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To date, t sional (2D) semiconducting transitional metal dichalcogenides (TMDs) and TMD-

based hetsd res have gained increasing attention as an emerging class of new materials due

to their unj cts and new functionalities in optical, electrical, and chemical properties.™ The

N

design ion of 2D semiconductor heterostructures stand as a major strategy for the

[

development of various kinds of devices that range from electronics,' photovoltaics,™

[4,5]

t

Sensors,

[6,7] [8]

U

spintronics memories™ with the intriguing possibility of increased performance. For

example 0S,/WS,) heterostructures exhibit ultrafast charge transfer due to the close

A

proximity o o hetero-layers and the collective motion of excitons at the interface, which
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enables novel 2D devices for optoelectronics and light harvesting.” In the TMD/graphene
heterostructures, such hybrid systems exhibit obvious rectification and ambipolar properties with a
high fieM—oﬁ ratio of > 10° due to the strong interlayer coupling and large band offset
between t uggesting their great potentials for future novel optoelectronic devices.™
Addition-allm/graphene heterostructures also demonstrate excellent chemical sensing

capability ang stability, which provide an essential sensing platform for wearable electronics.®

Despite the progress made so far, there are still issues remaining for the controlled fabrication of
TMD-base egfstructures. Typical TMD-based heterostructures include 2D/2D vertically stacked

and laterally overlapped heterostructures.™ Mechanical exfoliation [or chemical vapor deposition

(cvD)] in jgaetion with physical transfer is a popular method for obtaining vertical
heterostru ing to the better quality and performance. However, multistep exfoliation (or
CVD growth) ransfer are required; and these processes carry a serious risk of introducing

chemic iaation, poor coupling, and poor reproducibility. Although a hot pick-up technique
has been rece eveloped that enables the rapid batch fabrication of van der Waals (vdW) vertical
heterostructure stacks with close to a 100% yield,™ the smaller effective areas of stacked layers

make it difSuIt to fabricate devices and limit real applications of the technique. The direct one-step

(or two—steOnethods popularly used for growth of 2D/2D lateral heterostructures,™ although

scalable an ively simple, encounter similar disadvantages as compared to 2D/2D vertical

heterostru!ure fabrication, i.e., smaller domain sizes and complicated processes for device

fabricati

All the above @iscussions are limited to all-2D heterostructures. Recently, more complex TMD-
based 2D/t ensional (3D) semiconductor heterostructures as one kind of mixed-dimensional
vdW hetero es™ have also been explored for potential use in hybrid 2D/3D novel electronic
This article is protected by copyright. All rights reserved.

3



WILEY-VCH

and optoelectronic devices.>*”! A recent example is a 2D/3D p-n junction based on 2D bilayer n-
MoS, and 3D p-Ge, which presents a unique opportunity to realize highly doped p-n junction and
resonanﬂ devices for logic applications.“sl In addition, 2D/3D MoS,/Si heterostructures
have been d for device application such as photodetectors and solar cells.™?% More
recently’ ZEterostructures based on epitaxially grown MoS, on GaN substrates have been

reported, wEich:resent a promising platform for the design of energy-efficient, high-speed, high-

power ver ices incorporating 2D-layered materials with 3D semiconductors.™ However,

MoS, monmverage is low (only 50% with sheet sizes of only ~ 1 pum).™ Thus, developing

robust m:or direct (without physical transfer) and large-scale growth of 2D/3D
i

heterostru th unique optical and electrical features is an immediate prerequisite. To the

best of ourgnowledge, little has been reported on the direct growth of 2D/3D semiconductor/metal

heterostru addition, associated structural, electrical, and optical study is expected to offer
qV]

a compreh proach to fundamental research and practical applications of these novel 2D/3D

heterostruE
In this article, for the first time, we report on the controllable synthesis of large-area and

continuouiD/SD semiconductor/metal heterostructures consisting of monolayer MoS, and a bulk
MoO, via p, vapor-transport-assisted rapid thermal processing (VTA-RTP). We then
systematica ied the thermal evolution of electrical and optical properties of as-synthesized
2D/3D Mo0$§,-MoO, heterostructures in comparison with those of as-grown monolayer MoS,. The
temperaMdent electrical transport measurements revealed that the 2D/3D MoS,-MoO,

heterostructure wn on SiO,/Si substrates exhibits metallic phase, while this heterostructure
becomes a low-resistance semiconductor when it is grown on fused silica, which is attributed to the
differer<f sulfurization on different substrates which has been confirmed by surface

