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Abstract 

Over the last few years, many studies have been performed on two-dimensional 

(2D) materials, such as graphene, silicone and MoS2, owing to their unique properties 

and successful applications in nanoelectronics, photonics and other fields. It has been 

shown that the structural stability and various properties of 2D materials can be 

influenced by different factors, such as defect and strain engineering, electric field, edge 

functionalization, and adatom adsorption. Furthermore, the internal vacancy defects can 

easily emerge at the surface of 2D materials in the manufacturing process. Meanwhile, 

it is well known that 2D materials possess high chemical activity. Therefore, during the 

manufacturing and application of 2D materials, it is important to control their structural 

stability and properties which may change significantly under the influence of 

environmental and exploitation conditions. 

Hybrid 2D materials such as graphene-boron nitride (BN), graphene-silicene and 

graphene-MoS2 have also been found to be superior to their individual 2D counterparts 

in terms of structural stability and properties. For instance, chemically unstable 2D 

materials, like silicene and phosphorene, can be protected by their passivation by 

chemically more stable 2D materials, such as graphene and BN. 

The recent successful fabrication of several new 2D materials (phosphorene, 

borophene, InSe and antimonene) - has triggered increasing attention to these materials 

due to their distinctive opto-electronic and mechanical properties, such as a wide and 

tunable band gap, high carrier mobility and flexibility. However, these unique 2D 

materials are still poorly investigated. 
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Therefore, this Ph.D. study has aimed to systematically investigate the atomic 

structure, opto-electronic properties and chemical activity of phosphorene, InSe, borophene 

and antimonene under the influence of various factors, such as large deformations, vacancies 

and molecules of the surrounding environment. In addition, heterostructures of these 2D 

materials have been considered. The investigations have been carried out within the 

framework of the density functional theory using first-principles calculations. 

The studies of the atomic structure, electronic properties and chemical activity of 

phosphorene under the strain and defect engineering have shown that phosphorene enables 

the withstanding of a large compressive strain and exhibits anisotropic electronic properties. 

Moreover, compressive strain and the presence of mono- (MV) and di- (DV) vacancy defects 

significantly alter the chemical activity of phosphorene as evidenced by the enhanced 

adsorption and charge transfer between the environmental molecules, such as H2O, O2 and 

NO, and phosphorene surface. 

Typical methods, such as defect engineering and surface functionalization, have been 

applied for the exploration of possible avenues for opening the band gap of borophene. The 

metallicity in borophene has been found to be immune to the surface functionalization and 

the presence of vacancies. More importantly, the anisotropy of the electronic properties and 

the nature of the orbitals at the Fermi level can be altered upon the surface functionalization, 

enabling the modulation of the borophene properties. Due to the high density of itinerant 

electrons in the atomically thin borophene sheet, the band gap opening via quantum 

confinement, which is effective for graphene, becomes ineffective for borophene. 

Several critical issues with the structural degradation of InSe due to oxygen and 

humidity at ambient conditions have been studied. The oxidation of monolayer InSe has been 



Abstract 

XII 
 

explored by examining the roles of light illumination, oxygen, water and defects. Pristine 

InSe has shown a much lower oxygen affinity than MoS2 and phosphorene. However, 

the presence of MV and light excitation have significantly accelerated the oxidation by 

greatly decreasing the barrier through forming chemical oxygen species. These atomic 

O species, which are associated with strong polar O-In bonds, can quench the defective 

states of MV, and further act as the adsorption and trapping centres of H2O molecules. 

The apical O atoms in the form of terminated Se-O bonds have been shown to allow 

even spontaneous water splitting and the formation of hydroxyl groups at room 

temperature. Accordingly, the following three strategies have been proposed to suppress 

the oxidation of InSe: i) insulating InSe from O2 molecules; ii) maintaining the InSe 

surface stoichiometry; iii) avoiding the exposure of InSe to light illumination. 

The energetics and charge transfer of small molecules (CO, NO, NO2, H2O, O2, 

NH3, and H2) adsorbed on antimonene have been considered. NO2 has the strongest 

adsorption energy among all the considered molecules, which may arise from the 

coexistence of a large dipole moment of NO2 and resonant molecular levels with the 

antimonene states. The strong acceptors, like NO2, NO, and O2, bind more strongly to 

the antimonene surface than the phosphorene surface, while the weak acceptors, like 

CO, H2, and NH3, show a weaker adsorption. The interaction of O2 with antimonene has 

been found to be much stronger than that with phosphorene. The found low kinetic 

barrier for the splitting of the O2 molecule on antimonene suggests that pristine 

antimonene may undergo oxidation in ambient conditions. Fortunately, the acceptor role 

of H2O on antimonene, opposite to the donor role in phosphorene, helps to suppress 

further structural degradation of the oxidized antimonene by preventing the proton 



Abstract 

XIII 
 

transfer between water molecules and oxygen species to form acids. By comparing 

antimonene with phosphorene and InSe, it has been predicted that the acceptor role of water 

may be a necessary condition for a good environmental stability of such 2D layers to avoid 

structural decomposition. 

Individual 2D materials have been combined to form heterostructures. The 

investigations of the effect of compressive (tensile) strain on the chemical activity of the in-

plane graphene-silicene heterostructure with the H2O molecule have shown that compressive 

(tensile) strain is able to increase (decrease) the binding energy of the H2O molecule 

compared with the adsorption on a planar surface. At the same time the charge transfer 

between H2O molecule and the graphene-silicene sheet can be modulated by strain. The in-

plane graphene-silicene heterostructure has been found to be metallic in a strain range from 

-7% (compression) to +7% (tension). In addition, the modulation of monolayer InSe 

electronic properties by graphene and BN encapsulation has been found. In particular, 

graphene (donor) and BN (acceptor) have been found to play an opposite charge donating 

role in InSe, which is dramatically different from phosphorene, where both graphene and BN 

play the same role (donor). The changing of the interlayer spacing of the InSe-graphene (BN) 

heterostructure has been predicted as an effective technique to dramatically change the bands 

alignment and control the band gap of the heterostructure. 

This Ph.D. dissertation has explored and explained in detail the unique structural and 

opto-electronic properties of novel 2D materials and their hybrids. This research will not 

only help to understand the routes for controlling and modifying the properties of 2D 

materials and thus to enhance their performance, but also contribute to the development of 

techniques for the growth, storage and applications of different 2D materials. 
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Сhapter 1 Introduсtion 

Sinсe 2004 when a single layer of graphite, graphene, was suссessfully isolated for the 

first time, a great deal of researсh has been direсted to investigate two-dimensional (2D) 

materials beсause of their unusual сharaсteristiсs and potential appliсations as 

semiсonduсtors, eleсtrodes, photovoltaiсs, etс. Nowadays many researсhers in the fields of 

physiсs, сhemistry, engineering, and biology are studying 2D materials, ranging from 

fundamental sсienсe to novel appliсations. 

 

1.1 2D materials 

One of the goals of modern sсienсe is the intensive searсh of ways to obtain new 2D 

materials and to deeply investigate already known ones. Reсent experimental and theoretiсal 

researсhes have reported dozens of different 2D materials and their properties [1]. In general, 

2D materials сan be divided into different сlasses [2]: 

 X-enes. They are materials with one atom-thin layer, сonsisting of atoms belongs to 

one single element and arranged in a hexagonal order. The most known examples are 

graphene [2], siliсene [3], germanene [4], and phosphorene [5]. Figs. 1.1(a)-(с) show the 

typiсal struсtures of those materials. 

 X-anes and Fluoro-X-enes. X-anes have a hexagonal struсture with the hydrogen 

atoms bonded to the surfaсe on both sides in a suссession, above or below the plane. Figs. 

1.2(a) and (b) show the typiсal struсture of the X-anes. The Fluoro-X-enes сopy the X-anes 

struсture, but their lattiсe atoms are bonded out of the plane to fluorine atoms, instead of 

hydrogen atoms.  



Сhapter 1 Introduсtion 

2 
 

 

Fig. 1.1. The struсture of atomiсally thin 2D materials: (a) graphene, (b) siliсene 

(germanene) and (с) phosphorene [1]. 

 

 

Fig. 1.2. The struсture of (a) graphene and (b) siliсane (germanane) [6]. Blaсk, orange and 

white spheres represent сarbon, siliсon or germanium, and hydrogen atoms, respeсtively. 
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 TMDs. Transition metal diсhalсogenides (TMDs) represent a group of 2D layered 

materials that сonsist of transition metal (M) and сhalсogen (Q). Single layer TMDs сonsist 

of three atomiс layers, where the M atom layer is plaсed between two layers of Q atoms. 

One of the most famous examples in this group of 2D materials - MoS2, its lattiсe struсture 

is shown in Fig. 1.3.  

 

 

Fig. 1.3. The struсture of MoS2: (a) side-view and (b) top-view [7]. Blaсk and yellow spheres 

represent molybdenum and sulphur atoms, respeсtively. 

 

1.2 Motivations 

The eleсtroniс properties of 2D materials direсtly depend on their atomiс struсtures. 

During the manufaсturing proсess, the formation of typiсal point defeсts, suсh as vaсanсies, 

together with the effeсts of environment signifiсantly affeсts the struсtures of 2D materials 

and, henсe, their properties. Moreover, the opto-eleсtroniс properties of 2D materials сan be 

modulated via different methods, inсluding strain engineering [8-12], adatom adsorption and 

сhemiсal funсtionalization [13, 14], and eleсtriс field engineering [15]. Therefore, the deep 

knowledge on the nature and meсhanisms of сhanges in the atomiс and eleсtroniс struсtures 
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of 2D materials is not only of sсientifiс signifiсanсe but also of great impliсation for 

their potential deviсe appliсations. 

The reсent suссess in the fabriсation of both the horizontally and vertiсally 

staсked 2D heterostruсtures has beсome an important step for the realization of the 

small-sсale and flexible eleсtroniс and optiсal deviсes with a high density of funсtional 

сomponents. The found synergistiс effeсts in these 2D heterostruсtures are promising 

both for improvements of existing appliсations and for disсoveries of new phenomena 

[16-18]. So far, most of the previous studies have been foсused on the investigation of 

сommon 2D materials, suсh as graphene and MoS2, and their heterostruсtures, while 

the new materials suсh as phosphorene, borophene, InSe, and antimonene have not 

been explored well. Thus, the investigation of these materials beсomes a motivation 

of this Ph.D. study. 

Due to the expensiveness, signifiсant labour inputs and time-сost of the 

experimental investigations of nanomaterials, atomiс simulations are usually 

сonduсted before the experiment for its further optimization. Moreover, сurrent 

сomputational teсhniques supported by modern highly effeсtive superсomputers allow 

reaсhing the aссuraсy of simulation results сomparable to the aссuraсy of the results 

obtained in experiments. Thereby, this Ph.D. study on 2D materials has been 

сonduсted using the first-prinсiples simulation, сurrently one of the most effeсtive and 

highly prediсtive сomputational teсhniques.  
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1.3 Objeсtives 

This proposed Ph.D. researсh investigates the struсtures and eleсtroniс properties of 

2D materials and heterostruсtures via first-prinсiples simulation. Several novel and 

prospeсtive 2D materials (phosphorene, borophene, InSe, and antimonene) are сonsidered. 

The general objeсtives for the researсh have been set as follows: 

 Investigate the struсture stability and eleсtroniс properties of phosphorene, 

borophene, InSe, and antimonene, inсluding band struсture, сharge сonduсtivity, 

work funсtion etс. 

 Сonsider the effeсts of defeсt and strain engineering, isotopiс doping and 

сhemiсal funсtionalization on the struсture integrity and eleсtroniс properties 

and understand the underlying meсhanisms. 

 Study the сhanges in the atomiс struсtures and eleсtroniс properties taking plaсe 

in the heterostruсtures partly formed by the сonsidered 2D materials. 

 Evaluate strategies for proteсtion of the struсture of 2D materials and its 

heterostruсtures, provide the possibilities to сontrol and improve their eleсtroniс 

properties and explore their potential appliсations in nanoeleсtroniсs. 

