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Abstract  

In this study, α-MoO3 two-dimensional (2D) layers and thin films were synthesized using 

pulsed laser deposition technique. X-ray diffraction and Raman spectroscopy confirm the 

formation of anisotropic α-MoO3. Atomic Force Microscopy images show the evolution of 

morphology from 2D layers to oriented crystallite growth with increase in film thickness. 

Temperature and gas concentration dependent, gas sensing response has been observed to be 

quite different in 2D layers in comparison to thin film sample. 2D α-MoO3 layers (~ 6 nm) 

show higher response of about 25% at a lower temperature (100 °C); They exhibit lower 

detection limits (up to 100 ppb) and selectivity towards NO2 gas. Also, 2D layers show p-

type gas sensing response and nonlinear current-voltage (I-V) characteristics of metal- metal 

oxide junctions, in complete contrast to thin film sample, which shows an n-type gas sensing 

response and linear I-V characteristics. The results have been explained on the basis of lower 

oxygen defect concentration, enhanced oxygen adsorption at the surface, and metal- α-MoO3 

contact favoring hole conduction. 
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1. Introduction   

Air pollution is one of the major challenges of the 21st century due to the rapid growth of 

industries and automobiles, causing high emission of air pollutants [1]. There is an ever-

increasing need to design and fabricate sensor devices having high response and selectivity 

along with low fabrication cost and flexible mechanical nature. The two-dimensional 

materials like graphene and transition metal dichalcogenides (TMDCs) have been 

extensively explored for miniaturized sensor and actuator applications owing to their unique 

thickness-dependent physio-chemical properties. In particular, high surface to volume ratio, 

enhanced surface activity, and fast carrier transport make them suitable for modern gas 

sensors [2,3].  

Two-dimensional transition metal oxides have received less attention as compared to 

graphene and TMDCs. α-MoO3 is a two-dimensional (2D) transition metal oxide having 

atomically thin double layers of thickness 1.4 nm, consisting of a linked distorted MoO6 

octahedra structure. These double layers stack up along the c-axis via weak van der Waals 

(vdW) forces, where interaction between the atoms within the double-layers is dominated by 

strong covalent bonding [4,5]. α-MoO3 is an n-type semiconductor with a wide bandgap of 

around 3.2 eV to 3.4 eV and a high dielectric constant (6-18). α-MoO3 has been extensively 

used for its photochromic [6] and electrochromic [7] properties. It has also been proposed as 

a candidate for catalysis, gas sensors  [8,9], batteries [10], photoelectrochemical cells [11], 

and solar cells [12]. α-MoO3 has been obtained previously in many morphologies (like flake, 
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nanorod, sheet, belt, nanosphere, etc.), using various synthesis techniques like thermal 

evaporation [13], sputtering [9], pulsed laser deposition (PLD) [14], chemical vapor 

deposition (CVD) [15], atomic layer deposition (ALD) [16], molecular beam epitaxy (MBE) 

[17], hydrothermal [8], sol-gel [18], etc. Its structural, electrical, and chemical properties 

depend upon the synthesis technique employed and corresponding parameters used. Chemo 

resistive gas sensors based on α-MoO3 have been demonstrated to be sensitive towards 

various gases, such as, NO2, CO, H2S, H2 and NH3 , at elevated temperatures, with detection 

limits often in ppm range [13,19–22]. However, environmental gas sensing requires lower 

detection limits, improved selectivity, stability, and energy efficient gas sensors. Response 

times of a few minutes can be acceptable as environmental conditions change slowly over 

time.  

In this study, we have optimized the growth of α-MoO3 two-dimensional (2D) layers and 

thin film using PLD technique. We have studied the thickness-dependent evolution of 

structural, morphological, and chemical properties of the as-grown films and their gas 

sensing behavior towards NO2 gas is discussed in detail. A change from n-type to p-type gas 

sensing response was observed with decreasing thickness of the α-MoO3 films. This work 

may provide a new insight for fabricating the gas sensors based on two-dimensional α-MoO3 

layers to detect a trace amount of NO2 gas at low operating temperature. 

