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in electrochromic devices,[10–12] organic 
photovoltaic devices,[13,14] organic light 
emission diodes,[15,16] gas or chemical sen-
sors,[17] field effect transistors,[5] and nano-
photonic waveguides.[18] More recently, 
there has been interest in using MoO3 
to control the carrier concentration of 
other 2D materials such as molibdenum 
disulfide (MoS2) and tungsten disele-
nide (WSe2)[19] by the creation of surface 
dipoles.

For molybdenum oxide, each stoichi-
ometry has very different chemical, elec-
trical, and optical characteristics. αMoO3, 
one of many phases of molybdenum 
oxide, has very special electronic prop-
erties that make it of particular interest 
for electronic and optoelectronic devices. 
These include high electron mobility 
(≈1100 cm2 V −1 s −1),[5] a wide indirect 
bandgap (≈3.3  eV),[20] and high-relative 
dielectric constant (ε  >  200),[5] making 

it a good candidate to replace GaN in many applications. For 
high-voltage devices in particular, semiconductor materials are 
often characterized by Baliga’s figure of merit (BFOM);[21]

g
3µεE ,  

where μ is mobility in unit of cm2 V −1 s −1, ε is dielectric con-
stant in unitless, and Eg is bandgap energy in unit of eV. For 
αMoO3, BFOM can be as high as 363.7, compared to 24.6 for 
GaN and 1 for Si. Furthermore, the wide bandgap properties 
of αMoO3 make possible optoelectronic devices in the ultra-
violet by appropriate bandgap engineering. Adjusting oxygen 
and hydrogen intercalation allows bandgaps to be tuned in the 
range of 2.8–3.3eV.[20]

Although the crystal structure of αMoO3 has been known 
for decades, synthesis of αMoO3 through techniques such as 
atomic layer deposition,[22] rapid thermal process,[23] and oxida-
tion of molybdenum metal[24] have been largely unsuccessful 
because of poor control of growth conditions with a narrow 
band for stoichiometry, resulting in sparse αMoO3 crystal flakes 
entangled with alternate lattice planes. Consequently, device 
results to-date have been from exfoliated crystals of molybdite, 
a natural ore.[25]

Practical device fabrication requires the ability to synthesize 
highly uniform polycrystalline αMoO3 in a manner similar 
to the chemical synthesis of other 2D materials such as CVD 
growth of graphene,[26] MoS2,[27] and WS2.[28] Here, we report 
for the first time large-scale growth of layered polycrystalline 
αMoO3 using a thermal phase transition from amorphous 
MoO3 which leads to high-quality crystallization. The resulting 
orthorhombic crystal structure in these films is verified and 

Studies of two-dimensional (2D) oxide materials are not common, primarily 
because of the difficulty in obtaining crystal sizes large enough to fabricate 
devices structures from exfoliation of bulk crystals. Among the layered oxide 
materials, alpha molybdenum trioxide (αMoO3) is of particular interest 
because of its wide bandgap and high hole mobility. Here the growth of 
highly uniform, large-scale, ambipolar, few-layered αMoO3 that is appropriate 
for nanofabrication is reported. Crystal grain sizes on the order of 5 µm are 
observed across samples as large as 10 × 10 mm2 with hexagonal grain 
boundaries and surface roughness of less than 500 pm rms. Exact [010] 
crystal orientation, characteristic of the layered atomic structure αMoO3, 
is observed. The measured bandgap energy is ≈2.8 eV. Carrier mobilities 
in polycrystalline films are and 2.28 cm2 V−1 s−1 (hole) and 3.18 cm2 V−1 s−1 
(electron) at room temperature in air. Simple field-effect device structures are 
characterized by ambipolar carrier transport producing memristive device 
characteristics, which is attributed to a polarization field produced by the 
strong coupling between electron and phonons in these crystals.
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Memristor