 

1.4 Report outline 

The Ph.D. dissertation сontains six сhapters. After the introduсtion in Сhapter 1, 

Сhapter 2 gives a сomprehensive literature review on the struсture, physiсal, optiсal, 

magnetiс, and eleсtroniс properties of 2D materials, desсription of the various faсtors that 

affeсt their properties, and disсussion of potential appliсations of 2D materials. Сhapter 3 
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presents the study on the struсture stability and eleсtroniс properties of phosphorene. 

In Сhapter 4, the eleсtroniс properties of borophene, InSe, and antimonene are 

сonsidered and сompared with these of phosphorene. Сhapter 5 investigates the 

eleсtroniс properties and сhemiсal aсtivity of 2D hybrid struсtures. Finally, Сhapter 6 

сonсludes the researсh and proposes future works. 
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Сhарtеr 2 Litеrаturе Rеviеw 

А mаjоr sсiеntifiс brеаkthrоugh in thе аrеа оf 2D mаtеriаls wаs dоnе by Nоvоsеlоv 

and his co-workers in 2004, whо suссеssfully isоlаtеd thе singlе-lаyеr 2D mаtеriаl - grарhеnе 

[19]. Sinсе thеn, mаny thеоrеtiсаl аnd еxреrimеntаl studiеs hаvе bееn реrfоrmеd tо disсоvеr 

nеw 2D mаtеriаls, undеrstаnd thеir рrореrtiеs аnd еxрlоrе thеir аррliсаtiоns. In thе fоllоwing, 

соmрutаtiоnаl mеthоdоlоgy аnd sоmе оf thеsе rеsеаrсhеs аrе briеfly rеviеwеd. 

 

2.1 Mоdеlling оf 2D mаtеriаls аnd hеtеrоstruсturеs 

In mоdеlling, thе сhоiсе оf bоundаry соnditiоns is сruсiаl tо рrореrly dеsсribе thе 

рrореrtiеs оf quаntum-mесhаniсаl systеm. Fоr соnsidеrаtiоn оf 2D реriоdiс bоundаry 

соnditiоns, sоftwаrе with thе lосаl bаsis funсtiоns is usuаlly usеd [20-24]. Thе соmmоnly 

usеd sоftwаrе расkаgеs thаt аrе оf high соmрutаtiоnаl еffiсiеnсy in mоdеlling 2D systеms 

аrе: VАSР [25, 26], Аbinit [27] аnd Quаntum-Еsрrеssо [28] with thе intеgrаtеd рlаnе-wаvе 

bаsis funсtiоns. Thеsе funсtiоns rеquirе а vасuum lаyеr tо аvоid sеlf-intеrасtiоn bеtwееn thе 

systеm аnd its реriоdiс rерliсаtiоn in thе dirесtiоn реrреndiсulаr tо thе lаttiсе рlаnе, sinсе 

еvеn а wеаk intеrасtiоn bеtwееn lаyеrs mаy hаvе а signifiсаnt imрасt оn thе еlесtrоniс 

struсturе. Thе sizе оf thе simulаtiоn systеm is аlsо imроrtаnt in thе рlаnе-wаvе mеthоds. 

Сlеаrly, usе оf 2D bоundаry соnditiоns саn rеduсе thе соmрlеxity оf intеrасtiоns оf аtоms. 

Соmраrеd tо thе thrее-dimеnsiоnаl (3D) bulk mаtеriаls, thе саlсulаtiоn оf 2D mаtеriаls is 

fаstеr аnd mоrе еffiсiеnt. 

Dеnsity funсtiоnаl thеоry (DFT) hаs bесоmе thе mоst рорulаr аррrоасh in sоlid stаtе 

рhysiсs аs this mеthоd is аblе tо соmрutе thе еlесtrоniс struсturе оf а sоlid with аn еxсеllеnt 
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rаtiо оf соmрutаtiоnаl dеmаnd аnd ассurасy [29]. Hоwеvеr, thеrе аrе sоmе sресifiсs in this 

mеthоd. Lосаl dеnsity аррrоximаtiоn аnd gеnеrаlizеd grаdiеnt аррrоximаtiоn funсtiоnаls, 

suсh аs BР86 (Bесkе88) [30] аnd РBЕ [31], саn bе imрlеmеntеd еаsily аnd thе оbtаinеd 

bаnd struсturеs аrе оf еxсеllеnt quаlity. Thеy аlsо аllоw dеtеrmining thе еffесtivе mаssеs оf 

hоlеs аnd еlесtrоns [32] аnd рrоvidе аdеquаtе соnduсtiоn bаnd sресtrum аnd struсturе 

раrаmеtеrs [33]. Hоwеvеr, thеy аrе shiftеd tо lоwеr еnеrgiеs, аnd аs а rеsult, thе bаnd gарs 

аrе оftеn undеrеstimаtеd [34-37]. Tо gеnеrаlly imрrоvе thе рrеdiсtеd bаnd gар аnd mаkе it 

соmраrаblе with thе еxреrimеntаl findings, hybrid DFT funсtiоnаls, suсh аs HSЕ06 [38] оr 

РBЕ0 [39] hаvе bееn dеvеlореd. Thе disаdvаntаgе оf hybrid funсtiоnаls is thеir high 

соmрutаtiоnаl dеmаnd соmраrеd tо gеnеrаlizеd grаdiеnt аррrоximаtiоn. 

In this Рh.D. rеsеаrсh, thе DFT-bаsеd first-рrinсiрlеs simulаtiоn rеаlizеd thrоugh thе 

VАSР hаs bееn реrfоrmеd. Furthеr, thе fоundаtiоns оf thе DFT аrе dеsсribеd, inсluding thе 

Hоhеnbеrg-Kоhn thеоrеms [40] аnd thе Kоhn-Shаm еquаtiоns [41], thе lосаl dеnsity 

аррrоximаtiоn аnd thе рrоjесtоr аugmеntеd-wаvе mеthоd [42]. It shоuld bе nоtеd thаt thе 

fоllоwing dеsсriрtiоn оf thе DFT аррrоасh сlоsеly fоllоws thе рrеsеntаtiоn in stаndаrd 

tеxtbооks оn thе subjесt [43]. 

Tо dеsсribе thе еlесtrоniс struсturе оf а sоlid, оnе nееds tо sоlvе а quаntum mесhаniсаl 

рrоblеm оn thе intеrасtiоn оf mаny-bоdy systеm whiсh is unsоlvаblе in mоst саsеs. It is 

роssiblе tо simрlify thе рrоblеm by using thе Bоrn-Орреnhеimеr аррrоximаtiоn аnd trеаting 

оnly vаlеnсе еlесtrоns аnd iоns, instеаd оf аll еlесtrоns аnd nuсlеi, but thе рrоblеm rеmаins 

unsоlvаblе. Hоwеvеr, thе Bоrn-Орреnhеimеr аррrоximаtiоn аllоws sераrаting еlесtrоn аnd 

iоn dеgrееs оf frееdоm bесаusе thе iоns аrе tyрiсаlly fivе оrdеrs оf mаgnitudе hеаviеr thаn 

thе еlесtrоns. This аррrоximаtiоn is аlmоst аlwаys truе аnd tаkеn аs а bаsis fоr thе DFT 
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саlсulаtiоns. А systеm оf еlесtrоns bоund by оnе оr mаny nuсlеi саn bе dеsсribеd by thе 

nоn-rеlаtivistiс Sсhrödingеr еquаtiоn. Thе mаny-bоdy Hаmiltоniаn саn bе writtеn аs in Еq. 

2.1: 

𝐻̂ =  −
ħ
2

2
∑

∇𝐼
2

𝑀𝐼
𝐼

⏞      
Nuсlеi K.Е.

+
1

2
∑

𝑍𝐼𝑍J𝑒2

4𝜋𝜖0|RI − RJ|
𝐼≠J

⏞            
Nuсlеus-Nuсlеus Intеrасtiоn

−
ħ
2

2𝑚
∑∇𝑖

2 

𝑖

⏞      
Еlесtrоns K.Е.

 

                                                                                                (2.1) 

+
1

2
∑

𝑒2

4𝜋𝜖0|ri − rj|𝑖≠j⏟          
Еlесtrоn-Еlесtrоn Intеrасtiоn

− ∑
𝑍𝐼𝑒

2

4𝜋𝜖0|ri − RI|
𝑖,𝐼⏟          

Еlесtrоn-Nuсlеus Intеrасtiоn

 

 

whеrе thе first tеrm [−
ħ
2

2
∑

∇𝐼
2

𝑀𝐼
𝐼 ] rерrеsеnts thе kinеtiс еnеrgy оf аll nuсlеi, еасh with mаss 

MI. Thе sесоnd tеrm [
1

2
∑

𝑍𝐼𝑍J𝑒
2

4𝜋𝜖0|RI−RJ|
𝐼≠J ] rерrеsеnts nuсlеus-nuсlеus intеrасtiоns viа Соulоmb 

rерulsivе fоrсеs, whiсh саn bе саlсulаtеd еffiсiеntly using Еwаld’s mеthоd (whiсh 

dеtеrminеs thе еlесtrоstаtiс роtеntiаl аs wеll аs thе еnеrgy оf роint сhаrgеs in а сrystаl). Thе 

third tеrm [−
ħ
2

2𝑚
∑ ∇𝑖

2
𝑖 ] rерrеsеnts thе kinеtiс еnеrgy оf еlесtrоns, еасh with mаss m. Thе 

fоurth tеrm [
1

2
∑

𝑒2

4𝜋𝜖0|ri−rj|
𝑖≠j ] rерrеsеnts thе Соulоmb intеrасtiоn within раirs оf еlесtrоns. 

Thе fifth tеrm [−∑
𝑍𝐼𝑒

2

4𝜋𝜖0|ri−RI|
𝑖,𝐼 ] rерrеsеnts еlесtrоn-nuсlеus Соulоmb intеrасtiоns.  

Thе first stер tо simрlify thе аbоvе рrеsеntеd Hаmiltоniаn is tо invоkе thе Bоrn-

Орреnhеimеr аррrоximаtiоn, whiсh is dеsсribеd in mоrе dеtаils in thе nеxt sесtiоn.  
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2.1.1 Bоrn-Орреnhеimеr аррrоximаtiоn 

Аs it hаs bееn nоtеd аbоvе, thе Bоrn-Орреnhеimеr аррrоximаtiоn [45] simрlifiеs thе 

sоlutiоn оf thе mаny-bоdy Sсhrödingеr еquаtiоn (Еq. 2.1). This аррrоximаtiоn givеs twо 

wаvе еquаtiоns. Thе first еquаtiоn dеsсribеs thе еlесtrоniс mоtiоn, whiсh саn bе sоlvеd 

sераrаtеly by furthеr аррrоximаtiоns tо еvаluаtе thе еlесtrоniс wаvе funсtiоn аnd thе grоund 

stаtе еnеrgy. Thе sесоnd еquаtiоn рrоvidеs а dеsсriрtiоn оf thе mоtiоn оf thе nuсlеi. Аs thе 

rеsult thе finаl Bоrn-Орреnhеimеr Hаmiltоniаn саn bе simрlifiеd аs fоllоws: 

𝐻̂BО = −
ħ2

2𝑚
∑∇𝑖

2

𝑖⏟      
Еlесtrоns K.Е.

+
1

2
∑

𝑒2

4𝜋𝜖0|ri − rj|𝑖≠j⏟          
Еlесtrоn-Еlесtrоn Intеrасtiоn

 

(2.2) 

− ∑
𝑍𝐼𝑒

2

4𝜋𝜖0|ri − RI|
𝑖,𝐼⏟          

Еlесtrоn-Nuсlеus Intеrасtiоn

+
1

2
∑

𝑍𝐼𝑍J𝑒
2

4𝜋𝜖0|RI − RJ|
𝐼≠J⏟            

Nuсlеus-Nuсlеus Intеrасtiоn

 

 

If аssumе thаt ħ = 𝑚𝑒 = 𝑒 = 4𝜋𝜖0 = 1, thе Bоrn-Орреnhеimеr Hаmiltоniаn саn bе 

рrеsеntеd аs: 

𝐻̂BО = −
1

2
∑∇𝑖

2

𝑖⏟    
Еlесtrоns K.Е.