 

2. Experimental section  

         2.1. Material synthesis 
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A molybdenum oxide (MoO3) PLD target was prepared by grinding MoO3 powder for 24 

hours with 10 ml of 5 % W/V PVA followed by pressing in a uniaxial press and finally 

sintering the pellet in a muffle furnace for 12 h at 600 °C. A SiO2/Si substrate of dimension 

1.5×1.5 cm2 was fixed at a distance of 5 cm from the MoO3 target. The base pressure in the 

deposition chamber was 4x10-6 mbar. During the deposition, 30 sccm of O2 (99.9 %) was 

introduced into the chamber with deposition pressure maintained at 5.3×10-2 mbar, and the 

substrate temperature was kept at 450 °C. A pulsed KrF excimer laser source (Coherent: 

Compex 201F) operating at 248 nm and maintained at a 20 ns pulse width with a repetition 

rate of 5 Hz was used. The laser energy was kept at 75 mJ per pulse, and thin films of α-

MoO3 with thicknesses 70 nm, 18 nm, and 6 nm were synthesized corresponding to 3000, 

750 and 250 laser pulses, respectively. Hereafter, the α-MoO3 thin films having thicknesses 

70 nm, 18 nm, and 6 nm are termed as TF (Thin film), UT (Ultrathin film), and 2D (two-

dimensional film) respectively. 

2.2. Material characterization 

The crystallographic structures of all the samples were characterized by X-ray diffraction 

(XRD) (Rigaku D/max2600 diffractometer) with Cu Kα radiation at wavelength 1.5418 Å. 

Micro Raman spectroscopy (Renishaw In-Via Raman spectroscope) was used to identify the 

phase and structure of the as-grown MoO3 samples. Morphological and microstructural 

characterizations were performed via field-emission scanning electron microscopy (FESEM) 

(Jeol: JSM-7800F prime) and atomic force microscope (AFM) (Bruker: Dimension Icon). 

Surface characterization was done using Kelvin probe force microscopy (KPFM), X-ray 

photoelectron spectroscopy (XPS) (Kratos Axis UltraDLD instruments working with 
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monochromatic Al-kα line, hν = 1486.6 eV) and near ambient pressure XPS (NAP-XPS) 

(ESCA microscopy beamline, Elettra laboratory).  

2.3. Gas sensing measurements 

The gas sensing measurement setup as described in Fig. 1 consists of a 700 mL stainless 

steel chamber with an inbuilt PID controlled heater of area 2.5×2.5 cm2. The small size of 

the heater and constant flow of air helps to maintain the chamber temperature near to room 

temperature during the measurements. It uses a gas mixing setup Serinus Cal 1000 (Ecotec) 

to achieve the desired concentration of analyte gas. The electrical measurements were 

performed using a source meter (Keithley 2400) and an in house developed LabVIEW 

program allowing automatic data acquisition via GPIB interface. Humidity measurements 

were done by mixing the analyte gas with the humidified air prepared using a bubbler and 

the percentage relative humidity (% RH) was measured by a standard hygrometer (HTC 

Instruments HD-304).   The sensing device was fabricated using shadow mask deposition of 

interdigitated electrodes of Ni/Au (20 nm/100 nm) by thermal evaporation on α-MoO3 

samples, as shown in Fig. 1. Gas sensing properties of the devices were determined by 

measuring the change in the electrical resistance of the sensor in a repeatedly changing gas 

environment between dry air and target gases like NO2, NH3, and CO, at different 

concentrations and temperatures with a net gas flow rate of 0.56 slpm and relative humidity 

maintained at 20 % RH for all the measurements. The gas sensor’s response (R) is defined 

as  𝑅 =
|Rg− Ra|

Ra
 ×100 % where Ra and Rg were the resistance of the sensor in dry air and 

target gas mixed with the dry air, respectively. The response time is defined as the time 

required to reach 90 % of the saturation resistance in presence of analyte gas, and the 

recovery time is the time required to reach 10 % of the saturation resistance value upon 
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removal of the analyte gas. Initially, the working temperature was determined for each device 

by measuring the sensing response at different temperatures for 10 ppm NO2. To reach steady 

state conditions each sample was stabilized for two hours at a given temperature in dry air 

before measurements.  Subsequently, the sensing response was measured at a fixed operating 

temperature (~ 100 °C) against different concentrations of NO2 gas from 100 ppb to 20 ppm. 

 

       3. Results and discussion 

         3.1. Structural and Morphological analysis 

In PLD technique, the interaction of intense laser light with solid-state material results in 

enhanced energy of the adatoms creating a controlled environment for growing crystalline 

layers along with congruent growth for stoichiometric composition. This makes laser 

ablation a superior technique as compared to CVD and other PVD (physical vapor 

deposition) processes [23]. XRD  results as shown in Fig. 2(a) indicates three main high-

intensity diffraction peaks at 2θ values of 12.69°, 25.72°, 39.04° for 2D, 12.68°, 25.68°, 

38.98° for UT and 12.55°, 25.51°, 38.94° for TF samples, and all reflections correspond to 

(020), (040), and (060) planes of the orthorhombic structure of α phase of MoO3 (ICDD No 

