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Abstract 

This project was carried out to extend the scope of studies in investigating 

dynamic sensing mechanism and gas sensing properties of transition metal 

chalcogenides with photo-assisted technique. 

 

Dynamic gas sensing mechanism of nanocluster-assembled ZnSe film under 

UV illumination 

 Dynamic gas sensing mechanism was studied using the sensing result of 

oxygen on nanocluster-assembled ZnSe film. The film was fabricated using 

Supersonic Cluster Beam Deposition (SCBD) method followed by post-

selenization. It was characterized by Raman spectroscopy, UV-Vis spectroscopy 

and XRD. AFM images of nanocluster-assembled ZnSe film show a porous 

morphology which plays critical role in gas sensing. The time-dependent 

conductivity σph and gas sensor response S to oxygen at various concentrations 

were measured at different operation temperature. The sensor responses 

measured under UV illumination are varies from 306.2 to 0.3 when oxygen 

concentration increases from 0.01 % to 20 % at room temperature and from 

177.4 to 1.7 when oxygen concentration increases from 0.02 % to 10 % at 80 oC. 

Results are well fitted to the proposed model derived by the sum of two 

exponential time-dependent terms. This model incorporated the mechanisms of 

photo generation and recombination of electron-hole pairs, adsorption and 

desorption of oxygen, and ionization of adsorbed oxygen. The rate constants 

and coefficients used in the model revealed the gas sensing details about the 
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change of the relative contribution of individual mechanisms, which vary with 

oxygen concentration and temperature. More precise of sensing response could 

be predicted according to the proposed model. 

 

Gas sensing properties of nanocluster-assembled, multilayer and monolayer 

MoS2 films 

 Gas sensing properties of different structures of MoS2 were studied. Large-

area monolayer MoS2 film was successfully produced using a one-step reactive 

DC magnetron sputtering. The crystalline and uniform monolayer film was 

obtained from the processes using a reactant gas containing 9 % H2S in Ar, a 

substrate temperature of 500 oC with 3 oC/min ramping down to room 

temperature, a sputtering pressure of 15mTorr and deposition time of 25 min. 

Achievement of the desired MoS2 phase was confirmed by Raman spectroscopy 

and XRD analysis. Indirect-to-direct bandgap transition was detected by PL 

spectrum at 1.91 eV. The film thickness was found to be reduced to monolayer 

of about 0.61 nm according to the XS-TEM image. Multilayer MoS2 film was 

produced using sputtering of the same setting but a longer deposition time of 

60 min, while nanocluster-assembled MoS2 film was produced using SCBD 

method followed by post-sulfurization.  

 The dark sensor response of monolayer MoS2 against 10 – 500 ppm H2S is 

1.25 - 25.68 %, while those of multilayer and nanocluster-assembled MoS2 films 

are small and close to zero. Besides, photo-assisted monolayer MoS2 film 

exhibits an enhanced gas sensor response of 4.04 - 52.07 % against H2S varying 

in the same concentration range. It is also sensitive to 10 – 500 ppm NH3 with 
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the sensor response of 53.8 - 247.4 %. In contrary, the sensor response to H2 is 

weaker, and is found to change slightly of 0.4 - 6.3 % for 40 – 500 ppm. These 

results indicated that only monolayer MoS2 film with a direct bandgap can give 

remarkable enhanced gas sensor response to H2S, which are found to be 

symbiotic.  
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Chapter 1 Introduction 

1.1 Overview of gas sensor industry 

Human beings are insensible to odorless hazardous gases such as carbon 

monoxide and methane by merely using their own olfaction. This causes difficulties 

for them to escape from dangers in some types of workplaces such as coal mines. In 

the old days before effective gas sensors have been invented, mineworkers brought 

along with flame lights or canaries when they went into coal mines. They were used 

as sentinels for alerting mineworkers whenever flammable and toxic gases started 

to emerge in the workplaces. However, these measures are not good enough to 

prevent accidents from happening. One reason is that the lead time between 

notification and fatal disaster is usually very short. Along with increasing complexity 

of production processes in industrial aspect, more kinds of hazardous gaseous are 

used and produced. They can potentially cause serious pollution in broad areas to 

long-lasting threats and dangers to the public. These gaseous chemicals may even 

include greenhouse gases, which may become one of the causes for climate 

change. 

As a consequence, many kinds of gas sensor were invented to meet the demand 

on preventing from hazard. The harmfulness of hazardous gases to human beings is 

further recognized. Many industrial regulations on gas safety have been set up. 

Standards such as OSHA, NIOSH or ACGIH have been implemented by industries 

and organizations in many countries. Many gas emission ordinances and global 

agreements were established, such as Oslo Protocol, Kyoto Protocol and the latest 

Paris Agreement for further reducing emission of gaseous pollutants into the air.  
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Furthermore, for solving the problem of exhaustion of fossil fuels in the coming 

future, activities for exploiting methane clathrate stored in shale and asteroid 

mining have become active. The problem of how to detect and prevent accidental 

leakage of hazardous gases to the atmosphere will be a new challenge. This 

foreseeable problem further motivates more material scientists and industries to 

look for new sensor materials for improving the present gas sensing technology. 

 

1.2 Review of gas sensors 

 Many gas sensing techniques are referring to physiochemical principles. Gas 

sensors can be classified into different types depending on their operation 

principles. They can be classified into electrochemical, catalytic, optical and 

chemoresistive types of sensors. The specific features of different types of the 

sensor are summarized in Table 1-1. 

 Electrochemical Catalytic Optical Chemoresistive 

Method Chemical reaction 
Catalytic 

oxidation 

Photo absorption / 

Reflectometry etc. 
Gas adsorption 

Sensitivity High High High High 

Selectivity Good Poor Excellent/Good Poor 

Response 

time 
Fast Fast Fast Fast 

Size Medium Medium Large Small 

Lifetime Short Medium Medium Long 

Cost Medium Low High Low Table	Table	Table	Table	1111----1111				Comparison	Comparison	Comparison	Comparison	amongamongamongamong				different	different	different	different	types	of	types	of	types	of	types	of	gas	gas	gas	gas	senssenssenssensorororor....				
 

 Electrochemical type gas sensor has high sensitivity and good selectivity. They 

are based on electrical signal from chemical reactions between electrolyte (or 

electrodes) and detected gas. However, electrolyte could be contaminated when 

used. The lifetime is limited to be around 1-2 years. 
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The operation of a catalytic type gas sensor is based on the oxidizing reaction 

between the target gases and sensing element which is usually heated up to high 

temperature. Some oxygen should be present in the detected area for sustaining 

the oxidation process. This type of gas sensor is highly sensitive to and has been 

widely used for detection of explosive and flammable gases. However, the function 

of the sensor would deteriorate once the sensing element or catalyst is poisoned. 

Optical type gas sensor is designed to work on different mechanisms. One of 

them is based on analyzing an optical absorption spectrum of the detected gas 

molecules using light beam directly. Another type of optical gas sensor is based on 

detecting the change of optical property of the sensing material caused by 

adsorption of or reaction with the target gas. A common drawback of optical gas 

sensors is that the whole setup is expensive and bulky. However, the sensing 

performance of this type of sensors is excellent of a high sensitivity, high selectivity 

and fast response time. 

The first breakthrough of gas sensing technology using chemoresistive 

semiconductor was demonstrated by Seiyama in 1960s1. He measured the electrical 

response of ZnO film caused by reaction with toluene and propane at 485oC. He 

found that the resistance of other metal oxide semiconductors was sensitive to 

some gases as well. The finding quickly opened up a new approach of gas sensing 

technology. The mechanism of chemoresistive gas sensor is closely related to 

surface adsorption of target gas molecules. This process causes charge transfer 

between the sensor material and the gas molecules to result in a change of 

resistance. Device setup is simple and the production cost is low. It is thereby very 

popular in a variety of applications2. Further technique such as adding noble metal 
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as catalyst improving the gas sensing performance is commonly used3,4. In this 

project, chemoresistive type gas sensors were used. 

 

1.3 Trend of gas sensor design 

 Researchers in the area of gas sensor technology constantly work on better 

material composition and structural architecture for improving the gas sensing 

performance. The following aspects are particularly concerned in the development 

of chemoresistive type gas sensors 

1.3.1 High surface-to-volume ratio 

 Reducing the thickness of sensor element, or the grain size of polycrystalline 

film or cluster size of porous film can increase the film’s surface-to-volume ratio. 

The sensor response is expected to be enhanced because of the following reasons: 

(i) the dynamic range of the variation of electrical conductivity is significantly 

enlarged when the volume fraction of the depletion region can be increased to be 

close to the total volume of the sensor, (ii) necking of the conduction path at the 

contact among adjacent clusters in a cluster-assembled film sensor occurs, and (iii) 

the time for gas molecules to diffuse across the sensing region is shortened. These 

considerations motivate us to select ultra-thin and porous films as samples in this 

study. 

1.3.2 Property of atomic layer thick material 

 Nowadays, the thin film can be fabricated to have thicknesses controlled to 

atomic level. 2-dimensional materials in form of layer structure, such as graphene 

and MoS2, exhibit different physical, optical and electrical properties from those of 
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the bulk materials when the thickness is reduced to single layer. The gas sensing 

properties of the material may also be affected significantly. This opens up a new 

area of gas sensor research.  

1.3.3 Resistance to poisoning of sensor element 

 In many applications, the detector may be required for long-period monitoring 

of target gas. This may result in dissociation of the sensor material and the catalyst. 

In particular, metal oxide semiconductor based gas sensor usually work at elevated 

temperature and hence are more vulnerable to poisoning effect. The sensor may be 

unreliable and have short life time. One direction for getting better chemical 

sensors of reactive gases containing S, Se and Te is to use a sensor material 

containing the same chalcogen element. One example implemented in this study is 

to use MoS2 sensor to detect H2S, where S is the element in common on both sides. 

This approach may help to reduce the instability caused by reaction with target gas.  

1.3.4 Low operating temperature with photo-assist 

 High operating temperature around several hundred oC is commonly required to 

activate the sensing mechanism in a chemoresistive sensor. However, the high 

temperature working condition could shorten the lifetime of the sensor. The 

sensor’s performance would degrade much faster than the case when it is set to 

operate at room temperature. Besides, desorption of adsorbed gas molecule is also 

enhanced by rising temperature. Hence, the sensor response is also reduced once 

the operation temperature is over the optimum point. In addition, the high 

operation temperature required to be maintained and stabilized, thermal drift of 

the output is more likely to be a problem such that calibration is needed from time 
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to time. 

 In order to compensate the energy gain by heat in conventional chemoresistive 

sensor, photo-assist with above-bandgap illumination is used in gas sensor working 

at low temperature or even at room temperature. The drawbacks of thermal-

assisted gas sensor can be alleviated to some extent.  
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1.4 Aims and objective 

 This project is aimed at investigating dynamic sensing mechanism and gas 

sensing properties of transition metal chalcogenides with photo-assisted technique. 

Below are the objectives to achieve: 

i. Synthesize porous nanocluster-assembled films using Supersonic 

Cluster Beam Deposition (SCBD) 

 Zinc selenide (ZnSe) and molybdenum disulfide (MoS2) nanocluster-

assembled films with high porous structures are synthesized by SCBD. 

We want to examine whether the expected large surface area-to-volume 

ratio of the sensor can markedly influence the gas sensing properties. 

ii. Synthesize large-area monolayer MoS2 film using reactive DC 

magnetron sputtering 

 We also aimed at synthesizing large-area uniform monolayer MoS2 

using PVD-based technique to examine the influence of band transition 

to gas sensing performance. The fabrication of MoS2 film was conducted 

by reactive DC magnetron sputtering. The condition of the process for 

achieving monolayer MoS2 film was optimized by adjusting the reactant 

gas, operating temperature, sputtering pressure and deposition time.  

iii. Modeling the dynamic (time-dependent) photoconductivity response 

to oxygen of ZnSe film 

 To demonstrate the interaction between adsorption-desorption of 

the detected gas molecules and charge exchange mechanism of photo-

assisted gas sensor, we derive a dynamic (time-dependent) model of 

photoconductivity response. It is applied to analyze the measurement 
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result of oxygen detection in nanocluster-assembled ZnSe film.  

iv. Evaluate the gas sensing properties of MoS2 films 

 We study the sensor response of monolayer MoS2 film, multilayer 

MoS2 film and nanocluster-assembled MoS2 film to H2S, H2 and NH3. 

Experiments in dark and under above-bandgap UV light illumination are 

designed. The observed results will be explained based on the influences 

of the nano-scaled structural features and indirect-to-direct band 

transition of MoS2 films. 
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Chapter 2 Background 

2.1 Definitions of working parameters of gas sensors 

 In this section, we summarize the definitions of important working parameters 

used for describing the performance of a gas sensor5. 

• Sensor response, �   

Sensor response is defined as the fractional change of output signal (e.g. 

resistance, electrical conductivity etc.) generated upon exposure to the 

detected gas. If the initial value of a physical quantity of the sensor is σ� 

and its new value in the detected gas is σ�, the sensor response is: 

S � σ� � σ�σ�  

• Sensitivity, ��/�  

 Sensitivity is defined as the change of sensor response per unit 

change of detected gas concentration C at a specific level of C. 

• Selectivity  

Selectivity is defined as the capability of resisting the interference 

leading to erroneous signal due to the coexistence of the gases other 

than the target one in the detected area. 

• Stability/Repeatability  

Stability/Repeatability is defined as the capability of sensor to maintain a 

stable sensing performance, (including sensor response, sensitivity, 

selectivity, response, and recovery time etc.) within an acceptable 

tolerance when working in either static mode or cyclic mode. 
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• Detection limit  

Detection limit is defined as the maximum or minimum detectable 

concentrations of target gas before the sensor response get saturated or 

unresponsive. 

• Dynamic range  

Dynamic range is defined as the range of detectable gas concentration 

within the detection limit. 

• Linearity 

Linearity is defined as the degree of proportional proximity between the 

sensor response and detected gas concentration. 

• Resolution  

Resolution is defined as the minimum resolvable change of gas 

concentration detectable by the sensor. 

• Response/recovery time  

Response/recovery time is defined as the time interval for the sensor 

response to reach/recover 90% of the total change of the response. 

• Working temperature  

Working temperature is defined as the temperature setting for the 

sensor element to exhibit the desired sensing performance. 

• Hysteresis  

Hysteresis is defined as the deviation between the tracks of sensor 

response recorded in the loading and unloading processes in the test 

cycle. 
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• Life cycle  

Life cycle is defined as the duration or cycles of a sensor before 

malfunction. 

2.2 Gas sensing materials 

 The above gas sensor performance indexes strongly depend on the properties 

of the sensing materials6,7. Important factors associated with the sensing materials 

used are summarized as follows. 

• Electronic structure 

Metal oxides are widely used for gas sensing. One of the reason is that 

the metal in the oxide structure could exhibit various oxidation states8. The 

d-orbital electronic configuration of metal is susceptible to perform 

oxidation or reduction. Metal oxides with d0 or d10 configuration (such as 

ZnO, SnO2 and TiO2) were found to be good gas sensor materials because 

they can only work as oxidizing or reducing substance respectively during 

the gas detection. However, in general, most of these oxides have large 

bandgap and stable. The free charge carrier concentration at room 

temperature for reacting with detected gas is small. This feature results in 

weak interaction between the detected gas and the sensor material and 

hence this kind of sensor response required thermal assist. Metal with d1 to 

d9 configuration may perform reduction and oxidation which has less sensor 

response than d0 and d10. However, their surface physiochemical properties 

and the feasibility of being highly catalyzed making them to be very 

attractive in sensor applications. Noted that transition metal chalcogenide 
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exhibit certain similarity to metal oxide material. In particular some of them 

are found to exhibit indirect-to-direct electronic bandgap transition at 

monolayer thickness. In the present study, we focused on the transition 

metal chalcogenide materials with direct bandgap, ZnSe and MoS2, to 

explore the photo-assisted technique in gas sensing effect. 

• Dopant 

Doping level and type of dopant elements on sensor material can affect 

charge carrier concentration and conduction type (n or p). This alters the 

electrical response of the reactant gas molecules which are adsorbed on the 

material surface.  

• Crystal structure 

A sensor material could be in single crystal, polycrystalline or amorphous 

form. Different structure would have different grain size, concentration of 

grain boundaries and defects. They affect the number of adsorption site, the 

volume fraction of the depletion region, diffusion rate and mobility of the 

detected gas in the material structure. These would alter the sensor 

response significantly. The mechanism was discussed in section 2.3. 

• Thickness and surface-area-to-volume ratio 

The number of adsorption site on the sensor’s surface affects the sensor 

response which commence with adsorption mechanism. Thus, the surface-

area-to-volume ratio is one of the dominant factors of sensor performance. 

Sensor with bulk or thick sensor material has a small ratio but low 

resistance, hence the dynamic range of sensor response is small but the 

electrical measurement would involve less electrical nose. In contrast, 
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sensor of small characteristic dimension result higher response. However, 

excessive increasing in surface-area-to-volume ratio may eliminate the 

dynamic range of detection as the depletion layer would readily occupies 

whole film and cause no necking effect9. 

• Composite sensor materials 

A sensor with a hetero-nanostructure could exhibit synergistic effect to 

result in improved sensing performance10. 

• Environment 

Many environmental conditions have significant influences on the 

sensor performance. For example, moisture in the environment can be 

adsorbed on the sensor’s surface and reduces the efficiency of gas 

adsorption. Increase in the working temperature can alleviate the influence 

of moisture by evaporation and activate the reaction between the detected 

gas and sensor material. Another important example is above-bandgap light 

illumination on a semiconductor sensor, which can increase photo 

generated electrons and holes to result in significant change in the gas 

sensing properties of the device. 

2.3 Gas sensing mechanism 

In general, the working principle of chemoresistive gas sensor is based on three 

major aspects. They are (i) receptor function, (ii) transducer function and (iii) 

operation mode11,12. The key concepts of each item are summarized in this section. 

2.3.1 Receptor function 

 Receptor function is referred to the reaction between the detected gas and the 



Thin film transition metal chalcogenide based gas sensors – Chapter 2 

The Hong Kong Polytechnic University 

 

14 
 

sensor material. For a semiconductor-based chemical sensor, the sensor’s surface 

adsorbs gas molecules and usually involves oxidization and reduction. Figure 2-1 

shows the receptor processes schematically conducting on the sensor’s surface by 

oxygen and H2S detection as examples. The adsorbed oxygen can be ionized when 

they absorb enough activation energy from the sensor material. This process is 

referred to chemisorption. Accumulation of charge on the sensor’s surface 

generates a space charge region and change of electron band energy. The reaction 

leading to chemisorbed oxygen radicals can be expressed as: 

 !"#$% & '( ↔ !"#*+%(  Eq. 2.1 

 !"#$% & 2'( ↔ !"#*+%"(  Eq. 2.2 

Electron trap states at energy level E.  which is below the conduction band energy 

level /0, is created. These localized states may accommodate some amount of 

electrons. The electrical conductivity of the sensor element is reduced as a 

consequence. On the other hand, a self-bias electric field is built up and generates a 

depletion region which represented by Debye length 12. The variation of Debye 

length with the change of oxygen concentration causes further change of electrical 

resistivity due to the morphology of sensor material.  This is referred to transducer 

function of which be explained in the next section. 