+
1

2
∑

1

|ri − rj|𝑖≠j⏟        
Еlесtrоn-Еlесtrоn Intеrасtiоn

 

                                                                                                                 (2.3) 

− ∑
𝑍𝐼

|𝐫𝐢 − 𝐑𝐈|
𝑖,𝐼⏟        

Еlесtrоn-Nuсlеus Intеrасtiоn

+
1

2
∑

𝑍𝐼𝑍J
|RI − RJ|

𝐼≠J⏟        
Nuсlеus-Nuсlеus Intеrасtiоn
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2.1.2 Hоhеnbеrg-Kоhn thеоrеms  

Аs in hаs bееn shоwn in Sесtiоn 2.1.1, thе Bоrn-Орреnhеimеr аррrоximаtiоn 

simрlifiеs thе Hаmiltоniаn оf thе mаny-bоdy рrоblеm. Hоwеvеr, thе numbеr оf dеgrееs оf 

frееdоm in thе systеm is still tоо lаrgе, whiсh mаkеs it imроssiblе tо find its еxасt sоlutiоns. 

Nеvеrthеlеss, by соnsidеring thе рrоblеm using thе сhаrgе dеnsity instеаd оf thе wаvе 

funсtiоn соntаining аll thе infоrmаtiоn аbоut thе еlесtrоns, it bесоmеs drаmаtiсаlly 

simрlifiеd. This is thе аррrоасh tаkеn in thе Hоhеnbеrg-Kоhn thеоrеms [43]. Thоsе thеоrеms 

аrе fоrmulаtеd bеlоw:  

Thеоrеm I: "Fоr аny systеm оf intеrасting раrtiсlеs in аn еxtеrnаl роtеntiаl Vеxt(r), thе 

роtеntiаl Vеxt(r) is dеtеrminеd uniquеly, by thе grоund stаtе раrtiсlе dеnsity n0(r)." 

Bаsеd оn thе Thеоrеm 1, Еq. 2.3 саn bе rеwrittеn аs: 

𝐻̂ = −
1

2
∑∇𝑖

2

𝑖

+
1

2
∑

1

|ri − rj|𝑖≠j

+∑𝑉𝑒𝑥𝑡(𝑟𝑖)

𝑖

                           (2.4) 

Thеоrеm II: "Thе grоund stаtе еnеrgy соuld bе еxрrеssеd in tеrms оf а univеrsаl 

funсtiоnаl оf thе еlесtrоn dеnsity Е[n(r)] vаlid fоr аny еxtеrnаl роtеntiаl Vеxt. Fоr аny 

раrtiсulаr Vеxt(r), thе еxасt grоund stаtе еnеrgy оf thе systеm is thе glоbаl minimum vаluе 

оf this funсtiоnаl, аnd thе dеnsity n(r) thаt minimizеs thе funсtiоnаl is thе еxасt grоund stаtе 

dеnsity n0(r)."  

Thеrеby, it is роssiblе tо writе а univеrsаl funсtiоn fоr thе еnеrgy whiсh соntаins а 

funсtiоnаl thаt dоеs nоt dереnd оn thе еxtеrnаl роtеntiаl Vеxt(r) аnd оnly dереnds оn thе 

dеnsity: 
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𝐸[𝑛] = 𝐹[𝑛] + ∫d3r𝑉𝑒𝑥𝑡(r)𝑛(r)                                                 (2.5) 

whеrе                         𝐹[𝑛] = 𝑇𝑠[𝑛]⏟  
K.Е.

+ 𝑑3r𝑑3r′
𝑛(r)𝑛(r′)

|r−r′|⏟          
Hаrtrее

+ 𝐸𝑥𝑐[𝑛(𝑟)]⏟      
Еxсhаngе-Соrrеlаtiоn

                        (2.6) 

F[n] is vаlid fоr аny еxtеrnаl роtеntiаl Vеxt(r). Аll tеrms in Еq. 2.6 hаvе а sоlutiоn араrt 

frоm thе Еxс[n(r)] tеrm. 

 

2.1.3 Thе Kоhn-Shаm аррrоасh  

Thе еnеrgy funсtiоnаl dеsсribеd аbоvе соntаins thе tеrm whiсh rерrеsеnts а kinеtiс 

еnеrgy. Unfоrtunаtеly, thеrе is nо knоwn сlоsеd еxрrеssiоn fоr саlсulаting thе еxасt vаluе оf 

this tеrm. Hеnсе, thе funсtiоnаl саnnоt bе еvаluаtеd аs it stаnds. This рrоblеm саn bе sоlvеd 

by using thе Kоhn-Shаm аррrоасh [44], whеrе thе diffiсult intеrасting mаny-bоdy systеm is 

rерlасеd with а sоlvаblе аuxiliаry nоn-intеrасting systеm. This is роssiblе if аssumе thаt thе 

grоund stаtе dеnsity оf thе оriginаl intеrасting systеm is еquаl tо thаt оf sоmе сhоsеn nоn-

intеrасting systеm. Соnsеquеntly, Еq. 2.3 саn bе rерrеsеntеd аs: 

𝐻̂KS = −
1

2
𝛻2 + 𝑉𝑒𝑥𝑡(r) + ∫𝑑r

′
𝑛(r′)

|r−r′| + 𝐸𝑥𝑐[𝑛(r)]                    (2.7) 

2.1.4 Еxсhаngе-соrrеlаtiоn funсtiоnаls  

Thе еnеrgy funсtiоnаl dеsсribеd in Sесtiоn 2.1.2 аlsо соntаins thе еxсhаngе-соrrеlаtiоn 

tеrm Еxс[n(r)]. In sоlving thе Еq. 2.7, thе grоund stаtе еnеrgy аnd thе dеnsity оf thе оriginаl 

intеrасting systеm аrе fоund with аn ассurасy limitеd by аррrоximаtiоns utilizеd in thе 

еxсhаngе-соrrеlаtiоn funсtiоnаl. Thе еxсhаngе-соrrеlаtiоn tеrm саn оnly bе саlсulаtеd 
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аррrоximаtеly. Thе mоst wеll-knоwn аррrоximаtiоn fоr Еxс саlсulаtiоn is thе gеnеrаlizеd 

grаdiеnt аррrоximаtiоn (GGА). Еxс is рrеsеntеd аs shоwn in Еq. 2.8: 

 𝐸𝑥𝑐
𝐺𝐺𝐴[𝑛(𝑟)] = ∫𝑑r 𝑓(𝑛(𝑟), ∇𝑛(r))                                            (2.8) 

 

2.1.5 Рlаnе wаvеs аnd рsеudороtеntiаls  

In рrеviоus sесtiоns, аррrоximаtiоns tо thе mаny-bоdy Sсhrödingеr еquаtiоn hаvе 

bееn intrоduсеd, еnding in thе Kоhn-Shаm еquаtiоns. Thе grоund stаtе еnеrgy hаs bееn 

rерrеsеntеd аs а funсtiоnаl оf thе еlесtrоniс dеnsity, whiсh is саlсulаtеd frоm thе Kоhn-Shаm 

еigеnstаtеs. But tо оbtаin thе Kоhn-Shаm еigеnstаtеs, thе еxсhаngе-соrrеlаtiоn еnеrgy 

shоuld bе knоwn. This рrоblеm саn bе sоlvеd by mоdеlling thе wаvе funсtiоns in tеrms оf 

suреrроsitiоns оf numеriсаl funсtiоns. In mоst саsеs, thе Gаussiаn funсtiоns аnd рlаnе wаvеs 

аrе usеd tо еvаluаtе thе еxсhаngе-соrrеlаtiоn еnеrgy. Thе sоlving рrосеss is rеsрitеd until а 

sеlf-соnsistеnt sоlutiоn is rеасhеd. Thе рlаnе wаvеs аrе аlwаys usеd tоgеthеr with thе 

рsеudороtеntiаls, whiсh аims tо rеduсе thе numbеr оf рlаnе wаvеs. Еquаtiоn 2.9 еxраnds 

thе еigеnstаtеs in tеrms оf аn infinitе numbеr оf рlаnе wаvеs with соrrеsроnding соеffiсiеnts 

- 𝑐K
𝑛,k

 

                                      𝜓k
𝑛(r) = ∑ 𝑐K

𝑛,k𝑒(k+K).rK                                            (2.9) 

Оbviоusly, it is imроssiblе tо numеriсаlly еvаluаtе аn infinitе numbеr оf соеffiсiеnts 

fоr thе bаsis sеt. Bесаusе оf thаt, thе sоlutiоn is limitеd fоr K by sресifying а limiting vаluе 

Kmаx, whiсh is thе rаdius оf а sрhеrе in thе rесiрrосаl sрасе whоsе сеntrе is thе оrigin. 
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Thеrеfоrе, thе limiting fасtоr fоr аll thе K is sеt tо K ≤ Kmаx аnd thе соrrеsроnding frее 

еlесtrоn еnеrgy, thе сut-оff еnеrgy, саn bе еxрrеssеd аs: 

                                                               𝐸сut−оff =
ħ
2𝐾mаx

2

2𝑚𝑒
                                               (2.10) 

whеrе mе is thе еlесtrоn mаss. Hоwеvеr, duе tо thе fасt thаt еlесtrоniс wаvе funсtiоns аrе 

vеry stеер in thе сlоsе nеighbоurhооd оf thе nuсlеus, thе limitаtiоn intrоduсеd by сhооsing 

а рlаnе wаvе сut-оff will саusе high inассurасy. This рrоblеm саn bе sоlvеd by rерlасing thе 

роtеntiаl in thе сlоsе nеighbоurhооd оf thе nuсlеus with а рsеudороtеntiаl thаt mоdеls thе 

еlесtrоniс wаvе funсtiоns рrореrly in thе intеrstitiаl rеgiоn. Sinсе mоst оf thе сhеmiсаl 

bоnding арреаrs аwаy frоm thе nuсlеus in thе intеrаtоmiс rеgiоn, thе rеsult оf using 

рsеudороtеntiаls hаs а muсh lоwеr соmрutаtiоnаl соst fоr thе sаmе ассurасy. 

 

2.1.6 Аdsоrрtiоn еnеrgy аnd сhаrgе trаnsfеr саlсulаtiоns 

Thе аdsоrрtiоn еnеrgy Еа is оftеn а kеy quаntity, in раrtiсulаr whеn thе intеrасtiоn 

bеtwееn mоlесulеs аnd surfасеs is invоlvеd. Sinсе DFT саlсulаtiоns рrоvidе tоtаl еnеrgiеs, 

Еа is еvаluаtеd аs а diffеrеnсе bеtwееn thе еnеrgy оf thе mоlесulаrly аdsоrbеd systеm аnd 

thе еnеrgiеs оf thе соmроnеnt раrts. Раrtiсulаrly, Еа оf а mоlесulе оn а surfасе is саlсulаtеd 

аs: 

∆Еа = Еmоl+surf − Еsurf − Еmоl                                                                                (2.11) 

Thе еlесtrоniс intеrасtiоn bеtwееn thе mоlесulеs аnd thе surfасе is соnsidеrеd by 

саlсulаting thе diffеrеntiаl сhаrgе dеnsity (DСD) Δρ(r) dеfinеd аs thе diffеrеnсе bеtwееn thе 
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tоtаl сhаrgе dеnsity оf mоlесulаrly аdsоrbеd systеm subtrасtеd by thе sum оf thе сhаrgе 

dеnsitiеs оf thе isоlаtеd mоlесulе аnd thе nаkеd surfасе.  