2D layered materials, such as graphene and transition-metal 
dichacogenides (TMDs), have been of great research interest, 
and advances in large-area growth for many of these materials 
have enabled the fabrication of complex device structures.[1–4] 
Progress in other 2D materials, in particular oxide 2D mate-
rials, has been more difficult because of challenges in obtaining 
large-area monolayers with sufficiently large grain sizes.[5,6] 
Although there has been recent research on transition-metal-
oxide materials, including titanium dioxide (TiO2),[7,8] gallium 
oxide (Ga2O3),[9] and MoO3,

[5] transition-metal-oxide layered 
materials have been rarely reported. MoO3, in particular, has 
drawn particular interest because of potential applications 
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characterized by scanning tunneling microscopy (STM), X-ray 
diffraction (XRD), X-ray photoelectron spectroscopy (XPS), 
and Raman spectroscopy. Atomic force microscopy (AFM) and  
Kelvin probe force microscopy (KPFM) are used to analyze sur-
face properties, and Fourier-transform infrared (FT-IR) spectro
scopy is used to analyze optical properties in the resulting layers. 
The electrical transport properties of the few-layer αMoO3  
crystals are also studied through the fabrication of simple field-
effect transistors, demonstrating memristive characteristics of 
relevance to neuromorphic computing applications.[29]

The crystal structure of MoO3 has two phases, α and β. The 
β phase is metastable and has a monoclinic structure, while the 
α phase shows thermodynamic stability and an orthorhombic 
structure as shown in Figure S1a of the Supporting Informa-
tion (a  = 3.962 Å, b  = 13.855 Å, c  = Å, α = β = γ = 90°).[5] In 
addition, α-phase material has a layered structure (with a layer 
thickness of ≈13.855 Å) that is unique for this molybdenum 
oxide stoichiometry as shown in Figure S1b of the Supporting 
Information. Figure S1c of the Supporting Information shows 
the (010) plane of αMoO3, which defines the plane of the layers of  
the 2D crystal. Layered crystal growth is difficult to achieve 
of MoO3 and is rarely reported. Oxygen vacancies commonly 
occur because αMoO3 has corner connected or edge-shared 
MoO6 octahedra in the unit cell as shown in Figure S1a of the 
Supporting Information, differing from the simple structure 
of TMDs, which requires MX2, where M is a transition metal 
atom (e.g., Mo, W) and X is a chalcogen atom (S, Se, or Te). 
Growth is further complicated by the narrow phase diagram for 
αMoO3.[30]

In this work, we achieve single-crystal growth at high yield 
in a two-step process. First, thermal deposition below 80 °C is 
used to grow a large-scale planar-uniform layer of amorphous 
molybdenum oxide with no discernible crystal structure. Depo-
sition rates are kept below 0.01 nm s−1 to achieve dense films 
with a thickness range between 3 and 50 nm. Such thin films 
are required for efficient crystallization. As shown in Figure S2 
of the Supporting Information, these thermally deposited amor-
phous MoO3 films have a root-mean-square (rms) surface 
roughness of 0.3  and 0.6  nm rms for 3 nm and 50 nm thick 
layers, respectively. Following the deposition, these amorphous 
films are annealed in oxygen in a tube furnace to achieve crys-
tallization, as shown in Figure S3 of the Supporting Informa-
tion. Annealing times typically exceed 6 h (ramping up for 1 h, 
soaking for 5 h, and cooling naturally) at 350 °C in an O2 envi-
ronment. The oxygen environment (99.999% purity) is essen-
tial to compensate for oxygen vacancies that would otherwise 
form in crystal formation. Any other gas environments (such as 
N2 and Ar) result in inadequate crystal formation.