05–0508) [24]. The presence of only (0 k 0) peaks indicates a strongly oriented growth of 

crystallites in a preferential direction, indicating a layered structure of α-MoO3. There is a 

shift in the XRD peaks towards lower 2θ values as the thickness of the film increases. These 

reflections correspond to the c-lattice plane, which implies an increase in the c-lattice 

parameter with increasing thickness, which is attributed to the widening of the vdW gap. The 

widening of the vdW gap due to an increased presence of oxygen vacancies has been reported 

earlier [25,26]. The c-lattice cell parameter, calculated from the (020) reflections, expands 
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from 13.93 Å for 2D to 13.94 Å for UT and 14.08 Å for TF sample. The thickness of the 

sample TF was determined by cross-sectional SEM technique, whereas, for UT, cross-

sectional SEM and X-ray reflectivity (XRR) were used, and finally XRR was employed for 

the 2D sample. The appropriate sample nomenclature has been used based on the results of 

these techniques. 

Raman spectra corresponding to different samples is depicted in Fig. 2(b), and the results 

show typical peaks of α-MoO3 at 994, 820, 665, 337, 289, 242, 156, and 124 cm−1. The 

observed peaks have been assigned to different vibrational modes of α-MoO3 as per reported 

literature: 994 cm−1 (stretching vibration of  Mo bond with terminal oxygen Mo−O along the 

c-axis), 820 cm−1 (stretching in-plane vibration of the Mo−O−Mo with doubly coordinated 

corner shared oxygen along b-axis), 665 cm−1 (Mo−O−Mo stretching with triply coordinated 

edge shared oxygen), 337 cm−1 (O−Mo−O bending mode), 289 cm−1 (O=Mo=O wagging 

mode),  242 cm−1 (O=Mo=O twist mode), 156 cm−1 (translation vibration of the rigid chains 

along the a-axis), and 124 cm−1 (translation rigid MoO4 chain mode for the orthorhombic 

phase of MoO3) [24,27]. The peak at 820 cm-1 corresponds to the layered alpha MoO3 phase. 

As the thickness of the sample decreases, the peak intensity also decreases.  

AFM images, as shown in Fig. 3 reveal the topography of the as-deposited samples 2D, 

UT, and TF. Sample 2D consists of a uniform film having two-dimensional domains. Sample 

UT has a needle-like morphology, the lateral dimensions of needle-like flakes are about 800 

nm to 1.2 µm. As the thickness of the film increases with deposition time, the morphology 

changes from two-dimensional domain to merging needle-like crystallite structure, 

eventually forming larger crystallites, this is also evident in the FESEM image of the sample 

TF (Fig. 4). As mentioned earlier that XRD results for the three samples show highly 
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oriented and preferential growth of crystallites, thus AFM results depict only the evolution 

of 2D grain growth with increase in the film thickness while preserving the orientation. As 

shown in Fig. 5(a), the corresponding KPFM images were recorded at room temperature to 

study the change in the surface potential corresponding to all three samples. It is evident 

from the surface potential histograms shown in Fig. 5(b) that average surface potential values 

are -131meV, -44 meV and +34 meV for samples 2D, UT, and TF respectively [28]. These 

results reveal a large change in the surface potential and the corresponding work function 

values from 4.62 eV in sample TF to 4.45 eV in sample 2D. This change in the work function 

can affect the electronic properties of α-MoO3 with decrease in thickness. It may also play a 

significant role in determining the nature of electrical contacts formed with the α-MoO3 thin 

film. 

3.2. XPS analysis 

XPS spectra of Mo 3d, valence band maxima, and O 1s peaks of sample 2D and TF were 

studied to determine the chemical composition and valence state of the samples. High 

resolution spectra were collected at pass energy of 40 eV and a step size of 0.05 eV for both 

core level peaks and valence band (VB) maxima region. The C 1s peak of adventitious 

carbon (284.8 eV) was used to calibrate the energy axis. As shown in Fig. 6(a, b), Mo 3d 

doublet peak of sample 2D and TF was deconvoluted into two peaks corresponding to Mo 

3d5/2 and Mo 3d3/2 for oxidation states Mo6+ and Mo5+ [29]. The higher intensity Mo6+ peak 

represents the stoichiometric α-MoO3, and the lower intensity Mo5+  peak represents the 

lower oxidation state due to the presence of oxygen vacancies [30,31]. There is a minor shift 

