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  1.     Introduction 

 The emergence of 2D semiconductors, 
which are made of single or few layers 
of crystal unit cell thickness components, 
has led to a range of unique chemical and 
physical properties that don’t exist in their 
bulk counterparts. [ 1–4 ]  In particular, the 
quantum well effect together with in-plane 
free charge transport are features that 
make the 2D semiconductors attractive as 
channel materials for fi eld effect transis-
tors (FETs). [ 2–5 ]  

 Semiconducting members of the transi-
tion metal dichalcogenide (TMD) family 
is now form a widely studied category 
of 2D materials. For developing FETs, 
a typical representative is 2D molyb-

denum disulfi de (MoS 2 ) with reported mobilities in the range 
of 10–1000 cm 2  V −1  s −1  and as exfoliated carrier concentra-
tion of ≈10 19  cm −3  in a single layer. [ 3,6–8 ]  Other few-layered 
TMDs such as molybdenum diselenide (MoSe 2 ; ≈10 19  cm −3 ), 
tungsten disulfi de (WS 2 ; ≈10 16  cm −3 ), and tungsten diselenide 
(WSe 2 ; ≈10 18  cm −3 ) have charge mobilities that likewise reach 
a few hundred cm 2  V −1  s −1 .  [ 6,9–11 ]  These numbers are still not 
competitive with reference to those of conventional silicon 
based devices. [ 5,12 ]  There are a few issues that currently affect 
the potentials of FETs based on TMDs. In order to develop high 
transconductance FETs in general, the drain and source elec-
trode contacts should show the smallest barrier for the exchange 
of free carriers, [ 13 ]  and the free carrier concentration should be 
increased. Doping TMDs is known to produce enhanced car-
rier concentration of 6 × 10 18 , 2.5 × 10 19 , and 10 20  cm −3  for few-
layer WS 2 , WSe 2 , and MoS 2 , respectively. [ 13–15 ]  Such concentra-
tion can make the electrode contacts more ohmic. However, 
their mobility still remains subdued. The free carrier mobilities 
in TMDs are limited by the Coulomb scattering effect given 
TMDs small relative dielectric constants (κ). [ 16 ]  The mobility is 
even more degraded in highly doped TMDs. [ 13–15 ]  

 Semiconducting 2D transition metal oxides (TMOs) have 
attracted less attention compared to 2D TMDs due to their gen-
erally wider bandgap energies and low carrier concentrations 
in their stoichiometric states. [ 17 ]  However, selected TMOs have 
some remarkable properties that can benefi t FETs such as a large 
κ, which reduces the Coulomb scattering effect, while providing 
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the possibility to accommodate ionic dopants to manipulate 
the material’s electronic properties. [ 16,17 ]  Molybdenum trioxide 
(MoO 3 ), a member of the TMO family, is a chemically stable 
 n -type semiconductor with a high dielectric constant. [ 16–19 ]  It is 
well known that the α-MoO 3  crystal phase has a layered struc-
ture. Furthermore, its electronic bandgap can be manipulated 
by ionic intercalation processes (commonly hydrogen and alkali 
metal ions). In particular, hydrogen ion (H + ) intercalation has 
been well studied in α-MoO 3  and allows to tune the material’s 
physicochemical properties, leading to intercalated MoO 3  com-
pounds and eventually substoichiometric molybdenum oxides 
(MoO 3−   x  ). [ 17 ]  The family of MoO 3−   x   normally includes molyb-
denum oxides with substoichiometric levels ( x ) in the range of 
0 <  x  < 1. Most compounds of MoO 3−   x   (0 <  x  ≤ 0.125) such as 
Mo 9 O 26  and Mo 8 O 23  show semiconducting behavior, while other 
phases with higher  x  (0.125 ≤  x  < 1), such as Mo 4 O 11,  are quasime-
tallic. [ 20–25 ]  When  x  = 1, it forms a thermodynamically stable 
semiconducting compound (MoO 2 ) of reduced bandgap. [ 26–28 ]  
Single substoichiometric oxide fl akes have been incorporated in 
2D FETs. [ 16 ]  Despite the fact that reduced molybdenum oxides 
demonstrate mobilities exceeding 1000 cm 2  V −1  s −1  their  I  On / I  Off  
ratios are poor as there is still no report on the optimum oxygen 
vacancies required to obtain the most effi cient FET operation. [ 16 ]  