 For H2S, detection, H2S could be adsorbed on the sensor’s surface and ionized 

to become radicals as similar as oxygen. However, it may react with the adsorbed 

oxygen radicals instead. It works as a reducing agent by providing electrons to the 

adsorbed oxygen radicals and produce H2O and SO2. Electrons originally trapped by 

oxygen radicals are released to the sensor material. This process can be described 

as: 
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 23"4#$% & 3!"#*+%( ↔ 23"!#$% & 24!"#$% & 3'( Eq. 2.3 

The charge carrier concentration in the sensor material increases to result in an 

increase of electrical conductivity. The Debye length is narrower and lead to change 

of transducer function as well. However, the by-products may bias the sensor 

accuracy as the sensing mechanism also applied on every gases. Therefore, good 

ventilation and prevention of moisture in gas sensing device are required to 

minimize the tolerance. 

 The above two mechanisms produce opposite sensing signals. Which of them 

dominates would depend on factors like the reactivity of gas and the architectural 

details of the material structure. 

 

				 				

  

Figure	Figure	Figure	Figure	2222----1111				Schematic	diagram	of	Schematic	diagram	of	Schematic	diagram	of	Schematic	diagram	of	receptorreceptorreceptorreceptor				functionfunctionfunctionfunction				and	and	and	and	electron	electron	electron	electron	band	energy	band	energy	band	energy	band	energy	due	due	due	due	to	surface	to	surface	to	surface	to	surface	adsorption	of	oxadsorption	of	oxadsorption	of	oxadsorption	of	oxidizing	idizing	idizing	idizing	#upper%	and	reducing	gas	#bottom%#upper%	and	reducing	gas	#bottom%#upper%	and	reducing	gas	#bottom%#upper%	and	reducing	gas	#bottom%....				
 

2.3.2 Transducer function 

 Transducer function refers to the influence of the morphology of the sensor’s 
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structure on the receptor function. The effect is mainly from the subtle geometrical 

characters of the sensor element, such as the diameter of grains and film thickness. 

For a polycrystalline sensor element, potential barriers are generated at the grain 

boundaries when gas molecules are adsorbed and trap electrons at that region. In 

1991, a model of grain size effect was firstly introduced to interpret the mechanism 

of transducer function involved in gas detection13. The dominant mechanism of 

resistive-type gas sensing process depends on the relative dimensions between the 

Debye length 12 (which also depends on detected gas concentration) and diameter 

of grain D as shown in Figure 2-2. Three cases are specified as follows. 

• = ≫ ?@=  

When the grain size is much larger than the depletion region or happened at 

a very low detected gas concentration, the depletion region cannot 

penetrate throughout a grain. The intergranular potential barrier is thereby 

determined by the physical condition of the grain boundary only such as 

density of lattice mismatch and defects. These factors are the intrinsic 

properties of the material and are not related to the detected gas 

concentration. The resistive response in this case is caused by the grain 

boundary control and the receptor function due to gas adsorption. 

• = A ?@=  

When the gain size is just larger the depletion region, the depletion region 

can extend from the bulk surface to reach the intergranular region among 

the grains. The gain and the lateral width of intergranular potential barrier 

are thereby affected by the adsorption of detected gas molecules. The 

charge carriers require higher energy to cross over the potential barrier and 
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hence the overall electrical conductivity of the sensor element would 

decrease. The sensor working at this case is under neck control. The 

resistive sensor response due to this mechanism would be changed more 

readily by detected gas concentration.  

• = B ?@=  

When the grain size is smaller than the depletion region or happened at a 

very high detected gas concentration, most of the grains are completely 

depleted. The gain of potential energy to intergranular and inner-grain 

potential is the same. The intergranular potential barrier is thereby 

unaffected by further adsorption of detected gas molecules. The height of 

potential barrier is ultimately controlled by the grain size.  The resistive 

response is under saturation and only very low response to detected gas 

concentration due to receptor function. 

 In summary, the resistive response could be maximized by realizing the 

condition of C A 212 . Therefore, for detecting ultra-low concentrated gas, a 

polycrystalline gas sensor of smaller average gain size is preferred. In contrast, the 

gas sensing properties of a single crystal or an amorphous sensor are mainly 

dominated by the receptor function. The performance of resistive response may be 

different from the polycrystalline ones14. 
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Figure	Figure	Figure	Figure	2222----2222				Grain	size	effect	on	Grain	size	effect	on	Grain	size	effect	on	Grain	size	effect	on	transducertransducertransducertransducer				functionfunctionfunctionfunction....				
 

2.3.3 Operation mode 

 The operation mode of a gas sensor represents the working condition of the 

device, which determines the dynamic behavior of the sensor through adjusting its 

receptor and transducer functions. For instance, sensitivity and selectivity of a 

sensor can be adjusted and improved by catalytic effect, thermal- and photo-

excitation15,16. These effects are summarized as follows. 

Catalyst 

Catalytic effect on gas sensing have been widely studied since the chemoresistive 

gas sensing effect was discovered3,4,17-19. A small amount of noble metal such as 

palladium or platinum is dispersed on the surface of sensor material. The catalyst 

acts as an activator or sensitizer. The catalytic reactions and related chemical-

electrical interactions are summarized in Table 2-120-22.  

 The catalyst acts to activate and spillover the adsorbed reducing gases. Redox 

reaction changes the adsorbed gas concentration at the sensor’s surface and the 

oxidation state of metal respectively. The reaction rate is accelerated to result in a 

change of the sensor response. 
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 Figure 2-3 gives an example showing the change of the gas sensing properties of 

SnO2 sensor for different temperature settings and catalysts4. It shows clearly that 

the sensor response against H2, CO, CH4 and C3H8 is adjustable according to the 

working temperature and the types of noble metals added on the SnO2 sensor’s 

surface. 

 

Table	Table	Table	Table	2222----1111				Chemical	and	electrChemical	and	electrChemical	and	electrChemical	and	electrononononic	ic	ic	ic	sensitization	sensitization	sensitization	sensitization	caused	by	addition	of	caused	by	addition	of	caused	by	addition	of	caused	by	addition	of	catalystcatalystcatalystcatalyst				on	on	on	on	the	suthe	suthe	suthe	surrrrface	offace	offace	offace	of				anananan				SnSnSnSnO2				gas	sensorgas	sensorgas	sensorgas	sensor				22222222....				
 

Thermal energy 

 Change of sensor response due to absorption of thermal energy can be 

explained by two mechanisms. First, energy is required to activate redox reaction 

between reducing and adsorbed oxidizing gas molecules, such that the reducing gas 

concentration can be reflected on sensor response. Many redox reactions cannot 

conduct at room temperature, so that the sensor can be increased its sensor 

response by heated up to suitable operation temperature23. Second, heating results 

in desorption of gas molecules and moisture from the surface. Physisorbed gases 

are desorbed first due to low adsorption energy. The sensor response would be 

increased because of the enhanced reactions with the chemisorbed gas molecules. 
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However, further increase in the working temperature would cause desorption of 

the chemisorbed gases. The sensor response would be decreased. For example, as 

shown in Figure 2-3, the sensor response of a SnO2 sensor for a reducing gas 

increases with increasing temperature at first, and then drops with further increase 

in temperature. 

 

 

Figure	Figure	Figure	Figure	2222----3333				Temperature	dTemperature	dTemperature	dTemperature	dependence	of	the	seependence	of	the	seependence	of	the	seependence	of	the	sensor	responsensor	responsensor	responsensor	response				of	of	of	of	SnSnSnSnOOOO2222				sensor	sensor	sensor	sensor	with	with	with	with	different	catdifferent	catdifferent	catdifferent	catalysts	alysts	alysts	alysts	againstagainstagainstagainst				HHHH2222,	CO,	CH,	CO,	CH,	CO,	CH,	CO,	CH4444				and	Cand	Cand	Cand	C3333HHHH8888				4444				
 

Photoexcitation 

 Illuminating a semiconductor with above-bandgap photon energy generates 

electron-hole pairs. The increase in charge carrier concentration enhances the 

conductivity. Reports showed that the gas sensor response of ZnO thin film at room 

temperature can be enhanced by exposing it to pulsed laser24,25. This phenomenon 

are explained by two hypothesizes. It is firstly suggested that the isothermal 

adsorption capacity of reactant gas on semiconductor can be increased by 

photoexcitation shown in Figure 2-426,27. Charge carrier concentration on the 

material surface is increased by light, and the photoexcited electrons enhance 
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adsorption and ionization of gas molecules on the sensor’s surface.  

 

 

Figure	Figure	Figure	Figure	2222----4444				Enhanced	gas	Enhanced	gas	Enhanced	gas	Enhanced	gas	adsorptionadsorptionadsorptionadsorption				capacity	under	capacity	under	capacity	under	capacity	under	photoexcitationphotoexcitationphotoexcitationphotoexcitation				on	the	on	the	on	the	on	the	sensorsensorsensorsensor’’’’s	surfaces	surfaces	surfaces	surface....				
 

 Another hypothesis is that the adsorbed gas molecules are more readily ionized 

due to photoexcitation. The photon generates charge carriers to accelerate charge 

exchange by enhancing  ionization and deionization of the chemisorbed oxidizing 

gases28. The photon energy also provides sufficient energy to activate the redox 

reaction between reducing gas and adsorbed oxidizing gas. Figure 2-5 shows the 

ionization and deionization of chemisorbed gas under photo illumination. The 

reaction rate is increased and hence the sensor response is increased.  
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Figure	Figure	Figure	Figure	2222----5555				Enhanced	rEnhanced	rEnhanced	rEnhanced	redox	reaction	under	photoexcitationedox	reaction	under	photoexcitationedox	reaction	under	photoexcitationedox	reaction	under	photoexcitation				on	the	on	the	on	the	on	the	sensorsensorsensorsensor’’’’s	s	s	s	surfacesurfacesurfacesurface....				
 

 Gas sensor with photo-assist has enhanced sensor response. Direct bandgap 

semiconductor sensor is preferred because the photo generation of electrons can 

be more effective under light illumination. As shown in Figure 2-6, light induced 

transition of an electron from the valence band to the conduction band in a direct 

bandgap structure only needs to obey the condition of the energy conservation, but 

the one in an indirect bandgap structure needs to obey conservation of both energy 

and crystal momentum and hence is less efficient. 
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Figure	Figure	Figure	Figure	2222----6666				BandBandBandBand----totototo----band	transition	inband	transition	inband	transition	inband	transition	in				direct	and	indirect	direct	and	indirect	direct	and	indirect	direct	and	indirect	bandgap	bandgap	bandgap	bandgap	semiconductor.semiconductor.semiconductor.semiconductor.				
 

 Lifetime of carrier τ#R% under recombination depends on the electronic band 

structure and can be expressed as follow29: 

1τ#R% � A & BN & CN" 

where N, A , B and C are charge carrier density, radiative coefficient, non-radiative 

coefficient and Auger recombination coefficient.  

 Radiative recombination of electrons and holes in a direct bandgap is very fast. 

Photons of energy equal to the bandgap energy will be emitted. On the other hand, 

electrons and holes recombination via non-radiative recombination process in an 

indirect band structure is much slower. The process involves the generation of a 

phonon to obey the conservation of momentum.   

 According to the characteristics of the two processes, semiconductors with 

direct bandgap, ZnSe and MoS2, were selected in this study. 
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2.4 Models of gas sensing mechanism 

 This section summarized several gas sensing models which have been used to 

describe the influence of some factors to the gas sensing performance of a gas 

sensor. Table 2-2 lists some cases with the respective influencing factor. The 

influence in the first two cases is through the transducer function. The results of the 

last two cases are empirical. In each case, there is just one influencing factor, and 

hence is not applicable to more complicated case in general. We aim at building up 

a more complete model for explaining our measurements results. 

 

Model domain Basis Equation   

Temperature
30

 Transducer function σ � σ�e(_`(_abcde fghbhaic#de%
jkb fg#*l%de  

Eq. 2.4 

Grain size
11

 Transducer function 
σ � m σ�e(n

jhai"oob pjde , qL'r	D A 2λtσ�e(uvd w p"xyz, qL'r		D B 2λt 

Eq. 2.5 

Eq. 2.6 

Grain size
31

 Receptor function σ ∝ 1|}r#~% �| Eq. 2.7 

Temperature 
32

 Empirical 
σ � σ�w1 & ����/"e(_�dez & ��/��"e( _j"de  

Eq. 2.8 

Time
33

 Empirical 
I#�% � } �#~%'(^.�~�

�  

I � I� & I�'�.(.b� ��
 

Eq. 2.9 

Eq. 2.10 Table	Table	Table	Table	2222----2222				ModelsModelsModelsModels				of	gof	gof	gof	gas	sensing	mas	sensing	mas	sensing	mas	sensing	mechanism.echanism.echanism.echanism.								
 

2.4.1 Temperature-dependent model 

 A temperature-dependent gas sensing model was introduced in late 80s of the 

last century30. This model is based on the transducer function of gas sensing 

mechanism. It is not applicable to the case of C A 212. Neck control at the contact 

regions among the grains dominates the gas sensing process as shown in Figure 2-7.  
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Figure	Figure	Figure	Figure	2222----7777				Temperature	Temperature	Temperature	Temperature	dependentdependentdependentdependent				gas	sensing	modelgas	sensing	modelgas	sensing	modelgas	sensing	model....				
 

 In this model, a potential barrier generated at the intergranular region due to 

detected gas adsorption. The barrier height is a function of the radius R of the 

contact area. The electrical conductivity of the sensor would then vary in the form 

of a Maxwell-Boltzmann distribution function according to the variation of E�#�% at 

temperature T. 

σ � σ�e(_v#p%de  Eq. 2.11 

In addition, the height of the potential barrier is considered to be correlated with 

the number of adsorbed gas ions R.(. R.( can be expressed in terms of Energy level 

of trap state E.#�%, the Femi level E�  and the concentration of adsorbed gas 

molecules R. by: 

R.( � R.e(#_a#�%c_v#p%(_`%de  Eq. 2.12 

R. can be estimated by Clifford’s adsorption model34: 

R. � R�#��%dekb  Eq. 2.13 

where R� is the number of adsorption site, � is the sensor coefficient, c is the gas 
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concentration, kT  is the thermal energy and /�  is the characteristic energy 

constant. Thus, the temperature-dependence of the electrical conductivity 

response to the detected gas is obtained in the form of a single exponential 

function: 

σ � σ�e(_`(_abcde fghbhaic#de%
jkb fg#*l%de  

Eq. 2.14 

2.4.2 Grain size-dependent model 

 Barsan and Weimar derived another model according to grain size effect11. The 

model is applied to the cases of D A 2λt  or D B 2λt  with separated set of 

formulas. The derivation is similar to that of the above mentioned temperature-

dependent model, but the potential barrier energy is calculated based on charge 

accumulation in the form of Poisson’s distribution. 

�"/�#~%�~" � �"R.(2���  Eq. 2.15 

/�#�% � ���
�� �"R.(2��� R", qL'r	D A 2λt	
k�� w �2λtz , qL'r		D B 2λt Eq. 2.16 

where, λt � �oobuvenjhai  

The electrical conductivity response of the sensor was found to be in form of 

Maxwell-Boltzmann distribution function Eq. 2.11, and hence: 

σ � m σ�e(n
jhai"oob pjde , qL'r	D A 2λtσ�e(uvd w p"xyz, qL'r		D B 2λt Eq. 2.17 

Noted that when 	D B 2λt , there is no dependency to the detected gas 

concentration in grain size effect anymore. Electron energy band are nearly flat and 
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no effective barrier can be observed31. Therefore, the conductivity of gas sensor is 

assumed to be dominated by the number of trapped charges controlled by the 

receptor function. 

σ ∝ 1|}r#~% �| Eq. 2.18 

The number of carrier electron r#~% can be obtained by the doping level R2 and 

potential barrier energy E�#~% 
r#~% � R2'(_v#^%de  Eq. 2.19 

Since the donor level R2 is equal to the number of adsorbed gas ions R.(, thus the 

conductivity can be derived. 

2.4.3 Time-dependent model 

 An empirical model was introduced by fitting persistent photocurrent of ZnO 

sensor under oxygen detection33. Decay of photocurrent I#�%  was derived by 

inverse Laplace transformation with rate constant ~ and weighting factor �#~%. 
I#�% � } �#~%'(^.�~�

�  Eq. 2.20 

Result showed that the rate constant can vary in a very board extent over a several 

orders of magnitude. No distinctive exponential component can be resolved from 

the decaying curve of current after turning off the light. Therefore, a stretched 

single exponential decay function is used to fit the data, which is in the form of: 

I#�% � I� & I�'�.(.b� ��
 Eq. 2.21 

Both the characteristic decay time � and stretched power   depend on temperature 

and activation energy. However, this is mainly an empirical approach of analysis 

without giving a more fundamental explanation on the mechanism. 
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2.5 Adsorption and desorption mechanism 

The dynamics of adsorption and desorption of gas molecules is an essential part 

of the whole gas sensing process. The derivation of the gas sensor model in this 

study involved the consideration of the adsorption mechanism. Some models are 

summarized as follows.  

2.5.1 Adsorption Energy 

The surface of a thin film gas sensor can have a strong affinity to a detected gas. 

As such, the gas molecules would be captured and accumulated on the surface. This 

phenomenon is called adsorption. In the reverse process, the adsorbed molecule 

are detached, and is referred to as desorption. There are two major types of 

adsorption processes. They are the chemisorption and physisorption as presented 

in Figure 2-8. These two processes involved energies falling in two different ranges, 

with that of the former to be higher. Chemisorption occurs at the first single-layer 

of the film surface, involving adsorption energy in the range of 50-500 kJ/mole. This 

energy level is high enough to cause charge exchange between the sensor’s surface 

and the molecules. Chemical bonds or ionization of adsorbed gas molecule would 

be formed.  If the gas molecule is at a farther distance from the sensor’s surface, 

the force of interaction is much weaker and only results in Van der Waals 

interaction. Physisorption would take place in this situation. The adsorption energy 

is in the range of 5-50 kJ/mole. Although the physisorbed molecules are not 

ionized, the adsorption energy can still be able to affect the depletion region of the 

sensor. 

Both kinds of adsorption processes are sensitive to thermal energy. As 
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chemisorbed molecule requires activation energy to initiate the chemical reaction, 

chemisorption is mostly endothermic and more significant with increasing 

operation temperature35. Figure 2-9 shows that the adsorption rate of gas 

molecules changes with increasing temperature. For chemisorption, the adsorption 

rate increases first and then drops after reaching a maximum. For physisorption, it 

drops all the way with increasing temperature. 

 

 

Figure	Figure	Figure	Figure	2222----8888				Adsorption	energy	Adsorption	energy	Adsorption	energy	Adsorption	energy	against	the	against	the	against	the	against	the	distance	from	distance	from	distance	from	distance	from	sensorsensorsensorsensor’’’’s	s	s	s	surfacesurfacesurfacesurface....				
 

 

Figure	Figure	Figure	Figure	2222----9999				Temperature	dependence	of	cTemperature	dependence	of	cTemperature	dependence	of	cTemperature	dependence	of	chemisorption	and	physisorption	ratehemisorption	and	physisorption	ratehemisorption	and	physisorption	ratehemisorption	and	physisorption	rate....				
 

2.5.2 Adsorption Models 

 Table 2-3 lists some popular models describing the surface adsorption of gas. 
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They are used for evaluating the equilibrium surface coverage θ of the surface by a 

gas at a concentration of c. More detailed explanation for each model is given in the 

text36. 

Adsorption models Basis Equation  

Henry’s Law
37

 Homogeneous adsorption θ � k£c Eq. 2.22 

Freundlich
38

 Empirical θ � k���\ Eq. 2.23 

Dubinin-Radushkevich
39

 Potential Theory
40

 θ � '(d¤¥oj Eq. 2.24 

Langmuir
41

 Kinetic basis θ � ]X�1 & ]X� Eq. 2.25 

BET
42

 Kinetic basis θ � ]�ke�#1 � �%¦1 & �#]�ke � 1%§ Eq. 2.26 

Table	Table	Table	Table	2222----3333				AdsorptionAdsorptionAdsorptionAdsorption				modelsmodelsmodelsmodels....				
 