(~ 0.06 eV) in the peaks of Mo 3d5/2 Mo6+ and Mo 3d3/2 Mo6+ components of sample 2D 

towards higher binding energy (B.E.) as compared to sample TF. Also, the deconvoluted 
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component Mo 3d5/2 Mo5+ and Mo 3d3/2 Mo5+ of sample 2D has a shift of 0.17 eV and 0.28 

eV, respectively, towards higher B.E. as compared to sample TF. These shifts show the 

presence of higher concentration of oxygen vacancies in TF as compared to 2D. The relative 

intensities of the Mo6+ and Mo5+ peaks in both TF and 2D confirm that Mo is present mainly 

in the +6 oxidation state, this comparison is also shown in Fig. 6(c). A survey spectrum is 

used to calculate the atomic ratio O/Mo, which is 2.66 for TF and 2.89 for 2D. Sample TF is 

more off stoichiometric as compared to 2D. The VB maxima spectra of sample 2D and TF, 

as shown in Fig. 6(d), shows the defect states present within the band gap and the valence 

band edge is located at 3.21 eV (for 2D) and 3.28 eV (for TF) below Fermi level. 

The O 1s peak corresponding to 2D and TF is shown in Fig. 7. The most intense component 

of deconvoluted O 1s peak for 2D (530.49 eV) and TF (530.93 eV) is attributed to metal-

oxygen (Mo-O) bonds. The shoulder peaks at 532.06 eV and 532.12 eV for 2D and TF  

respectively corresponds to peroxo groups (O2
2- ) connected to the Mo atom related to the 

adsorbed oxygen [32]. The percentage of the adsorbed oxygen in the sample 2D (37.43%) is 

high as compared to TF (28.12%), which indicates more reactive sites on the 2D surface as 

compared to TF due to its two-dimensional nature, and thus, rendering it more reactive with 

the atmospheric oxygen.  

One of the objectives of the present study is to examine the gas sensing behavior with 

decreasing thickness. Near ambient pressure (NAP) XPS measurements [33] were carried 

out on sample 2D and TF, using the ESCA microscopy beamline. This technique enables 

one to study the chemical composition and valence state of the sample in the presence of 

target gases at the desired working temperature. 
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The above mentioned XPS studies were carried out on sample 2D and TF, first in vacuum 

and then in the presence of a 50:50 mixture of NO2 and NO gas diluted in argon at a pressure 

of about ~ 10-2 mbar in the NAP cell. High resolution spectra were collected at pass energy 

of 20 eV and a step size of 0.08 eV for both core peaks and VB maxima region. Here also 

the C 1s peak of adventitious carbon (284.8 eV) was used to calibrate the energy axis. A 

focused X-ray beam of spot size 75 µm2 was incident on the sample surface, and the XPS 

spectra corresponding to Mo 3d peak was recorded. The samples 2D and TF were maintained 

at a temperature of 156 °C and 250 °C respectively, for maximum surface reaction with NO2 

and NO gas mixture. As will be shown later in the sensing results, these samples exhibit 

higher sensing response at these temperatures. Fig. 8(a, b) shows the deconvoluted Mo 3d 

peaks for sample 2D in vacuum and gas mixture, respectively. The relative intensity of the 

deconvoluted Mo 3d peaks in 2D confirms that Mo is present predominantly in the +5 

oxidation state with minority content in +6 and +4 oxidation states. However, the spectrum 

recorded with sample in the gas mixture reveals peak shifts towards higher B.E. (as shown 

in Fig. 8(c) and stated in Table 1) with an increase in the relative intensity of the +6 oxidation 

state, as compared to peaks observed with sample kept in a vacuum environment. For sample 

TF, a similar result was observed with the sample in vacuum environment inside NAP cell, 

exhibiting +5 as the dominant oxidation state. It is interesting to note that no change was 

observed on the introduction of the gas mixture in the case of TF, as shown in Fig. 8(d). The 

shift towards higher B.E. and change in the relative intensity indicates the reaction of the 

sensing gas with α-MoO3 surface, resulting in higher oxidation of the 2D sample surface, 

unlike sample TF. Also, as shown in Fig. 8(e, f), the VB maxima spectra of sample 2D 

indicate a decrease in the concentration of defect states within the bandgap in the presence 
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of gas mixture, which is related to its high surface reactivity. However, no significant change 

in the VB maxima spectra of sample TF was observed on the introduction of gas mixture. 

The observed dominance of the +5 oxidation state in NAP XPS results in comparison to the 

domination of the +6 oxidation state in regular UHV XPS results may be because of damage 

caused by the focused X-ray beam from the synchrotron. The sample spot exposed to X-ray 

was continuously changed to reduce the effect mentioned above. 

3.3. Gas sensing analysis 

Gas sensing properties of sample 2D, UT, and TF towards NO2 gas were studied in detail.  