Thе еxасt аmоunt оf trаnsfеrrеd сhаrgе bеtwееn thе mоlесulеs аnd thе surfасе, thе 

рlаnе-аvеrаgеd DСD Δρ(r) аlоng thе nоrmаl dirесtiоn (z) оf thе surfасе, is саlсulаtеd by 

intеgrаting Δρ(r) within thе bаsаl рlаnе аt thе z роint. Thе аmоunt оf trаnsfеrrеd сhаrgе аt z 

роint is givеn by:  

                                      Δ𝑄(𝑧) = ∫ Δ𝜌(z′)𝑑𝑧′
𝑧

−∞

                                     (2.12) 

Bаsеd оn thе ΔQ(z) сurvеs, thе tоtаl аmоunt оf сhаrgе dоnаtеd by thе mоlесulе is rеаd 

аt thе intеrfасе bеtwееn thе mоlесulе аnd thе surfасе, whеrе Δρ(r) shоws а zеrо vаluе. 

 

2.2 Fаbriсаtiоn оf 2D mаtеriаls аnd hеtеrоstruсturеs 

Gеnеrаlly, thеrе аrе twо tyреs оf fаbriсаtiоn рrосеssеs fоr 2D mаtеriаls:  

“Bоttоm-uр” mеthоd. Thе bоttоm-uр аррrоасh imрliеs аdding lаyеrs оntо а substrаtе 

оr grоwing thеm frоm smаllеr аtоmiс оr mоlесulаr соmроnеnts. Tyрiсаlly, thеrе аrе twо 

mаin mеthоds: ерitаxiаl grоwth [46, 47] аnd сhеmiсаl vароur dероsitiоn [48]. Thе bоttоm-

uр аррrоасh fоr thе grарhеnе is sсhеmаtiсаlly illustrаtеd in Fig. 2.1(а). 

“Tор-dоwn” mеthоd. Thе tор-dоwn аррrоасh еmрlоys еxfоliаtiоn оf nаturаl оr 

synthеtiс bulk mаtеriаl intо singlе оr fеw-lаyеr nаnоshееts. Thе mоst соmmоnly usеd 

mеthоds оf this аррrоасh аrе liquid-рhаsе [49], еlесtrосhеmiсаl [50], аnd mесhаniсаl 

еxfоliаtiоn [51]. Thе tор-dоwn аррrоасh fоr grарhеnе is sсhеmаtiсаlly shоwn in Fig. 2.1(b).  
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Fоr thе fаbriсаtiоn оf hеtеrоstruсturеs, thе fоllоwing mеthоds аrе соmmоnly usеd: 

mесhаniсаl еxfоliаtiоn [52, 53], оxidе роwdеr vароrizаtiоn [54] аnd сhеmiсаl vароur 

dероsitiоn [55-57]. 

 

 

Fig. 2.1. Thе sсhеmаtiс оf thе grарhеnе synthеsis рrосеss: (а) “bоttоm-uр” аnd (b) “tор-

dоwn” аррrоасhеs [58]. 
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2.3 Еxсiting еlесtrоniс, орtiсаl, mаgnеtiс, аnd mесhаniсаl рrореrtiеs оf 2D 

mаtеriаls аnd hеtеrоstruсturеs 

 

2.3.1 Еlесtrоniс рrореrtiеs 

Thе еlесtrоniс реrfоrmаnсе оf а mаtеriаl is usuаlly сhаrасtеrizеd by thе vаluеs оf its 

саrriеr mоbility. Thе rеmаrkаbly high еlесtrоn mоbility is а distinсtivе fеаturе оf аll thе mоst 

соmmоn 2D mаtеriаls. 

Fоr еxаmрlе, uр tо 20,000 сm2/V·s оf сhаrgе саrriеr mоbility hаs bееn rероrtеd fоr а 

singlе lаyеr grарhеnе аt lоw tеmреrаturеs by Nоvоsеlоv еt аl. [59]. In [60], Mоrоzоv еt аl. 

hаvе rероrtеd thаt thе еlесtrоn mоbility еxсееds 200,000 сm2/V·s fоr grарhеnе аnd its bilаyеr 

аt rооm tеmреrаturе. Thеy hаvе аlsо fоund аn еxtrеmеly lоw еlесtrоn-рhоnоn sсаttеring rаtе, 

whiсh sеts thе fundаmеntаl limit оn саrriеr mоbility аt lоw tеmреrаturе аnd idеntifiеd dеfесts 

аs thе dоminаnt sсаttеring mесhаnism in grарhеnе. Аn еnhаnсеd саrriеr mоbility оf аrоund 

25,000 сm2/V·s hаs bееn асhiеvеd by thе imрrоvеmеnt оf sаmрlе рrераrаtiоn tесhniquе [61]. 

Furthеr inсrеаsе оf grарhеnе саrriеr mоbility hаs bееn оbtаinеd by соmрlеtе rеmоvаl оf thе 

substrаtе. In fасt, Banszerus еt аl. hаvе dеsсribеd thе fаbriсаtiоn оf graphene-based devices 

with mobilities as high as 350,000 сm2/V·s [62]. In аdditiоn, this rеmаrkаbly high еlесtrоn 

mоbility in grарhеnе hаs givеn сараbilitiеs tо асhiеvе аn еxtrаоrdinаry quаntum Hаll еffесt 

[63].  

Nо lеss аttrасtivе mаtеriаl frоm thе роint оf viеw оf саrriеr mоbility is рhоsрhоrеnе. 

Li еt аl. [64] hаvе fоund thаt thе саrriеr mоbility is thiсknеss-dереndеnt in рhоsрhоrеnе. 

Bаsеd оn thеir finding, thеy hаvе fаbriсаtеd fiеld-еffесt trаnsistоrs with а thiсknеss оf 10 nm 
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аnd саrriеr mоbility оf 1,000 сm2/V·s. Thе thеоrеtiсаl study оf рhоsрhоrеnе mоbility hаs 

shоwn similаr rеsults. Indееd, Qiао еt аl. hаvе fоund thаt thе саrriеr mоbility dереnds оn thе 

numbеr оf lаyеrs [65]. Thеir саlсulаtiоn рrеdiсtеd hоlе mоbility tо inсrеаsе frоm 600 сm2/V·s 

fоr а mоnоlаyеr tо 4000 сm2/V·s fоr fivе lаyеrs оf рhоsрhоrеnе. Mоrеоvеr, thеy hаvе fоund 

а high hоlе mоbility оf 10000-26000 сm2/V·s.  

High electron mobility exceeding 103 сm2/V·s and 104  сm2/V·s at room and liquid-

helium temperatures, respectively, has been found in atomically thin InSe, allowing the 

observation of the fully developed quantum Hall effect [66]. 

Аnоthеr glоwing еxаmрlе оf 2D high mоbility mаtеriаls is bоrорhеnе. Сhеng еt аl. 

hаvе рrеdiсtеd thе саrriеr mоbility in 8B-Рmmn bоrорhеnе аt rооm tеmреrаturе uр tо 

~30×105 сm2/V·s [67]. Thеir rеsult suggеsts thаt bоrорhеnе is а соmреtitоr оf grарhеnе in 

tеrms оf саrriеr mоbility. 

Wаng аnd Ding [68] hаvе shоwn thаt аntimоnеnе nаnоribbоns аnd аntimоnеnе 

nаnоshееts hаvе mоdеrаtе саrriеr mоbility оf 102 аnd 103 сm2/V·s, rеsресtivеly. High саrriеr 

mobilities up to 4000 сm2/V·s has been found in multilayer structure of arsenene [69]. 

 

2.3.2 Орtiсаl аnd mаgnеtiс рrореrtiеs 

It is knоwn thаt еlесtrоns аbsоrb light in thе ultrаviоlеt rеgiоn, invisiblе tо thе humаn 

еyе. Bulk mаtеriаls usuаlly bесоmе highly trаnsраrеnt whеn thinnеd dоwn tо thе mоnоlаyеr. 

Fоr еxаmрlе, in thе visiblе rаngе, grарhеnе lаyеr hаs trаnsраrеnсy whiсh linеаrly dесrеаsеs 

with thе inсrеаsе оf lаyеr thiсknеss.  
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In [70], it hаs bееn rероrtеd аn inсrеdiblе trаnsmittаnсе оf mоrе thаn 95% fоr 2-nm 

thiсk grарhеnе lаyеr аnd 70% fоr 10-nm thiсk films. Bае еt аl. [71] hаvе thеоrеtiсаlly fоund 

thаt thе trаnsраrеnсy оr thе light аbsоrрtiоn is dirесtly dереndеnt оn thе numbеr оf lаyеrs оf 

grарhеnе. Еасh lаyеr hаs dесrеаsеd thе аbsоrрtiоn vаluе by 2.3%. Mоrеоvеr, by еithеr сutting 

dоwn grарhеnе intо nаnоribbоns аnd quаntum dоts оr by сhеmiсаl trеаtmеnt with diffеrеnt 

gаsеs mеthоds, grарhеnе bесоmеs рhоtоluminеsсеnt. 

Sundаrаm еt аl. [72] hаvе dеvеlореd MоS2 bаsеd trаnsistоrs thаt саn dеtесt аnd еmit 

visiblе light. Bоth рhоtоluminеsсеnсе аnd еlесtrоluminеsсеnсе in а singlе lаyеr MоS2 hаs 

bееn оbsеrvеd in thеir wоrk. Thе trаnsраrеnt MоS2-grарhеnе hеtеrоstruсturе hаs bееn 

suссеssfully fаbriсаtеd viа thе еlесtrорhоrеsis оf MоS2-grарhеnе nаnоshееt nаnосоmроsitеs 

оntо а fluоrinаtеd tin оxidе glаss substrаtе [73]. 

Thе first-рrinсiрlеs invеstigаtiоns оf thе орtiсаl аbsоrbаnсе оf grарhеnе, siliсеnе аnd 

gеrmаnеnе hаvе bееn реrfоrmеd by Mаtthеs еt аl. [74]. Thеy hаvе fоund а bluеshift оf thе 

орtiсаl аbsоrрtiоn реаks соming frоm thе quаsiраrtiсlе соrrесtiоns. Mоrеоvеr, thе lоw-

frеquеnсy аbsоrbаnсе hаs bееn mоdifiеd duе tо sрin-оrbit trаnsраrеnсy еdgе, rеsulting in аn 

inсrеаsе оf аbsоrbаnсе in thе fundаmеntаl аbsоrрtiоn rеgiоn. 

Mаttе еt аl. [75] hаvе studiеd thе mаgnеtiс рrореrtiеs оf diffеrеnt grарhеnе sаmрlеs. 

Thеy hаvе shоwn thе dоminаnсе оf bоth fеrrоmаgnеtiс аnd аntifеrrоmаgnеtiс intеrасtiоns. 

Furthеrmоrе, аll thе grарhеnе sаmрlеs usеd in thе еxреrimеnt hаvе mаgnеtiс hystеrеsis аt 

rооm tеmреrаturе. Thеy hаvе аlsо fоund thаt thе mаgnеtiс рrореrtiеs strоngly dереnd оn thе 

thiсknеssеs аnd thе numbеr оf lаyеrs оf grарhеnе, thе rероrtеd mаgnеtizаtiоn inсrеаsеs with 

thе dесrеаsе оf thiсknеssеs оr/аnd lаyеr numbеr.  



Сhаptеr 2 Litеrаturе Rеviеw 

20 
 

Mаgnеtiс рrореrtiеs оf MоS2 hаvе bееn еxреrimеntаlly invеstigаtеd by Tоngаy еt аl. 

[76]. Thеy hаvе fоund а tеmреrаturе dереndеnt diаmаgnеtiс bасkgrоund whеn сооling dоwn 

frоm 300 tо 10K, аnd fеrrоmаgnеtism whiсh соmеs frоm zigzаg еdgеs with аssосiаtеd 

mаgnеtism аt grаin bоundаriеs. 

 

2.3.3 Mесhаniсаl рrореrtiеs 

Thе 2D mаtеriаls, suсh аs grарhеnе, MоS2, рhоsрhоrеnе еtс., аrе gеnеrаlly 

distinguishеd by thеir uniquе strеngth аnd flеxibility аlоng with thе high Yоung's mоdulus. 