 In addition to developing FETs using single 2D fl akes, estab-
lishing high-performance FETs using thin fi lms based on 2D 
fl ake stacks is an important challenge. [ 29 ]  Such fi lms are gener-
ally made using so called “electronic ink,” which in our case are 
suspensions of 2D fl akes, that can be deposited onto substrates 
using a variety of techniques, including printing, drop-casting, 
and templating. [ 29–31 ]  Such fi lms can be used in fl exible elec-
tronics, touch screens, sensors, RFID tags, photovoltaic cells, 
and electronic textiles. [ 2,32,33 ]  Some of the best reports on thin 
fi lm based FETs that incorporate graphene fl akes only reach 
mobilities near 100 cm 2  V −1  s −1  with poor  I  On / I  Off  ratios. [ 32 ]  
There are also recent reports on incorporating thin fi lms of 2D 
WS 2  fl akes. [ 33 ]  However, although the reported mobilities are 
high, the  I  On / I  Off  ratios were too low for establishing FETs. 

 Here we produce electronic inks of 2D MoO 3−   x   fl akes and 
use them for developing channels for FETs with extraordinary 
abilities. We use a solar light irradiation based method to con-
trol the oxygen vacancies and free electron concentration ( N ) 
in liquid-phase exfoliated (LPE) 2D MoO 3−   x   fl akes. Through the 
controlled manipulation of  x , we show that the carrier concen-
tration, energy band edge, and carrier charge mobility in 2D 
MoO 3−   x   based FETs can be tuned. Furthermore, these param-
eters are evaluated as a function of the 2D fl akes’ stoichiometry. 
Finally, we present tunable FETs based on 2D MoO 3−   x   nano-
fl akes with different substoichiometric levels and demonstrate 
that the optimal substoichiometric value using LPE technique 
with the maximum transconductance is obtained.  

  2.     Results and Discussion 

  2.1.     Characterization of 2D Molybdenum Oxide Flakes 

 Suspensions of 2D molybdenum oxide fl akes were prepared in 
a 50:50 (v/v) ethanol:water mixture to form the electronic inks, 
as described in the Experimental Section. Samples of equal 

volume and concentration were irradiated by a solar simulator 
for 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, and 5 h to obtain 
the substoichiometric 2D MoO 3−   x   fl ake suspensions. 

