
ties of 2D TMDs. The adjustable bottom-up synthesis of iso-
electronically substituted uniform alloys demonstrated here 
appears highly promising as a method to not only enrich the 
variety of n- and p-type building blocks for 2D electronic and 
optoelectronic systems, but also to tunably modulate a variety 
of physical and chemical properties in layered and stacked 
systems.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure 5. a) Optical micrograph of a monolayer MoSe2 (upper flake) transferred and stacked onto a monolayer Mo0.82W0.18Se2 (lower flake). The 
overlapping region of the two flakes forms a homojunction. Electrodes were deposited on both flakes (1 and 2 for MoSe2, 3 and 4 for Mo0.82W0.18Se2). 
The electrical properties of the junction were measured using electrode 2 and 3. b) Transfer (Ids−Vbg) curves (at Vds = 2 V) of the monolayer MoSe2 and 
Mo0.82W0.18Se2 in (a). Inset is the output (Ids−Vds) curves of the monolayer MoSe2 on a logarithmic scale. c) Output curve (at Vbg = 0) of the junction. 
Inset is the same curve on a logarithmic scale. d) Output curves of the junction at different back-gate voltages. Inset is the transfer curve (at Vds = 2 V) 
of the junction.
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