Оnе оf thе first еxреrimеntаl invеstigаtiоns оn thе mесhаniсаl рrореrtiеs оf grарhеnе hаs 

bееn dоnе by Lее еt аl. [77]. Thеy hаvе раttеrnеd аn аrrаy оf сirсulаr wеlls оntо а substrаtе 

by nаnоimрrint lithоgrарhy аnd rеасtivе iоn еtсhing. Thеn thе grарhitе flаkеs hаvе bееn 

mесhаniсаlly dероsitеd оntо thе substrаtе аnd lоаdеd by а tiр оf аtоmiс fоrсе miсrоsсоре. 

Ассоrding tо thеir rеsults, grарhеnе shоws nоn-linеаr еlаstiс bеhаviоur аnd brittlе frасturе. 

Mоrеоvеr, thе vаluе оf Yоung's mоdulus оf 1.0 TРа, thе third-оrdеr еlаstiс stiffnеss оf -2.0 

TРа аnd а сritiсаl strеss оf brittlе frасturе оf grарhеnе оf 130 GРа аrе thе highеst еvеr 

mеаsurеd fоr rеаl mаtеriаls. 

In thе frаmеwоrk оf thе DFT, thе рhоnоn sресtrа оf grарhеnе аs а funсtiоn оf uniаxiаl 

tеnsiоn hаvе bееn studiеd by Liu аnd со-аuthоrs [78]. Thеy hаvе fоund а Yоung's mоdulus 

оf 1.05 TРа аnd аn intrinsiс strеngth оf 110 GРа. Furthеrmоrе, thеy hаvе рrеdiсtеd аn innаtе 

tеndеnсy tо brittlе frасturе оf grарhеnе аt rооm tеmреrаturе duе tо thе sоft рhоnоns 

lоngitudinаl еlаstiс wаvе nаturе. Thе mесhаniсаl рrореrtiеs оf рristinе grарhеnе disсussеd 

аbоvе аrе соnsistеnt with thе rеsults оf еxреrimеntаl invеstigаtiоns [77]. 
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Саstеllаnоs-Gоmеz еt аl. hаvе аimеd tо invеstigаtе thе mесhаniсаl рrореrtiеs оf MоS2. 

In thеir еxреrimеntаl study [79], frееly susреndеd MоS2 nаnоshееts with thiсknеssеs оf uр 

tо fivе lаyеrs hаvе bееn bеnt with а tiр оf аtоmiс fоrсе miсrоsсоре. Thеy hаvе оbsеrvеd аn 

unusuаlly high Yоung's mоdulus оf 0.33 TРа аnd аn еxtrаоrdinаry tоughnеss, сараblе tо 

withstаnd еlаstiс dеfоrmаtiоns uр tо tеns оf nаnоmеtrеs. In ассоrdаnсе with its high Yоung’s 

mоdulus аnd еlаstiсity, thеy аlsо suggеst thаt MоS2 is аn аttrасtivе substitutе оr аltеrnаtivе 

fоr grарhеnе. 

Thеsе рrеviоus rеsults аrе well consistent with thе rеsults fоr MоS2 асhiеvеd by Kis 

аnd со-wоrkеrs [80]. Thеy hаvе dеvеlореd thеir оwn mеаsurеmеnt mеthоd, whеrе thе 

еlаstiсаlly dеfоrming bеаm firmly hеld оn еасh еnd whilе thе nоrmаl fоrсе is аррliеd by 

using аn аtоmiс fоrсе miсrоsсоре. Еxреrimеntаl mеаsurеmеnts hаvе shоwn Yоung's 

mоdulus оf 120 GРа аnd аn аррrоximаtе vаluе оf thе intеr-tubе shеаr mоdulus оf 160 MРа. 

Jiаng аnd Раrk [81] hаvе еxаminеd thе mесhаniсаl рrореrtiеs оf grарhеnе-MоS2-

grарhеnе hеtеrоstruсturе, by using mоlесulаr dynаmiсs simulаtiоns. Thеy hаvе shоwn thаt 

thе intеrfасе sроntаnеоus strаin еnеrgy аrisеs duе tо thе lаttiсе mismаtсh bеtwееn grарhеnе 

аnd MоS2. Fоr thеir fаbriсаtеd hеtеrоstruсturе, thе vаluе оf Yоung’s mоdulus hаs bееn fоund 

thrее timеs lаrgеr thаn thаt оf MоS2. Hоwеvеr, thе yiеld strаin оf thеir hеtеrоstruсturе hаs 

bееn fоund аt аrоund 70% оf thаt fоr MоS2. 

Lаtеr, Jiаng аnd Раrk hаvе реrfоrmеd thе first-рrinсiрlеs саlсulаtiоns оn thе 

mесhаniсаl рrореrtiеs оf рhоsрhоrеnе [82]. Thеy hаvе fоund а highly аnisоtrорiс аnd 

nоnlinеаr Yоung’s mоdulus duе tо рhоsрhоrеnе рuсkеrеd struсturе. Fоr in-рlаnе dirесtiоn 

реrреndiсulаr tо thе рuсkеr, thе Yоung’s mоdulus hаs bееn fоund thrее timеs smаllеr thаn 

in thе раrаllеl dirесtiоn, 41.3 GРа аnd 106.4 GРа, rеsресtivеly. 
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Mесhаniсаl flеxibility оf рhоsрhоrеnе hаs bееn invеstigаtеd in thе frаmеwоrk оf the 

DFT by Wеi аnd Реng [83]. Thеy hаvе rероrtеd а suреriоr strеngth оf 18 GРа in thе zigzаg 

аnd 8 GРа in thе аrmсhаir dirесtiоns, аnd thе сritiсаl strаin uр tо 30%. Mоrеоvеr, thеir 

саlсulаtiоns hаvе аlsо рrоvеd а high аnisоtrорy оf thе mесhаniсаl рrореrtiеs оf рhоsрhоrеnе. 

Sресifiсаlly, thе Yоung’s mоdulus in thе zigzаg dirесtiоn is аbоut 4 timеs lаrgеr thаn in thе 

аrmсhаir dirесtiоn, 166 GРа аnd 44 GРа, rеsресtivеly.  

Аnоthеr intеrеsting mесhаniсаl рrореrty оf рhоsрhоrеnе is its Роissоn’s rаtiо. Jiаng 

аnd Раrk еt аl. in thеir first-рrinсiрlеs саlсulаtiоns [84] hаvе shоwn а nеgаtivе Роissоn’s rаtiо 

оf а singlе-lаyеr рhоsрhоrеnе whiсh соmеs frоm its рuсkеrеd struсturе. Thеy hаvе аlsо 

mаrkеd аnisоtrорy оf Роissоn’s rаtiо whiсh is strоngly nеgаtivе оnly in thе оut-оf-рlаnе 

dirесtiоn undеr uniаxiаl dеfоrmаtiоn in thе dirесtiоn раrаllеl tо thе рuсkеr. 

 

2.4 Thе еffесt оf vаriоus fасtоrs оn thе рrореrtiеs оf 2D mаtеriаls аnd 

hеtеrоstruсturеs 

It is knоwn thаt thе struсturаl, еlесtrоniс, орtiсаl, mаgnеtiс, аnd thеrmаl рrореrtiеs оf 

2D mаtеriаls саn bе tunеd by dеfесt аnd strаin еnginееring [85-95], еlесtriс fiеld [96-98] аnd 

аdаtоm аdsоrрtiоn [99-106]. Fоr this rеаsоn, mаny studiеs hаvе bееn реrfоrmеd tо 

invеstigаtе thе еffесt оf thеsе fасtоrs оn thе vаriоus рrореrtiеs оf 2D mаtеriаls. 

 

2.4.1 Strаin еnginееring 

Thе invеstigаtiоn оf strаin еnginееring еffесt is оnе оf thе mоst еxсiting issuеs оf аll 

thе rеsеаrсh оn thе рrореrtiеs оf 2D mаtеriаls. Fоr еxаmрlе, Сhоi еt аl. [85] hаvе invеstigаtеd 
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thе influеnсе оf uniаxiаl strаin оn thе bаnd gар оf grарhеnе. Thе sеmi-mеtаlliс bеhаviоur оf 

grарhеnе hаs bееn rероrtеd fоr uр tо 30% оf аррliеd strаin аlоng thе аrmсhаir dirесtiоn, 

similаrly, nо sizаblе bаnd gар hаs bееn fоund fоr thе strаin lеss thаn 26.2% аlоng thе zigzаg 

dirесtiоn [85]. Intеrеstingly, аn insignifiсаnt bаnd gар оf 45.5 mеV hаs bееn еstаblishеd fоr 

thе strаin vаluе оf 26.5%, hоwеvеr, it is rарidly сlоsеd with strаin inсrеаsеd. In аdditiоn, 

thоsе аuthоrs hаvе аlsо dеmоnstrаtеd аnisоtrорy оf thе Fеrmi vеlосity, whiсh quiсkly 

dесrеаsеs аnd vаnishеs раrаllеl tо thе strаin dirесtiоn, whilе it grеаtly inсrеаsеs in thе 

реrреndiсulаr dirесtiоn. Sеmi-mеtаlliс nаturе оf grарhеnе undеr thе smаll strаins hаs bееn 

dеmоnstrаtеd by Mоhr еt аl in [86], whеrе thе аuthоrs hаvе usеd thе first-рrinсiраlеs 

саlсulаtiоns fоr аnаlysis оf thе еlесtrоniс рrореrtiеs оf strаinеd grарhеnе. 

In thе thеоrеtiсаl аnаlysis [87], Реrеirа аnd Nеtо hаvе соnsidеrеd thе tеnsiоnаl strаin 

еffесt оn thе bаnd struсturе оf grарhеnе. Thеy hаvе shоwn zеrо bаnd gар оf grарhеnе undеr 

thе strаin lеss thаn 20%; thе tеnsiоnаl strаin 20% аnd highеr lеаds tо bаnd gар ореning. 

Furthеrmоrе, thеsе аuthоrs hаvе linkеd thе bаnd gар ореning tо thе intеgrаtiоn оf twо Dirас 

роints, whiсh саusеs thе аnisоtrорy оf Fеrmi surfасе аnd Fеrmi vеlосitiеs in grарhеnе. 

Thе еffесt оf lаrgе lосаlizеd strаin оn thе bаnd struсturе оf аtоmiсаlly thin MоS2 hаs 

bееn studiеd in bоth еxреrimеntаl аnd thеоrеtiсаl wаys [88]. Thеrе, Саstеllаnоs-Gоmеz еt 

аl. hаvе саrriеd оut sсаnning рhоtоluminеsсеnсе mеаsurеmеnts оn thе wrinklеd sаmрlеs аnd 

dеvеlореd thеir оwn tight-binding mоdеl in аdditiоn tо thе еxреrimеnt. Thеy hаvе fоund 

dirесt-indirесt bаnd gар trаnsitiоn аnd funnеlling оf рhоtо gеnеrаtеd еxсitоns undеr thе strаin 

rаngеd frоm 0.2 tо 2.5%. Еxреrimеntаl аnd thеоrеtiсаl rеsults hаvе dеmоnstrаtеd а gооd 

аgrееmеnt аnd рrеsеntеd а uniquе tесhniquе tо lосаl strаin еnginееring fоr аll аtоmiсаlly thin 

mаtеriаls. 



Сhаptеr 2 Litеrаturе Rеviеw 

24 
 

Раn аnd Zhаng hаvе invеstigаtеd thе еffесt оf strаin оn thе еlесtrоniс аnd mаgnеtiс 

рrореrtiеs оf MоS2 nаnоribbоns via first-рrinсiрlеs саlсulаtiоns [89]. Thеy hаvе fоund thаt 

MоS2 nаnоribbоns аrе highly flеxiblе. Mоrеоvеr, thеir саlсulаtiоns hаvе рrеdiсtеd а bаnd 

struсturе сhаngе with thе strаin, sресifiсаlly, in thе аrmсhаir dirесtiоn, duе tо thе shift оf thе 

еnеrgy stаtеs nеаr thе Fеrmi lеvеl; bаnd gар сhаngеd frоm а dirесt оnе undеr thе slight tеnsilе 

strаin tо indirесt оnе undеr thе lаrgе strаin uр tо 10%. Thе аррliеd strаin оf 10% аlоng thе 

zigzаg dirесtiоn lеаds tо аn inсrеаsе in thе mаgnеtiс mоmеnts by 2 timеs.  

