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ABSTRACT 

THERMOELECTRIC PROPERTIES OF NOVEL ONE-DIMENSIONAL AND TWO-

DIMENSIONAL SYSTEMS BASED ON MOS2 NANORIBBONS AND SHEETS 

Abbas Arab       

George Mason University, 2017 

Dissertation Director: Dr. Qiliang Li 

 

     Atomically thin materials such as hexagonal boron nitride (h-BN) and transition metal 

dichalcogenides (TMDCs) have attracted a lot of interest since the discovery of 

Graphene. Potential use of Graphene in semiconductor industry has been hindered by the 

fact that graphene is a semi metal with zero band gap. The difficulties in engineering 

band gap in graphene turn the focus light to inherent semiconducting two-dimensional 

(2D) materials; TMDCs. 

     Bulk of TMDCs are formed by layers vertically stacked and weakly bonded together 

via weak van der Waals interactions. These weak interlayer forces make it possible to 

obtain monolayer by using scotch tape exfoliation or lithium-ion intercalation. Among 

the semiconducting members of TMDCs, MoS2 is the most appealing candidate, partly 

due to its thermal stability and also for its natural abundance. Intensive study of 

electronic properties of MoS2 has revealed the desirable band gap (1.2 eV), good carrier 



xi 

 

mobility (which is close to those of silicon thin films and graphene nanoribbons), thermal 

stability and a surface free from dangling bonds make it a perfect candidate for electronic 

and opto-electronic applications. Despite the fact that MoS2 has a high Seebeck 

coefficient, its thermoelectric properties have not studied as well as it should be.  

     In this work, we have studied thermoelectric properties of monolayer and fewlayer 

MoS2 sheets in both armchair and zigzag orientations and also of monolayer MoS2 

armchair nanoribbons. Density functional theory (DFT) using non-equilibrium Greenôs 

function (NEGF) method in ballistic transport regime of Landauer-Buttiker formulation 

in linear transport approximation has been implemented to calculate the transmission 

spectra and consequently electronic transport coefficients. Phonon transmission spectra 

are calculated based on parameterization of Stillinger-Weber potential. Thermoelectric 

figure of merit, ZT, is calculated using these electronic and phonon transmission spectra. 

     In the case of MoS2 sheets, thermoelectric properties of monolayer, bilayer, trilayer 

and quadlayer in armchair and zigzag directions have been studied. Our results show that 

as number of layers increase from monolayer to quadlayer, both transmission spectrum 

and phonon thermal conductance increase. In addition, strong electronic and thermal 

anisotropy is found between zigzag and armchair orientations. Transmission coefficient 

and phonon thermal conductance of zigzag orientation is higher than those of armchair 

with the same number of layers. Electrical conductance and phonon thermal conductance 

are competing forces in achieving a high thermoelectric figure of merit. Advantage of 

having a higher electrical conductance in zigzag orientation has been nullified by having 

a higher phonon thermal conductance. In fact, our results show higher thermoelectric 
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figure of merit for armchair oriented than zigzag oriented sheets. Also as number of layer 

decreases from quadlayer to monolayer, we are witnessing a higher thermoelectric figure 

of merit for both armchair and zigzag oriented sheets. Hence, the highest achieved 

thermoelectric figure of merit was obtained by monolayer armchair MoS2 sheet for both 

p-type and n-type semiconducting behavior.  

     In case of MoS2 armchair nanoribbons, effect of several factors has been studied; 

width of nanoribbon, Sulfur vacancy and edge roughness. The electronic properties of 

nanoribbons are dominated by the presence of edge states that are dependent on the 

number of zigzag chains across the nanoribbon. In addition, it is found that the phonon 

thermal conductance of monolayer MoS2 armchair nanoribbon is smaller compared to 

MoS2 monolayer armchair sheet. This outcome can be explained by phonon edge 

scattering. The effect of this phonon edge scattering is more pronounced in narrower 

nanoribbons compared to wide ones which leads to higher thermoelectric figure of merit 

for narrow nanoribbons. The effect of edge roughness and sulfur vacancy on 

thermoelectric behavior of MoS2 nanoribbons is also studied. Our result shows that edge 

roughness decreased the thermoelectric figure of merit compared to those of a perfect 

nanoribbon as its impact on electrical conductance is more severe than on phonon 

thermal conductance. Sulfur vacancy, however, improved thermoelectric figure of merit 

of MoS2 nanoribbons. It has been shown that thermoelectric figure of merit as high as 4 

and 3 at Ὕ υππὑ can be achieved n-doped and p-doped MoS2 nanoribbons. The ability 

of getting a high thermoelectric figure of merit for both n-type and p-type behavior from 

the same material will be a huge boost to thermoelectric industry if realized. 
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CHAPTER ONE: INTRODUCTION  