This article is protected by copyright. All rights reserved.
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potential analyses. Photoluminescence (PL) measurements demonstrated that the MoS,-MoO,
heterostructures grown exhibit the simultaneous presence of both negative trions (A) and neutral
excitonsH, while only neutral excitons are observed in the monolayer MoS,. The trion-
binding en rmined to be ~ 27 meV; and it still exists at high temperatures, indicating
significa-nt Wsauyat room temperature. The activation energies extracted from the temperature
dependenceof Al exciton intensity are ~ 80 meV for monolayer MoS, and ~ 40 meV for the MoS,-
MoO, hete re. This result is consistent with the values obtained from the electrical transport
measuremm work not only provides a new platform for understanding the intriguing physics
in TMD-b rostructures but also enables the design of more complicated devices with

potential a ns in nanoelectronics and nanophotonics.

Controllaszis and characterization

We develm new VTA-RTP method for controllable growth of large-area MoS,-based
hetero res (MoS,-Mo0Q,) and MoS, thin films (from monolayer to a few layer) (Figure 1).
DiffereE:onventional CVD methods, VTA-RTP provides two obvious advantages: 1) time
savings due to faster heating/cooling rates (150 °C/min), and 2) the possibility of quick, nonthermal
equilibriunhg between various precursors for the generation of new low-dimensional
materials. @ ils of the processing conditions can be found in the experimental section. Here,
two kinds ates (SiO,/Si and fused silica) placed downstream with four different precursor-
substraﬁwere used for the controlled material growth (Figure 1a, Supporting Information,
Figure SMWenience of discussion, the as-synthesized products are labeled as (top, from left
to right) P1-SiO,/SI, P2-SiO,/Si, P3-Si0,/Si, and P4-SiO,; and (bottom, from left to right) P1-fused

silica, P2-f ca, P3-fused silica, and P4-fused silica (see Supporting Information, Figure S1b-i)].

Figure 1b an rounds in Figure S1b-i display optical images of the corresponding samples. We

This article is protected by copyright. All rights reserved.
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can see that all of the as-synthesized films show uniform color contrast, suggesting homogeneous

thickness and continuous films on a large scale.

S

It is in to find that, by varying the precursor-substrate distances and the substrate
types, the r and composition can be well controlled from a monolayer (P4-SiO,/Si) to
I

few-layer S, (P2-Si0,/Si and P3-Si0,/Si) and from pure MoS, to MoS,-based hybrids (P1-SiO,/Si

and P1-fu silica), as evidenced by Raman and PL spectra statistically taken in a large area from

5G

each sample (Figures 2a and 2b, Supporting Information, Figure S1 and Table S1). We noted that the
normalize ngghsities of the MoS,-based hybrids were exceeding 6 and 3.8, respectively, for P1-

Si0,/Si (Figure 2a,Wlack line) and P1-fused silica (Figure 2a, red line). The intensity is much stronger

b

than those layer or thin-film MoS, (Figure 2b, red line) samples, indicating that a direct

L

bandgap olayer exists in the MoS,-based hybrids.m] We also observed a red shift of PL

peak in the(P1 silica compared with that in the P1-SiO,/Si, which can be attributed to growth

d

substra ariations in the doping level in MoS,.?? The Raman spectra of MoS,-based

hybrids (ins ure 2a) showed that the frequency difference between the E;g mode and Alg

M

mode is ~ 20.6 cm™, further confirming the formation of the monolayer MoS, in these two hybrid

[

heterostru omparative Raman analyses in Figure 2c showed that the peak at ~ 365 cm™

observed ' set of Figure 2a, originated from MoQO,, reveals that 1) the MoO, is an

intermediate_product during sulfurization of MoOs;: S + MoO; = MoS, + Mo0O,, and 2)

hetero nsisting of monolayer MoS, and 3D MoO, were formed on P1-SiO,/Si (and P1-

{

fused si the surface-only sulfurization of MoO,: S + MoO, = MoS, + 0,. This result is

t,[23]

similar to the préVious repor where MoS, atomic layers can be produced by the surface

G

sulfurization » microplates.