  Figure    1  a shows the schematic crystal structure of pris-
tine α-MoO 3 , wherein each molybdenum atom bonds to 
edge-sharing, corner-sharing, and unshared terminal oxygen 
atoms. [ 34 ]  The ionization energy (IE) of the pristine (initial) 
sample of MoO 3  was measured by photoelectron spectroscopy 
in air (PESA), which correlates to the valence band maximum 
(VBM) and was found to be −5.58 eV with respect to vacuum 
(vac), [ 35 ]  which is below the water oxidation potential (H 2 O/
O 2  ≈ −5.3 eV respect to vac) in our solar light induced reac-
tion conditions (see Note 1 and Figure S1 in the Supporting 
Information). As such, the photoexcited electrons remain in 
the conduction band (CB) and H +  ions are intercalated into 
2D α-MoO 3 . [ 28,36 ]  The electrons in the CB are strong reduct-
ants, providing the driving force for the intercalation reac-
tion within the MoO 3  structure (conduction band minimum 
(CBM) = −2.73 eV with respect to vac). [ 28,35,36 ]  The intercalated 
H +  ions are mostly bonded to edge-shared oxygen and terminal 
oxygen atoms, which forms OH 2  groups; hence transforming 
2D MoO 3  into 2D H  x  MoO 3  (Figure  1 b). [ 28,34 ]  This causes the 
increase of interlayer spacing. [ 37 ]  However, the OH 2  groups 
are not stable in the presence of environmental perturbations 
(e.g., heat) and are eventually released from their original 
positions in the crystal lattice, leaving alone oxygen vacan-
cies and subsequently forming substoichiometric 2D MoO 3−   x   
(Figure  1 b). [ 34 ]  This rapid process of defect formation also 
causes crystal deformation and cracking in both intralayer and 
interlayer directions, hence reducing the lateral dimensions 
and thickness of the fl akes. [ 37 ]  The average lateral dimensions 
of molybdenum oxide fl akes before and after solar light illumi-
nation for different durations were investigated using dynamic 
light scattering (DLS) (Figure  1 c; Figure S2, Supporting Infor-
mation). The average lateral dimension of the initial MoO 3  
fl akes is ≈170 nm, while after 5 min irradiation it is reduced 
by approximately 10%. Interestingly at 30 min irradiation dura-
tion, the average lateral dimension of fl akes falls to ≈130 nm. 
The dynamics of the lateral dimension reduction changes after 
30 min of irradiation and the average value reaches ≈80 nm at 
the 5 h mark. Transmission electron microscopy (TEM) veri-
fi es that the lateral dimensions of 2D fl akes after 5 h irradia-
tion are distinctly reduced (Figure  1 d,e; Figure S3, Supporting 
Information). The thicknesses of the nanofl akes before and 
after 5 h irradiation were also assessed using atomic force 
microscopy (AFM). Figure  1 f,g shows that the 2D morpholo-
gies of the fl akes are retained regardless of the light irradiation 
duration. The initial average fl ake thickness is made of around 
fi ve layers, while they are reduced to an average of three layers 
after the 5 h irradiation process (Figure S4, Supporting Infor-
mation). As such, exfoliation continues during the whole solar 
irradiation process. The effect of different solvent compositions 
on the lateral dimensions of the initial 2D MoO 3  fl akes is also 
investigated by using the DLS technique (see the Experimental 
Section and Figure S5 in the Supporting Information). We fi nd 
that the suspension composition of 50:50 (v/v) ethanol:water 
mixture produces the largest lateral dimension of the fl akes. 
As such, this suspension composition is used for producing 
the electronic ink in order to assure that the least charge carrier 
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 Figure 1.    Morphological characterizations of 2D molybdenum oxide fl akes. a) The schematic of α-MoO 3 . b) The schematic of hydrogen ions intercala-
tion of 2D α-MoO 3  after solar irradiation. c) The lateral dimensions of the molybdenum oxide fl akes after different durations of simulated solar light 
irradiation. d) A TEM image of the initial 2D α-MoO 3  nanofl akes. e) A TEM image of 2D nanofl akes after 5 h of solar light irradiation. f) The AFM 
image of the initial 2D MoO 3  nanofl akes with the average thickness of ≈5 layers. g) The AFM image of 2D nanofl akes after 5 h of solar light irradiation 
with the average thickness of ≈3 layers.
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scattering is generated by the boundaries during the transfer 
of a charge from one fl ake to another. Moreover, the concentra-
tion of the 2D MoO 3  fl akes in the suspension is measured to be 
≈0.018 mg mL −1  (details are presented in Note 2 and Figure S6 
in the Supporting Information). 

  The initial 2D molybdenum oxide nanofl akes are made of 
crystalline orthorhombic α-MoO 3  according to the X-ray dif-
fraction (XRD) pattern (Figure S7, Supporting Information). 
 Figure    2  a shows a high-resolution TEM (HRTEM) image high-
lighting the lattice fringes of the 2D nanofl akes. A spacing of 
0.39 nm is observed associated with the (1 0 0) plane of α-MoO 3 . 
The corresponding selected area electron diffraction (SAED) 
pattern (Figure  2 b) clearly distinguishes diffraction spots repre-
senting the (2 0 0) and (0 0 2) planes of α-MoO 3 . [ 28,38 ]  However, 
after 5 h solar light exposure, some of the lattice fringes appear 
disordered as a consequence of H +  intercalation (Figure  2 c). 
This disorder is confi rmed from the polycrystalline ring SAED 
pattern (Figure  2 d). The intercalation of the H +  ions into the 
crystal lattice eventually produces cracks and splits the crystal 
into smaller sizes. [ 39 ]  