Henry’s Law 

 In this model, the desorption rate of a gas from sensor’s surface is assumed to 

depend linearly on the concentration of adsorbed gas �, while the adsorption rate 

depends on the ambient concentration of the gas c. At equilibrium, the two rates 

are equal, such that: 

]+� � ]*� Eq. 2.27 

In addition, the surface coverage θ represents the ratio of the adsorbed molecule 

concentration � to the concentration of the adsorption sites ��, such that: 

θ � ��� Eq. 2.28 

Combining the two expressions Eq. 2.27 and Eq. 2.28, one get Henry’s equation for 

gas adsorption isotherm as37: 

θ � ]*]+�� � � ]£� Eq. 2.29 

This reflects that the surface coverage of adsorbed gas is proportional to the partial 
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pressure of the detected gas in the ambience. Note that this model is limited to the 

case of homogenous adsorption, and conditions such as under adsorption site 

saturation and high gas concentration are not put into consideration. 

Freundlich adsorption isotherm 

 Freundlich introduced an empirical equation to describe heterogeneous surface 

adsorption of a gas38. The surface coverage of a gas at high concentration range is 

estimated by a power function. 

θ � k�c�\ Eq. 2.30 

r is a constant depending on the temperature of system, while k� is related to the 

interaction between adsorbed gas and material surface. Although the equation 

describes the variation of gas adsorption, it is not applicable to the case of 

saturation at high gas concentration. 

Dubinin-Radushkevich adsorption isotherm 

 In order to illustrate the chemisorption and physisorption in adsorption model, 

Eucken and Polanyi introduced a potential theory to describe the adsorption of 

more than one layers of gas molecules40. The schematic plot is given in Figure 2-10 

to show the equi-free energy surfaces inside the adsorbed gas layers.  

 

Figure	Figure	Figure	Figure	2222----10101010				Potential	theory	of	Potential	theory	of	Potential	theory	of	Potential	theory	of	multilayer	gas	multilayer	gas	multilayer	gas	multilayer	gas	adsorptionadsorptionadsorptionadsorption....								

Adsorption potential level Gas phase level i � ∞ i � 2 i � 1 i � 0 
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The adsorption potential ε¬ of i.Z  layer is expressed in terms of the gas 

concentration �, and temperature T¬: 
ε¬ � RT¬ ln w1 & 1�z Eq. 2.31 

By assuming that the ratio of adsorption potential between adjacent layers is 

constant β: ε¬ε¬(� � β Eq. 2.32 

Thus, Dubinin and Radushkevich proposed an empirical exponential decay equation 

based on the potential theory to describe the multilayer gas adsorption of a porous 

material39. If the affinity constant of an adsorbed gas is given as β*  and the 

adsorption potentials of the first and second layer are �� and �", the convergence of 

adsorbed gas θ is derived by using the Maxwell distribution and is found to have 

the form of: 

θ � '(do�®¯∙oj®¯ Eq. 2.33 

θ � '(d®o�j±j̄∙				or				θ � '(d¤¥oj  
Eq. 2.34 

However, the equation is based on a model composed of multilayer adsorption at 

an environment with a low gas concentration. It is not useable for single-layer 

adsorption situation. 

Langmuir adsorption isotherm 

 In Langmuir’s model, equations are derived based on theoretical consideration 

of the kinetics of gas adsorption41. This theory only considers the case of single-

layer adsorption. Some assumption has been made such as the adsorbed gases 

would not be dislocated to adjacent adsorption sites but is desorbed from the sites. 
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The adsorption rate depends on the fraction of the empty adsorption sites	#1 � θ% 
and the surrounding gas concentration �. Both adsorption and desorption rates are 

correlated with respective Boltzmann factors specified by the corresponding 

activation energies, in the form of '( ²¥³ and '(²´¥³. At equilibrium, adsorption and 

desorption rate are equal: 

]+�#1 � θ%'( kpe � ]*θ'(k´pe Eq. 2.35 

The surface coverage of adsorbed gas θ is solved as: 

θ � ]X�1 & ]X� Eq. 2.36 

where 

]X � ]+]* '(k(k´pe  Eq. 2.37 

This model describes an ideal single-layer adsorption and saturation of 

homogeneous surface. In real situation, the activation energy and the number of 

adsorption site would deviate from the results of the ideal case due to the 

roughness of the sensor’s surface. 

Brunauer, Emmet and Teller (BET) adsorption isotherm 

Brunauer, Emmet and Teller further derived a multilayer adsorption equation based 

on the Langmuir adsorption model42. Consider the surface coverage of each layer µ, 
the overall surface coverage can be expressed as: 

θ � ∑ µ·¬�¬¸�∑ ·¬�¬¸�  Eq. 2.38 

At equilibrium, the rate of desorption must be equal to the rate of adsorption 

between adjacent layers: 
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]*,¬c�θ¬� & ]+,¬θ¬ � ]*,¬θ¬(�� & ]+,¬c�θ¬c� Eq. 2.39 

Assume that the heat of adsorption for multilayers ∆º» is the same but different 

from that of the first layer ∆º�. The ratio of the adsorption rate constant ]*,¬ and 

desorption rate constant 	]+,¬  of all layers are the same except for that of the first 

layer adsorption. 

]+,�]*,� � 4�'(�∆¼bpe � Eq. 2.40 

]+,¬]*,¬ � S»'(�∆¼½pe � � g Eq. 2.41 

The correlation of surface coverage of each layer to first layer can be expressed by: 

θ¬ � w�¾z¬(� θ� � ]+,�¾]*,� w�¾z¬ θ� � '(�∆¼b(∆¼½pe �¾� w�¾z¬ θ� 

θ¬ � ]�ke¿¬ , qL'~'	¿ � �¾ 

Eq. 2.42 

where ¾�  represent the entropic factor, which confines the interaction by 

considering the entropy change, namely: 

¾� � S�S» � '(�∆Àb(∆À½pe �
 Eq. 2.43 

By summing up the contributions from all the layers, the surface coverage	θ is: 

θ � ∑ µ·¬�¬¸�∑ ·¬�¬¸� � ]�ke ∑ µ#¿%¬�¬¸�1 & ]�ke ∑ #¿%¬�¬¸� � ]�ke w ¿#1 � ¿%"z1 & ]�ke¿1 � ¿  Eq. 2.44 

Consider the boundary condition when the gas concentration � � 1, there would 

have an infinite number of adsorption sites to be present on the sensor’s surface: 

Á·¬�
¬¸� � 1 & ]�ke¿1 � ¿ � ∞,qL'r	¾ � 1 Eq. 2.45 

Therefore, the result of θ obtained from the BET model is: 
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θ � ]�ke�#1 � �%¦1 & �#]�ke � 1%§ Eq. 2.46 

 Brunauer also demonstrated five adsorption types as shown in Figure 2-11. The 

first type (i) represents the first layer adsorption which can be described using the 

Langmuir model. The second type (ii) represents multilayers adsorption after the 

saturation of the first layer. This process can be interpreted using the BET model. 

However, in some cases gas molecules could have been accumulated at higher layer 

while the first layer adsorption has not been saturated yet. This is defined 

separately as the third type of adsorption (iii) which occurs when the absorption 

energy for higher layers is equal or larger than the first layer.  The forth (iv) and fifth 

(v) types describe the effective capillary condensation phenomenon, in which that 

the pores are readily saturated by adsorbed molecules. 

 

Figure	Figure	Figure	Figure	2222----11111111				AAAAdsorptiondsorptiondsorptiondsorption				mechanism	under	mechanism	under	mechanism	under	mechanism	under	five	five	five	five	different	different	different	different	situationsituationsituationsituationssss....				
2.6 Transition metal chalcogenide 

 In this study, we selected gas sensing materials to aim at satisfying the 

requirements of two targets with photo-assist. The first is for exploring the gas 
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sensing mechanisms and examining whether the experimental observations can 

match with the predictions of some theories. Another target is to explore the gas 

sensing properties of two dimensional transition metal chalcogenide thin films 

which have emerged in the past decade but the research on their gas sensing 

properties is still at the early stage. Table 2-4 is an overview of the properties of the 

materials selected to be used in this project. 

 ZnSe Bulk MoS2 Monolayer MoS2 

Band Transition  Direct Indirect Direct 

Bandgap Energy  2.7 eV 1.2 eV 1.9 eV 

Carrier lifetime 1-4 ns43 1 ns44 ~50 ps44 

Semiconductor Type Intrinsic  Intrinsic Intrinsic/depend on substrate45 

Melting point 1525 oC 1185 oC 3427 oC46 Table	Table	Table	Table	2222----4444				Material	properties	of	ZnSeMaterial	properties	of	ZnSeMaterial	properties	of	ZnSeMaterial	properties	of	ZnSe,	,	,	,	MultilayersMultilayersMultilayersMultilayers				MoSMoSMoSMoS2222				and	and	and	and	MonolayerMonolayerMonolayerMonolayer				MoSMoSMoSMoS2222....				
 

2.6.1 Zinc selenide (ZnSe) 

 ZnSe exhibits good optoelectronic properties and has been widely used in 

devices such as laser diodes47,48 and photo detectors49. Although it is unstable for 

being readily oxidized at temperature >300 oC50, Park reported that ZnSe exhibits 

remarkable gas sensing properties to NO2 when under above-bandgap photo 

illumination at room temperature51. Compared with another popular gas sensing 

material ZnO, the direct bandgap of ZnSe is narrower and the lifetime of photo-

generated charge carriers is shorter43. One may postulate that ZnSe could also have 

strong gas sensing capability due to its high carrier concentration and fast 

recombination rate.  

2.6.2 Molybdenum disulphide (MoS2) 

 MoS2 is a widely studied TMD material because it exhibits an indirect-to-direct 
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bandgap transition when the thickness of the layered structure is reduced to single 

atomic layer. One of the important evolutions is an increase of bandgap from 1.2 

eV (indirect) to 1.9 eV (direct). The mobility of ultrathin MoS2 was found to be 200 

cm2V-1s-1 52,53, and the current on/off ratio is as high as 1x108 54. Bulk MoS2 is an 

intrinsic semiconductor, however, monolayer MoS2 can be n-type or p-type by 

proper selection of substrates45. Significant improvement in physical, optical and 

electrical properties had been observed55. These functionalities claimed to have 

potential applications in many aspects, including optoelectronics56, photodetector57 

and sensors58.  

 Although MoS2 has attracted great scientific interest, production of large area 

uniform ultrathin or monolayer MoS2 for large scale production is still a challenging 

problem. Up to date, most researchers applied mechanical/chemical exfoliation and 

chemical vapor deposition (CVD) for producing film samples, but they are mostly 

composed of flakes with lateral dimension of a few microns45,59-62, which are too 

small to satisfy general application requirements Studies using physical vapor 

deposition (PVD) are demonstrated to obtain large-area atomic-layers MoS2
63-66. 

However, most of them required post processing to get the desired stoichiometry 

and in most cases the samples are few monolayers thick. Table 2-5 shows the 

summary of synthesis methods of atomic-layers MoS2.  
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Method Precursor Substrate Layers Post process 

Mechanical exfoliation
67

 MoS2 SiO2/Si 1 - 

Chemical exfoliation
59

 MoS2 SiO2/Si 5-20 - 

Chemical exfoliation
60

 Li x MoS2 SiO2/Si 1-5 - 

CVD
61

 MoO3, S SiO2/Si 1-3 - 

e-beam evaporation
62

 Mo, H2S SiO2/Si 2-12 - 

PLD
63

 Mo Sapphire 2-3 Sulfurization 

RFMS
64

 MoS2 SiO2/Si 2-9 Sulfurization 

DCMS
65

 Mo Sapphire/Silica 3-4 Sulfurization 

Reactive DCMS
66

 Mo, S Sapphire 1 - 

Table	Table	Table	Table	2222----5555				SSSSummarummarummarummaryyyy				of	different	synthesisof	different	synthesisof	different	synthesisof	different	synthesis				methods	methods	methods	methods	for	producing	afor	producing	afor	producing	afor	producing	a				few	layers	few	layers	few	layers	few	layers	to	to	to	to	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222....				
 

 Layered MoS2 has been shown to show very good gas sensing effect against H2, 

NO2, NH3 and triethlamine68. The sensitivity was claimed to be as high as many 

commercial sensor products 69-72. We thereby believed that MoS2 should have a 

great potential in detecting sulphur-containing reducing gases such as H2S.  
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Chapter 3 Experimental Methods 

3.1 Sample fabrication 

 Two physical vapor deposition (PVD) techniques were used to fabricate thin 

film samples of different structural architectures. The first is the supersonic cluster 

beam deposition (SCBD) followed by post-chalcogenization. It is a deposition 

method for producing thin film composed of nanoclusters in nano scale. The second 

is reactive DC magnetron sputtering, which is favorable for producing large-area 

uniform film samples. Table 3-1 shows the specifications of the materials used in 

sample preparation. Mo and Zn rods were used as the targets in SCBD process. S 

and Se powders were used in post-sulfurization and post-selenization processes. 

MoS2 was used as the target in magnetron sputtering process. Table 3-2 shows the 

specifications of the gases used in gas sensing measurements. They include Ar, 

synthetic air, H2S, H2 and NH3.  

 

Table	Table	Table	Table	3333----1111				Target	and	powder	materialsTarget	and	powder	materialsTarget	and	powder	materialsTarget	and	powder	materials				used	for	used	for	used	for	used	for	sample	fabricationsample	fabricationsample	fabricationsample	fabrication....				
  

Target Shape Purity Source 

Mo 3mm Rod 99.99% 

China New Metal Material Technology Co. Ltd. 
Zn 3mm Rod 99.99% 

S Powder 99.99% 

Se Pellet 99.99% 

MoS2 2” plate 99.5% HeFei Ke Jing Material Technology Co. Ltd. 
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Gas Concentration Balanced gas 

Ar 99.999 % UHP N/A 

Synthetic Air 21 % O2 N2 

H2S 9 % Ar 

H2 3.78 % Ar 

NH3 1 % Ar Table	Table	Table	Table	3333----2222				Reactant	gases	used	in	sputtering	and	gas	sensing	measurements.Reactant	gases	used	in	sputtering	and	gas	sensing	measurements.Reactant	gases	used	in	sputtering	and	gas	sensing	measurements.Reactant	gases	used	in	sputtering	and	gas	sensing	measurements.				
 

3.1.1 Supersonic Cluster Beam Deposition (SCBD) 

 In a SCBD process, a low energy and low degree of coalescence deposition 

technique is used for creating nano-sized clusters. The SCBD system consists of 

three chambers, i.e. pulsed microplasma cluster source (PMCS) chamber, expansion 

chamber and deposition chamber. Figure 3-1 shows the schematic diagram of an 

SCBD system. The background pressure was 1 x 10-6 torr. A Mo or Zn rod target was 

mounted in the PMCS chamber. High pressure argon (Ar) gas pulses were jetted on 

the target surface at certain frequency. Meanwhile, electric pulses with the same 

repetition rate of the gas pulses were applied to the target with a phase shift. 

Microplasma was generated on the target surface to ablate the material from it. 

The ablated species aggregate and condense to form nanoclusters. The 

nanoclusters were carried by the Ar flow to enter the expansion chamber. The gas 

flow in the expansion chamber experiences a supersonic expansion and passes 

through an aerodynamic filter set. The nanoclusters beam is then collimated to 

become a fine aligned stream. The nanoclusters of lighter masses will be scattered 

and be removed. The selected nanoclusters continue to proceed and enter the 
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deposition chamber. In this chamber, the nanoclusters are deposited on a quartz 

substrate of dimensions of 10 mm x 5 mm x 1 mm. A nanocluster-assembled porous 

film is thus produced. 

 

Figure	Figure	Figure	Figure	3333----1111				Schematic	diagram	of	Schematic	diagram	of	Schematic	diagram	of	Schematic	diagram	of	the	configuration	of	a	the	configuration	of	a	the	configuration	of	a	the	configuration	of	a	Supersonic	Cluster	Beam	Supersonic	Cluster	Beam	Supersonic	Cluster	Beam	Supersonic	Cluster	Beam	Deposition	#SCBD%Deposition	#SCBD%Deposition	#SCBD%Deposition	#SCBD%				setupsetupsetupsetup....				
 

 The size of nanoclusters is expected to be one of the most important 

parameters affecting the gas sensing properties, and hence is particularly 

concerned in this project. The nanocluster size produced in SCBD process varies 

with the settings of processing parameters. The formation of the nanoclusters in 

SCBD is based on the bombardments of Ar ions in the microplasma on the cathode 

target. The energy and momentum transfer of the Ar ions bombarding on the target 

are expected to affect the size of the nanoclusters. 
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FiguFiguFiguFigure	re	re	re	3333----2222				Bombardment	Bombardment	Bombardment	Bombardment	of	of	of	of	the	the	the	the	targettargettargettarget				by	accelerated	by	accelerated	by	accelerated	by	accelerated	Ar	Ar	Ar	Ar	ions.ions.ions.ions.				
 

 Figure 3-2 illustrates the physical process of ion bombards on the target surface. 

Based on the principle of conservation of energy in collision problem, the total 

energy and momentum in the process remain unchanged. The average kinetic 

energy gained by argon ions EAr is the sum of kinetic energy of the gas and electrical 

potential energy due to the attraction by the cathode: 

∆EÄ^ � 3Å|2r & qVk 

 Hence, it is predicted that the average kinetic energy of sputtered 

nanoclusters would decrease if the pressure and voltage drop. High enough 

pressure is required to ensure that the nanoclusters can move fast enough during 

the supersonic expansion process. Hence, the applied voltage is the only factor 

which can modulate the size of nanoclusters. 

Figure 3-3 shows the AFM images of as-deposited Mo nanoclusters 

produced with the applied peak voltages at 800 V and 500 V. The size of 

nanoclusters was found to drop by about half, namely from 76 – 110 nm to 34 – 44 

nm. This indicates that the use of lower discharge voltage is required for producing 

smaller nanoclusters, which are more desired for making a sensor with a larger 
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sensor response. Further decrease of discharge voltage for a Mo target will not 

provide sufficient energy for plasma formation in PCMS chamber. Therefore, similar 

to Zn, we fixed the minimum discharge voltage throughout the study to obtain 

minimum size of nanoclusters. The value of the parameter is shown in Table 3-3. 

 

				Figure	Figure	Figure	Figure	3333----3333				AFM	image	of	nanocluster	AFM	image	of	nanocluster	AFM	image	of	nanocluster	AFM	image	of	nanocluster	SCBD	Mo	SCBD	Mo	SCBD	Mo	SCBD	Mo	film	prepared	film	prepared	film	prepared	film	prepared	with	with	with	with	discharge	discharge	discharge	discharge	voltages	ofvoltages	ofvoltages	ofvoltages	of				800800800800				V	#left%	and	500V	#left%	and	500V	#left%	and	500V	#left%	and	500				V	#right%V	#right%V	#right%V	#right%....				
 

 Zn Mo 

Pulse frequency 4 Hz 2 Hz 

Peak voltage 800 V 500 V 

Electric pulse width 120 us 80 us 

Ar gas pressure 2.25 x 104torr 2.25 x 104torr 

Ar gas pulse width 372 us 277 us Table	Table	Table	Table	3333----3333				Optimized	pOptimized	pOptimized	pOptimized	parameters	of	arameters	of	arameters	of	arameters	of	the	the	the	the	SCBDSCBDSCBDSCBD				processes	using	processes	using	processes	using	processes	using	Zn	and	Mo	targetZn	and	Mo	targetZn	and	Mo	targetZn	and	Mo	targetssss....				
 