A

This article is protected by copyright. All rights reserved.
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X-ray diffraction (XRD) measurements were used to study the phase of the samples (Figure 2d).
The XRD peaks for P1-SiO,/Si (red line) were mainly indexed to monoclinic MoO, in space group
P2./c with The lattice constants of a = 5.6 A, b = 4.85 A, and ¢ = 5.53 A.” No peaks of MoO; (blue
line) or otmum oxides were observed, indicating that MoQO3; was completely reduced into
the sing*e—@ooz in P1-Si0,/Si, which is consistent with Raman analyses. Unfortunately, no

obvious (10Q) and (110) diffraction peaks for the monolayer MoS, could be detected for P1-SiO,/Si
and P4-SiONSigs

hich could be attributed to their ultrathin layer thicknesses. X-ray photoelectron
spectroscoWwas utilized to further examine the chemical composition and bonding types of
the sampl 2e, Supporting Information, Figure S2). Both Mo and S were detected by survey
spectra an esolution scans of P1-SiO,/Si (Figure 2e). From the high-resolution scans of the
Mo3d spe&um, we can see three peaks at 225.5, 228.7, and 231.0 eV, corresponding to Mo**3d,
Mo*3ds/,, *3ds/,; meanwhile the S2p spectrum exhibited only the bonding energies for 5*.

These featufes he result of MoS, and MoO, formation in P1-SiO,/Si, consistent with the XRD and

To assess the continuity and uniformity of the as-synthesized films, we performed Raman and PL

mappings @f two typical samples, monolayer MoS, (P4-Si0,/Si) and MoS,-MoO, heterostructure (P1-

[

Si0,/Si) (s rting Information, Figure S3), demonstrating the excellent uniformity and high

0

crystallinity S, and MoS,-Mo0O, heterostructures grown on a large scale using VTA-RTP.

Scanning elgctron microscopy (SEM) and atomic force microscopy (AFM) were applied to investigate

q

the mo d structure of the as-synthesized MoS,-MoO, heterostructures and monolayer

{

MoS,. Figure 3a ISjthe SEM image of the MoS,-Mo0O, heterostructure, which reveals that this film is

U

composed of ra ly stacked micro-/nano-polycrystalline (MoO,) particles [with sharp edges and a

lateral proximately several hundred nanometers (see Supporting Information, Figure S4a)],

N

This article is protected by copyright. All rights reserved.

7



WILEY-VCH

forming a continuous 3D structure (Figure 3b). The uniform spatial distribution of Mo, S, and O
elements in the MoS,-Mo0O, heterostructure were identified using SEM/energy-dispersive X-ray
spectroMEDS) (Supporting information, Figure S4), further indicating that the MoS, film
was forme inuously distributed on the surfaces of 3D MoO,, forming the 2D/3D MoS,-
MoO, h-et(iWures. However, the exact one-step growth mechanism of such novel 2D/3D
heterostructuresgrequires further study. The AFM images in both Figures 3d and S5b show that the

thickness o S, film (P1-SiO,/Si) is ~ 1 nm, further confirming its monolayer characteristics.!*®

It is also V\an that the grain boundaries were observed in as-synthesized monolayer MoS,,
indicating is a polycrystalline film formed by grain-grain coalescence with a random
distributio tice orientations. Additionally, the typical grain size in the polycrystalline

monolayer§MoS, film is confirmed to be ~ 400 nm (see Supporting Information, Figure S5b).

2D/3D®vductor heterostructures (such as MoS,/Si™” and MoS,/GaN™) have been

recentl presenting an area of opportunity to extend the functionality of 3D

semiconducto re, the integration of 2D layered MoS, with 3D MoO,, forming a new 2D/3D
semiconductor/metal heterostructure, is expected to offer more interesting physical properties for
designing !ovel 2D/3D heterostructure-based devices. To demonstrate the potential, we

systematic tigated the electrical and optical properties of the as-synthesized 2D/3D MoS,-

O

MoO, heter ures in comparison with those of as-grown monolayer MoS,.

Sulfuri. d phase transition

th

Figure S6 ted [Ips-Vps characterization for (a) monolayer MoS, and MoS,-MoO,

U

heterostru rown on (b) SiO,/Si and (c) fused silica substrates, respectively. The curves of all

sample ar at room temperature and remain linear to low temperatures, indicating an Ohmic

A

This article is protected by copyright. All rights reserved.
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contact. We also noted that the source drain current Iy increases as the temperature increases for

the monolayer MoS, and MoS,-MoO, heterostructures grown on fused silica, while for MoS,-MoO,

t

P

heterostruCtu rown on SiO,/Si, Ips deceases as the temperature increases, reflecting the different
phases of heterostructures grown on different substrates, as will be discussed later in

this secgo

[

The eldetrical\properties of monolayer TMD and TMD-based heterostructures are profoundly

G

affected by vacuum/thermal annealing.”gm In this work, for monolayer MoS, (P4-SiO,/Si), after

S

several cy f¢#dcuum annealing, there was an obvious improvement in sheet resistance from ~

135t0~0.01G (see Supporting Information, Figure S7). Therefore, the measurements of the

LA

temperatuge-dependent electrical transport were conducted after several cycles of vacuum

fl

annealing s device has improved and more stable performance with thermal annealing than

c

that witho ealing process (Supporting Information, Figure S8).