1.1 Overview of Solid State Thermoelectric Materials  
 

     Providing a sustainable source of energy in 21st century in which fossil fuels are 

decreasing and demand for energy is increasing every moment will be a major challenge. 

Thermoelectric phenomena which involves conversion between heat and electrical 

energy and provide a method to heat and cool materials or generate electricity from 

wasted heat sources have been supposed to have a significant role in meeting energy 

challenges. As a result, we expect an increasing emphasis on developing advanced 

thermoelectric materials.  

Figure 1.1 Thermoelectric devices; a) cooler, b) power generator and c) an actual 

device 



2 

 

      As charge carriers transfer in conductor and semiconductor materials, they also 

transport energy.  Consider Fig. 1.1(a), the connection of a p-type and an n-type 

semiconductor legs electrically in series and thermally in parallel is called a 

thermocouple. As you can see in this figure top side of the semiconductors are contacted 

by a cold source and the other side is contacted by a hot source and the whole system is 

biased by a constant electrical potential. This electric bias forces the current to pass 

through the semiconductor legs in thermocouple. Electrons in n-type leg and holes in p-

type leg carry the current as depicted in Fig. 1.1(a). This transport of carriers from top 

side to bottom side will carry thermal energy away from the top side and hence cooling 

the top side. This effect is known as Peltier effect. Conversely, as shown in Fig 1.1(b), if 

a thermal gradient is held across the thermocouple, electrons and holes with higher 

thermal energy in n-type and p-type semiconducting leg, respectively, will diffuse toward 

the side with lower thermal energy. This diffusion of carriers from hot side toward cold 

side will continue until a net potential barrier develops and an equilibrium between 

charge diffusion and repulsion will be achieved. The magnitude of this potential barrier is 

known as Seebeck coefficient. Peltier effect and Seebeck effect are the backbone and 

fundamental effect of solid state cooling and power generation.  

     Thermoelectric devices contain many thermocouples made of an n-type and a p-type 

material wired thermally in parallel and electrically in series, see Fig. 1.2. A 

thermoelectric generator uses heat flow across temperature gradient to power electrical 

load through the external circuit. The temperature difference provides the voltage through 

Seebeck effect. 
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The field of thermoelectrics advanced rapidly in 1950s when the basic science of 

thermoelectricity became formulated and established, thermoelectric material Bi2Te3 was 

developed for commercialization and hence launching thermoelectric industry. It was 

already established by that time that the effectiveness of a thermoelectric material could 

be approximately linked to a dimensionless thermoelectric figure of merit: ὤὝ ὋὛὝȾ‖ 

in which Ὃ,Ὓ, Ὕ and ‖ ‖ ‖  are electrical conductance, Seebeck coefficient, 

absolute temperature and thermal conductance which comprise of electronic (‖) and 

phonon (‖ ) components1. Over the following three decades, thermoelectrics field 

received little interest from research communities. Nevertheless, it was improving slowly 

Figure 1.2: Schematic of thermoelectric module, each module contains many 

thermocouples connected thermally in parallel and electrically in series. 
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and steadily. In the 1990s, Department of Defense stimulated research communities to be 

active in this field once again and find innovative ways to improve the efficiency of solid 

state cooling and power generation. As a result of this initiative two different approaches 

were taken for developing the next generation of thermoelectric materials; one using a 

new family of bulk materials2ï4 and the other using low-dimensional material systems5. 