3.1.2 Post-chalcogenization and annealing 

 The as-deposited SCBD films consist of metal nanoclusters, so that 

chalcogenization must follow. Since SCBD is a low energy deposition technology, the 

nanoclusters are loosely packed. Their connection is supposed to be based on very 
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weak van der Waals force. Annealing of chalcogenized films enhance the 

crystallization and connection among the nanoclusters. This may help to improve 

the functional properties of film, including the desired photo-assisted gas sensor 

response. 

 Configuration of the tube furnace used for post-chalcogenization of metal films 

is shown in Figure 3-4. The quartz tube was set to have two separated heat zones 

and evacuated for removal of oxidizing gases. A continuous flow of 30sccm Ar gas 

was then admitted into the tube using a mass flow controller. The pressure in the 

quartz tube was maintained at a constant level of 200 mTorr. Chalcogen source was 

heated up to the melting point (Sulphur: ~120 oC; Selenium: ~190 oC) in the first 

heat zone to generate vapor of chalcogen source.  

 For selenization of nanocluster-assembled ZnSe films, one considers that the 

melting point of Zn is low. Hence, the SCBD Zn film in the second heat zone was first 

heated at 300 °C with a ramp rate of 3 °C per min. The selenization process lasted 

for 60min. The film was then further annealed at 500 °C for 30 min which refer to 

the condition used by Garcia73. 

 For sulfurization of nanocluster-assembled MoS2 film, one considers that the 

undesired product of sulfides which has lower melting point, like MoS, can be 

created. Hence, sulfurization of Mo film was conducted at high temperature of 500 

°C for 30 min. 
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Figure	Figure	Figure	Figure	3333----4444				Schematic	diagram	of	Schematic	diagram	of	Schematic	diagram	of	Schematic	diagram	of	the	the	the	the	configuration	of	the	fconfiguration	of	the	fconfiguration	of	the	fconfiguration	of	the	furnaceurnaceurnaceurnace				used	for	postused	for	postused	for	postused	for	post----chalcogenization	and	annealing	processchalcogenization	and	annealing	processchalcogenization	and	annealing	processchalcogenization	and	annealing	process....				
 

3.1.3 Reactive DC magnetron sputtering 

 Sputtering was used for synthesizing large-area uniform MoS2 films. Table 3-4 

shows a comparison of different sputtering techniques. High-power impulse 

magnetron sputtering (HIPIMS) was not used, because it involves energetic 

bombardments which may cause defects in the deposited film. Reactive DC 

magnetron sputtering has the low and flexible bombardment energy and hence is 

chosen for this study.  

 DC HIPIMS RF Pulsed-RF 

Target Conductive 
material 

Conductive and 
insulating 

material 

Conductive and 
insulating 

material 

Conductive 
and 

insulating 

material 

Bombardment 

Power 

Low – High Extremely high medium High 

Deposition rate Fast Fast Slow Slow Table	Table	Table	Table	3333----4444				Comparison	of	various	sputtering	methods	for	producing	ultrathin	Comparison	of	various	sputtering	methods	for	producing	ultrathin	Comparison	of	various	sputtering	methods	for	producing	ultrathin	Comparison	of	various	sputtering	methods	for	producing	ultrathin	atomicatomicatomicatomic----layer	MoSlayer	MoSlayer	MoSlayer	MoS2222				filmsfilmsfilmsfilms....				
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 A 2-inch MoS2 plate with low resistance of <50 ohm was used as target for DC 

sputtering. We notice that dissociation of the MoS2 material during sputtering may 

affect the composition of the as-deposited film. Therefore, we introduced H2S into 

the sputtering chamber to aim at supplement the sulfur content of the film. We 

hope to obtain as-deposited film of the desired structure through a one-step 

reactive sputtering process. 

 During the sputtering process, the chamber was first evacuated to a background 

pressure of 10-6 Torr. H2S in Ar gas was then admitted into the chamber. The flow 

was fixed at 10 sccm. Interdigitated electrodes (IDE) on SiO2/Si substrate shown in 

Figure 3-5 was used to reduce the resistance of specimen for easing electrical 

measurements. We tried to find out the best condition for producing large-area and 

uniform MoS2 film from multilayer to monolayer. The first parameter to be 

investigated was the H2S gas concentration. It was varied from 0 % to 9 % for 

adjusting the S content in MoS2 film. The second parameter to be optimized is the 

substrate temperature. It was varied from 300 °C to 700 °C. Other than 

crystallization property, the setting of substrate temperature is expected to affect 

the film flatness and possibly the internal stresses of film. The substrate was cooled 

down with a ramp rate of 3 °C per min after the end of sputtering process to 

prevent accumulation of thermal stresses and subsequent cracking of the film. The 

third parameter is the sputtering pressure which was varied from 5 mTorr to 35 

mTorr. At last, the deposition time was adjusted to vary the thickness of MoS2 film 

over a range of 60-15 min covering atomic layer thickness level. The combinations 

of reactive gas concentration, substrate temperature, sputtering pressure, power 

and deposit time were optimized in the trial runs in section 5.2 in Chapter 5.  



Thin film transition metal chalcogenide based gas sensors – Chapter 3 

The Hong Kong Polytechnic University 

 

47 
 

 

Figure	Figure	Figure	Figure	3333----5555				IDE	patterned	IDE	patterned	IDE	patterned	IDE	patterned	on	on	on	on	SiSiSiSiOOOO2222/Si/Si/Si/Si				substrate	used	for	preparing	MoSsubstrate	used	for	preparing	MoSsubstrate	used	for	preparing	MoSsubstrate	used	for	preparing	MoS2222				filmfilmfilmfilmssss				for	for	for	for	electrical	measurementselectrical	measurementselectrical	measurementselectrical	measurements....				
 

3.1.4 More information on substrate selection and cleaning  

 Two kinds of substrates were used for deposition, quartz plate and SiO2/Si wafer 

patterned with interdigitated electrodes (IDE). 

 Quartz plate is a common electrical insulating material and is transparent over a 

wide range of light wavelength from few hundreds to thousand nanometers. It is 

convenience to measure the deposited film electrical and optical properties on 

quartz with little substrate interference. Electrodes were added simply by painting 

silver pastes at diagonal edges of film. 

 On the other hand, thin film or atomic layer thick MoS2 film has high resistance 

and impedance. It would be a problem for effective electrical measurements. 

Therefore, SiO2/Si wafers patterned with IDE with narrow electrodes was used. The 
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IDE pattern was designed and fabricated in the Jiangsu Key Laboratory of Micro and 

Nano Heat Fluid Flow Technology and Energy Application in School of Mathematics 

and Physics at Suzhou University of Science and Technology. As shown in Figure 3-6, 

the IDE pattern has 50 pairs of fingers, each having a length of 2.5 mm and a width 

of 10 µm. The gap between two adjacent fingers is 15 µm.  

 All substrates were cleaned with the same process. First, it was soaked in 

acetone and cleaned with an ultrasonic cleaner for 30min. Second, the solvent was 

replaced by ethanol and cleaned with ultrasonic for additional 30 min. The solvents 

were renewed several times to remove the dirt attached to substrate during the 

process. Finally, the substrate was dried with dry Ar gas and stored in vacuum 

chamber for further uses.  

 

Figure	Figure	Figure	Figure	3333----6666				IDE	pattern	made	on	SiIDE	pattern	made	on	SiIDE	pattern	made	on	SiIDE	pattern	made	on	SiOOOO2222/Si	substrate	and	its	/Si	substrate	and	its	/Si	substrate	and	its	/Si	substrate	and	its	dimensionsdimensionsdimensionsdimensions....				
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3.2 Characterization 

3.2.1 Raman spectroscopy 

 Raman spectroscopy was used to observe the energy absorption by the 

vibration of molecule’s bond. Results can be used to identify the chemical formula 

and microstructure of the specimen. Moreover, the change of band structure due 

to the presence of internal stresses or any other conditions could also be detected. 

 In our study, a Horiba Jobin Yvon H800 Raman spectrometer was used to carry 

out the measurements. The exciting light source of the system is monochromatic 

diode laser giving a 50 mW 488 nm blue light. A grating of 1800 slit was selected 

and the resolution of wavenumber is 0.1 cm-1. The wavenumber was scanned over 

a range from 0 to 600 cm-1. Prior to the measurement, a clean silicon wafer was 

examined to calibrate the initial position of slit by referring to the characteristic 

peak of silicon at 520 cm-1.  

3.2.2 Photoluminescence (PL) spectroscopy 

 Photoluminescence (PL) of a material under photo excitation can give 

information on its band structure. Crystalline semiconductor with direct bandgap 

usually shows strong and narrow PL peak. On the other hand, an indirect bandgap 

semiconductor cannot give a strong PL peak. 

 The Horiba spectroscopy mentioned in Raman spectroscopy was also used for 

observing PL spectrum of samples. The configuration used for PL measurement was 

similar to that used for the Raman scattering experiments. The wavelength was set 

to scan over a range from 600 to 700 nm.  

 By observing the PL signal, the indirect-to-direct bandgap transition of MoS2 
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film can be observed when the thickness is reduced into one atomic layer. The PL 

peak will shift from 1.2 eV (1033 nm) to 1.9 eV (652 nm). However, the peak 

associated with an indirect bandgap is too weak to be observed. 

 Note that the bandgap energy of another investigated material ZnSe is about 

2.7 eV. It is larger than the photon energy provided by the laser, i.e. 2.5 eV. 

Estimation on the band structure of ZnSe relies on the results of UV-VIS absorption 

experiments. 

3.2.3 UV-VIS spectroscopy 

 Optical absorbance and transmittance of ZnSe films were measured using a 

Shimadzu UV-2500PC spectrophotometer. The absorption spectra may contain the 

information of energy band structure on exciton absorption. The incident light 

beam has energy spectrum covering a range from 1.5 eV to 4.0 eV. It is suitable for 

investigating the bandgap energy of ZnSe at 2.7 eV. According to Tauc’s report74, the 

band structure of a semiconductor can be estimated from the Tauc plot, 

αLM � CÉLM � /$Ê\ 

where α is the absorption coefficient, /$  is the bandgap energy, and LM is the 

photon energy. Classification of direct or indirect transition processes can be made 

according to the value of power factor r, using the guidelines as summarized in 

Table 3-4. Experimentally, the best estimate of n can be achieved by checking the 

linearity of the plots of #αLM%� \Ë  against LM. Bandgap energy can be estimated from 

the intercept between the extrapolation of the linear part of the curve and the LM-

axis.  
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n Types of bandgap and transition 

1/2 direct bandgap, allowed transition 

3/2 direct bandgap, forbidden transition 

2 Indirect bandgap, allowed transition 

3 Indirect bandgap, forbidden transition Table	Table	Table	Table	3333----5555				Types	of	bandgap	and	transition	with	respect	to	different	values	of	nTypes	of	bandgap	and	transition	with	respect	to	different	values	of	nTypes	of	bandgap	and	transition	with	respect	to	different	values	of	nTypes	of	bandgap	and	transition	with	respect	to	different	values	of	n....				
 

3.2.4 X-Ray diffraction (XRD) 

 XRD signal can be used to identify the lattice structure and crystallinity of the 

samples. Some ideas on the elemental composition can be achieved according to 

the stoichiometry of the phases formed in the sample. The peak shift from the 

standard positions of respective single crystal can be used to estimate the variation 

of lattice constants, and hence the information on the internal strain can be 

derived. 

 Rigaku Smartlab X-Ray Diffractometer, equipped with a 9 kW rotating Cu anode 

of K-alpha1 X-Ray beam radiation source, was used to carry out XRD experiments. 

The X-ray beam from the source was filtered by passing through a crystal collimator 

and a 0.5o parallel slit. We used the θ-2θ scanning mode to conduct the test. The 

range of 2θ covers a range from 10o to 50o. The resolution was set at 0.01o with 

scanning speed of 2° per min.  

3.2.5 X-Ray reflectivity (XRR) 

 The film thickness can be determined by observing the interference of Fresnel 

reflection between the sample and substrate surface using the Rigaku Smartlab X-

Ray Reflectometer. It is a non-destructive method. A 2theta-omega scan at low 
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angle from 0o to 10o was used to determine the film thickness. The detectable 

range of film thickness covers from few nm to 1000 nm, but the roughness of film 

surface and film-substrate interface must be less than 5 nm. The thickness of MoS2 

films prepared by sputtering was determined using XRR. However, SCBD films are 

too rough for XRR to be used in thickness measurement. 

3.2.6 Transmission electron microscopy (TEM) 

Some of the MoS2 film samples were expected to be monolayer thick. Thickness 

in this range is hardly determined by using XRR or surface profiler. Instead, we 

applied cross-section high resolution TEM to observe the film thickness directly. A 

TEM JEOL Model JEM-2100F was used in the experiment. The film of specimen was 

cut into half and was glued together using M-bond 610 glue. The specimen was 

grinded down to few microns by sand paper and then was ion milled to thickness 

which is thin enough for performing cross section (XS-) TEM imaging. 

3.2.7 Atomic force microscopy (AFM) 

 The morphology of films was observed using a Bruker NanoScope 8 Scanning 

Probe Microscope (SPM). To minimize the mechanical damages generated by the 

tip during measurement, the system was set to operate in a non-contact mode 

where the cantilever was oscillating with a rate near to its resonance frequency. 

The van der Waals force between the tip and the detected surface can reduce the 

driving frequency. This effect is feedback to the system to obtain the surface profile 

of film. The scanning rate was confined to 0.5 Hz per line and the resolution of 256 

per line. Slow scanning speed avoids wearing off of the tip especially for testing a 

film with rough surface like that of a SCBD film. 
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3.3 Gas sensing measurement 

3.3.1 Measuring system 

 A self-assembled gas sensing system was used to measure the electrical 

response of samples. Detail of the system was described elsewhere75. Figure 3-7 

shows the sample holder, which is equipped with a heater and a 20 mW 365 nm UV 

light source positioned 2mm above the film. A sample was held with a pair of spring 

probes, which also worked as electrodes. The electrodes were connected to a 

Keithley 6517A electrometer. Figure 3-8 shows the control panel created by 

Labview program displayed on the screen. It shows all parameters adjusted for 

setting up a gas sensing test. In an experiment, the concentration and the total flow 

rate of the target gas in the balancing gas were set and adjusted by using mass flow 

controllers. The gas components in the mixture are provided from three gas 

sources. Two of them are gas cylinders which provide the detected gas and the 

balancing gas. Another one is from an Owlstone Vapor Generator (OVG-4) of 

volatile organic compound vapors (VOC). Besides, very low gas concentration in 

range of ppb for measurement can be produced in mixing chamber. Moisture can 

also be introduced by using another built-in water chamber in the system.  
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Figure	Figure	Figure	Figure	3333----7777				Sample	holder	of	the	gas	Sample	holder	of	the	gas	Sample	holder	of	the	gas	Sample	holder	of	the	gas	sensing	measurementsensing	measurementsensing	measurementsensing	measurement				systemsystemsystemsystem....				
 

 

Figure	Figure	Figure	Figure	3333----8888				Software	interface	of	the	gas	Software	interface	of	the	gas	Software	interface	of	the	gas	Software	interface	of	the	gas	sensing	sensing	sensing	sensing	measurementmeasurementmeasurementmeasurement				systemsystemsystemsystem....				
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3.3.2 Gas sensing measurement cycle 

 In gas sensing measurement, conductivity of film sensor is measured by 

applying a constant 5 V bias. Two cyclic measurement modes were adopted to fulfill 

the purpose of the study. They are (i) cyclic gas exchange mode and (ii) cyclic light 

on-off mode. 

Cyclic light on-off mode 

 This mode was mainly used for investigating the sensing mechanism of photo-

assisted oxygen detection in nanocluster-assembled ZnSe film. In this mode, light of 

photon energy above the direct bandgap of ZnSe was used. With the sample placed 

in a steady flow on the detected gas, the light source was on and off in a cyclic 

manner.  

 Figure 3-9 shows the workflow of a light on-off cycle started from evacuating 

the measuring chamber to remove most of the surface adsorbed gas molecules. 

The chamber was then filled up with a flow of mixture containing oxygen and Ar. 

The total flow rate is 200 sccm. The UV light source was switched on when the 

pressure reaching one atmospheric pressure. The dynamic (time-dependent) 

change of the photocurrent was monitored for 60 min. The UV light source was 

then switched off. The system was reset to the beginning state to prepare for the 

next cycle of measurement. The concentration of oxygen was varied in the new 

cycle of the test.  
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Figure	Figure	Figure	Figure	3333----9999				A	typical	measurement	cycle	for	examining	the	oxygen	sensing	A	typical	measurement	cycle	for	examining	the	oxygen	sensing	A	typical	measurement	cycle	for	examining	the	oxygen	sensing	A	typical	measurement	cycle	for	examining	the	oxygen	sensing	mmmmechanism	of	nanoclusterechanism	of	nanoclusterechanism	of	nanoclusterechanism	of	nanocluster----assembled	ZnSe	film.assembled	ZnSe	film.assembled	ZnSe	film.assembled	ZnSe	film.				
 

Cyclic gas exchange mode 

 In our study, this mode was used for investigating the gas sensing properties of 

MoS2 films to reducing gases, including H2S, H2 and NH3 under real situation of 

application. According to the mechanism for detecting reducing gas with 

semiconductor gas sensor (Section 2.3 in Chapter 2), pre-adsorption of oxygen 

radicals on the sensor’s surface is prior to the reaction with the detected reducing 

gas. Therefore, in our test, we kept the sensor sample to be in a constant flow of 

synthetic air. The detected gas sample was admitted into the chamber periodically 

to generate the sensor response. 

 The workflow of a measurement process in this mode was presented in Figure 

3-10. At the very beginning, the measurement chamber was evacuated and waited 

for the dark current to stabilize. This step ensured that most of the unknown 
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adsorbates on the film surface have been removed. Then, a continuous flow of 200 

sccm synthetic air was admitted into the chamber. The sample was heated up to 80 

oC to reduce the moisture on the surface. An above-bandgap UV light beam was 

turned on and shine on the film surface directly. Until the current of the film 

became stable, the sample gas mixture of target gas balanced by synthetic air was 

admitted into the chamber. The change of the current was recorded for 15 min. The 

condition was then reset by admitting synthetic air into the chamber. Repeated 

cycles with varies gases and concentrations were conducted. 

 

 

Figure	Figure	Figure	Figure	3333----10101010				A	typical	measurementA	typical	measurementA	typical	measurementA	typical	measurement				cycle	for	examining	the	gas	cycle	for	examining	the	gas	cycle	for	examining	the	gas	cycle	for	examining	the	gas	sensor	responsesensor	responsesensor	responsesensor	response				of	MoSof	MoSof	MoSof	MoS2222				films	films	films	films	againstagainstagainstagainst				reducing	gasreducing	gasreducing	gasreducing	gaseseseses....				
 

								 				

Purge with 
vacuum to 

remove 
adsorbates for 

>6hrs

Continuous 
flow with 

synthetic air 

Switch on UV 
light source 

and heater to 
80oC 

Filling with 
Mixed gas

Filling with 
Synthetic air



Thin film transition metal chalcogenide based gas sensors – Chapter 4 

The Hong Kong Polytechnic University 

 

58 
 

Chapter 4 Dynamic gas sensing mechanism of 

nanocluster-assembled ZnSe film under UV 

illumination 

 The scope of this part of study is for analyzing the sensing mechanism of 

electrical response of photo-assisted semiconductor gas sensor. A new theoretical 

model is proposed to interpret the physiochemical mechanism on oxygen detection 

in nanocluster-assembled ZnSe film gas sensor under UV illumination. 