Figure 4a the temperature dependence of the resistance of a monolayer MoS,. It exhibits

\

a typic cting behavior, with the resistance increasing to a large value as the temperature

decreases.gSimilar behavior was also observed in the thin film MoS, (see Supporting Information,

[

Figure S8b). e monolayer MoS,, the conductance, as a function of 1/7, showed a linear trend at

O

T>150 K ing Information, inset in Figure S8a), suggesting thermally activated conduction.

Using the Afrhenius-activation energy model, the conductance can be fitted by

th

G =G, SR=CE k,T)], @

U

where E

ol

ivation energy corresponding to thermal activation of charge carriers at the Fermi

energy conduction band, k; is the Boltzmann constant, and G, is a fitting parameter, from

A

This article is protected by copyright. All rights reserved.
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which we extracted the activation energies £ of ~ 95 and ~ 62 meV, respectively, for the

monolayer MoS, aid thin film MosS,.

We t m tigated the MoS,-Mo0O, heterostructures grown on SiO,/Si and fused silica

substrates, which exhibited significantly different electrical transport properties (Figure 4b and 4c).
H '

For a Mo heterostructure grown on SiO,/Si, the resistance R(7T) showed a metallic

behavior, @the metallic characteristics of MoO, (Figure 4b).”®! The temperature dependence

of the resism be well fitted by the Bloch-Griineisen model which is commonly used in metallic
conductor devices,

GR n
T X

T, X

where R(Mresidual resistivity due to defect scattering; A is a constant that depends on the

velocit at the Fermi surface, the Debye radius, and the number density of electrons; 6,
is the Deb erature; and n is an integer that depends on the nature of the interaction. By
fitting the experimental data with the above formula, we obtained a resistivity R(0) of ~ 3.69 Q,

constant M%, a Debye temperature @, of ~ 709.3 K, and an n of 2, indicating electron-

electron i in the metallic phase. The MoS,-Mo0O, heterostructures grown on fused silica,
on the oth show behavior similar to the monolayer MoS,, exhibiting a low resistivity in the
semicoﬁse (Figure 4c). In addition, we found that neither the Arrhenius nor the Mott
variablemmng (VRH) model can individually describe the R(7") over a wide temperature
range.”' A nt fit to R(7') can be achieved by including both transport mechanisms,

G =G, E, | k,T)]+G,, exp[—(T, / T)"*],B” (3)

This article is protected by copyright. All rights reserved.
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where E_ and 7| represent the activation energy and the hopping energy, respectively; and G,
and G, ari the ?rresponding conductance coefficients, indicating that a dual model transport
mechanis working here. From the fitting, we extracted the activation energy £, of ~ 32
meV ang hoEEmﬁ energy T, of ~ 86 K. Both terms of Equation (3) are plotted in Figure 4c as pink

and blue d imes, respectively, to show the contributions of each term at different temperature

regimes. Ite clear’hat the VRH model dominates at low temperature, while R(T') starts to deviate
from the \mel at a temperature of ~ 60 K, suggesting that the thermal activation transport
mechanisﬁs progressively important at high temperatures.

As we know, 2D/3D MoS,-Mo0O, heterostructures grown on SiO,/Si and fused silica substrates
have the sge components and similar morphologies. The electrical behaviors of two MoS,-MoO,

heterostrumould be similar and dominated by the top layer MoS,, which was contrary to the
sure

actual mea nt. We conjectured that the different transport characteristics observed in two
MoS,-MoO, structures were probably due to the different degrees of sulfurization on
differe , corresponding to different work functions. To verify our assumption, we

performed‘elvin probe force microscope (KPFM), from which the work functions of MoS, and

functions ¢

Mo0O,-MoO rostructures could be estimated by surface potential measurements. The work
culated using the following equation:

¢sample T ’ (4)

where ¢

sample

Mand V., represent the work-functions of the sample, Pt-Ir tip, and the surface

potential, respectively. In the insets of Figure 4a-c, we show the KPFM images of (a) monolayer MoS,

and Mo ‘M& heterostructures grown on (b) SiO,/Si and (c) fused silica substrates, from which we

This article is protected by copyright. All rights reserved.
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obtained the average surface potentials V,, for each film: 140, -286, and -231 mV, respectively. In

this research, the ﬁ/ork—function of the Pt-Ir tip was ~ 5.4 eV. From the equation above, the work-

functions vded to be ~ 5.3, 5.7, and 5.6 eV, respectively, for monolayer MoS,, MoS,-MoO,
heterostru i®,/Si, and MoS,-MoO, heterostructure on fused silica. In addition, the work-
H I - -
function ofametallic MoO, was known to be ~ 6.5 eV, much higher than that of MoS,.2? Based on
this anaIyswn deduce that for the MoS,-MoO, heterostructure on SiO,/Si, which has a larger
work-function metallic behavior is attributed to a lower coverage of MoS, (or insufficient
sulfurizatimooz, while sufficient sulfurization in the MoS,-MoO, heterostructure on fused
silica with $work—function enables its semiconducting behavior. Thus, the ability to phase-

engineer 2D/3D MoS,-MoO, heterostructure through substrate, ranging from metallic to

semiconduGuld lead to unique electronic transport properties, and open up the possibility for

novel elecm/ices and architectures.

Therm of optical transitions

The te pendence of the optical transitions in MoS,-Mo0O, heterostructures has not been
explored in detail. However, this information is very essential to explore the potential applications of
2D/3D senhtor/metal heterostructures in valleytronics and spintronics. In this section, we

analyze a pare the exciton behaviors of MoS,-Mo0O, heterostructures and monolayer MoS,

using terependent PL spectroscopy.

Fing the color mappings of the PL spectra of (a) monolayer MoS, and (b) MoS,-

MoO, het re as a function of temperature. For monolayer MoS,, we clearly observed a

significant increasg,in the whole PL intensity when cooling from a high temperature (510 K) down to

re (77 K), which is in agreement with the previous reports of monolayer MoS, and

This article is protected by copyright. All rights reserved.
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MoSe,.3! A similar trend was also observed in the MoS,-MoO, heterostructure (Figure 5b). This

trend can be explained using exciton-photon coupling associated with a large fraction of the excitons

t

lying within the radiative cone at reduced temperature.®*

Figure 5C, e the PL spectra for (c) monolayer MoS, and (d) MoS,-MoO, heterostructure
||

measured &t 77 K, where the PL spectrum for monolayer MoS, can be fitted using a Gaussian model

with two ks afg the PL spectrum for the MoS,-MoO, heterostructure can be fitted with three

G

peaks, indicating their distinctly different emission features. We observed that the as-synthesized

5

MoS,-Mo tructure exhibited the simultaneous presence of neutral excitons (A° and B) and

strong negative tripns (A) (A° + e = A) (Figure 5d),[35] although the trion and A° exciton features

Ul

)_[36]

were not f Ived because of the relatively high temperature (77 K While only neutral

n

excitons ( were observed in monolayer MoS, (Figure 5c). The energy band diagrams of the

three excit@n tions are schematically shown in the inset of Figure 5b. The presence of A° and B

d

excitonsggi d to spin-orbit-coupling-induced valence band splitting.[37] The trion observed in

the MoS,-Mo erostructure is considered due to the existence of a large number of electrons

provided by MoO,. Tersoff model suggested that, for semiconductor/metal heterostructures, the
metal ators can introduce gap states (metal-induced gap states) on the semiconductor side, which
will affect t al response of heterostructures. The energy splitting between A° (1.854 eV) and B
(2.008 eV) i meV in monolayer MoS,. For the MoS,-Mo0O, heterostructure, the energies of B,

A° and A Se 2.050, 1.918, and 1.889 eV, respectively. Therefore, the energy splitting between A°

and B isM The energy difference between trion (A) and A® is ~ 30 meV, very similar to that

of monolayer E!osz and MoS,, as previously reported.”*

We the red the temperature dependence of the extracted A° exciton PL intensity for

monolayer nd the MoS,-MoO, heterostructure, which showed differences (Supporting

This article is protected by copyright. All rights reserved.
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Information, Figure S9, insets in Figure 5c,d). For the MoS,-MoO, heterostructure, the A° exciton PL
intensity decreased significantly as the temperature increased. For monolayer MoS,, the A° exciton
PL intensit

first decreased as the temperature increased (from 77 K to 300 K) and then gradually

increased

pt

erature continued to increase (from 300 K to 510 K). Generally, the PL

. . . N
intensity of a semiconductor decreases as the temperature increases due to the thermal activation