Figure 1a shows thermally deposited amorphous MoO3, pat-
terned amorphous MoO3, annealed MoO3, and bright/dark field 
microscopy images for 30- thick MoO3 films. Generally, crystal 
orientation, grain boundary, and phase can be determined 
with electron backscatter diffraction (EBSD); however, in this 
case, the resolution of the EBSD detectors is too low to dis-
tinguish individual grains, which are clearly evident dark-field 
microscopy images. Figure 1a shows the comparison between 
bright-field and dark-field microscopy in 3 nm thick and 50 nm 
thick oxygen-annealed MoO3, showing clear grain-boundary 
contrast in each dark-field image that is not easily observed in 

the corresponding bright-field image (Figure S4-1, Supporting 
Information). The surface morphology, thickness, crystal struc-
ture, and grain-boundary characteristics of these crystallized 
MoO3 films are shown in Figure  1b–d. Crystallized, thick, 
amorphous MoO3 (50 nm, Figure S4-1a,b, Supporting Informa-
tion) show much clearer grain boundaries than those observed 
in thin amorphous MoO3 (3  nm, Figure S4-1c,d, Supporting 
Information) when annealed under the same conditions. Sur-
face morphology, as shown in Figure  1b, is very smooth and 
flat with 0.5 nm rms surface roughness and hexagonal crys-
tals (Figure  1b; Figure S5, Supporting Information). Average 
grain size for films with thicknesses of 3 and 50 nm is 3.77 and 
3.45 µm, respectively (see Supporting Information). From AFM 
analysis of multilayered crystals (Figure  1c), the thickness of 
one monolayer is ≈1.34  nm (b  = 13.4 Å), matching well theo-
retically estimated values and measured XRD data (Figure 2a).

To confirm crystal structure, STM was performed on the 
3 nm thick recrystalized αMoO3 sample. Figure 1d shows the 
resulting STM image, revealing clear atomic lattices (a = 4.9 Å, 
c  = 4.6 Å, as shown in Figure S9-2, Supporting Information) 
across the observed area (3.63 nm × 3.63 nm). Comparing with 
MoO2 (a = 5.610, b = 4.843, c = 5.526, α = γ = 90°, β = 119.62°),[30] 
these lattice constants are larger than theoretically estimated 
values[5] (a = 3.962 Å, c = 3.699 Å) for αMoO3. This would be the 
result of strain induced by lattice mismatch with the substrate 
or strain due to additional atoms in the lattice, such as adsorp-
tion of hydrogen atoms to the oxygen atoms.[31] It is difficult to 
confirm the latter in the XPS analysis described below because 
the presence of interstitial hydrogen in the lattice will have little 
effect on the measured bond peaks. This distortion of the lat-
tice constants also affects the bandgap. From STM (Figure S9, 
Supporting Information), we find a bandgap of ≈2.8 eV, which 
is within the theoretically estimated range[31] and confirms the 
wide-bandgap nature of αMoO3 monolayer films.

XRD measurement allows for the macroscopic conforma-
tional determination of lattice constants in the single-crystal 
films. Figure  2a shows the results of XRD analysis, which 
confirm the [010] orientation of the layered crystalline planes 
for both the 3 and 50 nm samples. The diffraction peaks in 2θ 
happen at exactly 12.8°, 25.8°, 39° excluding Si peaks at 33.22°, 
61.92° (see Figure S6, Supporting Information). These peak 
positions nearly exactly match the [020], [040], and [060] direc-
tion in the orthorhombic crystal structure of αMoO3 (ICDD 
card no. 35–0609, JCPDS reference card no. 5–0508). Intensity 
and broadening of the peaks in the XRD traces is affected by 
thickness variation in the films. The 3 nm thick αMoO3 films 
showed smaller peak values in the same location as those 
observed on the 50 nm thick films, as shown the inset graph 
of Figure  2a. From this XRD measurement, lattice constants 
(a, b, c) can be extracted as a  = 3.9 Å, b  = 13.8 Å, c  = 3.9 Å. 
Because of the size of the X-ray beam (an ≈6.35 mm slit is 
employed), the lattice constants derived from XRD represent 
average values unlike the result from STM measurement.