  To investigate the evolution of this intercalation process, 
Raman spectra of 2D molybdenum oxide for different solar illu-
mination durations were obtained ( Figure    3  a). Strong Raman 
peaks are observed for the initial sample which are associated 
to α-MoO 3  (see Note 3 in the Supporting Information for fur-
ther discussion). [ 28,34 ]  New peaks appear after 30 min of solar 
light exposure, which can be assigned to MoO 3− x  , suggesting 
the appearance of oxygen vacancies. [ 40,41 ]  X-ray photoelectron 
spectroscopy (XPS) was used for identifying the substoichi-
ometry of the 2D fl akes (Figure  3 b). The doublets at 235.98 
and 232.68 eV are attributed to the binding energies of the 
3d 3/2  and the 3d 5/2  orbital electrons of Mo 6+ , respectively. [ 19,28 ]  
The integrated areas of the two doublets are in a 2:3 ratio and 

the energy split between them is 3.1 eV, in agreement with 
α-MoO 3 . [ 17 ]  Two peaks centered at 234.58 and 231.28 eV appear 
in the Mo 3d core level spectrum after 5 min of solar light irra-
diation. These peaks are at lower binding energies compared 
to Mo 6+ , indicating the appearance of the Mo 5+  oxidation state 
within the fl akes. The intensities of these Mo 5+  peaks, which 
are correlated with the substoichiometry of molybdenum oxide 
fl akes, increase with the irradiation duration. [ 28 ]  The substoichi-
ometric level in 2D molybdenum oxide fl akes prepared here is 
lower than reported in our previous work in which an acetoni-
trile solvent was used. [ 28 ]  This may be due to the fact that ace-
tonitrile has a higher dispersion solubility parameter ( δ  d  =  64.3 
and a surface tension of 27.6 mN m −1 ) than ethanol ( δ  d  =  60.4 
and surface tension of 22 mN m −1 ), [ 42 ]  facilitating the exfolia-
tion process and producing surface areas for the intercalation 
process. [ 43 ]  

  During the formation of an oxygen vacancy in the crystal 
structure upon light exposure, the Mo 6+  neighboring the oxygen 
vacancy in the MoO 3  lattice is reduced to Mo 5+ , injecting an elec-
tron to the CB. [ 16,34 ]  This injected electron is delocalized within 
the layers and acts as a Drude-model-like free electron, [ 16 ]  hence 
modulating the electronic band structure of the 2D fl akes. [ 16 ]  
The  N  for different light irradiation durations is estimated from 
the Mo 5+ /Mo 6+  area ratio in MoO 3− x  , which extracted from the 
XPS measurements ( Table    1  a; Figure S8, Supporting Informa-
tion). It is found that  N  and oxygen vacancies both increase 
with the solar light duration. This increase in  N  shifts the Fermi 
energy level ( E F  ) upward toward the CB (Figure  3 c; Table S1, 
Supporting Information). [ 44 ]  It is important to note that by intro-
ducing oxygen vacancies a new occupied state appears within 
the  E  g  of MoO 3−   x  , labeled  d  in Figure  3 d. This defect state arise 
because an O 2−  ion is removed from the valence-band spectra 
of MoO 3−   x  . [ 45 ]  The previously empty 4d band of MoO 3  becomes 
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 Figure 2.    Crystal structures of 2D molybdenum oxide fl akes. a) A HRTEM image of the initial 2D α-MoO 3  nanofl ake and b) the corresponding SAED 
pattern. c) A HRTEM image of the 2D nanofl ake after 5 h of solar light irradiation and d) its corresponding SAED pattern.
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partially occupied with electrons, giving rise to the defect band 
seen close to the  E  F  (1.28 eV below  E F  ) which is enhanced in the 
intensity by increasing the solar light duration (Figure  3 d). [ 45 ]  

  Prolonging the solar irradiation of the fl akes moves their 
valence band (VB) (Table S1, Supporting Information) closer to 
that of the work function of gold, which forms the FET drain 
and source electrodes. Molybdenum oxide is a well-known hole 
extracting material that can exchange electrons at its VB, [ 35,46 ]  
coinciding gold’s  E  F  that makes a small barrier contact. The 
enhancement in the electron concentration and tuning of the VB 
modify the system to obtain the optimal  I  On / I  Off  ratio for FETs 
made of 2D MoO 3−   x   fl akes at  x   =  0.042 (30 min irradiation), 
which will be discussed later. Interestingly, the estimated  E  g  of 
MoO 3−   x   for samples of  x   =  0.042 and  x  = 0.125 (5 h irradiation) 

are 2.74 and 2.82 eV, respectively (Figure S11a,b, Supporting 
Information). Thus, the CBM for both of these samples were 
evaluated to be ≈2.60 and 2.56 eV, respectively (Figure S11a,b, 
Supporting Information). The  E  F  of both the initial and solar 
light exposed fl akes never exceeds the CBM and thus the highly 
doped fl akes should still remain semiconducting.  