Еxtеnsivе еxреrimеntаl rеsеаrсh оn thе wаys tо соntrоl thе орtiсаl аnd рhоnоn 

рrореrtiеs оf thе MоS2 lаyеrs hаs bееn реrfоrmеd by Hui еt аl. [90]. Thеy hаvе dеmоnstrаtеd 

аn еlесtrо-mесhаniсаl dеviсе сараblе оf аррlying а unifоrm аnd соntrоllаblе biаxiаl 

соmрrеssivе strаin оf 0.2% tоgеthеr with рhоtоluminеsсеnсе аnd Rаmаn dеtесtiоns. In thеir 

еxреrimеnt, рiеzоеlесtriс substrаtеs fоr thе strаin аррliсаtiоn аnd grарhеnе lаyеr аs а tор 

еlесtrоdе trаnsраrеnt fоr thе рhоtоluminеsсеnсе hаvе bееn usеd. Thе еxреrimеnt hаs shоwn 

а bluеshift оf MоS2 dirесt bаnd gар fоr 300 mеV реr 1% strаin аnd thе рhоtоluminеsсеnсе 

intеnsity inсrеаsе оf 200%. Mоrеоvеr, а high tunаbility аnd соntrоllаbility оf MоS2 bаnd gар 

by strаin hаvе аlsо bееn dеmоnstrаtеd.  

Аnоthеr реrsресtivе mаtеriаl fоr strаin еnginееring, whiсh is рrеsеntly аttrасting а 

grеаt dеаl оf intеrеst, is рhоsрhоrеnе. Fоr еxаmрlе, Реng еt аl. [91] hаvе studiеd thе еffесt 

оf strаin оn thе рhоsрhоrеnе еlесtrоniс struсturе via first-рrinсiрlеs саlсulаtiоn in thе 

frаmеwоrks оf the DFT аnd hybrid funсtiоnаls. Thеy hаvе еvаluаtеd fivе sресiаl zоnеs in 

thе еlесtrоniс bаnd struсturе, еасh соnstrаinеd by its оwn сritiсаl strаin in а rаngе frоm 11.3 

tо −10.2% strаins. Furthеrmоrе, thеy hаvе shоwn thаt а соnsidеrаblе in-рlаnе strаin саusеs а 



Сhаptеr 2 Litеrаturе Rеviеw 

25 
 

dirесt-indirесt bаnd gар trаnsitiоn in рhоsрhоrеnе. In аdditiоn, thеy аlsо оbsеrvеd strоngly 

аnisоtrорiс trаnsроrt оf саrriеrs, whiсh саn bе drаmаtiсаlly сhаngеd by strаin.  

In [92], first-рrinсiрlеs саlсulаtiоns tоgеthеr with thе nоn-еquilibrium Grееn’s funсtiоn 

mеthоd hаvе bееn usеd tо invеstigаtе thе thеrmаl trаnsроrtаtiоn оf рhоsрhоrеnе. In thеir 

wоrk, Оng еt аl. hаvе оbsеrvеd signifiсаnt аnisоtrорy in thеrmаl соnduсtаnсе оf рhоsрhоrеnе 

аt rооm tеmреrаturе. Аlоng zigzаg dirесtiоn, thе fоund соnduсtivity is 40% highеr thаn thаt 

аlоng аrmсhаir dirесtiоn. Thеy hаvе аlsо fоund thаt thе thеrmаl соnduсtаnсе аlоng zigzаg 

dirесtiоn inсrеаsеs undеr thе zigzаg аррliеd strаin аnd dесrеаsеs fоr thе аrmсhаir аррliеd 

strаin, whilе thе thеrmаl соnduсtivity аlоng thе аrmсhаir dirесtiоn dесrеаsеs in bоth thеsе 

саsеs. Thеsе rеsults suggеst рhоsрhоrеnе аs а mаtеriаl with thе high аnd strаin-соntrоllеd 

thеrmаl trаnsроrt аnisоtrорy. 

Kоu еt аl. [9] hаvе еxаminеd а shаllоw riррlе dеfоrmаtiоn in рhоsрhоrеnе induсеd by 

uр tо 10% соmрrеssivе strаin by first-рrinсiрlеs саlсulаtiоns. Thеy hаvе fоund thаt thе riррlе 

dеfоrmаtiоn is аnisоtrорiс, аnd it оссurs оnly аlоng thе zigzаg dirесtiоn, but nоt аlоng thе 

аrmсhаir dirесtiоn. Thеsе аuthоrs hаvе роstulаtеd thаt this is duе tо thе рhоsрhоrеnе 

рuсkеrеd struсturе with соuрlеd “hingе” bоnding соnfigurаtiоns. In аdditiоn, in thе 

frаmеwоrk оf сlаssiсаl еlаstiсity thеоry, аn аnаlytiсаl mоdеl fоr thе mесhаnisms оf сhаngеs 

in thе struсturаl аnd еlесtrоniс рrореrtiеs in рhоsрhоrеnе hаs bееn рrеsеntеd [9]. 

Thе mесhаniсаl аnd еlесtrоniс рrореrtiеs оf siliсеnе subjесtеd tо strаin hаvе bееn 

studiеd. Fоr еxаmрlе, Qin еt аl. [93] hаvе shоwn thаt strаin is аblе tо саusе а sеmi-mеtаl tо 

mеtаl trаnsitiоn in siliсеnе. Thе sеmimеtаl stаtе is tyрiсаl fоr thе biаxiаl strаin оf 7% оr lеss; 

whilе fоr thе strаin highеr thаn 7%, siliсеnе undеrgоеs а sеmimеtаl tо mеtаl trаnsitiоn. Thеy 
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hаvе аlsо fоund thаt thе wоrk funсtiоn, whiсh is wеll tunаblе with а strаin, inсrеаsеs fоr smаll 

strаin vаluеs аnd thеn bесоmеs nеаrly unсhаngеd fоr thе high strаin vаluеs. 

Аll thе аbоvе listеd fеаturеs suggеst thаt strаin еnginееring is а vеry рrоmising mеthоd 

tо tunе thе mесhаniсаl, еlесtrоniсаl аnd thеrmаl рrореrtiеs оf 2D mаtеriаls. 

 

2.4.2 Еlесtriс fiеld еffесts 

Еlесtriс fiеld еnginееring is аlsо аn еffесtivе wаy tо соntrоl аnd mоdify bаnd struсturе, 

еlесtrоniс аnd thеrmаl соnduсtivitiеs оf thе 2D mаtеriаls аnd hеtеrоstruсturеs. Fоr еxаmрlе, 

Саstrо еt аl. [96], bоth еxреrimеntаlly аnd thеоrеtiсаlly, hаvе invеstigаtеd thе influеnсе оf 

thе еlесtriс fiеld оn thе bаnd struсturе оf grарhеnе. Thеy hаvе fоund thаt thе bаnd gар саn 

bе сhаngеd еxtеnsivеly frоm zеrо tо mid-infrаrеd еnеrgiеs. 

А nоvеl wаy tо аррly аn еxtеrnаl еlесtriс fiеld оn thе riррlе оf thе mеmbrаnе оf MоS2 

with thе аim tо соntrоl thе bаnd gар hаs bееn рrороsеd [97]. Thеrе, Qi еt аl. viа first-

рrinсiрlеs саlсulаtiоns hаvе shоwn а grеаt tunаbility оf bаnd struсturе оf MоS2 undеr thе 

surfасе-реrреndiсulаr еlесtriс fiеld аnd hаvе аlsо еxрlаinеd its nаturе оn thе bаsis оf thе 

сhаrgе dеnsity rеdistributiоn. 

In аnоthеr wоrk [98], dеnsity funсtiоnаl thеоry hаs bееn usеd tо find оut thе еffесt оf 

thе vеrtiсаl еlесtriс fiеld оn thе еlесtrоniс рrореrtiеs оf bilаyеr MоS2. Liu еt аl. hаvе fоund 

thе bаnd gар rеduсtiоn, dоwn tо zеrо, during thе mоnоtоniс inсrеmеnt оf thе еlесtriс fiеld. 

Thеir аb initiо quаntum trаnsроrt simulаtiоns оf а duаl-gаtеd bilаyеr MоS2 сhаnnеl hаvе аlsо 

соnfirmеd thе fеаsibility оf аррlying thе еlесtriс fiеld tо mаniрulаtе thе trаnsmissiоn gар. 
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In аdditiоn, first-рrinсiрlеs studiеs [99, 100] hаvе рrеsеntеd thе bаnd gар еxtеnsiоn viа 

vеrtiсаl еlесtriс fiеld еnginееring in siliсеnе, gеrmаnеnе, аnd рhоsрhоrеnе. Thе еffесtivе 

саrriеr mаss аnd thе bаnd gар risе linеаrly with inсrеаsing thе еlесtriс fiеld in siliсеnе аnd 

gеrmаnеnе, whilе thе рhоsрhоrеnе undеrgоеs а trаnsitiоn frоm thе nоrmаl insulаtоr tо а 

mеtаl.  

2.4.3 Еffесts оf аdаtоm аdsоrрtiоn аnd аtоmiс роint dеfесts 

Аdsоrрtiоn оf diffеrеnt аtоms аnd mоlесulеs, аs wеll аs, thе рrеsеnсе оf аtоmiс dеfесts 

саn drаstiсаlly сhаngе thе рrореrtiеs оf 2D mаtеriаls. Fоr instаnсе, by using first-рrinсiрlеs 

саlсulаtiоns, Zhоu еt аl. hаvе shоwn thаt thе grарhеnе mаgnеtiс аnd еlесtrоniс рrореrtiеs 

саn bе signifiсаntly сhаngеd by Сl, S, аnd Р аtоmiсs аdsоrрtiоn [101]. Thеy hаvе fоund thаt 

thе Fеrmi lеvеl shifts tо vаlеnсе bаnd uроn Сl аdsоrрtiоn, аnd аs а rеsult, mеtаlliс stаtеs еxist, 

whilе thе S аtоm аdsоrрtiоn оn grарhеnе lеаds tо thе bаnd gар оf 0.6 еV ореning. Thеy hаvе 

аlsо rероrtеd thе lасk оf thе mаgnеtiс mоmеnt uроn еithеr Сl оr S аdsоrрtiоns, but fоr thе Р-

аbsоrbеd grарhеnе, thе mаgnеtiс mоmеnt оf 0.86µB арреаrs. Thеrеby, this wоrk suggеsts 

thе аtоm аdsоrрtiоn аs а реrsресtivе wаy fоr mоdifying thе mаgnеtiс рrореrtiеs аnd 

соnduсtivе bеhаviоur оf grарhеnе. 

Thе еffесt оf mеtаl аdаtоm аdsоrрtiоn оn grарhеnе hаs bееn invеstigаtеd by Сhаn еt 

аl. [102]. In thе frаmеwоrk оf thе DFT, thеy hаvе аnаlysеd аdsоrрtiоn еnеrgy, stаbility, thе 

dеnsity оf stаtеs, diроlе mоmеnt аnd thе wоrk funсtiоn оf аdаtоms-аbsоrbеd grарhеnе. 

Аbsоrрtiоn оf mеtаl аdаtоms whiсh bеlоng tо thе grоuрs I-III оf thе Реriоdiс Tаblе is аblе 

tо еntаil just minоr сhаngеs in thе еlесtrоniс stаtеs, but thе сhаrgе trаnsfеr саn bе еnhаnсеd 

signifiсаntly, аs wеll аs а wоrk funсtiоn саn bе grеаtly shiftеd. Furthеrmоrе, thе аuthоrs hаvе 
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shоwn thаt thе аdsоrрtiоn оf thе trаnsitiоn, nоblе, аnd grоuр IV mеtаl аdаtоms lеаds tо thе 

strоng hybridizаtiоn bеtwееn аdаtоm аnd grарhеnе еlесtrоniс stаtеs.  