The crystal stoichiometry was also analyzed by XPS, con-
firming that the samples have a Mo:O ratio of 1:3. As shown 
in Figure  2b, Mo3/23d and Mo5/22d binding energies are 
measured to be 233 ± 0.3 eV and 236 ± 0.3 eV, respectively, 
further confirming the crystal stoichiometry (see Supporting 
Information). These doublets are unique to the spin–orbital 
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coupling in MoO3 (as distinct from what would be observed 
in MoO2, ≈229  eV for Mo3/23d and ≈232  eV for Mo5/22d), 
confirming the 1:3 ratio of Mo and O.[32,33] Figure  2c shows 
the observed Raman spectrum for our αMoO3 films, demon-
strating well-defined chemical bonding of αMoO3, consistent 
with previous studies.[34] A micro-Raman map of the surface 
was formed from measurements in a 13  ×  9  pixel array with  
5 µm2 area per pixel (see Supporting Information). Raman 
spectroscopy of αMoO3 (symbols in Figure  2c are explained 
in Table S1, Supporting Information) reflects MoO and 
MoO bonds in the crystal, which have bending and stretching 
modes.[5,33] The major peaks shown in Table S1 (Supporting 
Information) and Figure 2c, caused by oxygen vacancies, are a 
measure of the achieved crystalline uniformity (Figure S7, Sup-
porting Information),[5,33]

Defect bands in the samples were analyzed by FT-IR spectros-
copy (Figure  2d). The peak positions and peak bandwidths in 
the IR spectra are influenced by crystal grain size, morphology, 
and defects.[35] For wavenumbers less than 1020 cm−1, atomic 
bonding structure determines the IR spectrum, and there is 
a one-to-one relationship between peaks found in the Raman 
spectrum with the minima found in the IR spectrum. The IR 
transmission of our sample shows one trench at 1160.7 cm−1 
with a continuously increasing transmission at high wavenum-
bers. This is indicative of a defect band with the bandgap of 
αMoO3 located ≈0.14 eV below the conduction band edge, due 
to the polycrystalline nature of the sample.

We independently measured the work function of our 
αMoO3 films using KPFM (Figure S11, Supporting Infor-
mation) and find this to be ≈5.1  eV in air, consistent with an 

Adv. Mater. Interfaces 2018, 1801591

Figure 1.  Microscope, AFM, and STM images of 3 nm thick αMoO3. a) Thermally deposited amorphous MoO3, bright field and dark field images of 
annealed MoO3 from the left. Top row images are for films ≈50 nm thick and the bottom row images are for films ≈3 nm thick. b) AFM images of 3 nm 
thick αMoO3 annealed in 350 °C with O2 environment. The measured surface roughness of 3 nm thick αMoO3 was 500 pm rms. c) Layered αMoO3 
measured in AFM shows b = 13.4 Å. d) STM image of 3 nm thick αMoO3 shows a = 4.9 Å, c = 4.6 Å in the lattice structure. At this thickness, the films 
are approximately three layers thick.
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electron affinity of 6.7  eV, measured by ultraviolet photoemis-
sion spectroscopy and inverse photoemission spectroscopy in 
ultrahigh vacuum.[36] These work functions make Ohmic con-
tacts challenging due to high Schottky barrier heights. The sur-
face potentials of transition metal oxides also significantly affect 
the ability to create good Ohmic contacts.