  2.2.     Fabrication and Characterization of FETs Based 
on 2D Molybdenum Oxide Flakes 

  Figure    4  a–c shows a schematic highlighting the fabrication 
process of FETs using inks of 2D molybdenum oxide fl akes. 
Details are presented in the Experimental Section. From the 
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 Figure 3.    Structural characterizations and electronic band structures of 2D molybdenum oxide fl akes obtained at different light exposure durations. 
a) The Raman spectra of 2D molybdenum oxide fl akes upon different solar light durations. b) XPS Mo3d spectra of the 2D fl akes at different solar light 
irradiation durations. c) The energy level diagram with respect to vac showing the  E  F  of the 2D fl akes after different solar irradiation duration. The  E  F  is 
evaluated from PESA measurements (Figure S9, Supporting Information) and VBM position by the valence photoemission spectroscopy (Figure S10, 
Supporting Information). d) The valence photoemission spectra of substoichiometric 2D molybdenum oxides at low binding energy region for different 
solar irradiation durations.
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examples shown in Figure  4 d,e, the drop-casted thin fi lms all 
have smooth surfaces and are formed by horizontally intercon-
nected 2D molybdenum oxide fl akes. Within the FET channels, 
the 2D nanofl akes are horizontally restacked on the top of each 
other as evidenced by both cross-sectional scanning electron 
microscopy (SEM) and scanning probe microscopy (SPM). 
These data confi rm that the FET channels are made of true 2D 
components. 

  We characterized the FETs using a semiconductor parameter 
analyzer and shielded probe station at room temperature. A 
back gate voltage was applied to the silicon substrate and the 
two electrodes act as drain and source terminals (Figure  4 c). 
 I – V  curves of the FETs based on 2D molybdenum oxide fl akes 
of different  x  are illustrated in Figure S12 in the Supporting 
Information. The drain-source current ( I  SD ) versus applied gate 
voltage ( V  G ) from −10 to 1 V are extracted from Figure S12 in 
the Supporting Information and presented in  Figure    5  a. For all 
devices, their  I  SD  are enhanced with the increase of the applied 
gate voltages. They are typical characteristics of channel FETs 
and confi rm the semiconducting character of the 2D molyb-
denum oxide fl akes regardless of their  x  values. [ 16 ]  It is found 
that  I  SD  enhances when  x  increases from 0.025 to 0.042. How-
ever, for the FET devices made of fl akes with  x  > 0.063, the  I  SD  
dramatically decrease and eventually drop much below the ini-
tial value at  x  = 0.125. 

  Figure  5 b shows the  I  On / I  Off  ratio as a function of  x . The 
highest  I  On / I  Off  ratio is ≈3.0 × 10 5  for FETs made of fl akes 
of  x  = 0.042. However, the ratio is signifi cantly reduced to 

≈1.2 × 10 2  at  x  = 0.125 (Table  1 b). As previously discussed, a 
combination of the optimum barrier contact and electron 
concentration contributes to the optimum  I  On / I  Off  ratio of the 
FETs made of 2D fl akes with  x  = 0.042. Considering that an 
 I  On / I  Off  ratios greater than 10 4  are acceptable for establishing 
functional FETs, [ 1 ]  here, the obtained ratios for many of the  x  
values are industrially plausible. The introduction of the oxygen 
vacancies produces a defect state nearly 1.28 eV below the  E  F . 
Given the heavy doping of the materials, they may behave 
like degenerate semiconductors with the  E  F  very close to the 
CBM. In such a case, we may view the system as possessing 
a small quasibandgap that can be readily turned off at low gate 
voltages. This can also be another reason that contributes to 
the large  I  On / I  Off  ratio of the optimum semiconducting effect 
obtained at  x  = 0.042. The transconductance ( g  m ) of the FETs at 
V SD  = 100 mV is extracted and calculated from their I–V char-
acteristics using  [ 47 ] 