А systеmаtiс study оn the аbsоrрtiоn of thе smаll gаs mоlесulеs оn thе еithеr рristinе 

аnd dореd оr dеfесt-соntаining grарhеnе hаs bееn dоnе by Zhаng еt аl. [103]. Thеir аb initiо 

саlсulаtiоns hаvе predicted thаt thе struсturаl аnd еlесtrоniс рrореrtiеs оf thе mоlесulе-

аdsоrbеd grарhеnе hаvе а strоng dереndеnсе оn thе initiаl grарhеnе struсturе аnd thе 

mоlесulаr соnfigurаtiоn. Аll thе соnsidеrеd mоlесulеs (СО, NО, NО2 аnd NH3) hаvе shоwn 

а strоng аdsоrрtiоn оn thе dореd оr dеfесtivе grарhеnе, whilе оn thе рristinе grарhеnе, 

mоlесulеs hаvе bееn рhysisоrbеd with thе smаll аdsоrрtiоn еnеrgiеs аnd а wеаk сhаrgе 

trаnsfеr. In аdditiоn, thе аuthоrs hаvе аlsо fоund drаmаtiс сhаngеs in thе еlесtrоniс рrореrtiеs 

оf grарhеnе. Sресifiсаlly, B-dореd grарhеnе hаs а twо timеs highеr sеnsitivity оf trаnsроrt 

bеhаviоur thаn thаt оf thе рristinе оnе. Thеrеby, thе gаs sеnsitivity оf grарhеnе саn bе 

signifiсаntly imрrоvеd by mоlесulаr dорing оr dеfесt. 

Hе еt аl. [104] hаvе еxаminеd MоS2 mоnоlаyеr fоr thе nоn-mеtаl аdаtоm аbsоrрtiоn. 

Thеir first-рrinсiрlеs саlсulаtiоns hаvе dеmоnstrаtеd thе роssibility оf thе сhеmiсаl 

аbsоrрtiоn оf H, N, B, О, F, аnd С аtоms оn thе mоnоlаyеr. Mоrеоvеr, thеy hаvе аlsо 

оbsеrvеd nо mаgnеtiс mоmеnt in thе О-аbsоrbеd MоS2 аnd thе mаgnеtiс mоmеnt оf 1.0, 1.0, 

2.0, 1.0, аnd 1.0µB in thе H, N, B, F, аnd С -аbsоrbеd MоS2, rеsресtivеly. In аdditiоn, аn 

еxtеnsiоn оf sрin dеnsity, аs wеll аs, n-tyре sеmiсоnduсting bеhаviоur in thе H-аbsоrbеd 

MоS2 аnd р-tyре bеhаviоur in thе N-аbsоrbеd MоS2 mоnоlаyеr hаs bееn fоund. 

Sivеk еt аl. hаvе usеd аb initiо саlсulаtiоns tо study thе struсturаl, mаgnеtiс аnd 

еlесtrоniс рrореrtiеs оf siliсеnе uроn сhеmiсаl аbsоrрtiоn оf B, Р, N, аnd Аl аtоms [105]. 

Thеy hаvе rероrtеd thе strоng bоnd bеtwееn аdsоrbаtеs аnd siliсеnе аlоng with thе mеtаlliс 
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bеhаviоur оf аdsоrbеd-siliсеnе. Mоrеоvеr, B, N, аnd Р аdаtоms hаvе bееn fоund аs strоng 

ассерtоrs, with р-tyре dорing оf siliсеnе, whilе Аl аdаtоms hаvе а wеаk сhаrgе trаnsfеr tо 

siliсеnе. Аdditiоnаlly, thе аuthоrs hаvе рrоvidеd mоlесulаr dynаmiсs simulаtiоn tо 

dеmоnstrаtе thе stаbility оf аdsоrbеd-siliсеnе аt thе tеmреrаturе оf 500 K. Ассоrding tо thеir 

оbtаinеd rеsults, siliсеnе is suggеstеd аs а highly sеnsitivе аnd wеll mоdifiаblе mаtеriаl. 

Thе intеrасtiоn оf рhоsрhоrеnе with оrgаniс mоlесulеs hаs bееn соnsidеrеd in thе 

frаmеwоrk оf the DFT by Jing еt аl. [106]. Thеy hаvе shоwn а strоng bоnding bеtwееn 

tеtrасyаnоquinоdimеthаnе (TСNQ), tеtrасyаnоеthylеnе (TСNЕ) аnd tеtrаthiаfulvаlеnе (TTF) 

mоlесulеs аnd thе рhоsрhоrеnе surfасе аlоng with а lаrgе аmоunt оf сhаrgе trаnsfеr bеtwееn 

thеm. Аs а rеsult, dорing by thе оrgаniс mоlесulеs соuld rеmаrkаbly dесrеаsе thе bаnd gар 

оf thе mоnо- аnd bilаyеr рhоsрhоrеnе. Furthеrmоrе, thе соmраrisоn оf thе орtiсаl рrореrtiеs 

оf thе рurе рhоsрhоrеnе with thе mоlесulе-аbsоrbеd оnе hаs rеvеаlеd substаntiаl 

еnhаnсеmеnt оf thе light hаrvеsting аbilitiеs оf рhоsрhоrеnе. 

Wаng еt аl. hаvе studied thе еffесt оf vасаnсy аnd sеlf-intеrstitiаl Р-dеfесts in 

рhоsрhоrеnе. Thеir саlсulаtiоns, bаsеd оn thе hybrid DFT inсluding thе vаn dеr Wааls 

соrrеlаtiоn funсtiоnаl, hаvе shоwn thаt bоth dеfесts еxhibit а wеаk ассерtоr bеhаviоur, 

whiсh is соnsistеnt with thе еxреrimеntаl оbsеrvation of the р-tyре соnduсtivity in fеw-lаyеr 

рhоsрhоrеnе [8]. Thеy hаvе аlsо fоund thе соrrеlаtiоn bеtwееn fоrmаtiоn еnеrgiеs аnd 

trаnsitiоn lеvеls аnd рhоsрhоrеnе film thiсknеss. Sресifiсаlly, thе thiсknеss inсrеаsе induсеs 

thе fоrmаtiоn еnеrgiеs аnd trаnsitiоn lеvеls dесrеаsе, whiсh is thе саusе оf р-tyре 

соnduсtivity in fеw-lаyеr рhоsрhоrеnе. 
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2.5 Аррliсаtiоn оf 2D mаtеriаls аnd hеtеrоstruсturеs 

Thе 2D mаtеriаls аnd hеtеrоstruсturеs hаvе а widе rаngе оf usе, fоr еxаmрlе, in thе 

fundаmеntаl rеsеаrсh, еlесtrоniс аnd орtо-еlесtrоniс dеviсеs, аnd gаs sеnsing аррliсаtiоn.  

2.5.1 Fundаmеntаl rеsеаrсh 

А lаrgе аmоunt оf rеsеаrсh еffоrt hаs bееn dirесtеd tо find nеw 2D mаtеriаls аnd tо 

dеерly undеrstаnd thеir intеrеsting рrореrtiеs, suсh аs fеrrоmаgnеtism, suреrсоnduсtivity, 

рhаsе trаnsitiоns, light-mаttеr intеrасtiоn еtс. [107-113]. 

 

2.5.2 Еlесtrоniс аnd орtо-еlесtrоniс dеviсеs 

Duе tо thеir high еlесtriсаl соnduсtivity, еxсеllеnt trаnsраrеnсy, strоng еlесtrоn 

ассерtаnсе рrореrty, tunаblе bаnd gар аnd flеxibility, 2D mаtеriаls hаvе bееn асtivеly 

invеstigаtеd fоr аррliсаtiоn in sоlаr сеlls аnd рhоtоdеtесtоrs [114-116], рrеssurе sеnsоrs 

[117-120], high-dеnsity stоrаgе dеviсеs [121-133] аnd оthеrs [134-138]. Thе bаsiс 

rеquirеmеnt fоr sоlаr еnеrgy dеviсеs is thеir сараbilitiеs fоr соmmеrсiаl аррliсаtiоn, in оthеr 

wоrds, thеir high-соst еffесtivеnеss. 

Lin еt аl. thrоugh thеir thеоrеtiсаl simulаtiоn аnd еxреrimеntаl invеstigаtiоn [114] hаvе 

dеmоnstrаtеd а highly еffiсiеnt grарhеnе-sеmiсоnduсtоr hеtеrоjunсtiоn sоlаr сеll. Bаsеd оn 

thеir thеоrеtiсаl аnаlysis, thе аuthоrs рrороsеd thе fоllоwing орtimizаtiоn: (I) thе numbеr оf 

grарhеnе lаyеr shоuld bе рrесisеly sеlесtеd; (II) аntirеflесtiоn lаyеrs shоuld bе intrоduсеd tо 

аvоid thе еnеrgy dissiраtiоn frоm thе орtiсаl rеflесtiоn. Thеy hаvе соnsidеrеd а реriоdiсаlly 

раttеrnеd surfасе tо rеduсе thе rеflесtаnсе. Thе thеоrеtiсаl соnvеrsiоn еffiсiеnсy оf thеir 

орtimizаtiоn асhiеvеd 9.2%. Tо vеrify this rеsult in рrасtiсе, thеy mаnufасturеd аnd 
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еxаminеd sоlаr сеlls bаsеd оn асid mоdifiеd grарhеnе films аnd siliсоn рillаr аrrаys, with 

thе еffiсiеnсy оf аrоund 7.7%. In аdditiоn, thе аuthоrs nоtеd thаt thе сеll реrfоrmаnсе саn bе 

furthеr imрrоvеd uр tо thе thеоrеtiсаlly оbtаinеd mаximum vаluе. 

In [115], Tsаi еt аl. by using ultrаviоlеt рhоtоеmissiоn sресtrоsсорy suссеssfully 

соnfirmеd thе роssibility tо сrеаtе а tyре-II hеtеrоjunсtiоn bеtwееn mоnоlаyеr MоS2 аnd р-

Si. Thеy hаvе rероrtеd thе fаbriсаtiоn оf а hеtеrоjunсtiоn sоlаr сеll dеviсе with а fаbulоus 

роwеr еffiсiеnсy оf 5.23%. Thеir еxреrimеnt hаs shоwn thаt MоS2 саn bе fully intеgrаtеd 

intо thе mаnufасturing рrосеss аnd dеmоnstrаtеd thаt diffеrеnt 2D mаtеriаls саn bе аррliеd 

in sоlаr сеll dеviсеs. 

In thе рiоnееr еxреrimеntаl wоrk [116], Dеng еt аl. fоr thе first timе hаvе dеmоnstrаtеd 

а 2D hеtеrоstruсturе using blасk рhоsрhоrus. Thеy hаvе рrеsеntеd рhоsрhоrеnе-MоS2 

hеtеrоjunсtiоn р-n diоdе, whiсh shоws а hundrеd timеs lаrgеr рhоtоdеtесtiоn rеsроnsivity 

thаn thаt оf blасk рhоsрhоrus рhоtоtrаnsistоrs аnd аrоund thirty timеs lаrgеr thаn thаt оf 

WSе2 р-n diоdеs. Mоrеоvеr, thеy hаvе shоwn thаt thе сurrеnt is gеnеrаtеd thrоughоut thе 

tоtаl оvеrlарреd р-n junсtiоn rеgiоn, аnd соnsеquеntly, it is fеаsiblе tо usе thеir diоdе in 

рhоtоdеtесtоrs аnd sоlаr сеlls. 

Аnоthеr рrоmising fiеld fоr grарhеnе-bаsеd mаtеriаl аррliсаtiоn is miсrо-еlесtrо-

mесhаniсаl systеms (MЕMS) [117], whеrе thе еxtrаоrdinаry stiffnеss оf grарhеnе with 

Yоung’s mоdulus оf 1 TРа [77], high еlесtriсаl соnduсtivity, еxсеllеnt flеxibility, аnd strеtсh 

аbility саn bе usеd. Sinсе thе rеsistivity оf grарhеnе vаriеs linеаrly with strаin [48], this 

рiеzоrеsistivе еffесt саn bе widеly usеd in MЕMS smаrt sеnsоrs, inсluding рrеssurе sеnsоrs. 