Despite these contact challenges, Figure 3a shows fabricated 
field-effect device structures. Few-layered αMoO3 material 
(≈4.3 nm) is used as a channel layer between source and drain 
electrodes, which corresponds to approximately three layers. 
The substrate is a highly p-doped, (100)-oriented silicon wafer 
with a thermally grown layer of SiO2 (900  nm) which func-
tions as a backgate. We make source and drain contacts with 
deposition of Cr/Pd/Au (1 nm/30 nm/50 nm) on the surface of 
the αMoO3 film. Cr in this case is used as an adhesion layer[37] 
We estimate the contact resistance of the 1-µm-by-1-µm con-
tacts in these devices to be ≈4.6 kΩ as shown in Figure S13b 
(see Supporting Information), which scales inversely with 
device width. Figure 3b,c shows representative current–voltage 
characteristics for these devices. αMoO3 is generally considered 

to be a p-type material. However, our device clearly shows ambi-
polar behavior in Figure 3b, characteristic of ab initio intrinsic 
doping with p-type characteristics at negative gate bias and 
n-type characteristics at positive gate bias. At the charge neu-
trality point in the curves of Figure 3b, we estimate the carrier 
concentration to be ≈7.6 × 1010 cm−2.

Amorphous MoO3 is found to have a field effect mobility 
of only μeff  = 1.4 × 10−5 cm2 V−1 s−1 (Figure S12, Supporting 
Information). Crystalized αMoO3, however, is expected to have 
a bandgap between 2.8 and 3.3  eV and a mobility as high as 

μeff  = 1100 cm2 V−1 s−1.[5] Field-effect mobility in our devices 

can be calculated from 
d
d

eff
gate ds

d

gs

µ = L

C WV

I

V
, where d

d
d

gs

I
V

 is 

the transconductance, Id is the drain current, Vgs is the gate-
to-source voltage, W is channel width, L is channel length, 
and Cgate is the gate capacitance. Our devices are formed in 
4.3 nm films with approximately three layers, W = L = 7 µm, 
and Cgate  = 1.88 × 10−15F. As shown in Figure  3b, current–
voltage (I–V) characteristics determine a field-effect mobility 
of μeff  = 3.18 cm2 V−1 s−1 for holes (at Vsd  = 0.1  V) and 
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Figure 2.  Crystal stoichiometry measured by a) XRD, b) XPS, c) Raman spectroscopy, and d) FT-IR spectroscopy for αMoO3 films with thickness of 
3 and 50 nm annealed at 350 °C in an O2 environment. (a) XRD spectra depicts strong peaks in 13, 26, 38, corresponding [020], [040], [060], respectively. 
Inset graph shows diffraction pattern of 3 nm thick αMoO3. In the same positions with 50 nm thick αMoO3, [020], [040], and [060] peaks happened 
weak relatively because film thickness is thinner than 50 nm thick αMoO3. b) The ratio of molybdenum and oxygen can be determined in XPS spectra. 
(c) Raman spectrum in 3 nm thick αMoO3. Raman spectrum shows various bonding structure of αMoO3. The symbols in (c) are explained in Table S1  
(Supporting Information). (d) FT-IR spectra of 3 nm thick αMoO3.
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μeff  = 2.28 cm2 V−1 s−1 for electrons (at Vds  = 0.1  V). Electron 
mobility is lower than previously reported values for single-
crystal films because of the polycrystalline nature of our sam-
ples combined with the fact that the size of our devices exceeds 
our achieved grain size. The on/off ratio and subthreshold 
swing also vary with the biasing conditions and charge carrier 
type. The on/off ratio is ≈102 while the subthreshold swing is 
≈80 mV per decade for holes (at Vsd = 0.1 V) and ≈68 mV per 
decade for electrons (at Vds  = 0.1  V) (Figure  3b). For drain-to-
source voltage magnitudes from 0 to ≈200  mV, the drain cur-
rent (Id), as shown in Figure  3c,d, shows the characteristics 
of thermionic transport due to the Schottky barrier contact at 
the source and the drain, which has a barrier height of ≈0.1 eV 
(consistent with the work function difference) and which varies 
with gate bias. As shown in Figure 3b, increasing Vds shifts the 
threshold voltage in the positive direction, resulting in memris-
tive behavior.