     The advanced bulk material approach focused on decreasing thermal conductance of 

the material. Total thermal conductance of any material can be broken down to two 

components; electronic contribution and phono contribution. Electronic contribution of 

thermal conductance can be calculated from its electrical conductance using Wiedmann-

Franz law. Lattice or phonon thermal contribution can usually be understood by material 

lattice structure. Materials with large unit cells, disorders and variety of atom types are 

known to scatter phonons and have low lattice thermal conductance. At the extreme, 

glasses and amorphous materials in general, have the highest phonon scattering rate with 

mean free path ranging down to atomic distances. But, amorphous materials scatter 

electrons as well and hence decrease the electrical conductance. As a result, a perfect 

material for thermoelectric purposes is a material that acts as a glass for phonons, 

meaning to have the maximized phonon scattering rate, and also acts as a crystal for 

electrons. These criteria are well known as ñElectron Crystal, Phonon Glassò4. A perfect 

example of these prototype materials is partially filled Skutterudites based on alloys of 

CoSb3
6. Lattice structure of filled Skutterudites for ὒὥὊὩὅέὛὦ  has been illustrated in 

Fig. 1.3 in which large and heavy La atoms serve as a rattler. The effect of introducing 

this rattler atom is depicted in Fig. 1.4. On the left hand panel, refined atomic 
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displacement of atoms in the material has been plotted using a four-cycle neutron 

diffractometer. La, the rattler atom, has shown higher atomic displacement parameter 

with respect to the other atoms. The effect of this higher atomic displacement on lattice 

thermal conductance of the whole system is illustrated in right hand panel of Fig. 1.4. 

Lattice thermal conductance of ὅέὛὦ, ὅὩὊὩὛὦ  and ὒὥὊὩὅέὛὦ  versus temperature 

is plotted. As you can see introducing La atom in the lattice structure the lattice thermal 

Figure 1.3: Lattice structure of partially filled Skutterudites for ὒὥὊὩὅέὛὦ , the two 

large dark spheres represent the La atoms, small dark spheres represent Fe or Co 

atoms and small light spheres represent Sb atoms. Large and heavy guest La atoms 

into the structure is introduced into the structure to serve as a rattler in order to 

increase phonon scattering and hence reduce lattice thermal conductance. 
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conductance of the filled Skutterudites to be more than six times lower than of ceramic 

ὅέὛὦ.   

     As mentioned above, the other direction that research communities followed in order 

to develop a high-ZT material was using low-dimensional structures. In conventional 

bulk materials, parameters that are affecting the ZT are interrelated. In other words, by 

trying to increase the Seebeck coefficient for example, you will decrease the electrical 

conductance and consequently electronic thermal conductance. As a result, there would 

be no net impact on ZT. However, by reducing the dimensionality of the system and 

moving toward nano-scale systems a new factor of length scale will become available in 

order to control the material properties. As length scale of the system decreases and 

approaches nanometer scale, dramatic variation in density of states is possible allowing to 

vary material characteristics affecting the ZT quasi-independently.  

Figure 1.4 (left panel) atomic displacement parameter from a four-cycle neutron 

diffractometer for partially filled Skutterudites, broken down for different atomic 

species. (right panel) lattice thermal conductance for ceramic ὅέὛὦ, unfilled 

Skutterudites ὅὩὊὩὛὦ  and filled Skutterudites ὒὥȢὝὬȢὊὩὅέὛὦ . 
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     Field of low-dimensional thermoelectric materials was introduced by two novel ideas 

to boost ZT. The first approach was to take advantage of quantum confinement to 

increase Seebeck coefficient and control Seebeck coefficient and electrical conductance 

independently. The other approach was to decrease phonon thermal conductance by 

introducing many interfaces in the system and to be able to scatter phonons more 

effectively than electrons7.  An example of first approach in low-dimensional 

thermoelectric materials, increasing Seebeck coefficient via quantum confinement, is 

PbTe/PbSe quantum dot super lattices. Because of lattice mismatch between PbTe and 

PbSe, attempting to grow a thin layer of PbSe on top of PbTe, would result to formation 

of ordered arrays of PbSe quantum dots sandwiched between PbTe layers, following the 

Volmer-Weber process8,9. Such a quantum dot sandwiched super lattice has been realized 

by Harman et al10ï12. Super lattice structures over a thousand periods of composition 

ὖὦὛὩȢὝὩȢ  on top of ὄὥὊ substrate and a thin ὖὦὝὩ buffer has been grown. Using 

Bi as n-type dopant for this quantum dot super lattice, ZT values as high as 1.6 and 3.5 

have been achieved at T = 300 K and T = 500 K, respectively12. The schematic of this 

super lattice as well as measured ZT values versus temperature have been illustrated in 

Fig. 1.5.  