The working temperature was optimized using the sensing response of samples 2D, UT, and 

TF towards 10 ppm of NO2 gas with sample temperatures ranging from room temperature 

(RT) to 250 °C. The results shown in Fig. 9(a) depicts a volcanic shaped curve of sensing 

response vs temperature behavior for samples 2D and UT. At lower operating temperatures, 

there is low energy to cross the activation energy barrier, slow surface reactions between 

adsorbed gas molecules and sensor surface which results in lower response. On increasing 

the temperature, the plot peaks to a maximum sensing response of 25 % for 2D and 15 % for 

UT at an operating temperature of 100 °C and 150 °C, respectively which may be due to an 

increase in thermal energy which causes an increase in surface reactions and higher rate of 

adsorption leading to a maximum sensor response. On further increase of temperature the 

adsorption rate is reduced, and target gas molecules escape from the film surface before 

reaction takes place, resulting in a decline in the sensor response [34,35].  Moreover, the 

decreased response in 2D and UT may also be attributed to the rise in the electron 

concentration resulting from the thermal excitation of electrons from the VB, thereby 

reducing the p-type behavior, hence a decreased response at higher temperatures. Whereas 



12 
 

the sensing response of sample TF increases linearly from RT to 250 °C (up to 35 %). This 

may be attributed to the enhanced surface adsorption of NO2 and oxygen species owing to 

faster surface kinetics. A comparison of sensing response at 100 °C reveals the highest value 

for sample 2D, and the sensing response declines as one goes to UT and then to sample TF. 

The lower optimum operating temperature with the decreasing thickness of α-MoO3 depicts 

a change in the sensing response with thickness owing to the change in the electronic 

properties, as discussed earlier. 

The lowest detection limit towards NO2 was determined by measuring the response at 

different concentrations of NO2 gas in the range of 100 ppb to 20 ppm, at 100 °C temperature, 

which is displayed in Fig. 9(b, c). The minimum detection limit towards NO2 for sample TF 

was 5 ppm, it gradually decreases with the thickness of the film and it is observed to be 500 

ppb for UT and 100 ppb for the sample 2D. The large surface to volume ratio in 2D due to 

lower thickness provides larger number of active sites, which enables high oxygen and NO2 

adsorption resulting in low detection limit at low operating temperature. This phenomenon 

is also evident in many other two-dimensional materials having limit of detection of few ppb 

at low working temperatures[36].  

Fig. 9(d)-(f) depicts the dynamic response curve. This shows the resistance vs. time plot for 

a given sample in terms of repeated response and recovery cycles at their corresponding 

optimized working temperature towards 10 ppm of NO2 gas. The results show typical n-type 

gas sensing behavior for sample TF but p-type gas sensing behavior for samples 2D and UT. 

Also, inset of Fig. 9 (d) and (e) exhibits a consistent p-type behavior even at higher operating 

temperature of 200 °C for 10 ppm NO2 gas. The p-type sensing behavior in sample 2D and 

UT can be attributed to the strong surface adsorption of the oxygen species, which results in 
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a depletion or an inversion layer at the surface of the film. This effect is further enhanced 

due to the adsorption of NO2 during gas sensing measurements. In addition, the role of metal- 

metal oxide contact may be another factor in this behavior, as will be discussed later.   

To check the selectivity of proposed sensors, the sensing response of 2D and TF was also 

measured towards other potentially hazardous gases like NH3 and CO. Sensing towards 100 

ppm NH3 gas show response value of 4.5 % for sample 2D operating at 100 °C and 3 % for 

sample TF operating at 200 °C. In the case of 100 ppm CO, it was observed to be within the 

measurement noise limit for both 2D and TF. This may be attributed to different reaction 

kinematics of sensor device towards different analyte gas molecules. It confirms that the 

sensor is selective towards NO2 gas. Here also, TF shows a usual n-type gas sensing 

behavior, whereas 2D shows p-type gas sensing behavior corresponding to NH3 and CO 

gases. 

Response and recovery time are the two important parameters of a gas sensor. Table 2 

compares the response and recovery time of sample 2D, UT and TF for 10 ppm NO2 at 100 

°C and 200 °C. The response time in 2D at 100 °C was 200 s with an incomplete recovery, 

which is lowest as compared to UT and TF. This may be attributed to the depletion region 

created in sample 2D due to the strong adsorption of oxygen species (O- and O2
-) which may 

extend to larger portion of the film thickness as compared to UT and TF. Therefore, any 

change in the conductivity of the film will be highly sensitive to the adsorbed NO2 molecules 

resulting in faster and higher sensing response, thereby shorter response time. On further 

increase in temperature to 175 °C, sample 2D shows a shorter response time of 123 s and 

full recovery owing to high thermal energy for the desorption of NO2 molecules from the 

film surface. Also, the response and recovery cycle at 200 °C as shown in inset of Fig. 9 (d)-
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(f) depicts complete response and recovery at higher temperature for all three samples. Table 

S1 depicts sample 2D shows good response, low detection limits, and relatively shorter 

response time at low operating temperatures when compared to other similar studies on 

MoO3 and other nanostructured materials, respectively. 