4.1 Gas sensing mechanism 

The sensing mechanism should be a joint effect of many complicated 

physiochemical processes. According to section 2.3 in Chapter 2, it can be 

considered with three parts: receptor function, transducer function and operation 

mode. 

Receptor function 

 Receptor function describes the charge exchange between adsorption of gas 

molecules and the semiconductor sensor material76. Adsorption isotherms of gases 

are modeled with several well-known models36. For low detected gas 

concentration, the mechanism associated with the Langmuir adsorption isotherm 

dominates. It is applicable in the case of having one layer of chemisorbed gas 

molecules. For case of higher detected gas concentration, multilayer adsorption 

occurs. The first layer reach full coverage and further physisorption of gas will be 

presented on higher level of layer. It is modeled by the BET adsorption isotherm 

developed by Brunauer, Emmet and Teller42.  For even higher gas concentration, the 
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theory was further revised to include the capillary effect for describing 

condensation of a gas in mesoporous film. This is mostly applied to discuss the gas-

liquid transition phenomenon77.  

Transducer function 

Transducer function is essentially affected by the microstructure of sensor 

elements, which can be demonstrated by grain size effect. Depletion region is 

established at the sensor’s surface and potential barrier is generated at the 

intergranular region due to gas adsorption on the surface. The electrical 

conductivity of the sensor element is altered to give further sensor response 

depending on the gas concentration13.  

Operation mode 

The operation mode affects the performance of sensor referring to the setting 

of operation conditions, including operation temperature, catalyst incorporation 

and photo-assist. Many theoretical and empirical models have been developed for 

explaining the dependences of the dynamic changes of sensor response on these 

operation conditions11,30-33. 

 For the consideration on operation temperature, it can alter the adsorption-

desorption condition of the gas molecules24,25. A rise in temperature increases the 

reaction rate between adsorbed oxidizing gas and detected gas. It also prevents the 

condensation of moisture on the sensor’s surface which is highly affecting the 

sensor response. We performed gas sensing tests at both the room temperature 

and 80 oC, in order to interpret the difference in terms of the surface adsorption-

desorption mechanism. 

For the consideration on applying photo-assist, it is found to be effective in gas 
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sensor enhancement at lower operation temperature26-28. This technique could lead 

to the advantages of lowering the power consumption and reduction of thermal 

noise and drift of the output. In this study, we use above-bandgap photo-assist to 

amplify the sensor response in nanocluster-assemble ZnSe.  

4.2 Nanocluster-assembled ZnSe film 

4.2.1 Material selection 

 For this part of the project, we selected highly porous nanocluster-assembled 

ZnSe films prepared by supersonic cluster beam deposition (SCBD) for gas sensing 

measurement and mechanism analysis.  

 A porous film material with a higher surface-to-volume ratio would have a 

larger amount of adsorption sites. It results stronger ability in absorbing gas 

molecules and gas sensing signal (refer to section 2.3). SCBD is an effective method 

of producing films of high porosity and surface corrugation78. The benefits of using 

SCBD oxide films in gas sensing have been demonstrated in literature79 

 ZnSe is an well-known optoelectronic semiconductor having a narrower direct 

bandgap of 2.7 eV and a short carrier lifetime compared to another popular gas 

sensor material ZnO43. It was also reported to be sensitive to NO2 gas under UV 

illumination51. It would therefore be a potential material capable of giving a fast 

and strong resistive response in oxygen detection. 

4.2.2 Material characterization 

 Synthesis detail of nanocluster-assembled ZnSe film was discussed in section 3.1 

in Chapter 3. Figure 4-1 shows the AFM images of an as-deposited SCBD Zn metal 
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film and a post-selenized ZnSe film. One sees clearly that the film is an assembly of 

nanoclusters and has a high porosity. The thickness is about 145 nm. The mean 

diameter of pristine Zn nanoclusters in the as-deposited film is about 33.6 nm and 

is enlarged to 52.8 nm after selenization. Moreover, the surface roughness dropped 

from 14.8 nm to 7.06 nm. It indicates that the nanoclusters congregate to some 

extent and hence the structure is smoothened as a consequence. 

 

 

Figure	Figure	Figure	Figure	4444----1111				AFM	imageAFM	imageAFM	imageAFM	imagessss				of	of	of	of	an	an	an	an	aaaassss----depositeddepositeddepositeddeposited				nanoclusternanoclusternanoclusternanocluster----assembled	Zn	metal	filmassembled	Zn	metal	filmassembled	Zn	metal	filmassembled	Zn	metal	film				####leftleftleftleft%%%%				and	and	and	and	a	a	a	a	postpostpostpost----selenizedselenizedselenizedselenized				nanoclusternanoclusternanoclusternanocluster----assembled	ZnSe	filmassembled	ZnSe	filmassembled	ZnSe	filmassembled	ZnSe	film				####rightrightrightright%%%%....				
 

 Achievement of ZnSe phase was confirmed according to the results of Raman 

spectroscopy, XRD and UV-VIS spectroscopy analyses. All the data confirmed the 

presence of ZnSe and no other crystal phase can be identified after post-

selenization of nanocluster-assembled Zn film.  

 Figure 4-2 shows three characteristic Raman peaks of the ZnSe phase at the 

positions of 205.66 cm-1, 251.32 cm-1 and 500.45 cm-1. They are attributed to the 

transverse and longitudinal vibrational modes of the Zn-Se crystal structure.  Other 

than the broad feature from the quartz substrate as seen in the low wavenumber 
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region, no other recognizable structural information can be found. It is concluded 

that post-selenization can activate the reaction between the as-deposited pristine 

Zn and selenium vapors to produce film structure composed of rather pure ZnSe 

phase. 
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Figure	Figure	Figure	Figure	4444----2222				Raman	spectrum	ofRaman	spectrum	ofRaman	spectrum	ofRaman	spectrum	of				asasasas----deposited	SCBD	Zn	anddeposited	SCBD	Zn	anddeposited	SCBD	Zn	anddeposited	SCBD	Zn	and				postpostpostpost----selenized	selenized	selenized	selenized	SCBD	SCBD	SCBD	SCBD	ZnSeZnSeZnSeZnSe				filmfilmfilmfilm....				
  

 The crystal structure of the film was further examined using XRD. As shown in 

Figure 4-3, there are two diffraction peaks at 2θ = 27.22o and 45.18o in the 

spectrum of post-selenized ZnSe film. The corresponding lattice spacing are 0.33 

nm and 0.20 nm, respectively, and are attributable to the (111) and (220) planes of 

ZnSe crystal. This provides further evidence confirming the success in crystallizing 

ZnSe nanoclusters in the film structure. 
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Figure	Figure	Figure	Figure	4444----3333				XRD	XRD	XRD	XRD	spectrum	spectrum	spectrum	spectrum	ofofofof				popopopostststst----selenized	selenized	selenized	selenized	SCBD	ZnSeSCBD	ZnSeSCBD	ZnSeSCBD	ZnSe				filmfilmfilmfilm....				
 

 The UV-VIS absorption spectrum of the post-selenized SCBD ZnSe film was 

measured. Figure 4-4 shows the result of fitting a Tauc plot to the data with n = 1/2. 

A linear trend is seen in the photon energy range > 3.0 eV is seen. The nanocluster 

ZnSe film is thereby believed to have a direct bandgap. The extrapolation of the 

linear part cut the hv-axis at 2.8 eV, which represents the estimated bandgap 

energy of the material. It is slightly larger than the standard one of the bulk crystal, 

possibly due to the influence of quantum confinement effect of the film structure. 



Thin film transition metal chalcogenide based gas sensors – Chapter 4 

The Hong Kong Polytechnic University 

 

64 
 

2.0 2.5 3.0 3.5
0.0

0.5

1.0

1.5

2.0

 

 

(α
hν

)2  (
eV

2 cm
-2
)

hν (eV)
 

Figure	Figure	Figure	Figure	4444----4444				UVUVUVUV----VIS	absorption	spectrum	of	a	postVIS	absorption	spectrum	of	a	postVIS	absorption	spectrum	of	a	postVIS	absorption	spectrum	of	a	post----selenized	SCBD	ZnSselenized	SCBD	ZnSselenized	SCBD	ZnSselenized	SCBD	ZnSe	film	and	e	film	and	e	film	and	e	film	and	the	Tauc	plot	with	nthe	Tauc	plot	with	nthe	Tauc	plot	with	nthe	Tauc	plot	with	n����½½½½....				
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4.3 Theoretical modeling of gas sensing mechanism  

4.3.1 Dynamic of carrier and hole density 

 As shown in Figure 4-5, the dynamic photo-assisted gas detection process can 

be described with a simplified model consisting of (a) photo generation and 

recombination of electron-hole pairs, (b) oxygen adsorption and desorption, and (c) 

ionization of the adsorbed oxygen species. 

 Electron-hole pairs are generated when electrons absorb photons of above-

bandgap energy LM in the valence band and are excited to the conduction band. 

The reverse process is the recombination of electron-hole pair where electron '( 

from the conduction band drops to a vacancy in the valence band and combines 

with a hole. These processes can be illustrated by following equation: 

ZnSe#Ï% & LM ↔ ZnSe#Ï% & '( & Lc⋯#µ% 
 Next, when an oxygen molecule is adsorbed, it can form an acceptor-like trap 

state with energy Ea below the conduction band edge. On the contrary, the 

adsorbed oxygen can detach from the surface after absorbing energy amount of 

energy (photo or thermal). These two reactions can be described by the equation: 

ZnSe#Ï% &	O"#$% ↔ ZnSe#Ï% & O"#*+%⋯#µµ% 
 Then, conduction electrons from the conduction band could fall into the trap 

states to form negatively charged oxygen ions. On the other hand, electrons from 

the valence band could be excited to reach the trapped states to form adsorbed 

negative oxygen ions.  Thus, the concentration of charge carriers varies with the 

adsorbed oxygen. It changes the electrical conductivity of the ZnSe film. The 

processes are described as:  
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ZnSe#Ï% & '( & !"#*+% ↔ ZnSe#Ï% & !"(#*+%⋯#µµµ% 
ZnSe#Ï% & !"#*+% ↔ ZnSe#Ï% & !"(#Ï% & Lc⋯#µM% 

 

 

Figure	Figure	Figure	Figure	4444----5555				Schematic	diagram	of	dynamic	interactions	involving	photo	generated	Schematic	diagram	of	dynamic	interactions	involving	photo	generated	Schematic	diagram	of	dynamic	interactions	involving	photo	generated	Schematic	diagram	of	dynamic	interactions	involving	photo	generated	electrons	and	holes,	surface	sorption	and	ionization	of	oxygen	species	under	UV	electrons	and	holes,	surface	sorption	and	ionization	of	oxygen	species	under	UV	electrons	and	holes,	surface	sorption	and	ionization	of	oxygen	species	under	UV	electrons	and	holes,	surface	sorption	and	ionization	of	oxygen	species	under	UV	illuminationilluminationilluminationillumination....				
 

4.3.2 Derivation of dynamic (time-dependent) photoconductivity 

 In this section, we derive the equations for describing the dynamic (time-

dependent) change of photoconductivity of photo-assisted ZnSe when reacting 

with oxygen. 

Adsorption-desorption mechanism 

 The dynamic (time-dependent) change of the surface coverage of adsorption 

sites θ#�% can be presented in terms of the ratio of the concentration of the 

adsorbed oxygen N.#�% to the concentration of the total absorption sites N� , 

namely 
Ña#.%Ñb . The time dependence of	θ#�% is controlled by the adsorption rate 

constant kÒ#�% which depends on oxygen concentration c, and desorption rate 

constant kÓ, such that: 
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1N� ∂N.#�%∂t � ∂θ#�%∂t � kÒ#�%#1 � θ% � kÓθ Eq. 4.1 

Thus, θ#�% is solved as: 

θ#�% � w1 � kÓkÕ#�%z É1 � e(uÖ×	Ê Eq. 4.2 

kÕ#�% � kÒ#�% & kÓ Eq. 4.3 

where kÕ#�% is designated as the adsorption-desorption rate constant. 

kÕ#�% can be further derived by applying adsorption models for different ranges of 

the detected gas concentration. Boundary conditions in terms of the limit of	θ#�% 
taken at time approaching infinity are used. First, consider the condition of low 

concentration. Langmuir adsorption model is used for single layer of oxygen 

adsorption on the sensor’s surface. From Eq. 2.25 and taking the limit of Eq. 4.2 at 

time t → ∞, one obtains: 

θ.¸� � ]X�1 & ]X� � 1 � kÓkÕ#�% Eq. 4.4 

Thus, the adsorption-desorption rate constant of Langmuir model kÕ,Ø#�% is: 

kÕ,Ø#�% � kÓ#1 & ]X%� Eq. 4.5 

When the oxygen concentration increases, multilayer adsorption occurs, and the 

BET adsorption model should be applied. From Eq. 2.26, one obtains: 

θ.¸� � ]�ke�#1 � �%¦1 & �#]�ke � 1%§ � 1 � kÓkÕ#�% Eq. 4.6 

The corresponding adsorption-desorption rate constant kÕ,Ù_Ú#�% is: 

kÕ,Ù_Ú#�% � k+ ∙ #1 � �%¦1 & �#]�ke � 1%§#1 � �%¦1 & �#]�ke � 1%§ � ]�ke� Eq. 4.7 
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Ionization  

 It is assumed that only the first layer of oxygen molecules chemisorbed on the 

sensor’s surface is ionized. Electrons from the conduction band are trapped at the 

trapped states associated with the adsorbed oxygen species. The ratio of the 

concentration of the adsorbed ionized oxygen species N×( to the concentration of 

adsorbed oxygen N. would be equal to the ratio of the first layer surface coverage 

·� to the total surface coverage provided by all the adsorbed gas layers ∑ ·¬�¬¸� . The 

expression is: 

N.(N. � ·�∑ ·¬�¬¸�  Eq. 4.8 

At low gas concentration, the Langmuir adsorption model is used. Only one layer of 

adsorbed gas molecules is involved. Eq. 4.8 can thus be simplified to obtain the 

explicit expression of the concentration of the adsorbed oxygen ions N.,X( : 

N.,X( � N. Eq. 4.9 

At high gas concentration, the BET adsorption model is used.  The total surface 

coverage can be derived from Eq. 2.45. Thus, the concentration of the absorbed 

oxygen ions in the BET model N.,�ke(  is expressed explicitly as: 

N.,�ke( � 1 � �1 � �#1 � ]�ke%N.  Eq. 4.10 

Recombination of photo-generated carrier and hole by potential barrier 

 When oxygen molecules are adsorbed to form trap states on the sensor’s 

surface, photo generated electrons in the conduction band can drop to the trap 

states. The process is further limited by the potential barrier /� at the intergranular 

region. It affects the transport and population of the charge carriers and thus an 
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electrical response is generated as a consequence. Assumed that the dynamic 

(time-dependent) variation of the photo-generated electrons ∆n#�%, is determined 

by recombination through the trap states. The contribution from direct band-to-

band recombination is assumed to be constant and independent to electrons at 

conduction band. The generation rate constant of direct band-to-band transition 

and recombination rate constant of trap state are kÛ  and kÜ  respectively. The 

changing rate of ∆n#�% is modeled as: 

∂∆n#�%∂t � kÛ � kÜ#/�%∆n Eq. 4.11 

The recombination rate constant kÜ  is a function of the potential energy of 

barrier/�. Since the charge carriers require enough energy to across the potential 

barrier, it is assumed that the rate would follow Maxwell-Boltzmann probability 

distribution. Thus the recombination rate is estimated by the Maxwell-Boltzmann 

statistic: 

kÜ#/�% � k Ý̂ w1 � '(kvdez & kÜ� Eq. 4.12 

where k Ý̂  and kÜ� refer to the recombination rate constants of electrons under the 

influence of the potential barrier and natural recombination associated with the 

transition of electrons from conduction band to trap states respectively. 

The potential barrier energy /� can be derived from Poisson’s equation, which 

depends on the concentration of adsorption gas N., the effective adsorption energy 

/Þßß of the adsorbed gas molecules and the grain diameter D:  

/�#C, �, �% � �"C"8��� /ÞßßN.#�, �% Eq. 4.13 

At low oxygen concentration, the Langmuir adsorption model is applied. In this 
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case, only chemisorbed oxygen ions are involved. The effective adsorption energy 

of these ions is assumed to be equal to the chemisorption energy /lZU»: 

/Uàà,X � /�L'á·0·0 � /lZU» Eq. 4.14 

At high oxygen concentration, multilayers of oxygen can be physisorbed on top of 

the first layer, and hence the BET adsorption model is applied. The effective 

adsorption energy is assigned by the chemisorption energy from the first layer of 

µ � 0 and the physisorption energy /YZâ from other layers of µ A 0: 

/Uàà,�ke � /lZU»·� & /YZâ ∑ ·¬�¬¸�∑ ·¬�¬¸�  Eq. 4.15 

According to Eq. 2.26, the effective adsorption energy under BET can be expressed 

as: 

/Uàà,�ke � /lZU» � �É/lZU» � /YZâ]�keÊ1 � �#1 � ]�ke%  Eq. 4.16 

Therefore, from Eq. 4.12 and Eq. 4.13, the recombination rate constant becomes a 

time dependent function: 

kÜ#C, �, �% ∝ '(nj2jÑbkãääåoobde ∙w�( uæuÖ#l%zÉ�(ÞiçÖ#è%é	Ê Eq. 4.17 

Since the measurement time t is long (in seconds) compared to the adsorption time 

constant 1/kÄ (in milliseconds), such that, 

É1 � e(uÖ×Ê~1 Eq. 4.18 

kÜ becomes,  

kÜ#C, �% ∝ '(njtjÑbkãääåoobde ∙w�(uæuÖzÉ�(ÞiçÖé	Ê ë '(njtjÑbkãääåoobde ∙w�(uæuÖz Eq. 4.19 

Hence, the recombination rate constant is considered to be time independent 

shortly after the start of a measurement. As a consequence, Eq. 4.11 can be solved 

to obtain a solution of photo-generated electron concentration as: 
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∆n � kÛkÜ É1 � e(uì×	Ê Eq. 4.20 

On the other hand, the potential barrier energy of valance band is assumed to be 

similar to that of the conduction band. The recombination rate of holes through the 

trap states behaves similar to that of kÜ  of electrons derived above. The 

concentration of photo generated holes ∆p#�% ≅ ∆n#�%, which also obeys the form 

of Eq. 4.20. 