     The other approach in low-dimensional thermoelectric material approach was to 

decrease lattice thermal conductivity by introducing many interfaces in the material to 

increase the phonon scattering. This introduction of many interfaces in the material 

should be designed so that the reduction in electrical conductance caused by them should 

be compensated more than by decrease in decrease in lattice thermal conductance. 
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Thermal conductivity reduction is the main strategy for improving thermoelectric 

properties in super lattice systems. Past studies have shown that periodicity in super 

lattices does not have any effect on the performance of the thermoelectric materials. As a 

result, nanocomposite materials became the natural next step to pursue improvements in 

thermoelectric materials13. Model calculations provide a significant role in designing the 

parameters in fabricating the nanocomposite materials. Decrease in lattice thermal 

conductance of nanocomposite materials in comparison to their bulk alloy samples with 

the same nominal composition of constituents is the main goal in designing 

nanocomposite thermoelectric materials. Model calculations can guide us in designing 

fabrication parameters in nanocomposite materials.  

Figure 1.5: (a) Schematic of PbTe/PbSe quantum dot super lattice and (b) 

Thermoelectric figure of merit for a ὖὦὛὩȢὝὩȢ /ὖὦὝὩ quantum super lattice 

doped by Bi atoms. 
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     The results of two model calculations are illustrated in Fig. 1.6. In panel (a) of Fig. 

1.6, lattice thermal conductivity of ὛὭὋὩ  in form of alloy and also a nanocomposite 

material of Ge host consisting of Si nanoparticles has been compared. As it can be seen 

lattice thermal conductance of bulk alloy as well as the nanocomposite material that 

contains nanoparticles of cross-sectional width size of 500nm keeps increasing by 

increasing the nominal composition of silicon in the material reflecting higher sound 

velocity in silicon than in germanium. For nanocomposite material containing silicon 

nanoparticles with cross-sectional width size less than 50nm, there will be a decrease in 

lattice thermal conductance by increasing the silicon volumetric fraction. The reason for 

this behavior is that for nanocomposite materials with nanoparticles with small width 

Figure 1.6: a) Calculated thermal conductivity vs. increasing silicon fraction for 

ὛὭὋὩ  nanocomposite material. (b) Monte-Carlo simulation of ὛὭὋὩ  for 

different alignments of nanoparticle in nanocomposite materials. 
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size, the mean free path is limited by nanoparticle width size. As a result, lattice thermal 

conductivity becomes more sensitive to velocity of sound and specific heat rather than to 

bulk mean free path of scattering. In this regime, nanocomposite materials with 

nanoparticles in less than 50nm in width, lattice thermal conductance decreases by 

increasing the silicon volumetric fraction. This is in contrast to what happens in bulk 

alloy samples. The reason for this behavior is that, lattice thermal conductance of silicon 

nanoparticles suffers more from interface scattering than any other factor. By increasing 

the silicon volumetric fraction in the nanocomposite material, we are introducing more 

interfaces and at the same time the role of silicon in determining thermal conductance of 

the system is increasing. As a result, the lattice thermal conductance of the whole system 

decreases. Panel (b) of Fig. 1.6, illustrates Monte-Carlo simulation of nanocomposite 

materials with different size and alignment strategies and compare their lattice thermal 

conductance to the bulk alloy14. It can be seen that the effect of introducing interfaces in 

the nanocomposite materials is independent of how you introduce them. This fact opens 

the door for investigating the self-assembled nanoparticles and their potential use in 

thermoelectric industry. 