The effect of humidity on sample 2D and TF at two different RH values, namely, 20 % and 

85 % has been investigated to study the response at a working temperature of 100 °C when 

exposed to 10 ppm NO2. As concluded from the measurements performed, a change in the 

baseline resistance from 112 kΩ to 136 kΩ was observed. This increase in resistance is due 

the adsorption of water (H2O) molecules which may dissociate to give hydroxyl group (OH-

) at this working temperature and they can donates electrons according to the Heiland and 

Kohl mechanism [37,38], thus, reducing the p-type conductivity. Decrease in sensing 

response from 20 % to 16 % was also observed and the reason might be attributed to the 

decreased number of active sites due to adsorption of the H2O molecules and hydroxyl (OH-

) group resulting in limited adsorption of oxygen and NO2 species. In sample TF a decrease 

in the baseline resistance from 40.2 kΩ to 38.46 kΩ was observed due to the donation of 

electron by the adsorbed hydroxyl group (OH-) and a small change in sensing response from 

6 % to 5.3 % was observed. In both low and high humidity values samples 2D and TF shows 

p and n- type sensing behavior, respectively. This confirms that there is no effect of humidity 

on the change in n-type to p-type gas sensing behavior on going from sample TF to 2D. 

          3.4. Mechanism of gas sensing 

The sensing mechanism of chemo resistive gas sensors is based upon the change in electrical 

conductivity (carrier concentration) of the sensing material on reaction with the target gas 

molecules. Oxide semiconductors adsorb oxygen from the ambient environment and form 



15 
 

oxygen species like O-, O2- and O2
- at the semiconductor surface via following chemical 

reactions: 

O2 (gas) + e-   →    O2
- (ads)      stable for temperature < 100 °C                                 (1) 

O2
- (ads) + e-  →   2O- (ads)      stable for temperature between 100 °C to 300 °C      (2) 

O- (ads) + e-   →    O2- (ads)      stable for temperature > 300 °C                                 (3) 

 

These chemical reactions indicate that the electrons are consumed from the conduction band, 

forming a surface depletion layer resulting in a decrease in the conductivity of n-type 

semiconductor (increase in case of p-type semiconductor).  

NO2 is oxidizing in nature and it can react directly with the oxide surface or indirectly via 

adsorbed oxygen species already present on the surface via the following chemical reactions 

[22]: 

NO2 (gas) + e 
-
     →   NO2

- (ads)                                                                                   (4) 

NO2 (gas) + O
- (ads) + 2e 

-  →  NO2
- (ads) + O2-

 (ads)                                                 (5) 

NO2 (gas) + 2e 
- + O2

- (gas)   →  NO2
- 

(ads) + 2O
- (ads)                                              (6) 

 

Electron affinity of NO2 (2.273 eV) [39] is higher than that of O2 (0.450 eV) [40]; therefore, 

NO2 may take more electrons from the surface. In both cases, electrons are lost from the 

surface, hence the conductivity decreases for n-type (increases for p-type) semiconductor.  

In case of reducing gases like CO and NH3, which donate electrons to the surface, the 

conductivity increases for n-type (decreases for p-type) semiconductor.  

α-MoO3, in its stoichiometric form, is an insulator. However, it is mostly found as an n-

type semiconductor due to the formation of oxygen vacancies. Control over the oxygen 
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vacancies in α-MoO3 has been used earlier to tune its electronic and chemical properties [41–

43]. A typical oxygen vacancy formation process may be represented in terms of the 

following reaction: 

                          O0   ↔  
1

2
 O2 (gas) + VO ̇ ̇ + 2e ̍                                                                  (7) 

where O0 represents an unstable oxygen atom in an oxygen site and VO ̇ ̇ represents the 

oxygen vacancy with a double positive charge. When these oxygen vacancies are filled with 

oxygen during annealing in the air or during sensing the following reaction takes place: 

                          VO ̇ ̇ + 
1

2
 O2 (gas) ↔ O0 + 2h ̇                                                                                                 (8) 

This reaction results in a decrease in the electron concentration due to high oxygen 

adsorption [18,44]. It is observed in earlier reports [45] that due to enhanced surface 

adsorption of oxygen species, a surface inversion layer  may be formed, resulting in 

conductivity dictated by hole concentration in the surface layer.  