Dynamic photoconductivity 

The photoconductivity of a semiconductor is: 

σ � q#nμÞ & pμï% Eq. 4.21 

The total free electron concentration is equal to the sum of the concentrations of 

intrinsic electrons and photo-generated electrons minus the concentration of the 

absorbed oxygen ions: 

n � n� & ∆n � N×( Eq. 4.22 

The free holes concentration is equal to the sum of intrinsic holes and photo-

generated holes: 

p � p� & ∆p Eq. 4.23 

Thus, the electrical conductivity is: 

σ � σ� & q#μÞ & μï%∆n � qμÞN×( Eq. 4.24 

By putting Eq. 4.8 and Eq. 4.20 into Eq. 4.24, one obtains an expression of σ which 

is in the form of the sum of two exponential functions: 

σ � A� & A�e(uì× & A"e(uð× Eq. 4.25 

The explicit form of Eq. 4.25 can be obtained by substituting the following 

expressions into it according to the concentration range of the oxygen.  
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When oxygen concentration is low, 

kÜ � k Ý̂ ∙ ñ1 � '(njtjÑbkèòó½åoobde ∙w�(uæuÖzô & kÜ� Eq. 4.26 

kÕ � kÓ]X� Eq. 4.27 

A� � σ� � A� � A" Eq. 4.28 

A� � �� ∙ #μÞ & μï% ∙ kÛkÜ 	 Eq. 4.29 

A" � � ∙ μÞ ∙ N� ∙ w1 � kÓkÄz	 Eq. 4.30 

When oxygen concentration is high, 

kÜ � k Ý̂ ∙ õ1 � '(nj2jÑbåoobde ∙/�L'á��É/�L'á�/öL÷]ø/�Ê1��#1�]ø/�% ∙w�(uæuÖzù & kÜ� Eq. 4.31 

kÕ � k+ ∙ #1 � �%¦1 & �#]�ke � 1%§#1 � �%¦1 & �#]�ke � 1%§ � ]�ke� Eq. 4.32 

A� � σ� � A� � A" Eq. 4.33 

A� � �� ∙ #μÞ & μï% ∙ kÛkÜ 	 Eq. 4.34 

A" � � ∙ μÞ ∙ N� ∙ 1 � �1 � �#1 � ]�ke% ∙ w1 � kÓkÄz	 Eq. 4.35 

The corresponding rate constants and coefficients are direct related to the gas 

sensing and adsorption-desorption mechanisms as shown in Figure 4-6. In this 

study, the validity of this model is examined by the experimental results of oxygen 

detection using ZnSe under UV illumination. 

This model has the following limitations: 

(i) Photoexcitation is applied to enhance the occurrence of grain size effect, 

(ii) It is only applicable to the case where only one type of gas is detected. 

This model has the following assumptions as well: 
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(i) Adsorption-desorption mechanism is independent of the charge carrier 

concentration, 

(ii) Only the first adsorbed gas layer is chemisorbed,  

(iii) The potential barrier at intergranular region resists the transport and assist 

electron to recombine with holes,  

(iv) The effective recombination rate of charge carriers is dominated by that of 

photo-generated carriers, 

(v) Recombination rate constant becomes time independent when measuring 

time is longer than 1/kÄ,  

(vi) Effect of balancing gas (argon) can be ignored.  
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Figure	Figure	Figure	Figure	4444----6666				#a,	b%	Recombination	and	adsorption	rate	constants#a,	b%	Recombination	and	adsorption	rate	constants#a,	b%	Recombination	and	adsorption	rate	constants#a,	b%	Recombination	and	adsorption	rate	constants				kkkkrrrr				and	and	and	and	kkkkAAAA				against	against	against	against	oxygen	concentration,	#coxygen	concentration,	#coxygen	concentration,	#coxygen	concentration,	#c,	d,	d,	d,	d%	%	%	%	recombination	and	adsorption	recombination	and	adsorption	recombination	and	adsorption	recombination	and	adsorption	coefficientcoefficientcoefficientcoefficients	s	s	s					AAAA0000				ad	Aad	Aad	Aad	A1111				against	against	against	against	1/k1/k1/k1/krrrr	and	and	and	and	1/k1/k1/k1/kAAAA,	respectively.,	respectively.,	respectively.,	respectively.				
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4.4 Experimental results and theoretical analysis 

4.4.1 Dynamic (time-dependent) photoconductivity at room temperature  

The dynamic (time-dependent) photoconductivity of nanocluster-assembled 

SCBD ZnSe films under UV illumination against oxygen concentration varying from 

0.01 % to 20 % at room temperature was measured and shown in Figure 4-7. The 

experimental data points are plotted with symbols in gray color while the colored 

fitting curves are derived from Eq. 4.25 of the model. The curves match very well 

with the experiment data throughout the investigated range of oxygen 

concentration. The profile of the curves measured at low oxygen concentrations in 

the range of 0.01 – 0.2 % are different from those measured at higher oxygen 

concentrations. In the low oxygen concentration range, a curve of measured 

photoconductivity rises fast monotonically at first and approaches a saturated value 

asymptotically.  In the high oxygen concentration range, a measured curve also rises 

initially, but after reaching a peak value it drops with time to approach the 

saturated value. This indicates that there should have a transition of gas sensing 

mechanism from low to high gas concentration ranges. The dynamic model 

established in this study is capable of giving a possible physical explanation. 

Figure 4-8 shows the saturated sensor response S of nanocluster-assembled 

SCBD ZnSe film estimated from the dynamic model. The response is the maximum 

of 306.2 measured at the lowest oxygen concentration of 0.01 % that employed in 

our tests. It decreases to 0.3 with increasing oxygen concentration to 21 % due to 

the increased amount of captured electrons and depletion region on the film. A 

linear relation of saturated sensor response is observed in the oxygen 
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concentration range from 0.01 % to 0.2 %. The sensitivity ∆4 ∆�⁄  in this range is 

about 192 per 1 % change of oxygen concentration. Saturation of response is 

observed when over 0.2 % of oxygen is detected. This reveals that the dynamic 

range of oxygen detection by nanocluster-assembled ZnSe gas sensor is 0.01 % to 

0.2 %.  

The rate constants (]^  and ]Ä) and coefficients (�� and �") used to obtain the 

fitting curve to the experimental data based on Eq. 4.25 are plotted in Figure 4-9. 

They reproduce the characteristic features of the theoretical functions presented in 

Figure 4-6. Through comparing these two sets of diagrams, this function able to 

describe the dominant mechanisms of different stages in the oxygen sensing 

process. 

 Figure 4-9a shows that the observed recombination rate constant ]^  raises at 

low oxygen concentration exponentially. Compared with theoretical prediction 

shown in Figure 4-6a, one concludes that the grain size of the nanocluster-

assembled ZnSe may be larger than the depletion region, where	D ≫ 2λ2. The 

enhanced sensor response due to neck control of grain size effect happens at high 

oxygen concentration of 0.1 % when BET adsorption is occurred. The recombination 

rate constants increased noticeably at that condition. It keeps increasing in this 

regime consistent with the theoretical prediction, until the detected oxygen 

concentration reaches about 1 %, where physisorption of oxygen commences 

saturation at the mesoporous surface.   

 According to theoretical prediction, the recombination coefficient �� should 

drop linearly with 1/kr with slope -8.9 x 10-7	MΩ(��á(�ü as shown in Figure 4-6c. 

In fact, experimental result illustrates this prediction as shown in Figure 4-9c. This 
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further suggests that the photo generation rate and charge carrier mobility are 

constants throughout the investigated oxygen concentration range.  

 The adsorption-desorption rate constant ]Ä  controls this process, which is 

plotted against with the oxygen concentration in Figure 4-9b. The overall profile of 

the experimental curve of kA throughout the detected oxygen region matches very 

well with the one predicted from the model as shown in Figure 4-6b. It increases 

first until the oxygen concentration reaches 0.04 %. In this low gas concentration 

region, oxygen molecules are mainly chemisorbed on the film surface based on the 

Langmuir adsorption mechanism. kA then ceases to increase, since at this moment 

the sensor’s surface has been mostly covered with the first chemisorbed gas layer. 

Until the oxygen concentration is further increased starting from 0.5 % to 2 %, kA 

starts to increase with oxygen concentration again. This is because further 

physisorption of oxygen molecules at second or higher layers of sensor’s surface 

starts to take place. At last, kA saturates again. One suggests that this happens when 

the surface adsorption site is saturated and the mesopores are even filled up by 

oxygen adsorbents.  

 Coefficient of adsorption term �" obtained is plotted against 1/kA in Figure 

4-9d. This coefficient is closely related to the efficiency of ionization of the 

adsorbed oxygen. The slope of the curve at high 1/kA region (low oxygen 

concentration) is constant 2.4 x 10-7	MΩ(��á(�ü. However, declines sharply when 

1/kA drops to a critical value (high oxygen concentration). This is because excessive 

oxygen adsorption causes physisorption dominates and enters the BET adsorption 

regime. The adsorption energy associated with physisorbed oxygen is relatively 

lower then chemisorbed oxygen. Hence the efficiency of ionizing the adsorbed 
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species is also lower. These features represent a transition from chemisorption 

mechanism to physisorption mechanism as indicated in Figure 4-6d. 

 The sum of two exponential functions Eq. 4.25 is thereby illustrated to be 

effective in describing the time dependence of photo-assisted gas sensor response 

of a direct-bandgap semiconductor film. The relationships between the gas sensor 

response and adsorption-desorption mechanisms can be achieved by 

deconvoluting the observed gas sensor response. Note that the method is not 

restricted to be used for any other grain sizes and gas concentration. 
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Figure	Figure	Figure	Figure	4444----7777				RoomRoomRoomRoom----temperture	photoconductivity	of	nanoclutertemperture	photoconductivity	of	nanoclutertemperture	photoconductivity	of	nanoclutertemperture	photoconductivity	of	nanocluter----assembled	SCBD	assembled	SCBD	assembled	SCBD	assembled	SCBD	ZnSe	films	measured	at	various	oxygen	concentrationsZnSe	films	measured	at	various	oxygen	concentrationsZnSe	films	measured	at	various	oxygen	concentrationsZnSe	films	measured	at	various	oxygen	concentrations....				
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Figure	Figure	Figure	Figure	4444----8888				EstEstEstEstimated	imated	imated	imated	saturated	photosaturated	photosaturated	photosaturated	photo				responseresponseresponseresponse				of	nanoclusterof	nanoclusterof	nanoclusterof	nanocluster----assemassemassemassembled	SCBD	bled	SCBD	bled	SCBD	bled	SCBD	ZnSe	films	ZnSe	films	ZnSe	films	ZnSe	films	againstagainstagainstagainst				various	oxygen	concentrationsvarious	oxygen	concentrationsvarious	oxygen	concentrationsvarious	oxygen	concentrations				measured	at	room	temperaturemeasured	at	room	temperaturemeasured	at	room	temperaturemeasured	at	room	temperature....				
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 Figure	Figure	Figure	Figure	4444----9999				#a%	Charge	carrier	#a%	Charge	carrier	#a%	Charge	carrier	#a%	Charge	carrier	recombination	rate	constantrecombination	rate	constantrecombination	rate	constantrecombination	rate	constant				kkkkrrrr				#b%	adsorption#b%	adsorption#b%	adsorption#b%	adsorption----desorption	rate	constantdesorption	rate	constantdesorption	rate	constantdesorption	rate	constant				kkkkAAAA				against	oxygen	concentration,	against	oxygen	concentration,	against	oxygen	concentration,	against	oxygen	concentration,	#c%	#c%	#c%	#c%	coefficientcoefficientcoefficientcoefficient				AAAA1111				againstagainstagainstagainst				1/k1/k1/k1/krrrr				and	and	and	and	#d%	#d%	#d%	#d%	coefficientcoefficientcoefficientcoefficient				AAAA2222				againstagainstagainstagainst				1/k1/k1/k1/kAAAA				measured	at	room	temperaturemeasured	at	room	temperaturemeasured	at	room	temperaturemeasured	at	room	temperature....				
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4.4.2 Dynamic (time-dependent) photoconductivity at 80 oC 

 Dynamic (time-dependent) photoconductivity of nanocluster-assembled SCBD 

ZnSe films against oxygen concentration was also measured at 80 oC in order to 

determine the influence of thermal energy on the gas sensing mechanism. This 

temperature was applied in order to prevent moisture condensation and chemical 

reaction of sensor’s material50. Figure 4-10 shows the sensor response for oxygen 

concentration varying in the range from 0.02 % to 10 %. We applied the expression 

of Eq. 4.25 again to fit the data. Comparison of the results measured at room 

temperature and 80oC is presented in Table 4-1. 

 The variation of saturated photo response against oxygen concentration was 

shown in Figure 4-11. It drops with increasing oxygen concentration first and is 

saturated when the oxygen concentration exceed about 0.2 %. The slope of the 

linear part of the profile gives the sensitivity of the sensor, ∆4 ∆�⁄ , which is about  

161 per 1 % increment of oxygen concentration. It is slightly lower than that at 

room temperature. This can be explained by the change of rate constants kr and kA, 

and the coefficients A1 and A2 shown in Figure 4-12. The plots exhibit some 

similarity to those measured at room temperature, but some differences can still be 

found.  

 The recombination rate constant ]^ measured at 80 oC is ~8 times higher than 

that measured at room temperature throughout the range of oxygen 

concentrations employed in the measurements. This is because scattering of 

conduction charge carriers by phonons is more severe under higher temperature 

environment. The neck control mechanism commence at a higher oxygen 

concentration at 2 %, as the adsorption-desertion rate constant ]Ä  of oxygen 
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becomes higher that associated with a higher desorption rate.  

 The coefficient �� still exhibits a linear relationship with 1/kA. The slope is 

slightly larger (from -8.9 x 10-7 to -2.2 x 10-6	MΩ(��á(�ü) than that of the room-

temperature one because the average charge carrier mobility increases with 

temperature.  

 On the other hand, results of adsorption-desorption rate constant ]Ä  also 

indicate that the influence of heat to the adsorption mechanisms. Compared with 

the result obtained at room temperature, the magnitude of the rate is ~2 times 

larger due to the increase of desorption rate and thermal energy gain. 

Consequently, the saturation of first layer adsorption and mesopores adsorption 

occur at higher oxygen concentration at 0.2 % and 2 % respectively.  

 The variation of the coefficient �" also shows the adsorption transition from 

chemisorption to physisorption at higher oxygen concentration. The slope becomes 

larger (from 2.4 x 10-7 to 3.9 x 10-7	MΩ(��á(�ü) because thermal energy for 

activation energy of ionization is more readily gained at higher operation 

temperature. 
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Figure	Figure	Figure	Figure	4444----10101010				Photoconductivity	of	nanoclusterPhotoconductivity	of	nanoclusterPhotoconductivity	of	nanoclusterPhotoconductivity	of	nanocluster----assembled	SCBD	ZnSe	films	agains	assembled	SCBD	ZnSe	films	agains	assembled	SCBD	ZnSe	films	agains	assembled	SCBD	ZnSe	films	agains	various	oxygen	concentrations	measured	at	80various	oxygen	concentrations	measured	at	80various	oxygen	concentrations	measured	at	80various	oxygen	concentrations	measured	at	80				ooooC.C.C.C.								
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Figure	Figure	Figure	Figure	4444----11111111				EstimEstimEstimEstimated	saturated	photoated	saturated	photoated	saturated	photoated	saturated	photo				responseresponseresponseresponse				of	nanoclusterof	nanoclusterof	nanoclusterof	nanocluster----assembled	SCBD	assembled	SCBD	assembled	SCBD	assembled	SCBD	ZnSe	films	against	various	oxygen	conceZnSe	films	against	various	oxygen	conceZnSe	films	against	various	oxygen	conceZnSe	films	against	various	oxygen	concentrations	measured	ntrations	measured	ntrations	measured	ntrations	measured	at	at	at	at	80808080				ooooCCCC....				
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Figure	Figure	Figure	Figure	4444----12121212				#a%	Charge	carrier	recombination	rate	constant#a%	Charge	carrier	recombination	rate	constant#a%	Charge	carrier	recombination	rate	constant#a%	Charge	carrier	recombination	rate	constant								kkkkrrrr				#b%	adsorption#b%	adsorption#b%	adsorption#b%	adsorption----desorption	rate	constantdesorption	rate	constantdesorption	rate	constantdesorption	rate	constant				kkkkAAAA				against	oxygen	concentration,	#c%	against	oxygen	concentration,	#c%	against	oxygen	concentration,	#c%	against	oxygen	concentration,	#c%	coefficientcoefficientcoefficientcoefficient				AAAA1111				against	1/kagainst	1/kagainst	1/kagainst	1/krrrr				and	and	and	and	#d%	#d%	#d%	#d%	coefficientcoefficientcoefficientcoefficient				AAAA2222				against	1/kagainst	1/kagainst	1/kagainst	1/kAAAA				measured	atmeasured	atmeasured	atmeasured	at				80808080				ooooC.C.C.C.
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Table	Table	Table	Table	4444----1111				Lists	of	parameters	used	for	describing	the	mechanisms	of	photoLists	of	parameters	used	for	describing	the	mechanisms	of	photoLists	of	parameters	used	for	describing	the	mechanisms	of	photoLists	of	parameters	used	for	describing	the	mechanisms	of	photo----assisted	oxygen	sensing	properties	of	nanoclusterassisted	oxygen	sensing	properties	of	nanoclusterassisted	oxygen	sensing	properties	of	nanoclusterassisted	oxygen	sensing	properties	of	nanocluster----assembled	assembled	assembled	assembled	ZnSe	films	at	room	temperature	andZnSe	films	at	room	temperature	andZnSe	films	at	room	temperature	andZnSe	films	at	room	temperature	and				80808080				ooooCCCC....				
 

				Figure	Figure	Figure	Figure	4444----13131313				Schematic	diagram	of	gas	sensing	and	adsorptionSchematic	diagram	of	gas	sensing	and	adsorptionSchematic	diagram	of	gas	sensing	and	adsorptionSchematic	diagram	of	gas	sensing	and	adsorption----desorption	mechanisms	controlling	the	gas	detection	process.	desorption	mechanisms	controlling	the	gas	detection	process.	desorption	mechanisms	controlling	the	gas	detection	process.	desorption	mechanisms	controlling	the	gas	detection	process.	####aaaa----c%	grain	c%	grain	c%	grain	c%	grain	size	effect	size	effect	size	effect	size	effect	####dddd----ffff%	transition	of	adsorption	models	%	transition	of	adsorption	models	%	transition	of	adsorption	models	%	transition	of	adsorption	models	####gggg----h%	h%	h%	h%	IonizationIonizationIonizationIonization....
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161 0.1 - 2 % 0.2 - 2 % -2.2 x 10-6 3.9 x 10-7 
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The dynamic change of photoconductivity of nanocluster-assembled ZnSe 

against oxygen concentration can be modeled and described by using an expression 

containing the sum of two exponential functions Eq. 4.25. Results illustrated the 

details about the effect of adsorption-desorption mechanism to the gas sensing 

process under the illumination of above-bandgap light. Figure 4-13 summarized the 

three suggested mechanisms involved in the model in schematic view: (i) grain size 

effect, (ii) transition of adsorption models and (ii) Ionization. Recombination of 

photo-generated electrons and holes are considered to be affected by grain size 

effect. The increase of potential barrier energy at the intergranular region results in 

necking effect, which increases the probability of recombination. It depends on the 

surface energy absorbed by chemisorption and physisorption of oxygen. Besides, 

the adsorption models, Langmuir and BET adsorption models, introduced different 

condition of adsorption surface coverage at different gas concentrations. The 

dynamic evolution of adsorption process affects the grain size effect and the 

feasibility of ionization of adsorbed oxygen. This model provides subtle suggestions 

of the gas sensing mechanisms. It can be applicable to predict the time dependence 

of the sensor response.   
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Chapter 5 Gas sensing properties of nanocluster-

assembled, multilayer and monolayer MoS2 films 

 Transition metal dichalcogenides (TMD) is a material system which has attracted 

considerable attention in the past decade. Some of them exhibit changes of 

material properties at ultrathin layered regime. This discovery greatly stimulates 

recent material research and exploration of new applications. MoS2 is one of the 

mostly studied materials due to its intriguing transition of optoelectronic and 

physical properties when the material thickness is reduce to monolayer55. In 

addition, the electrical properties of monolayer MoS2 was found to be sensitive to 

many gases69-72. However, no studies have been reported about its sensing 

response to hydrogen sulfide (H2S), which is hazardous to human health. In This 

chapter, we focus on H2S and some reducing gases detection such as NH3 and H2 in 

MoS2 sensor. 