     By far the most widely commercially used thermoelectric materials are alloys of 

Bi2Te3 and Sb2Te3. For near-room-temperature applications, such as refrigeration and 

waste-heat recovery, Bi2Te3 alloys have been proved to possess the greatest figure of 

merit for both n- and p-type thermoelectric systems. Bi2Te3 was first investigated as a 

material of great thermoelectric promise in 1950s15. It was quickly realized that alloying 

with Sb2Te3 and Bi2Se3 allowed for fine tuning of carrier concentration alongside a 
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reduction in lattice thermal conductivity. The most commonly studied p-type 

compositions are near (Sb0.8Bi0.2)2Te3 whereas n-type compositions are close to 

Bi2(Te0.8Se0.2)3. Peak ZT of these materials are usually in the range of 0.8 to 1.1 with p-

type materials achieving highest values. By adjusting carrier concentration ZT can peak 

at different temperature enabling the tuning of the materials for specific applications16. 

For mid-temperature power generation (500-900K), materials based on group-IV 

tellurides are typically used , such as PbTe, GeTe or SnTe17,18. The peak ZT value in 

optimized n-type materials is about 0.8. Successful high-temperature (>900K) 

thermoelectric generators have typically used Silicon-Germanium alloys for both n-type 

and p-type legs. The ZT of these materials are fairly low, particularly for p-type materials 

because of relatively high lattice thermal conductivity of the diamond structure. ZT figure 

Figure 1.7: Figure of merit ZT of state-of-the-art commercial materials and those or 

being developed for thermoelectric generation. (a) and (b) for n- and p-type, 

respectively. Most of these materials are complex alloys and approximate 

composition is shown. (c) Altering doping concentration changes not only the ZT peal 

value but also the temperature at which the peak occurs. 
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of merit of the state-of-the-art commercialized thermoelectric materials is illustrated in 

Fig. 1.7. 

1.2 MoS2 as a New Low-Dimensional Material  
 

     Atomically thin two dimensional (2D) materials have attracted a strong interest since 

the discovery of Graphene19. Great strides have been made toward understanding its 

interesting physical and electrical properties20,21. However, Grapheneôs potential use in 

electronics application has hindered by the fact that it has zero band gap in its pristine 

form. More recently, another family of 2D materials has emerged; transition metal 

dichalcogenides (TMDs). Crystal of these materials is formed by layers vertically stacked 

and weakly bonded together via van der Waals forces. Each layer is formed by a plane of 

transition metal atoms sandwiched between two planes of chalcogen atoms in trigonal 

prismatic arrangements as illustrated in Fig. 1.8. This weak interlayer interaction makes it 

possible to extract monolayer by using scotch tape exfoliation22 or lithium-ion 

intercalation23 techniques. In contrary to zero band gap of Graphene, some members of 

TMD family have an appropriate band gap for microelectronic applications. Among 

those, molybdenum disulfide (MoS2) is the most representative, widely interesting and 

intensively studied one, in part due to its thermal stability and natural abundance24ï26. 

Bulk MoS2 is an indirect semiconductor27 with a band gap of 1.2 eV, whereas monolayer 

MoS2 is a direct semiconductor28 with a band gap of 1.8 eV. This desirable band gap, 

carrier mobility close to that of Silicon thin films and graphene nanoribbons29, excellent 

thermal stability and a surface free from dangling bonds30, make MoS2 a promising 

candidate for electronic and optoelectronic applications31.  
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     Thermoelectric properties of MoS2 is not studied as well as its electrical and 

Figure 1.8: Atomic structure of MoS2. (a) Monolayer of MoS2 is made of a 

honeycomb sheet of Molybdenum atoms covalently sandwiched between two 

honeycomb sheets of Sulphur atoms. Bulk of MoS2 is formed by monolayers stacked 

and held on top of each other by van der Waals forces. Side view of mono-, bi-, tri- 

and quadlayer is illustrated in parts (b), (c), (d) and (e), respectively. 
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mechanical properties32,33. Direct conversion of heat to electricity in thermoelectric 

materials, is considered to be an interesting resolution to energy shortage problem and 

hence search for a highly efficient thermoelectric material has attracted strong interest in 

material science. In thermoelectric materials, it is desirable to have a high electrical 

conductance and Seebeck coefficient and low thermal conductance to achieve a high ZT 

value.  In conventional thermoelectric materials, i.e. PbTe34 and Bi2Te3 based alloys35, 

ZT values around 2.4 at Ὕ ωππὑ have been already achieved. Further increase in ZT of 

these materials proved to be a challenge since parameters that affect ZT, are generally 

coupled with each other. Enhancement to one of them may degrade the other and overall 

effect on ZT will neutralize. The situation became more promising since it was suggested 

that low-dimensional36,37 and nanostructured thermoelectric materials38 can exhibit higher 

ZT value based on increase in Seebeck coefficient caused by quantum confinements and 

also decrease in thermal conductance caused by increased phonon boundary scattering39. 