It is evident from the deconvoluted Mo 3d peaks of the XPS spectra that sample 2D has a 

lower concentration of free electrons due to lower oxygen vacancies as compared to sample 

TF. Also, O 1s peak of sample 2D show higher oxygen adsorption due to its high surface to 

volume ratio as compared to TF. The high surface reactivity of sample 2D as compared to 

TF is confirmed from their respective ambient pressure XPS measurements. As the thickness 

of the sample 2D is lower, it can be inferred that the carriers will be depleted from the 

complete thickness of the sample 2D and may form surface inversion layer.  

It is also important to compare the results of I-V measurements of sample 2D, UT, and TF, 

as shown in Fig. 10 to understand the metal- α-MoO3 contact. Sample TF shows an ohmic 



17 
 

behavior with lower resistance as compared to non-ohmic behavior observed in sample 2D 

and UT. This indicates a transformative change in the electronic properties of the oxide layer 

with a decrease in the film thickness. Hence on moving from sample TF to 2D, the deviation 

from linear I-V characteristic seems to increase. This nonlinear behavior in 2D and UT can 

be attributed to a considerable level of Schottky barrier at metal- α-MoO3 contact, which can 

modulate the type of charge carrier inside the conductive channel by creating a barrier for 

electrons and allowing holes to pass. As deduced from the KPFM measurements there is a 

decrease in work function values from sample TF to 2D. Further sample 2D is less n-type as 

compared to TF due to lower oxygen vacancies suggesting that the Fermi level is nearer to 

the conduction band in sample TF as compared to 2D. This indicates a larger difference in 

the work function of metal and electron affinity of sample 2D and UT, which may result in 

a higher Schottky barrier height as compared to sample TF and also a higher Schottky barrier 

width which may result from the depletion of the entire 2D film thickness under the contact 

region, as shown in Fig. 11(a). As the thickness of 2D sample is less as compared to the 

expected depletion layer thickness, accumulation of excess charge in the case of sample 2D 

can also contribute to a higher Schottky barrier [46]. In contrast, for sample TF, this barrier 

is rather small, and electrons can cross the barrier easily.  

Under the applied bias, current transport takes place via holes in sample 2D and UT as they 

are depleted of electrons in the conducting channel and have high Schottky barrier. The 

presence of NO2  further reduces the electron concentration, resulting in an upward shift of 

the VB, as shown in Fig. 11 (b), thereby increasing  the hole current, hence higher p-type 

sensing response [47]. This is effectual even for low NO2 concentrations and low 

temperature due to the large number of surface reactive sites in 2D and UT due to their high 
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surface to volume ratio.  However, sample TF shows n-type gas sensing behavior upon NO2 

gas exposure. This is due to its large electron concentration and low oxygen adsorption (as 

evident from XPS measurements). This kind of n to p-type change in gas sensing behavior 

is also observed in metal oxides, such as, SnO2 [48] , Fe2O3 [45], and ZnO [44] under certain 

conditions. Thus, a fine balance between the surface to volume ratio and the concentration 

of oxygen vacancies is crucial for the improved gas sensing behavior of α-MoO3 films. 

 

4. Conclusions 

Two dimensional (2D), ultrathin (UT), and thin films (TF) of α-MoO3 were synthesized 

using pulsed laser deposition technique. XRD and Raman studies confirm the α-MoO3 phase 

with a layered structure in all the samples. AFM images display the evolution of morphology 

starting from 2D domains, merging to form an ultrathin layer, and finally, a thin film 

structure all having a preferred direction of growth. XPS studies show higher concentration 

of oxygen vacancies in sample TF as compared to sample 2D and higher oxygen adsorption 

in sample 2D as compared to sample TF. Gas sensing behavior and I-V characteristics 

indicates a transformative change in the electronic nature with sample 2D and UT showing 

p-type sensing response and nonlinear junction characteristics in comparison to n-type 

response and ohmic metal- metal oxide junction behavior in sample TF. Sample 2D exhibits 

selective response towards NO2 with a minimum detection limit of 100 ppb and the highest 

response value of 25% at 100 °C. The dependence of sensing response on temperature is 

quite different in sample 2D with response peaking at 100 °C in comparison to sample TF, 

in which it gradually increases from RT to 250 °C. The effect of humidity was more evident 

on sample 2D as compared to TF. The results have been explained on the basis of lower 
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oxygen vacancy concentration, higher oxygen adsorption due to the high surface to volume 

ratio, and high Schottky barrier at metal-α- MoO3 junction in sample 2D and UT in 

comparison to sample TF.   
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Figures: 

 

Fig. 1. Schematic diagram of the gas sensing setup and IDE electrode on α-MoO3 sample. 
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Fig. 2. (a) XRD pattern for sample 2D, UT, and TF. The diffraction intensity for the (020), 

(040), and (060) peaks indicate preferentially oriented films along the [0k0] direction. (b) 

Room temperature Raman spectra (excitation wavelength 532 nm) for sample 2D, UT, and 

TF. Raman spectra peaks indicate the formation of the α- phase of MoO3. 
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Fig. 3. AFM investigation of the as-deposited α-MoO3 films. Morphology plots of sample 

2D, UT, and TF show the evolution of α-MoO3 thin film with thickness.
  