     = d /dm SD Gg I V   (1) 

   The corresponding carrier fi eld effect mobilities ( µ  FE ) are deter-
mined using Equation (3) and shown in Table  1 b 

    
μ = ×FE

SD
m

L

WC V
g

i  
 (2) 

 where  L  and  W  are the channel length and width, respec-
tively.  C i   is 1.91 × 10 −8  F cm −2  which is the capacitance per 
unit area between the channel and the back gate. [ 7 ]  The cal-
culated  g  m  and the measured  µ  FE  are presented in Figure  5 c,d 
and Table  1 b. The highest value of  g  m  and  µ  FE  were ≈3.45 µS 
and ≈600 cm 2  V −1  s −1 , respectively, for the device of  x  = 0.042 
(30 min irradiation), while the device of  x  = 0 (initial sample) 
had the lowest  g  m  of ≈0.083 µS and  µ  FE  of ≈14.5 cm 2  V −1  s −1 . 
Interestingly, the value of  µ  FE  for the FETs of  x  = 0.042 is sig-
nifi cantly higher than the mobility of most of thin fi lm transis-
tors based on typical mono- or few-layered TMDs. [ 3,6,8,9,13,48 ]  The 
optimal  µ  FE  that occurs for the device at  x  = 0.042 corresponds 
to Mo 5+/ Mo 6+  = 0.083, coinciding orthorhombic to monoclinic 
phase change, which possibly results in gaining optimal semi-
conducting properties at this substoichiometry. It is worthwhile 
to defi ne a virtual free carrier mobility per fl ake by considering 
the average number of fl akes in thickness (from Figure  4  d,e, it 
is ≈95 layer in a 850 nm thick channel and MoO 3  relative (static) 
dielectric constant of 35) [ 16 ]  that is equal to ≈6 cm 2  V −1  s −1  per 
fl ake. This value is still a remarkably large, taking into account 
that the high electron scattering occurs at the fl ake boundaries. 
The effect of the drop casted fi lm thickness on the performance 
of FETs is also investigated (Note 4 and Figure S13, Supporting 
Information). 

 The  µ  FE  of 2D MoO 3−   x   fl ake based FETs was assessed as a 
function of  N  (Details are presented in Note 5 and Figure S14 
in the Supporting Information). The assessed  µ  FE  and the theo-
retical  µ  Total  (Matthiessen’s rule) values of carrier mobilites are 
presented in Figure  5 d and Figure S14 in the Supporting Infor-
mation. The trend of  µ  FE  can be explained by various electron 
scattering mechanisms. It is found that for  x  < 0.042, the main 
limiting factor for  µ  FE  is the ionized charged scattering effect 
(Coulomb scattering). [ 49 ]  As discussed in the Section 1, MoO 3−   x   
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  Table 1.    Summary of materials and corresponding FETs characteristics: 
a) estimated free electron concentration for different solar light dura-
tions. b) Electrical characteristics of FETs based on 2D molybdenum 
oxides of different substoichiometric levels ( x ). 

Solar light 
duration

Mo 5+/ Mo 6+  
ratio

Substoichiometric 
( x ) of MoO 3−   x  

Estimated free electron 
concentration [cm −3 ]

a)

Initial (0 min) 0 0 2.24 × 10 18   [44] 

5 min 0.050 0.025 9.85 × 10 20 

10 min 0.063 0.032 1.23 × 10 21 

20 min 0.071 0.035 1.41 × 10 21 

30 min 0.083 0.042 1.64 × 10 21 

1 h 0.125 0.063 2.46 × 10 21 

2 h 0.167 0.084 3.28 × 10 21 

5 h 0.250 0.125 4.92 × 10 21 

b)

Device with  x  I  On / I  Off  ratio  g  m  [µS]  µ  FE  [cm 2  V −1  s −1 ]