Further characterization of this memristive behavior, along 
with associated gate hysteresis, is shown in Figure  4a,b. Both 
phenomena are associated with charge-trapping by oxygen 
vacancies in αMoO3. In Figure 4a, gate hysteresis is observed 
with threshold voltage shifts as large as 5  V. The memristive 

characteristics shown in Figure 4b are very similar to properties 
reported for TiO2 and MoS2 memristors.[8,38] Figure  4b shows 
that the forward sweep of Vds shows higher resistance and lower 
drain current than the backward sweep in the log–linear plot of 
Id as a function of Vds. The inset in Figure 4b provides a magni-
fied scale for Id as a function of Vds for Vds between 8 and 10 V 
and shows that the device has a transconductance that is typi-
cally less than 10 μS µm−1. Figure 4c,d shows the low-resistance 
and high-resistance states (LRS and HRS) at Vgs = 0 V in detail. 
The HRS switches to the LRS depending on the sweeping order 
and direction. The HRS corresponds to a resistance of ≈106 Ω 
at 10 V with the LRS state about an order of magnitude lower.

Unlike the memristive properties in TiO2 and MoS2, which 
depend on filamentary conductance paths, this memristive 
behavior can be attributed to polaronic scattering between ionic 
defects, produced by oxygen vacancies, and electrons, which 
are captured in the local potential of these ionic defects on the 
forward sweep. Production of polarons reduces the number of 
conducting holes in the valence band. This is matched with 
the shift of threshold voltages observed in Figure  4a, indi-
cating the accumulation of holes in the channel. On the sub-
sequent reverse sweep, holes can easily move with the help of 

Adv. Mater. Interfaces 2018, 1801591

Figure 3.  Electronic properties of 3 nm thick αMoO3 annealed at 350 °C in an O2 environment. a) Device structures. Inset: AFM measurement 
showing the channel thickness to be ≈4.3 nm. b) Id as function of Vgs for three different values of Vds, showing distinct ambipolar characteristics. The 
threshold voltage shifts from 1.6 to 13.6 V as Vds is increased to 1 V. c) P-type behavior. Vds swept uniformly in the direction from 0 to −10 V as Vgs is 
stepped from 0 to −20 V through the back gate. d) N-type behavior. Vds is swept uniformly in the direction from 0 to 10 V as Vgs is stepped from 0 to 
20 V through the back gate.
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these polarons, which locally increase the electric field, leading 
to larger electron current levels.[39,40] These effects are imme-
diately manifest in a differential in hole concentrations in the 
forward and backward sweeps as shown in Figure  4a, which 
shows a carrier concentration which is 3.71 × 109 cm−2 higher 
on the backward sweep.

High-voltage device characteristics of a device with a 30 nm 
SiO2 gate dielectric and W = L = 7 µm are shown in Figure S14 of 
the Supporting Information with Vds up to 60 V and gate biases 
chosen to produce n-type operation. This dielectric thickness is 
chosen only because it allows optical contrast to identify MoO3 
layers during fabrication. At a Vgs of 20 V, the triode region Ron is 
≈1 MΩ (n-type operation), limited significantly by contact resist-
ance. Device breakdown occurs at Vds greater than 80 V due to 
thermal damage to the gate dielectric. Despite the wide bandgap 
of MoO3, improved contact resistance and gate dielectrics will be 
required to achieve competitive power devices from this material.

In summary, large-scale, uniform, few-layer αMoO3 films 
were synthesized by recrystallization of amorphous MoO3 
film under carefully controlled phase-transition conditions. 
Ultrapure oxygen gas during the thermal phase transition 
prevents oxygen vacancies and helps deliver crystal sizes 

in excess of 3  µm. The electrical properties of this material 
show ambipolar carrier transport and memristive behavior 
that can be explained by polaronic effect in the αMoO3 lat-
tice. Primarily because of contact resistance challenges, appli-
cations of this material for power electronics awaits further 
development.