Thermal conductivity can be decreased even more by deliberately introducing surface 

roughness40 and defects in material41.  

     High Seebeck coefficient of φππ ‘ὠȾὑ at room temperature42 is reported for bulk 

MoS2 which is higher than most of good thermoelectric materials. Back in 1950s, 

Mansfield and Salam42, showed that bulk MoS2 possess a high Seebeck coefficient, a 

required characteristics for high performing thermoelectric materials. During a Hall effect 

measurement, they have passed a steady current through the sample and measure the Hall 

voltage using a potentiometer. They kept track of the potential before and after turning on 

a magnetic field. This procedure was repeated several times and for different period of 
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time that magnetic field was on. The presence of Ettingshausen effect, causes inducing a 

temperature gradient across the Hall probes which consequently induced some voltage, 

Seebeck effect. They managed to measure the voltage induced by temperature gradient 

per unit temperature increase, which is Seebeck coefficient. Their result is illustrated in 

Fig. 1.9.   

     It is also shown that Seebeck coefficient of MoS2 can be tuned as high as ρπ ‘ὠȾὑ 

by imposing a gate electric field. Buscema et al.43 used a monolayer MoS2 flake obtained 

by mechanical exfoliation and deposited on Si/SiO2 substrate. Electrical contacts of 5nm 

titanium and 50nm gold has been deposited by standard electron beam deposition 

techniques to serve as an ohmic contact. Then with zero bias, all electrodes grounded, 

Figure 1.9: Seebeck coefficient (also known as thermoelectric power) of MoS2 

measured by Mansfield and Salam back in 1950s. 
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they scanned a laser pointer over the device and measured the current passing through the 

device. As the laser spot was on the electrode there was a current passing through the 

device. Since the laser spot was far from the contact edge, several times FWHM of laser 

spot, this current could not attributed to photogenerated current caused by electron hole 

Figure 1.10: Photovoltage map of monolayer MoS2 using excitation wavelength of (a) 

532 nm and (c) 750 nm. (b and d) Photocurrent profile of laser scanning along the 

green dashed line in (a, c), respectively. 
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pair generation. They tried two different lase wavelength, one below bandgap and the 

other above bandgap, the trend was similar for both the laser wavelengths. These results 

are shown in Fig. 1.10. Parts (a) and (b) corresponds for laser with wavelength of 532 nm 

which has energies higher than MoS2 bandgap and parts (c) and (d) corresponds for laser 

with wavelength of 750 nm which has energy below MoS2 bandgap. Panels (b) and (d) 

has depicted the photocurrent corresponding to when the laser pointer maps along the 

dashed green light in panels (a) and (b), respectively. As noted by an arrow in the current 

profiles, it is shown that when the laser pointer is still on top of the metal electrode, far 

from the contact edge, there is a significant amount of current passing through the device. 

Since this phenomenon is existent in both laser energies, above and below bandgap, it 

cannot be attributed to electron-pair generation.  In the lack of evidence for 

photogenerated current, authors concluded that photothermoelectric effect is responsible 

for the observed current through the system. Metal contact absorb the laser light when it 

is scanned across the metal contact. This absorption of light generates local heating. 

Since contact metal (Ti/Au) has a different Seebeck coefficient than underlying layer of 

MoS2, this local heating translates to a potential difference across the junction. This 

potential difference consequently leads to a current passing through the device. 