 Chemical Vapor Deposition (CVD) is one of the most widely used techniques for 

fabricating monolayer crystalline flakes45,59-62. Although crystalline flakes have been 

obtained, its lateral dimension is just within a few tens of microns. The thickness of 

a film sample is not uniform over a large area. This problem has been recognized 

and stimulates research activities for searching alternative ways to produce 

monolayer film material in form of large-area, continuous and uniform63-66. Physical 

Vapor Deposition (PVD) is possible choice of making large area thin film materials. It 

has been widely used in industries for long time and is proved to be effective in 

practical application. Thus, we use PVD method for fabricating monolayer MoS2 film 

in our study.  
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 We first present the details of the fabrication processes used for producing 

MoS2 films of different characteristic and structural architectures. They include 

porous nanocluster-assembled MoS2 film fabricated by SCBD and post-sulfurization, 

multilayer and monolayer MoS2 films fabricated by reactive magnetron sputtering. 

We also present the data of resistive response of the materials against H2S, NH3 and 

H2. Measurements were done in dark and under above-bandgap UV light 

illumination. Possible mechanisms responsible for the sensing processes are 

discussed.  

5.1 Porous nanocluster-assembled MoS2 film 

 Porous nanocluster-assembled MoS2 film was prepared using supersonic 

cluster beam deposition (SCBD) process followed by post-sulfurization at elevated 

temperature. The film structure is expected to be highly porous. Detected gas 

molecules could diffuse more readily into the film. 

5.1.1 Surface morphology 

 Figure 5-1 shows the AFM images of an as-deposited Mo film and the film after 

post-sulfurization. Both images show that the film surface is rough and full of holes, 

suggesting that the film structure is highly porous. The mean diameter of the as-

deposited nanocluster-assembled Mo film is roughly 36.1 nm. It increases to 71.3 

nm after sulfurization. The final thickness of the MoS2 film is about 465 nm. 
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Figure	Figure	Figure	Figure	5555----1111				AFM	image	of	asAFM	image	of	asAFM	image	of	asAFM	image	of	as----depositeddepositeddepositeddeposited				SCBE	SCBE	SCBE	SCBE	Mo	Mo	Mo	Mo	nanoclusters	film	nanoclusters	film	nanoclusters	film	nanoclusters	film	over	an	area	ofover	an	area	ofover	an	area	ofover	an	area	of				1111				um	x	1um	x	1um	x	1um	x	1				um	#top%	and	500um	#top%	and	500um	#top%	and	500um	#top%	and	500				ooooC	C	C	C	postpostpostpost----sulfurized	sulfurized	sulfurized	sulfurized	nanoclusternanoclusternanoclusternanocluster----assembledassembledassembledassembled				MoSMoSMoSMoS2222				film	film	film	film	over	an	area	of	500over	an	area	of	500over	an	area	of	500over	an	area	of	500				nm	x	500nm	x	500nm	x	500nm	x	500				nmnmnmnm				#bottom%#bottom%#bottom%#bottom%....				
 

5.1.2 Confirmation of the formation of the MoS2 compound 

 The post-sulfurized nanocluster-assembled SCBD Mo film was characterized 

using Raman spectroscopy and XRD. Figure 5-2a shows the characteristic Raman 

peaks of MoS2 at 382.2 cm-1 and 406.8cm-1. These peaks are attributed to the 

phonon energy E1
2g and A1g respectively. Figure 5-2b shows the XRD spectrum of 

the sample. A weak peak signal at 2θ = 13.96o is observed. It is ascribed to the (002) 

planes of the MoS2 phase. These results confirm that the post-sulfurized film is in 



Thin film transition metal chalcogenide based gas sensors – Chapter 5 

The Hong Kong Polytechnic University 

 

90 
 

form of MoS2 phase. Suggesting that there are small crystalized MoS2 grains is 

formed as well. 
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Figure	Figure	Figure	Figure	5555----2222				#a%	#a%	#a%	#a%	Raman	and	#b%	XRD	spectrRaman	and	#b%	XRD	spectrRaman	and	#b%	XRD	spectrRaman	and	#b%	XRD	spectraaaa				of	asof	asof	asof	as----deposited	SCBD	Mo	deposited	SCBD	Mo	deposited	SCBD	Mo	deposited	SCBD	Mo	film	and	film	and	film	and	film	and	thethethethe				same	film	after	same	film	after	same	film	after	same	film	after	postpostpostpost----sulfurizationsulfurizationsulfurizationsulfurization				at	500at	500at	500at	500				ooooCCCC....				
 

5.2 Multilayer and monolayer MoS2 films 

 Multilayer and monolayer MoS2 films were synthesized using one-step reactive 

DC magnetron sputtering process. MoS2 films were growth on the IDE patterned 

SiO2/Si substrate. After the optimum deposition condition for obtaining the best 

crystallization and phase composition, the deposition time was reduced to control 

the film thickness to monolayer film. The condition refers to the combination of the 

concentration of reactive H2S (CH2S), substrate temperature (Ts) and sputtering 

pressure (Ps). 

5.2.1 Effect of H2S content in the reactant gas 

 In a sputtering process, plasma is ignited with a reactant gas in a reduced 

pressure environment to generate ions. The ions are accelerated to bombard a solid 
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target. The atoms removed from the target are deposited on a substrate. The 

composition in the deposits may deviate from that of the target material. Sulfur 

having low melting point could be more readily evaporated from the target, causing 

the deposits to have lower sulfur content than the target. For this reason, it is 

important to mix H2S with the balancing argon gas to form the reactant gas for 

providing additional S atoms to achieve the desired stoichiometry in the deposits. 

We started from the settings with a sputtering power = 20 W, operating pressure Ps 

= 25 mTorr, substrate temperature Ts = 700 oC and a deposition time t = 30 min, 

whereas the concentration of H2S in the reactant gas was varied as a parameter for 

achieving the desired MoS2 film structure.  

 The Raman spectra of the as-deposited MoS2 films prepared with varies of H2S 

concentration from 0 % to 9 % is shown in Figure 5-3. All the films show the 

characteristic peaks of the MoS2 structure. Importantly, the intensity of peaks 

increases with increasing H2S concentration. When the H2S concentration is 

increased to 9 %, the intensity of the Raman peak reaches the maximum. This 

indicates that the content of MoS2 phase in the specimen is the largest. Since this 

concentration is the highest level achievable by gas source, we kept 9 % H2S setting 

in all other deposition processes. 
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Figure	Figure	Figure	Figure	5555----3333				Raman	spectraRaman	spectraRaman	spectraRaman	spectra				ofofofof				MoSMoSMoSMoS2222				films	deposited	withfilms	deposited	withfilms	deposited	withfilms	deposited	with				variousvariousvariousvarious				HHHH2222S	S	S	S	concentration	concentration	concentration	concentration	from	0from	0from	0from	0				%%%%	to	9	to	9	to	9	to	9				%%%%				in	argon.in	argon.in	argon.in	argon.				
 

5.2.2 Substrate temperature 

 Substrate temperature Ts can significantly affects the crystallization of the film 

material80,81. On the other hand, it also affects the magnitude of the internal 

stresses. One possible reason for generating internal stresses is due to the 

mismatch of thermal expansion coefficients between the substrate material and the 

deposits.  To investigate the influence of Ts and to optimize its setting, we carried 

out a series of deposition runs by fixing the sputtering power = 20 W, Ps = 25 mTorr, 
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9% H2S in Ar and deposition time t = 60 min, whereas varied Ts was adjusted to vary 

over a range from 300 oC to 700 oC.  

 Figure 5-4a shows that the Raman spectra of all MoS2 films have E1
2g and A1g 

peaks. When Ts increases from 300 oC to 700 oC, the wavenumber of the E1
2g peak 

exhibits a blue shift of 3.8 cm-1. At the same time, the A1g also shows a blue shift of 

2.0 cm-1. This result indicates a change of the stress in the film. 

 On the other hand, the full-width-at-half-maxima (FWHM) derived from the 

spectrum lines are plotted in the inset of Figure 5-4a.  One sees that the FWHM 

drops with increasing Ts first up to 500 oC, but then increases when Ts is further 

increased. These results suggest that the crystallization is enhanced at first that 

narrowing the peak width82. Further rise in Ts after 500 oC results in poor 

crystallinity due to excessive thermal stress to the film.  

 The observations of XRD spectra of the films shown in Figure 5-4b further 

support the crystallization of MoS2. All the samples deposited at Ts ≥ 300 oC shows 

characteristic peaks of the MoS2 phase, indicating that all of them have been 

crystallized. Two peaks at 2θ = 13.6o and 44.31o are observed and are attributed to 

the (002) and (006) planes of MoS2. They help to reconfirm that the MoS2 phase 

dominates the in the structure of the film. In addition, only the peaks associated 

with the c-planes are discerned in θ-2θ scans. One suggests that the hexagonal 

MoS2 lattice planes are preferentially aligned by stacking one on the other. Based 

on these findings, we fixed the setting of Ts at 500 oC for all other deposition 

processes. 
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Figure	Figure	Figure	Figure	5555----4444				#a%	Raman	and	#b%	XRD	spectra	of	#a%	Raman	and	#b%	XRD	spectra	of	#a%	Raman	and	#b%	XRD	spectra	of	#a%	Raman	and	#b%	XRD	spectra	of	MoSMoSMoSMoS2222				films	films	films	films	deposited	at	various	deposited	at	various	deposited	at	various	deposited	at	various	TTTTssss				from	300from	300from	300from	300				°°°°CCCC				to	700to	700to	700to	700								°°°°C.	InsetsC.	InsetsC.	InsetsC.	Insets::::				FFFFWWWWHM	of	HM	of	HM	of	HM	of	Raman	peakRaman	peakRaman	peakRaman	peakssss				and	and	and	and	lattice	spacing	of	the	lattice	spacing	of	the	lattice	spacing	of	the	lattice	spacing	of	the	#002%	#002%	#002%	#002%	planesplanesplanesplanes....				
 

 Furthermore, in order to improve the surface roughness and prevent cracking, 

ramp cooling was introduced to extend the time for annealing and reaction. The 

surface morphology images of as-deposited MoS2 film with and without 3 oC/min 

ramp cooling upon completion of deposition were captured using AFM as shown in 

Figure 5-5. It shows that the film surface is smooth throughout all locations 

randomly selected on the film surfaces. The surface roughness Ra of substrate was 

determined to be 0.132 nm, while the surface roughness of naturally cooled sample 

is 0.182 nm. The film is slightly rougher than the bare substrate. The film with ramp 

cooling appears to have lower surface roughness of 0.128 nm, which is fairly close 

to that of the substrate. Therefore, it concludes that a more uniform MoS2 film can 

be obtained by ramp cooling after deposition. 
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Figure	Figure	Figure	Figure	5555----5555				AFM	image	of	a%	substrate,	b%AFM	image	of	a%	substrate,	b%AFM	image	of	a%	substrate,	b%AFM	image	of	a%	substrate,	b%				MoSMoSMoSMoS2222				film	film	film	film	without	ramping,	and	c%	with	without	ramping,	and	c%	with	without	ramping,	and	c%	with	without	ramping,	and	c%	with	ramping	deposited	ramping	deposited	ramping	deposited	ramping	deposited	at	at	at	at	PPPPssss����15151515				mTorr	and	mTorr	and	mTorr	and	mTorr	and	TTTTssss����500500500500				ooooCCCC....				
 

5.2.3 Sputtering pressure 

 The sputtering pressure, Ps, was varied to obtain the best crystallization result of 

MoS2 film. Figure 5-6a shows the Raman peaks and its FWHM of the films prepared 

at Ps varying from 5 mTorr to 25 mTorr. Note that the increase in Ps is accompanied 

by a small blue shift 1.4 cm-1 for E1
2g and 1.0 cm-1 for A1g. This result may imply a 

change of internal stresses in the film80,81. When a larger Ps is used in the 

deposition, scattering of particles in the chamber is more severe, such that the 

deposition rate is lowered and the deposited obtained in the specific deposition 

time is thinner. The effect of the substrate in generating the stresses would become 

more significant, such that a blue shift of the E1
2g and A1g is resulted. In addition, we 

note that the minimum FWHM is detected for a film deposited at 15 mTorr, 

showing that crystallization is optimized at this deposition condition. 

 Direct evidence of crystallization of the MoS2 films is achieved by referring to 

the θ-2θ XRD spectra as shown in Figure 5-6b. The diffraction peaks associated only 

with c-planes of (002) and (006) are observed at 2θ = 14.03o and 44.31o, 

respectively.  This indicates that the MoS2 planes are stacked in parallel. The 
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position of the (002) plane shifts towards the direction corresponding to a larger 

lattice spacing with increasing Ps. This may due to the reduction of film thickness as 

well.  Thickness and deposition rate of the film are further investigated by XRR in 

Figure 5-7. It shows that the thickness of film is in range of nanometer and is 

reduced from 6.267 nm to 2.486 nm with increasing Ps. Such a range corresponds 

to the thickness of 11 to 5 monolayers of MoS2. The deposition rate at 15 mTorr, 

which is the optimum condition, is about 0.108 nm/min. Hence the deposition time 

required for making a monolayer MoS2 of 0.65 nm thick is estimated to be 6.5 min. 

We thereby came up with a suggested condition for producing monolayer MoS2 by 

9 % H2S in Ar, Ts = 500 oC with ramp cooling 3 oC/min, Ps = 15 mTorr and deposition 

time of 6.5 min. 

 

MoS2

(006)

5 10 15 20 25

6

8

10

 

 

F
W

H
M

 (
cm

-1
)

P
S
 (mTorr)

A
1g

E1
2g

360 380 400 420 440 460 480

∆1.0

(b) XRD-Ps

Substrate

 

 

A
1g

In
te

ns
ity

 (
a.

u)

Wavenumber (cm-1)

E1
2g

5mTorr

10mTorr
15mTorr
20mTorr
25mTorr

(a) Raman-Ps

∆1.4

5mTorr
10mTorr
15mTorr
20mTorr
25mTorr

5 10 15 20 25

0.63

0.64

0.65

0.66

0.67

 

 

(0
02

) 
sp

ac
in

g 
(n

m
)

P
S
 (mTorr)

10 12 14 16 18 45 50

 

 

In
te

ns
ity

 (
a.

u)

θ-2θ (degree)

MoS
2

(002)

 

Figure	Figure	Figure	Figure	5555----6666				#a%	Raman	and	#b%	XRD	spectra	of	#a%	Raman	and	#b%	XRD	spectra	of	#a%	Raman	and	#b%	XRD	spectra	of	#a%	Raman	and	#b%	XRD	spectra	of	MoSMoSMoSMoS2222				films	films	films	films	deposited	at	variousdeposited	at	variousdeposited	at	variousdeposited	at	various				PPPPssss				from	5	to	25from	5	to	25from	5	to	25from	5	to	25				mtorrmtorrmtorrmtorr.	Insets.	Insets.	Insets.	Insets::::				FFFFWWWWHM	of	HM	of	HM	of	HM	of	Raman	peakRaman	peakRaman	peakRaman	peakssss				and	and	and	and	lattice	spacing	of	the	lattice	spacing	of	the	lattice	spacing	of	the	lattice	spacing	of	the	#002%	#002%	#002%	#002%	planesplanesplanesplanes....				
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 Figure	Figure	Figure	Figure	5555----7777				#a%	#a%	#a%	#a%	XRR	XRR	XRR	XRR	spectra	spectra	spectra	spectra	and	and	and	and	#b%	#b%	#b%	#b%	depositiondepositiondepositiondeposition				rate	of	rate	of	rate	of	rate	of	MoSMoSMoSMoS2222				films	films	films	films	deposited	at	deposited	at	deposited	at	deposited	at	various	various	various	various	PPPPssss				from	5	to	25from	5	to	25from	5	to	25from	5	to	25				mtorrmtorrmtorrmtorr....				
5.2.4 Reduction of deposition time for reducing film thickness 

 Based on the above experiences, the next step was targeted at achieving 

monolayer MoS2 film. A direct approach is to reduce the film thickness by reducing 

deposition time. A series of MoS2 films was then fabricated by setting the 

deposition time. The separation between the positions of the two E1
2g and A1g 

Raman peaks can be used to indicates the thickness of MoS2
82. The peaks 

separation is the smallest if the thickness reaches monolayer83. Therefore, we 

applied this guideline for preliminary estimation of the film thickness possibly 

achieved in particular run. 

 Figure 5-8a shows the Raman spectra of the MoS2 films with deposition time of 

60, 30, 25 and 15 min. The separations of the two Raman peaks are 23.2, 20.6, 19.3 

and 19.8cm-1 respectively. We found that the film deposited for 25 min should be 

the thinnest and the closest thickness of monolayer MoS2. The estimated 

deposition time for forming a monolayer MoS2 film according to the deposition rate 
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is 6.5 min, which is much shorter than the one in practice. This discrepancy is 

attributed to the poor adhesion rate of landing species on a clean substrate surface, 

such that the deposition rate for producing monolayer film is low at the initial stage 

of deposition. When the deposition time shorter than 25 min is used, the film 

produced would appear to be discontinuous, in which the deposited material is 

aggregated into the form of nano-sized islands.   

 Another indirect evidence of the achievement of a monolayer MoS2 film is 

obtained by observing the photoluminescence (PL) emission from the sample. The 

data are shown in Figure 5-8b. With decreasing deposition time and effectively film 

thickness, one sees the successive increase in PL intensity and also the increase in 

the emitted photon energy to ~1.9 eV. Note that the reported indirect bandgap 

energy of bulk MoS2 is 1.2 eV. Film of deposition time of 25 min shows a strong PL 

peak at 1.91 eV, which is consistent with the expected direct bandgap energy of 

monolayer MoS2 of 1.9 eV84. 
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 FiFiFiFigure	gure	gure	gure	5555----8888				#a%	#a%	#a%	#a%	Raman	Raman	Raman	Raman	and	#b%	photoluminescence	spectra	of	and	#b%	photoluminescence	spectra	of	and	#b%	photoluminescence	spectra	of	and	#b%	photoluminescence	spectra	of	MoSMoSMoSMoS2222				filmsfilmsfilmsfilms				deposited	deposited	deposited	deposited	with	variouswith	variouswith	variouswith	various				depositiondepositiondepositiondeposition				timetimetimetimessss				from	from	from	from	60606060minminminmin				to	to	to	to	15151515				min	min	min	min	atatatat.	.	.	.	CCCCH2SH2SH2SH2S				�	9�	9�	9�	9				%%%%,	,	,	,	TTTTssss				�	�	�	�	500500500500				°°°°C	C	C	C	and	Pand	Pand	Pand	Pssss				�	�	�	�	15151515				mtorrmtorrmtorrmtorr....				
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The thickness of the MoS2 film was also directly observed from the XS-TEM image 

as shown in Figure 5-9. The picture shows the interface between the substrate and 

the MoS2 film which deposited for 25 min. A clear monolayer of MoS2 with 

thickness about 0.61 nm can be observed at the interface. The corresponding 

energy dispersive spectroscopy (EDS) shown in Figure 5-10 also confirmed the 

relative contents of Mo and S are in a ratio of 1 to 2, which should be expected for 

the MoS2 phase.  

 The photoconductivity response of different structured MoS2 under above-

bandgap UV illumination was examined. Results are shown in Figure 5-11. Only the 

monolayer MoS2 film exhibits a strong response to the photo excitation.  This signal 

is expected to come from the direct bandgap structure. In the gas sensing 

measurements, we selected to use the samples deposited for 25min and 60min, 

which are represented as monolayer and multilayer of MoS2 films respectively. 