Experimental Section
Crystal Growth: Molybdenum trioxide was deposited on a silicon 

oxide wafer by thermal evaporation. Source material (MoO3, CAS 
no. 1313-27-5, Catalog no. 203815) was purchased from Sigma-
Aldrich. After deposition, the sample is annealed in a tube furnace  
(Lindberg M) with oxygen gas (Tech-Air, Inc., 99.999% purity). In 
crystal growth, the main experimental parameters are the annealing 
temperature and the pressure of the oxygen gas. Annealing 
temperatures were varied from 250 to 400 °C, and the gas flow was 
controlled by a common pressure regulator from 0 to 150 sccm. Good 
crystallinity was obtained at 350 °C and an oxygen flow rate of 50 sccm 
with a 1 h temperature ramp time, a 5 h anneal, and natural cool down 
(see Supporting Information).

Material Characterization: The surface morphology of molybdenum 
oxide was observed by optical and atomic force microscopy. Because 

Figure 4.  Strong hysteresis and memristive phenomenon of 3 nm thick αMoO3 annealed in 350 °C with O2 environment. a) Strong hysteresis. Transfer 
curve shows ambipolar characteristic as a function of Vgs in forward and reverse sweeps. The threshold voltage shifts from −1.65 V (forward) to 3.2 V 
(backward). b) Log–linear plot of Id as a function of Vds. Drain-to-source bias shows memristive phenomenon in forward and reverse Vds bias sweeps. 
Inset: detail of Id as a function of Vds for Vds between 8 and 10 V. c) Current characteristics of device having W/L = 7/7 µm in low-resistance and high-
resistance states (LRS and HRS). d) Resistance difference in LRS and HRS at Vgs = 0 V (c,d).
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the bright-field images do not distinguish grain boundaries, dark-
field imaging was primarily used to distinguish crystallization. Surface 
roughness and crystal growth were checked by AFM. When a crystal-
like shape was confirmed in both tools, the crystal structure of samples 
was measured from XRD, Raman spectroscopy, and XPS. To measure 
crystal direction, XRD (Xpert3 Powder/Panalytical) was performed at 
45  kV and 40  mV with a 30 s exposure. Atomic bonding structure in 
samples was observed through Raman spectroscopy (Renishaw, 532 nm 
laser, objective lens 100×). The stoichiometry of molybdenum oxide was 
analyzed by XPS (PHI5500, Mg, 15  kV 200W). STM was performed to 
confirm the orthorhombic structure of molybdenum trioxide. MoO3 films 
were transferred onto a Au grid on a SiO2/Si substrate for STM. The 
samples were degassed in the UHV measurement chamber at 200 °C 
for 12 h before measurements were performed. Finally, to measure work 
function, KPFM was used. The measurement was conducted in air 
with a Pt tip (Model number is PFQNE-AL) from Bruker, Co., and 
highly ordered pyrolytic graphite, Grade ZYB was used for reference 
(see Supporting Information).

Device Fabrication and Characterization: Recrystallized molybdenum 
trioxide is used as a channel layer to measure electronic properties. 
The fabrication procedure is depicted in Figure S10 of the Supporting 
Information. A lift-off method is used to pattern channel layer and 
electrodes. Poly(methyl methacrylate) (MicroChem PMMA A4 495 and 
A2 950) was coated in 2000   and 1000  rpm for 1 min on the sample. 
Following this, the sample was baked on hot plate at 180 °C for 2 min. 
For lithography, electron-beam lithography was used (Nano beam, nb4). 
To develop the pattern, IPA solution mixed with MIBK as 3:1 stored at 
−5 °C was used. Cr/Pd/Au of 1  nm/30  nm/50  nm were deposited as 
metal electrodes in the e-beam evaporator. After this, lift-off was done 
in acetone for 1 h. This lithography, deposition, and lift-off procedure 
was repeated for every layer. To measure electrical properties, a 
semiconductor parameter analyzer (Agilent B1500A) was used 
(see Supporting Information).

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