1

of nonradiative ggcombination centers, which model applies well to both samples as the substrate

s

temperatu er than the room temperature. The fitting functions were plotted using red lines

in the inset§ offfiglire 5¢,d. The fitting functions used is

S

U

M= Y(E. k)]’

a

1

where E "1, kB represent the activation energy, A° exciton PL intensity at 0 K, and Boltzmann

d

constant, Iy.Bg] From the fits, we extracted the activation energies £  of ~ 82 and ~ 55

meV for er MoS, and the MoS,-MoO, heterostructure, respectively. A dramatic decrease in

activati ergy was observed in the MoS,-Mo0O, heterostructure, indicating that the excitons in

M

MoS,-MoO, heterostructures have a tendency to dissociate into free carriers as compared to the

MoS, mon

Or

From t tion of the extracted trion (A’) as a function of temperature (see Supporting

Informatiofl, Figure S9d), we noted that the A" trion intensity decreased rapidly at ~ 200 K,

h

meanwhilegthe k width of the A" trion increased as the temperature increased. Similar to the

{

observed ates in MoSe,,”! the decrease in A trion intensity can be attributed to the

U

thermal fl ons, where the trion is thermally excited to the neutral exciton state (A" > A°+ e).

Howev xciting to note that the trion still exists at a higher temperature (~330 K) though it

A
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becomes relatively weak as compared to A° exciton, indicating its significant stability at room
temperature. We also found that the /(A")/I(A°) intensity ratio can be effectively controlled, ranging
from Z.MVMying the temperature (Supporting Information, Figure S9g). This is attributed
both to t thermal fluctuation and the photoionization effect in the MoS,-MoO,
heterosﬁuEing a standard mass action model, we showed that the temperature dependence
of the I(A')/I{A°) dptensity ratio can be well fitted, demonstrating a similar but more stable excitonic
behavior a ed to that of other 2D semiconductors (such as MoSe,).®” This effect paves the

way to [poténtidlly realizing well-controlled excitonic interconnects and high-efficiency

valleytroni

US

The ef temperature on the exciton transition energy (or peak position) was also

1

investigate wn in Figure 5e, the energy positions of all exciton states red-shifted as the

temperatufe i sed due to increased electron-phonon interactions as well as slight changes in

d

[41]

the bo which was very similar to that observed in the conventional semiconductors.

We then used ndard semiconducting bandgap model to quantify the observed behavior. In this

model, the exciton energy is

h
E ()= Y/ - P (6)
| % -
where Eg bandgap value at 0 K, S is a parameter describing the strength of the electron-

n

phonon ceuplingmand % is the average phonon energy involving in the electron-phonon

{

interaction nd that this model fits the temperature dependence of neutral excitons and

U

negative tr . The extracted parameters are summarized in the Supporting Information, Table

S2. Fig plays the temperature dependence of the trion binding energy (estimated from the

A

This article is protected by copyright. All rights reserved.
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energy difference between A° and A’) and the excitonic splitting energy between A° and B. We can
see that the trion binding energy in the MoS,-MoO, heterostructure remain constant, ~ 27 meV,
over a herature range, indicating a strong Coulomb interaction of the carrier in the
semicondu eterostructures. Similarly, there is no clear temperature dependence of the
splitting-elsmween A° and B for both samples when the temperature is lower than 330 K.
However, the splitting energy was slightly reduced when the temperature was further increased
(from 153 5 meV for monolayer MoS,, and from 135 meV to 108 meV for the MoS,-MoO,
heterostruwmch could be attributed to the screening of the Coulomb interaction at higher
temperatu all, the observed large exciton binding energies in MoS,-MoO, would have a
significant t in the next-generation photonics applications based on 2D/3D

semicondu@tor/metal heterostructures.