0 4.5 × 10 2 0.083 14.5

0.025 9.4 × 10 3 0.283 49.4

0.032 3.2 × 10 4 0.683 119

0.035 3.8 × 10 4 2.70 471

0.042 3.0 × 10 5 3.45 600

0.063 3.8 × 10 3 1.85 323

0.084 1.6 × 10 2 0.268 46.8

0.125 1.2 × 10 2 0.143 25.0
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with its large relative (static) dielectric constant screens the 
Coulomb charges. [ 16,28 ]  This reduces ionized charge scattering 
effect and produces remarkable free charge carrier mobility in 
the FET channels. Subsequently, at  x   =  0.042 and  x   =  0.063 
both ionized charge scattering and acoustic deformation poten-
tial scattering become the dominant effects. For the 2D fl akes 
with  x  > 0.063, optical phonon scattering becomes the gov-
erning effect. [ 49,50 ]  It should be noted that the charge carrier 
mobilities of some highly crystalline materials are reported 
to be larger than their polycrystalline counterparts due to the 
reduction of structural defect densities when their mobilities 
are limited by phonon scattering. [ 51,52 ]  However, in the case of 
2D MoO 3−   x  , its mobility is mainly limited by ionized charge 
scattering when  x  < 0.042 according to the calculation shown in 
Figure S14 (Supporting Information). The solar light irradiated 
fl akes with lower crystallinity exhibit much more enhanced 
free electron concentration ( N ) due to the generation of oxygen 
vacancies and hence, the mobility is increased compared to that 
of initial highly crystalline fl akes, which is similar to the cases 
of some other 2D systems. [ 49,53 ]  

 It is important to emphasize that the 2D fl akes forming the 
thin fi lms are restacked horizontally; potentially helping the 
planar conduction of free charge carries within the FET chan-
nels, hence enhancing the mobility. From Figure  5 d ,  we see 
that the measured  µ  FE  is still almost an order of magnitude 
smaller than the calculated  µ  Total , which may be the result of 
signifi cant grain boundary scattering ( µ  GB ) existing between 

the interconnected fl akes given their relatively small lateral 
dimensions (≈100–200 nm). [ 54 ]  Moreover, the decrease in  µ  FE  
for  x  > 0.063 is much larger than the calculated trend, implying 
an increased effect of  µ  GB  as the fl ake sizes are dramatically 
reduced to below 100 nm. It is also possible that more defects, 
which act as charge traps, are formed when 2D MoO 3−   x   fl akes 
become highly substoichiometric. [ 55 ]    

  3.     Conclusion 

 We developed electronic inks based on 2D MoO 3−   x   nanofl akes 
obtained by a LPE method, for which the substoichiometric 
and Fermi levels as well as free electron concentration could 
be manipulated in a highly controllable manner by varying the 
light irradiation duration. FETs were fabricated using these 
inks by a drop-casting process, forming fi lms made of layers 
of horizontally restacked 2D fl akes. By investigating the per-
formances of our FETs as a function of  x  under different solar 
irradiation time, we found that the device irradiated within 
30 min ( x   =  0.042) reached the highest charge carrier mobility 
of ≈600 cm 2  V −1  s −1  with an  I  On / I  Off  ratio of ≈3.0 × 10 5 . We dem-
onstrated that a gap state appears in the bandgap of MoO 3−   x  , 
which contributed to the semiconducting behavior of the fl akes. 
The horizontal restacking of the fl akes and the confi nement of 
the electric fi eld lines by a high dielectric medium of MoO 3−   x   
also contributed to the high free carrier charge mobility. 
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 Figure 4.    Fabrication of FETs based on 2D molybdenum oxide fl akes. a,b) Illustration of the fabrication steps of a FET based on 2D molybdenum oxide 
fl akes. c) The confi guration diagram of the electrical connections of a FET. d) Cross-sectional SEM image and e) cross-sectional SPM image revealing 
that the FET channel is made of orderly restacked 2D molybdenum oxide fl akes in a planar manner.
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 Given the scalability and reliability of the LPE technique and 
the ease of irradiation process for tuning the material, the elec-
tronic ink of 2D MoO 3−   x   fl akes is promising for future ultra-
high-performance printed nanoelectronic and optoelectronic 
devices.  