     In addition to high Seebeck coefficient, low thermal conductivity is also reported for 

MoS2 thin films44,45. Despite possessing high Seebeck coefficient and low thermal 

conductivity, bulk MoS2 is predicted to have a low ZT46 of 0.1 at χππὑ that can be 

attributed to its poor conductivity42,47,48. High pressure is applied to tune interlayer 

interactions of bulk MoS2 and its ZT increased to 0.65 over a wide range of temperature 
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and pressure49. In addition, anisotropy in thermal conductance50 is reported in armchair 

and zigzag directions and thus providing another degree of freedom to have an optimum 

design. Taking advantage of higher boundary scattering, hence lower thermal 

conductance, of one-dimensional (1D) nanoribbons and two-dimensional (2D) sheets in 

comparison to bulk materials, higher ZT values can be achieved. MoS2 nanoribbons with 

widths varying from tens of nanometer to hundreds of nanometer have been synthesized 

by electrochemical and chemical methods51,52. More recently, nanoribbons with uniform 

widths of just 0.35 nm has been formed in MoS2 sheets under electron irradiation53.  

     Despite the fact that MoS2 has good properties as a promising thermoelectric material, 

there is no comprehensive study on thermoelectric properties of 1D MoS2 nanoribbons 

and 2D MoS2 sheets. One of the most important obstacles in achieving devices based on 

low-dimensional materials is a method leading to a large-scale and uniform growth. 

There have been lots of effort toward this goal using various chemical vapor deposition 

(CVD) methods such as sulfurization of metal or metal compounds54,55 or CVD based on 

solid precursors (such as MoO3 or MoCl5)
56,57. In all these efforts, uniformity of the 

grown film has been a challenge. More recently, successful uniform monolayer growth of 

MoS2 has been reported using MOCVD method58. This achievement makes it more 

important than before to investigate thermoelectric properties of 1D and 2D MoS2 

structures. In this work, thermoelectric properties of pristine 1D monolayer MoS2 

armchair nanoribbons (ACNR) with various widths have been studied.  In addition, effect 

of nanoribbon defects such as edge roughness and Sulfur vacancy on its thermoelectric 

behavior has been investigated. Moreover, different doping species have been chosen to 
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replace both Sulfur and Molybdenum in order to achieve n-type and p-type behavior. 

Thermal current of these doped nanoribbons are also studied. In addition to MoS2 

nanoribbons, 2D sheets of MoS2 have been studied as well. Effect of sheets orientation, 

i.e. armchair or zigzag, and also of number of layers has been studied on thermoelectric 

properties. We have considered monolayer sheets to quad-layer sheets of MoS2.  

 

1.3 Computational Method 
 

     The computational model is based on self-consistent density functional theory (DFT) 

using non-equilibrium Greenôs function (NEGF) method59 implemented in QuantumWise 

ATK software package. Prior to electronic and phonon calculations, structures have been 

relaxed to maximum force and stress of πȢπυ ὩὠȾB and πȢπυ ὩὠȾB, respectively. 

Generalized gradient approximation (GGA) exchange correlation with a double zeta 

polarized (DZP) basis set, a mesh cut-off energy of 75 Ha and ρπρπρπ k-point grid 

is used for relaxation calculations. Large vacuum spacing of at least ςπ B is added to 

hinder the effect of periodic images. Landauer-Buttiker60 formula is used to calculate 

transport coefficients of the system from Greenôs function. This formalism is correct in 

absence of inelastic scattering and phase changing mechanisms. For DFT calculations, 

Monkhorst-Pack k-grid61 of ρ ρ ρππ and DZP basis set with density mesh cut-off of 

10 Ha is used for supercell within localized density approximation (LDA).  
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Top view of structures studied in this work is illustrated in Fig. 4. They can be divided 

into three regions: left, right and central. Left and right regions are called electrodes, 

Figure 1.11: Simulated structures in this paper. armchair-oriented and zigzag-oriented 

MoS2 are shown in part (a) and (b), respectively. Each device is comprised of three 

regions: left electrode, central region and right electrode. Central region, itself, 

contains an extension of electrode regions on both sides and scattering region in the 

middle. Electrode regions are treated semi-infinitely. Their properties are computed 

by solving for bulk material. Temperature gradient is biased on electrode regions. 

Extension of electrode regions in central region, are used to screen out any 

perturbation introduced in scattering region. 














































































