In summmmve demonstrated, for the first time, controllable synthesis of 2D/3D

semico al heterostructures (MoS,-Mo0Q,) via a single-step, vapor-transport-assisted

rapid thermal ssing. As-synthesized 2D/3D heterostructures were composed of semiconducting
monolayer MoS, and metallic bulk MoO, and were continuous in a large scale, as confirmed by a
combinatic! of techniques including Raman, PL, XRD, XPS, and SEM. Temperature-dependent
electrical t and PL studies were carried out to explore their unique electrical and optical
characterist e electrical transport behavior of MoS,-Mo0O, heterostructures exhibits extreme
sensitivityg the degrees of sulfurization. We observed the simultaneous presence of neutral and

chargedMions) in the MoS,-Mo0O, heterostructures via PL spectroscopy, the ratio of which

can be effectwe!Sontrolled by varying the temperature. The trion binding energy is large (~ 27
meV) and remainsggonstant over a wide temperature range, indicating a strong Coulomb interaction
of carri<MoSz-MoOZ heterostructures. Our work demonstrated that 2D/3D MoS,-MoO,
This article is protected by copyright. All rights reserved.
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heterostructures can serve as a promising platform for studying novel physical properties in

semiconductor/metal heterostructures and open up a new avenue for creating 2D TMD-based

heterostru!u for electronic and optoelectronic devices.

Experimen
I

Controllabh? of monolayer MoS, and MoS,-MoO, heterostructures: The vapor-transport-
assisted rapid thegial processing (VTA-RTP) method was developed to realize controllable growth of
MoS, and mm heterostructures. The schematic of the VTA-RTP setup is shown in Figure 1a.
Sulfur (S) (99.998% trace metals basis, Sigma-Aldaich) and molybdenum oxide (MoQOj3) powders (ACS
reagent, ZEigma—Aldaich) were selected as S and Mo precursor sources, respectively. A
ceramics (@at containing S powder (~ 30 mg) was placed in the upstream, and the other

Al,O; boat containing MoO; powder (~ 200 mg) was placed into the center of the RTP tube. Two
m

kinds of s

(SiO,/Si and fused silica) placed in downstream with four different precursor-
substra ances (adjacent substrate distance: ~ 1 cm) were used for the controllable material
growth tube was first pumped down and maintained at ~ 1.05 Torr. Ar carrier gas with a

flow rate of 40 sccm was then introduced to the RTP tube. The temperature of the RTP tube was

increased fho 750 °C with a heating rate of 150 °C/min, kept unchanged at 750 °C for 10 min,

and then o room temperature. The samples were taken out for analyses without any

furtherr

Device fabgicationgand temperature-dependent electrical transport characterization: Devices were

fabricated msimg a standard photolithography and lift-off process. A Ti/Au (5/50 nm) thin film was
-b

deposited using e-beam evaporation to form the source and drain electrodes with a channel width

\

of 15 um. Electrical transport measurements were carried out using the Quantum Design Physical

y

This article is protected by copyright. All rights reserved.
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Property Measurement System’ (PPMS, Quantum Design, Inc., USA) between 20 and 350 K at a

vacuum pressure of ~ 5 Torr combined with a Keithley 2400 SourceMeter". First, the Ips-Vps curves at

different tg atures were measured. The temperature dependence of resistance measurement
was then t oling/heating rate of ~ 10 K/minin the linear I-V regime, where the resistance

. A
value is cur!en!—lnaependent.

Raman an méa@surements: Temperature-dependent Raman and PL spectroscopy was performed

G

in a micro-Ramapn system (Renishaw InVia plus, Renishaw, Gloucestershire, UK) in combination with

S

a commer nitrogen heating/cooling chamber (77800 K, THMS600, Linkam Scientific, UK).

The excitation soufice was an Ar’ laser with a wavelength of 514.5 nm and a tunable power ranging

b

from ~ = 10 uW. The spot size focused onto the sample was ~ 1.5 um. Raman and PL

N

spectra wel ed through a 50x long-focus objective lens with an accumulation time of 10 s.

d

AFM and he AFM and KPFM images were obtained using a Bruker Multimode 8 AFM
system. valuate and determine the thickness of the samples, an AFM tip (SCANASYST-AIR,

Bruker c., USA) was applied to probe the topography in the peak-force working mode. The

M

KPFM measurements were performed using a conductive tip (SCM-PIT, Bruker, USA) with a resonant

frequency h During the KPFM measurement, the lift height was 60 nm, and the AC bias was
05v. O
SEM and : e surface morphologies and dimensions of as-synthesized samples were studied

§

using a fi emission scanning electron microscope (FE-SEM, S4700, Hitachi, Japan). An energy

{

dispersive ectroscopy (EDS, Oxford Instruments) mapping was applied to analyze the

U

compositi ement distribution in MoS,-MoO, heterostructures.