  4.     Experimental Section 
  2D Molybdenum Oxide Flakes Synthesis and FET Device Fabrication : 

3 g of MoO 3  powder (99% purity, China Rare Metal Material Co.) was 
ground with 0.6 mL ethanol for 30 min. The powder was then dispersed 
in ethanol/water (50:50 (v/v) ethanol:water) mixture (45 mL), subjected 
to probe-sonication (Ultrasonic Processor GEX500) for 120 min at 125 W, 
and then centrifuged at 6000 rpm for 30 min at room temperature. To 
obtain the electronic inks, the supernatant containing high 
concentration of 2D MoO 3  fl akes was collected and transferred into 
small containers with 3 mL volume each. The supernatant samples 
were irradiated under the solar simulator (Abet Technologies LS-150) 
at different time intervals of 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 
and 5 h and subsequently drop-casted at the fi xed amount of 50 µL on 
substrates for characterization and FET fabrication. Au/Cr (150/50 nm) 
electrodes were deposited onto clean n-doped silicon wafer substrates 

with 500 nm thick SiO 2  surface layers using an electron beam 
evaporation process and subsequently patterned by conventional 
photolithography. The spacing between the electrodes was set to 50 µm. 
A polydimethylsiloxane (PDMS) reservoir was used for the drop-casting 
process. The drop-casted devices were then annealed at 75 °C to remove 
the trapped water and organic molecules between the fl akes and kept 
at room temperature for electrical investigations. The thicknesses of 
all FET channels were equally set to ≈850 nm. The extended Raman 
spectra of the drop-casted fi lms (Note 6 and Figure S15, Supporting 
Information) reveal that there was no observable peak appearing beyond 
1000 cm −1 , which indicates that the organic residue in the fi lms was fully 
evaporated. 

  Investigation of Different Solvent Compositions : The grinding process of 
3 g of MoO 3  with 0.6 mL of ethanol, for 30 min was repeated four times. 
The four grounded samples were then dispersed in 45 mL of ethanol 
(100%), 70:30 (v/v) ethanol:water mixture, 30:70 (v/v) ethanol:water 
mixture, and water (100%), respectively. The four samples were then 
probe-sonicated (Ultrasonic Processor GEX500) for 120 min at 125 W. 
Subsequently they were centrifuged at 6000 rpm for 30 min at room 
temperature. The supernatants of four samples were collected and 
transferred into small glass vials for DLS measurements. 

  Characterizations and Measurements : Electrical characterizations 
were carried out using an ARS PSF-10-1-4 Cryogenic Probe Station and 
an Agilent E5270B analyzer at room temperature. Digital Instruments 
such as D3100 AFM, FEI Nova NanoSEM, and Hysitron TI950 

 Figure 5.    Electrical characteristics of FETs based on fi lms of 2D molybdenum oxide fl akes for different substoichiometric levels ( x ). a) Current versus 
applied gate bias for the FETs with different  x  values and b) corresponding  I  On / I  Off  ratios for the FETs. The inset is the  I  On  and  I  Off  with respect to  x  
values. c) Corresponding transconductance ( g  m ) of the FETs and d) the total calculated charge carrier mobility according to Matthiessen’s rule and 
experimental effective mobility as a function of  N  at room temperature.
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Triboindenter SPM were used for investigating the fi lm surface and 
cross-sectional morphologies. Raman spectra were obtained using 
a micro-Raman spectrometer (Renishaw InVia microscope) with a 
1200 lines mm −1  blazed grating and a 1 mW laser excitation source at 
514 nm. Acquisitions were carried out for 10 s with two averages using 
a 20× magnifi cation lens. The nanofl ake suspensions were diluted and 
their average lateral dimensions were measured using DLS technique 
(ALV 5022F spectrometer). The XRD patterns were collected using a 
Bruker D4 ENDEAVOR with monochromatic Cu Kα as radiation source 
( λ  = 0.154 nm). The XPS was performed on a Thermo scientifi c K-Alpha 
instrument equipped with a monochromated aluminium K-α source 
(1486.7 eV). A pass energy of 20 eV was selected and the binding energy 
of the Mo2p peaks was shifted such that the adventitious C1s peak 
was aligned to 284.8 eV. The supernatant containing 2D molybdenum 
oxide fl akes were dropped onto Cu grids for TEM and HRTEM (JEOL 
2100F) characterization. The PESA measurements were conducted on 
drop-casted samples on glass slides and were measured using a Riken 
Keiki Model AC-2 PESA spectrometer with power setting of 100 nW and 
a power number of 1/3.  
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