 

  

0.61nm 
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Figure	Figure	Figure	Figure	5555----9999				XSXSXSXS----TEMTEMTEMTEM				image	of	image	of	image	of	image	of	the	the	the	the	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				filmfilmfilmfilm....				
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 Figure	Figure	Figure	Figure	5555----10101010				EEEEnergy	dispersive	Xnergy	dispersive	Xnergy	dispersive	Xnergy	dispersive	X----ray	spectroscopy	#EDX%	analysisray	spectroscopy	#EDX%	analysisray	spectroscopy	#EDX%	analysisray	spectroscopy	#EDX%	analysis				of	of	of	of	the	the	the	the	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				filmfilmfilmfilm				sample	obtained	using	the	TEM	systemsample	obtained	using	the	TEM	systemsample	obtained	using	the	TEM	systemsample	obtained	using	the	TEM	system....				
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5.3 Gas sensing properties of MoS2 films 

 Resistive response of MoS2 films of different microstructures and thicknesses 

against H2S, NH3 and H2 were measured. The measurements were conducted at 80 

oC. Both sensor responses at dark electrical conductance and above-bandgap UV 

light assisted photoconductivity were measured.  

5.3.1 H2S sensing properties of MoS2 films 

 Figure 5-12 shows the results of the dark sensor response of H2S in different 

groups of MoS2.  

 Consider the results of nanocluster-assembled MoS2 film first. The change of 

the dark electrical conductivity of the films against H2S with concentration varying 
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over 30 ppm to 500 ppm is almost unchanged and stays at a level of sensor 

response about -0.25 %. On the other hand, the sensor response of multilayer MoS2 

films based on the change of dark electrical conductivity is positive and varies in a 

narrow range from about 0.34 % to 0.58 % for H2S concentration covering the range 

from 40 ppm to 500 ppm. These two groups of samples show opposite sensor 

response to H2S. To explain this difference, H2S in these structures is suggested to 

be suffered from different detection mechanism. When sensor’s surface adsorbed 

H2S molecules, H2S molecules are either be ionized into radicals or be reacted with 

adsorbed oxygen. The electrical conductivity of the prior activity decreases while 

the later one increases. Nanocluster-assembled MoS2 film, which has high surface-

to-volume ratio and number of adsorption site, is more readily for adsorbing H2S 

and dissociate them into radicals. Surface of multilayer MoS2 is almost fully 

occupied by oxygen and enhance the adsorbed H2S is more readily for reacting with 

oxygen. Thus the sensor response in these two groups of samples is opposite. 

 On the other hand, the sensor response based on the change of dark electrical 

conductivity of monolayer MoS2 film was found to increase from 1.25 % to 25.68 % 

with increasing H2S concentration from 10 ppm to 500 ppm. Repeatability of the 

sensor response of monolayer MoS2 film was examined by observing the output 

obtained from repeatedly exposing the sensor alternatively to H2S with a 

concentration of 100 ppm and air. Data are shown in Figure 5-12d. The amplitude of 

the response of the detected gas is very stable throughout all the cycles in the test. 

 Monolayer MoS2 film shows remarkable sensor response compared with 

nanocluster-assembled and multilayer MoS2 films. The enhanced response should 

originate from the direct bandgap transition of monolayer MoS2 film, as the charge 



Thin film transition metal chalcogenide based gas sensors – Chapter 5 

The Hong Kong Polytechnic University 

 

103 
 

exchange with the surface adsorbed oxygen and H2S is more effective and faster 

than indirect bandgap transition of bulk MoS2 films. Thus, the large surface-to-

volume ratio of nanocluster-assembled MoS2 film or ultrathin multilayer MoS2 film 

are not the most critical factor to attain stronger sensor response in MoS2 species. 
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Figure	Figure	Figure	Figure	5555----12121212				Dark	electrical	conductivity	ofDark	electrical	conductivity	ofDark	electrical	conductivity	ofDark	electrical	conductivity	of				#a%#a%#a%#a%				nanoclusternanoclusternanoclusternanocluster----assembledassembledassembledassembled				MoSMoSMoSMoS2222				film	film	film	film	for	30	for	30	for	30	for	30	––––				500	ppm	H500	ppm	H500	ppm	H500	ppm	H2222S	S	S	S	#b%	#b%	#b%	#b%	multilayermultilayermultilayermultilayer				MoSMoSMoSMoS2222				film	for	40	film	for	40	film	for	40	film	for	40	––––				500	ppm	H500	ppm	H500	ppm	H500	ppm	H2222S	S	S	S	#c%#c%#c%#c%				monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				for	10	for	10	for	10	for	10	––––				500	ppm	H500	ppm	H500	ppm	H500	ppm	H2222S	at	80S	at	80S	at	80S	at	80				°°°°CCCC				and	#d%	rand	#d%	rand	#d%	rand	#d%	repeatabilityepeatabilityepeatabilityepeatability				of	the	sensor	of	the	sensor	of	the	sensor	of	the	sensor	response	response	response	response	of	of	of	of	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				againstagainstagainstagainst				100	ppm	H100	ppm	H100	ppm	H100	ppm	H2222S.S.S.S.				
5.3.2 UV-assisted sensing of monolayer MoS2 

 The synthesized monolayer MoS2 film is found to have a direct bandgap 
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transition. It greatly facilitates photoexcitation of electron-hole pairs. In this part of 

test, the film was illuminated with above-bandgap UV light and used to detect H2S, 

NH3 and H2 again. The data are shown in Figure 5-13. The sensor response was 

found to increase from 4.04 % to 52.07 % for H2S concentration increased from 10 

ppm to 500 ppm. The overall response is doubled to that obtained in dark. This 

result is attributed to the increase in adsorption site of oxygen and the increase in 

photo-assisted charge transfer between the adsorbed oxygen radicals and H2S 

molecules (also see discussion presented in Section 2.3.3 of Chapter 2).  

 The sensor response of photo-assisted monolayer MoS2 to NH3 with the 

concentration varying from 10 ppm to 500 ppm is range from 53.8 % to 247.4 %. It 

is found to be prominently larger than that to H2S. On the contrary, the sensor 

response to H2 is found to be much smaller, which is about 0.4 % to 6.3 % in range 

of concentration from 40 ppm to 500 ppm.  

 Figure 5-14 summarizes the sensor response of nanocluster-assembled MoS2 

film, multilayer MoS2 film, and monolayers MoS2 film against H2S in dark. The figure 

also shows the UV-assisted gas sensor response of monolayer MoS2 film against 

H2S, NH3 and H2 with the concentration covering a broad range. The monolayer 

MoS2 film exhibits the stronger senor response over the whole range of the gas 

concentration under investigation compared to those of the MoS2 films having 

other types of structures. Monolayer MoS2 film exhibits many advantages to be 

used for detecting H2S. Other than having a strong sensor response, MoS2 does not 

react with H2S and hence is not easily poisoned by the gas. Furthermore, MoS2 

under UV illumination at ambient temperature is stable. One concern is the poor 

selectivity. It also gives strong response to NH3 and could generate undesired 
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interference when it is used to detect H2S with the presence of some amount of 

NH3. The problem of selectivity could be solved by some other means such as 

adding an appropriate catalyst into the sensor material for suppressing the 

unwanted interference. 
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Figure	Figure	Figure	Figure	5555----13131313				PPPPhotohotohotohoto----assisted	electrical	conductivity	assisted	electrical	conductivity	assisted	electrical	conductivity	assisted	electrical	conductivity	of	of	of	of	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				for	for	for	for	#a%	#a%	#a%	#a%	10	10	10	10	––––				500	ppm	H500	ppm	H500	ppm	H500	ppm	H2222S	at	80S	at	80S	at	80S	at	80°°°°C	C	C	C	#b%	#b%	#b%	#b%	10	10	10	10	––––				200	ppm	NH200	ppm	NH200	ppm	NH200	ppm	NH3333				at	80at	80at	80at	80				°°°°CCCC				and	#c%and	#c%and	#c%and	#c%				40	40	40	40	––––				2800	ppm	H2800	ppm	H2800	ppm	H2800	ppm	H2222				at	at	at	at	80808080				°°°°C.C.C.C.				
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Figure	Figure	Figure	Figure	5555----14141414				Dark	sensor	responseDark	sensor	responseDark	sensor	responseDark	sensor	response				of	#aof	#aof	#aof	#a----c%c%c%c%				nanoclusternanoclusternanoclusternanocluster,,,,				multilayermultilayermultilayermultilayer,	,	,	,	and	and	and	and	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				films	films	films	films	againstagainstagainstagainst				HHHH2222S,	and	#dS,	and	#dS,	and	#dS,	and	#d----f%	photof%	photof%	photof%	photo----assisted	sensor	response	of	assisted	sensor	response	of	assisted	sensor	response	of	assisted	sensor	response	of	monolayermonolayermonolayermonolayer				MoSMoSMoSMoS2222				film	against	film	against	film	against	film	against	HHHH2222SSSS,,,,				NHNHNHNH3333				and	Hand	Hand	Hand	H2222				aaaat	80t	80t	80t	80				°°°°C.C.C.C.				
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Chapter 6 Conclusion 

6.1 Summary 

 The dynamic gas sensing mechanism and gas sensing properties of transition 

metal chalcogenides had been studied using two groups of materials, ZnSe and 

MoS2. The correlation of adsorption and gas sensing mechanism was explained 

using a time dependent model based on the experimental results of the photo-

assisted oxygen sensing of nanocluster-assembled SCBD ZnSe films. The model 

provides the ideal of gas sensing mechanism and the dependence of dynamic 

adsorption. On the other hand, the sensor response of monolayer MoS2 against H2S 

was determined. This part of study illustrates a new method for fabricating large-

scale uniform monolayer MoS2 film. Results were compared with the sensor 

response of multilayer MoS2 film and nanocluster-assembled SCBD MoS2 film. UV-

assisted gas sensing performance of monolayer MoS2 against H2S, NH3 and H2 was 

also conducted.  

6.1.1 Study of dynamic gas sensing model 

 Adsorption of gas, grain size effect and ionization are the main considerations 

for building up the model of gas sensing process. Development of a theoretical 

model is useful for explaining the relationship between the sensing mechanisms 

and output, as so to help in designing new gas sensor of improved performance. 

For the sake of simplicity, some limitations were made in the derivation for 

demonstrating the key principles. Photo illumination is applied for increasing the 

concentration of charge carriers such that the grain size effect originating from the 
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intergranular potential barrier can be manifested and be observed. In addition, this 

model only available in one type of detected gas. The change of sensor’s 

conductance was deduced and the time-dependent photoconductivity was 

formulated with a function in form of:  

σ � A� & A�e(uì× & A"e(uð× 
The rate constants (kr and kA) and the coefficients (A1 and A2) contain the 

information on the mechanism of grain size effect, the type of adsorption 

mechanism, electron and hole mobility of sensor material, and ionization efficiency 

of the adsorbed gas molecules.  

 Nanocluster-assembled SCBD ZnSe films were chosen for this part of study 

because it has a direct bandgap and the potential of giving a strong gas sensor 

response. The diameter of nanoclusters composing the film structure is about 69.2 

nm and the film thickness is about 145nm. Oxygen was used as the detected gas 

because it is readily adsorbed on the material surface and form radicals. Hence, the 

study of oxygen sensing effect would generate very rich information exploring the 

mechanisms involved in the related physiochemical processes.  

 For investigating the gas sensing mechanism, we measured the dynamic (time-

dependent) photoconductivity immediately after turning on the light source, 

whereas the oxygen concentration was varied over a broad range. At room 

temperature, the data can be described by using a function containing a sum of two 

exponential functions. The saturated photo response decreased from 306 to 0.3 

with increasing oxygen concentration from 0.01 % to 20 %. The sensor response 

exhibits a linear dependence on the oxygen concentration from 0.01 % to 0.2 %, 

with a sensitivity of 192 per 1 % change in gas concentration. We assert that the 
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recombination is controlled by necking effect at the intergranular region, which 

further affects the observed photoconductivity. The recombination rate constant in 

the function is associated with a potential barrier gain from the adsorbed gas 

molecules. Necking effect of sensor occurs in the range of gas concentration of 0.1 - 

1 %. The pre-exponential recombination factor against the reciprocal of the 

recombination rate constant is constant, which related to the assumption of 

constant drift mobility of electrons and holes. Besides, the adsorption part of the 

model demonstrated the adsorption-desorption mechanism and ionization. 

Adsorption rate constant followed the trend of Langmuir and BET adsorption 

models, where the adsorption of the first gas layer was saturated at concentration 

0.04 - 0.5 % and multilayer adsorption commences and dominates for higher gas 

concentration. The slope of pre-exponential adsorption factor to the reciprocal of 

adsorption rate constant describes the ionization process of adsorbed oxygen. The 

slope decreased at high oxygen concentration due to low adsorption energy of 

physisorbed oxygen. These observations demonstrated the dependence of 

adsorption-desorption mechanism on gas sensing mechanism. 

 The effect of thermal energy to the model was also determined. The gas sensing 

effect of the SCBD ZnSe films was measured at 80oC. A weaker photo-assisted gas 

sensor response in the range of 177.4 - 1.7 was observed for the oxygen 

concentration varying in the range of 0.02 - 10 %. The sensitivity at linear region 

was 161 in range of oxygen concentration of 0.02 - 0.2 %. The reason can also be 

explained by the rate constants and coefficients of the model. The amplitude of 

recombination and adsorption rate constants increased due to high phonon 

scattering and increase of desorption rate respectively. Observed from the 
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recombination part, neck control range increased to 0.1 - 2 %. The coefficient 

showed the increase of carrier and hole mobility factor because of reduction of 

ionized impurity scattering by thermal energy gain. From adsorption part, the first 

layer saturation range of adsorption increased to 0.2 - 2 %. Ionization factor 

increased due to the gain of ionization energy adsorbed oxygen from thermal 

energy. Integral of these phenomenon reduced the photoconductivity and resulted 

lower sensor response against oxygen at 80 oC. 

 The complete dynamic gas sensing model was, therefore, proved by 

experimental data with nanocluster-assembled ZnSe gas sensor detected with 

oxygen under UV illumination. A schematic of mechanism was illustrated to explain 

the model. It would be useful to estimate the sensor response before it is saturated, 

and determine the best gas sensing condition. 

6.1.2 Gas sensing properties of MoS2 film 

 In this part of study, we investigated the reducing gas sensing properties of 

large-area uniform monolayer MoS2 film, multilayer MoS2 film, and nanocluster-

assembled SCBD MoS2 film. The reducing gases to be detected include H2S, NH3 and 

H2. The focus was put on finding the influences of the nano-scaled structural 

features and indirect-to-direct bandgap transition of MoS2 films (as possessed by 

the three sample types) on the gas properties.  

 In particular, nanocluster-assembled MoS2 was synthesized by SCBD. The 

diameter of nanoclusters is about 71.3 nm and the film is about 465 nm thick. The 

high porosity and surface-to-volume ratio was expected to have enhanced sensor 

response due to necking effect. 
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 Monolayer and multilayer MoS2 were found to be able to synthesize with a one-

step reactive DC sputtering process on an IDE patterned SiO2/Si substrate. The 

optimized sputtering condition was found to have reactant gas 9 % H2S in Ar, 

substrate temperature of 500 oC with ramp cooling 3 oC/min and sputtering 

pressure of 15 mTorr. The deposition time of monolayer and multilayer MoS2 were 

25 min and 60 min respectively. The Raman spectrum, XS-TEM image and EDX 

spectrum verified the achievement of monolayer MoS2 film structure. PL peak at 

1.91 eV of monolayer MoS2 showed that the transition of indirect-to-direct 

bandgap is clearly manifested.  

 The sensor response of the MoS2 film samples against H2S with concentration 

varying from 10 ppm to 500 ppm at 80 oC was measured. The nanocluster-

assembled MoS2 film samples showed very weak negative sign sensor response -

0.25 %. Besides, the multilayer MoS2 film also showed very weak but positive 

sensor response in the range of 0.34 - 0.58 %. The opposed response of this two 

types of MoS2 film is due to sensing mechanism dominated by ionization of 

adsorbed H2S in the prior one or reaction with adsorbed oxygen in the later one. On 

the other hand, the monolayer MoS2 film exhibits a notable sensor response from 

1.25 % to 25.68 %. As a consequence, it is verified that the gas sensor response of 

MoS2 can be greatly enhanced if its thickness is reduced to monolayer thick, where 

a transition to direct band structure occurs. The sensor response of monolayer 

MoS2 film was also found to be highly repeatable in a cyclic test.  

 In addition, the gas sensing measurement was repeated with photo-assist on 

monolayer MoS2 film. The sensor response was doubled at the same range of 

concentration and varied from 4.04 % to 52.07 %. It was also sensitive to NH3 with 



Thin film transition metal chalcogenide based gas sensors – Chapter 6 

The Hong Kong Polytechnic University 

 

112 
 

sensor response 53.8 % to 247.4 %. However, for H2 detection, it is found to be 

much smaller, which is about 0.4 % to 6.3 %. In conclude, a remarkable enhanced 

sensor response against H2S can be observed only in monolayer MoS2 film. There is 

selectivity concern. It could be solved by some other means such as adding an 

appropriate catalyst into the sensor material for suppressing the unwanted 

interference. 

6.2 Further work 

 According to the results achieved, further work in several aspects can be 

followed up in future. They include the attempts in improving the model for 

explaining the gas sensing effect, exploring the gas sensing properties of more 

other TMD materials and designing new gas sensors by using these materials. 

6.2.1 Improvement of gas sensing model 

  The proposed model that describes the time-dependent conductance of 

photo-assisted gas sensor is restricted by some limitations and assumptions. This 

model could be further modified to make it more generally applicable. These 

limitations would be released by some ideas on other types of model: 

(i) Limitation 1: The need of photo-assist 

� The intergranular potential barrier determined by the grain size 

effect can be determined by measuring the carrier mobility instead 

of photoconductivity. Photo-assist, which is in purpose of enhancing 

the effect to the conductivity change, will be no longer necessary.  

Thus the sensor response obtained from carrier mobility can be 

measured by Hall Effect measurements (e.g. Van der Pauw method). 
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(ii) Limitation 2: Only a one detected gas is involved 

� Sensor response to a gas mixture composed of more than one 

detected gas can be derived base on linearly superposition of 

individual response from the gas components.  We anticipate that 

the model would become complicated since the reactions order 

among gases on the sensor’s surface is unpredictable. Hence some 

additional assumptions would be required such as statistic models 

describing the chaos of reactions. 

6.2.2 Gas sensing with other TMD material 

 The study on monolayer MoS2 film illustrates an interesting example for 

attaining enhanced gas sensing properties accompanied by an indirect-to-direct 

bandgap transition when film thickness is reduced to monolayer thick. This sheds 

light on the possibility of finding more other ultrathin 2D TMD materials to exhibit 

similar gas sensing properties. For example, WS2 is a potential candidate to be 

investigated.   One possible explanation for this observation is that the electronic 

configuration of a transition metal may exhibit a change of valence state due to 

redistribution of electrons in the d-orbitals when electron band structure 

experiences a transition. More theoretical work can be done to analyze the 

correlation between the electron states of the element and sensor response using 

first principle calculation.  

6.2.3 Design of gas sensor  

 Conventional gas sensors of improved properties can be achieved by using new 

materials of different compositions, surface morphology, or applying different 
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operation modes. Recalling from the adsorption mechanism, one expects that low 

adsorption sites density and excessive layers of coverage on the sensor’s surface by 

oxygen is unfavorable for obtaining a strong gas sensor response of a reducing gas. 

The ideal condition for detecting reducing gas is to pre-adsorbed only one single 

layer of oxygen on the sensor’s surface. This can be achieved by using more 

defective sensor’s surface to increase the defect states, such as creating dangling 

bonds on the sensor’s surface by etching. On the other hand, controlling the 

operation temperature or higher-power light beam-assist may alleviate the 

excessive layers of adsorption. 
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