A

This article is protected by copyright. All rights reserved.
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XRD: The phase and crystallinity of the samples were examined using a powder X-ray diffractometer

(Rigaku D/Max B diffractometer, Co Ka; A = 1.788 A).

{

XPS: The ¢ omposition and bonding types of the samples were studied using a home-built

2

XPS system. The XPS data were collected using a hemispherical analyzer (Scienta Omicron SES-50, VG
|

Scienta, Sv;/eden) with monochromatic X-rays generated by an aluminum K, anode. The base

pressure of the vacuum chamber was 5.4 x 10™° Torr during the measurements. The spectra were

(

calibrated against the C 1s signal from adventitious hydrocarbons.

US

Supportin tion

Supportingiinformation is available online from Wiley InterScience or from the author.
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b 2D/3D MoS,-MoO, Few-layer MoS, Monolayer MoS,
(P1) (P2, P3) (P4) )

Figure 1. Sructure controlled growth of large-area 2D/3D MoS,-MoO, heterostructures and MoS,

thin films via -RTP. a) Experimental setup of the VTA-RTP system. b) A schematic view (top) and

optical mi 5 (bottom) showing the structure evolution of growth products, from 2D/3D

MoS,-MoO, heterostructure to few-layer and then monolayer MoS,, by varying the precursor-

substrate Stance. Scale bars in (b): 40 um.
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Figure rum characterization. a,b) Representative PL and Raman (inset) spectra measured

from samples™§
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MoS,-MoO, heterostructure

heterostructure reii line) and monolayer MoS, (black line) on SiO,/Si substrates, in comparison with
the spectrd of pure MoO, (pink line) and MoO; (blue line). e) XPS survey spectrum and high-

resolution scans (ifiset) of Mo3d and S2p spectra of MoS,-MoO, heterostructure.

Figure 3. S al analyses. a,b) (a) Top and (b) cross-sectional SEM images of MoS,-MoO,

hetero grown on SiO,/Si. c,d) (c) AFM topography and (d) magnified view of monolayer

This article is protected by copyright. All rights reserved.
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MoS, grown on SiO,/Si. The inset in (d) shows the cross-sectional profile along the dashed green line.

Scale bars: 1 um for (a-c), 200 nm for (d).
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Figure 4. Temperature-dependent conduction characterization in vacuum. a-c) Resistance as a
function of temperature for (a) monolayer MoS, with a fit to Equation (1), (b) MoS,-MoO,

heterosWSiOz/Si with a fit to Equation (2), and (c) MoS,-Mo0O, heterostructure on fused
silica with guation (3). Insets in (a-c) show KPFM surface potential images for (a) monolayer
MoS,, (b) eterostructure on Si0,/Si, and (c) MoS,-MoO, heterostructure on fused silica.

Scale bams: @0mmmm for inset (a) and 1 um for insets (b and c).
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Figure 5. Temperature-dependent PL spectra. a,b) PL spectra of (a) monolayer MoS, and (b) MoS,-
MoO, heterostructure as functions of the temperature. Inset in (b) shows the schematic energy band
diagramMMoSz. c,d) Representative PL spectra of (c) monolayer MoS, and (d) MoS,-MoO,
heterostru easured at 77 K, where the black lines are experimental data, pink, blue, and
green Iines@vg curves for the peaks of A° excitation, B excitation, and A™ trion, respectively.
Insets imm(cpeljmshemw the corresponding temperature dependence of A° exciton PL intensity with a fit
to EquatioMPeak position of each exciton (neutral exciton A°, exciton B, and trion A) as a
function omture for monolayer MoS, (top) and MoS,-Mo0O, heterostructure (bottom) with a
(

fit to Equa f) Temperature dependence of the binding and splitting energy extracted from

© D

The large- D semiconductor/metal heterostructures of MoS,-MoO, were synthesized for
time i

the first a single-step, vapor-transport-assisted rapid thermal processing. The as-
synthesize 00, heterostructure exhibited tunable charge transport behaviors, ranging from

metallic to§semiconducting phases, and stable excitonic behaviors as compared to other 2D

semicondu ich opened up an avenue for creating novel TMD-based heterostructures for
electronic ahd lectronic devices.

Keyword. thermal processing, 2D/3D semiconductor/metal heterostructure, transition metal
dichalc , electrical transport, optical transition
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