 

 

Fig. 4. FESEM image of sample TF showing the growth of vertical nanostructure. 
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Fig. 5. KPFM investigation of the as-deposited α-MoO3 films.
  
(a) Microscopic KPFM plots 

of the sample 2D, UT, and TF show spatial variation of the surface potential (b) Surface 

potential histograms corresponding to samples 2D, UT, and TF. 
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Fig. 6. XPS investigation of sample 2D and TF (a) deconvoluted Mo 3d peaks of sample 2D 

(b) deconvoluted Mo 3d peaks of sample TF (c) comparison of Mo 3d peaks of sample 2D 

and TF (d) comparison of the VB maxima spectra of sample 2D and TF. 
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Fig. 7. XPS spectra of the O 1s peak of sample (a) 2D and (b) TF, deconvoluted peak with 

higher intensity component showing lattice oxygen and the smaller shoulder component 

represents the adsorbed oxygen species.  
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Fig. 8. Ambient pressure XPS investigation of sample 2D and TF (a) deconvoluted Mo 3d 

peaks of sample 2D in vacuum (b) deconvoluted Mo 3d peaks of sample 2D in NO and NO2 

gas mixture (c) comparison of Mo 3d peaks of sample 2D in vacuum and mixture of NO and 

NO2 gas (d) comparison of Mo 3d peaks of sample TF in vacuum and mixture of NO and 

NO2 gas. VB maxima spectra of sample (e) 2D and (f) TF in vacuum and mixture of NO and 

NO2 gas.  
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Fig. 9. (a) Comparison of sensing response vs. temperature to obtain optimal working 

temperature for the sensors (2D, UT, and TF) towards NO2. (b) and (c) shows a comparison 

of sensing response vs. NO2 concentration for sensors (2D, UT, and TF) at an operating 

temperature of 100 °C.
 
 Dynamic response curve show resistance vs. time plot of sample (d) 

2D, (e) UT, and (f) TF towards 10 ppm NO2 at their working temperature. The inset in Figure 

9(d)-(f) represents dynamic response curve for sample 2D, UT and TF at 200 °C towards 10 

ppm NO2, respectively. 

 

 

 

Fig. 10. Comparison of I-V plots of α-MoO3 sample 2D, UT, and TF at 100 °C.
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Fig. 11. (a) Energy band diagram of the sample 2D with Ni/Au metal contacts. (b) Energy 

band diagram under bias in dry air and the presence of NO2 mixed with dry air.  
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        Table: 

 

 

Table 1. Comparison of the characteristic deconvoluted Mo 3d peaks from ambient 

pressure XPS spectra of sample 2D in vacuum and in gas mixture of NO and NO2 

 

 

 

 

 

 

 

 

 

 

 

 

 

   Peak name 

  

Peak position in 

vacuum (eV)  

Peak position in 

NO and NO2 (eV) 

  

Peak shift 

(eV) 

 

Mo 3d5/2 Mo5+ 
 

 

231.91 

 

232.11 

 

0.20 

  
Mo 3d3/2 Mo5+ 

 
 

235.17 235.34 0.17 

Mo 3d5/2 Mo6+ 

 
 

233.29 233.65 0.36 

Mo 3d3/2 Mo6+ 

 
 

236.67 236.94 0.27 

Mo 3d5/2 Mo4+ 

 
 

230.26 230.59 0.33 

Mo 3d3/2 Mo4+ 

 
 

234.36 234.95 0.59 



35 
 

 

 

 

Table 2. The response and recovery time for 2D, UT and TF towards 10 ppm NO2 at 100 

°C and 200 °C. 

 

 

 

 

  

 

 

 

 

 

 

 

 

Sample 

 

Operating 

temperature (°C) 

 

Response (%) 

 

Response time (s)  

 

Recovery time(s)  

 

2D  

 

100 

  

 

25  

 

200 

 

 - 

 200 

 

11 

 

90 136 

UT  100 

  

11  424 526 

 200 7 

 

267 456 

TF  100 

  

4  500 606  

 

 

200 17 

 

490 560 