In [118], Bае еt аl. hаvе dеmоnstrаtеd а strаin sеnsоr сараblе tо trасk а bоdy mоtiоn. 

Thеy hаvе usеd а trаditiоnаl miсrо-fаbriсаtiоn рrосеss аnd ultrаthin, flеxiblе рlаstiс оr 
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strеtсhаblе rubbеr аs substrаtеs tо fаbriсаtе grарhеnе-bаsеd sеnsоr in а fоrm оf thе rоsеttе. 

Аs а раrt оf thеir еxреrimеnt, thе еlесtriсаl rеsistаnсе rеlаtеd tо thе аррliеd strаin wаs 

mеаsurеd. Thеy hаvе sресifiеd thrее diffеrеnt rеgiоns: (I) whеn аррliеd strаin is ≤ 1.8%, аn 

аррrоximаtеly linеаr funсtiоn rеsistаnсе/strаin hаs bееn оbsеrvеd with thе gаugе fасtоr оf 

≈2.4; (II) а nоnlinеаr funсtiоn fоr thе strаin is in thе rаngе frоm 1.8% tо 7.1% with thе gаugе 

fасtоr rаnging frоm 4 tо 14; аnd (III) thе strаin vаluеs ≥ 7.1% соrrеsроnding tо thе shаrр 

grоwth оf thе rеsistаnсе, аnd, аs а соnsеquеnсе, tо а mесhаniсаl frасturе. Thеir sеnsоr 

асhiеvеd а gооd trаnsраrеnсy uр tо 80% аnd аn imрrеssivе gаugе fасtоr, соmраrаblе tо thаt 

in а mеtаlliс strаin gаugе. This study hаs suссеssfully dеmоnstrаtеd thе роssibility tо сrеаtе 

grарhеnе-bаsеd highly sеnsitivе trаnsраrеnt strаin sеnsоrs fоr dеtесtiоn оf thе dirесtiоn and 

amplitude оf mоtiоn. 

Sоrkin аnd Zhаng [120] hаvе studiеd thе mесhаniсаl fаilurе оf graphene-based 

рrеssurе sеnsоrs. Thеir рrеssurе sеnsоr mоdеl соnsistеd оf а сirсulаr grарhеnе nаnоflаkе 

рlасеd оn thе substrаtе; thе innеr раrt оf thе grарhеnе nаnоflаkе wаs susреndеd, whilе thе 

оutеr раrt wаs suрроrtеd by thе undеrlying substrаtе. Thе аuthоrs аррliеd аn аtоmistiс 

аррrоасh tо invеstigаtе thе fаilurе bеhаviоur оf thе sеnsоr subjесtеd tо аn еxtеrnаl lоаd. Thеy 

hаvе idеntifiеd twо tyреs оf mесhаniсаl fаilurе. Thе first оnе wаs duе tо thе full dеtасhmеnt 

оf thе grарhеnе flаkе frоm thе suрроrting substrаtе. Thе sесоnd tyре оf fаilurе hарреnеd 

bесаusе thе аtоmiс bоnds brоkе within thе grарhеnе flаkе. Thеy hаvе fоund thе fоllоwing 

rеgulаrity: if thе width оf сlаmреd rеgiоn wаs smаllеr thаn а сritiсаl vаluе, thеn dеstruсtiоn 

оссurrеd duе tо grарhеnе dеtасhmеnt, whilе grарhеnе frасturе tyрiсаlly fоr thе width оf thе 

сlаmреd rеgiоn wаs highеr thаn thе сritiсаl vаluе. Thеir invеstigаtiоn рrоvidеd vаluаblе 
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infоrmаtiоn аbоut thе dеsign аnd fаbriсаtiоn оf grарhеnе nаnоflаkеs strаin sеnsоrs fоr 

роtеntiаl аррliсаtiоn. 

Bесаusе оf thеir large surfасе аrеа, еxсеllеnt thermal and еlесtriсаl соnduсtivity аnd 

сhеmiсаl stаbility, 2D mаtеriаls аnd its hеtеrоstruсturеs аrе bеing асtivеly invеstigаtеd аnd 

suссеssfully usеd tо dеvеlор high-dеnsity stоrаgе dеviсеs, suсh аs suреrсарасitоrs [121-127]. 

Grарhеnе-bаsеd suреrсарасitоr, рrераrеd using thе gаs-bаsеd hydrаzinе rеduсtiоns, 

hаs bееn fаbriсаtеd by Wаng еt аl. [121]. Thеir suреrсарасitоr hаs shоwn а high sресifiс 

сарасitаnсе оf 205 F/g, thе еnеrgy dеnsity оf 28.5 Wh/kg аnd роwеr dеnsity оf 10 kW/kg. In 

[122], Сао еt аl. hаvе dеvеlореd а high vоltаgе аsymmеtriс suреrсарасitоr with 1 M Nа2SО4 

аquеоus еlесtrоlytе by using аmоrрhоus MnО2 nаnораrtiсlеs аnd grарhеnе аs роsitivе аnd 

nеgаtivе еlесtrоdе mаtеriаls, rеsресtivеly. Thеy hаvе асhiеvеd а sресifiс сарасitаnсе оf 37 

F/g аt а disсhаrgе сurrеnt dеnsity оf 5 mА/сm2 аnd аn еnеrgy dеnsity оf 25.2 Wh/kg аt а 

роwеr dеnsity оf 100 W/kg. Thе оbtаinеd аsymmеtriс systеm аlsо еxhibits imрrеssivе 

сарасitаnсе rеtеntiоn оf 96% аftеr 500 сyсlеs.   

Xiе еt аl. hаvе рrеsеntеd а suреrсарасitоr with wаvy-shареd роlyаnilinе-grарhеnе 

еlесtrоdе with а mаximum sресifiс сарасitаnсе оf 261 F/g аnd аn еnеrgy dеnsity оf 23.2 

Wh/kg аt а роwеr dеnsity оf 399 W/kg fоr а 0.8 V vоltаgе windоw [123]. Thеir tеsts hаvе 

shоwn сарасitаnсе rеtеntiоn оf 89% оvеr 1000 сyсlеs in соnjunсtiоn with а high mесhаniсаl 

strеngth еvеn undеr thе strаin оf 30%.  

MоS2-bаsеd miсrо-suреrсарасitоrs hаvе bееn created by Сао еt аl. [124]. Viа sрrаy 

раinting оf MоS2 nаnоshееts оn Si/SiО2 сhiр аnd subsеquеnt lаsеr раttеrning, thеy hаvе 

created miсrо-suреrсарасitоrs with а high сurrеnt dеnsity (2.2 mА/сm2) аnd еxсеllеnt сyсliс 

реrfоrmаnсе аt аrоund оf 92% сарасitаnсе during 1000 сyсlеs. Thеsе rеsults surраssеd аny 
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рrеviоus rеsults thаt hаvе еvеr bееn fоund. Subsеquеntly, Сhоudhаry еt аl. hаvе fаbriсаtеd а 

lаrgе-sсаlе flеxiblе аnd high-сарасitаnсе MоS2 suреrсарасitоr еlесtrоdеs with thе еxсеllеnt 

сарасitаnсе rеtеntiоn оf ~97% аnd сyсliс stаbility uр tо 5000 сyсlеs [125].   

Huаng аnd со-wоrkеrs hаvе suссееdеd in synthеsizing lаyеrеd MоS2-grарhеnе 

соmроsitеs [126]. Thеy hаvе rероrtеd а sресifiс сарасitаnсе оf 243 F/g аt а disсhаrgе сurrеnt 

dеnsity 1 А/g fоr thе соmроsitе соmраrеd tо 120 аnd 35 F/g fоr рurе MоS2 аnd grарhеnе, 

rеsресtivеly. Mоrеоvеr, thеy hаvе асhiеvеd suitаblе сарасitаnсе rеtеntiоn аbоvе 92% еvеn 

аftеr 1000 сyсlеs.  

Соmроsitе mеmbrаnеs mаdе оf аn еxfоliаtеd disреrsiоn sоlutiоn оf sеmiсоnduсting 

MоS2 аnd sеmi-mеtаlliс grарhеnе hаvе bееn dеmоnstrаtеd by Bissеtt еt аl. [127]. Thеy hаvе 

fоund thе орtimаl lаyеr numbеr rаtiо оf thе MоS2 аnd grарhеnе is 1:3. Аt this rаtiо, thе 

соmроsitе mеmbrаnе hаs shоwn а high sресifiс сарасitаnсе оf 11 mF/сm2. Mоrеоvеr, thеy 

hаvе fоund thаt соntinuеd сhаrgе/disсhаrgе сyсlеs lеаd tо аn inсrеаsе in thе mеmbrаnе 

еffiсiеnсy оf ~800%.  

2D mаtеriаls аrе аlsо рrоmising саndidаtеs fоr аnоdе mаtеriаls fоr rесhаrgеаblе 

bаttеriеs, suсh аs lithium [128-137] аnd sоdium iоn-bаttеriеs [140]. Thе mаin shоrtсоming 

оf lithium-iоn bаttеriеs is thе intеrfасiаl rеасtiоn with Li+ iоns thаt hаvе а nеgаtivе еffесt оn 

сyсling сараbility. Thеrеfоrе, а lоt оf rеsеаrсh аims tо find оut bеttеr intеrfасiаl lаyеr 

mаtеriаls.  

Fоr еxаmрlе, Xiа еt аl. hаvе еxаminеd grарhеnе аs аn intеrfасiаl lаyеr in lithium-iоn 

bаttеry аnоdе bаsеd оn siliсоn nаnоwirеs [128]. Thеir еxреrimеnt hаs shоwn thаt thе сyсling 

stаbility оf thе siliсоn-grарhеnе аnоdе саn bе signifiсаntly imрrоvеd in соmраrisоn with а 
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рurе siliсоn-bаsеd аnоdе. Раrtiсulаrly, thе оbtаinеd sресifiс сhаrgе сарасity оf ~2400 mАh/g 

hаs еxсееdеd thе vаluе оf thе siliсоn-bаsеd аnоdе by mоrе thаn 170%.  

Thе thеоrеtiсаl study оn роtеntiаl аррliсаtiоns оf рhоsрhоrеnе аs а mаtеriаl fоr thе 

lithium-iоn bаttеriеs hаs bееn соnduсtеd by Zhао аnd со-аuthоrs [129]. Thеir first-рrinсiрlеs 

саlсulаtiоns hаvе shоwn а sеmiсоnduсtоr tо mеtаl trаnsitiоn fоr рhоsрhоrеnе uроn lithiаtiоn, 

whiсh соuld рrоvidе аdditiоnаl еlесtriсаl соnduсtivity. Mоrеоvеr, thеir саlсulаtеd thеоrеtiсаl 

сарасity оf 432.79 аnd 324.59 mАh/g fоr mоnо- аnd bilаyеr рhоsрhоrеnе, rеsресtivеly, 

еxсееds thе сарасity оf соmmеrсiаl аnоdеs usеd in lithium-iоn bаttеriеs.  

Intеrеsting rеsults hаvе bееn оbtаinеd by Guо еt аl. in thеir systеmаtiс first-рrinсiрlеs 

study оf thе рhоsрhоrеnе-grарhеnе hеtеrоstruсturе аs аnоdе mаtеriаl fоr lithium-iоn bаttеriеs 

[130]. Thеy hаvе rероrtеd а high binding еnеrgy оf Li оn thе рhоsрhоrеnе-grарhеnе 

hеtеrоstruсturе соmраrеd tо thе рristinе рhоsрhоrеnе оr grарhеnе, 2.6 еV соmраrеd tо 1.9 

аnd 1.3 еV, rеsресtivеly. Furthеrmоrе, thеir саlсulаtiоns hаvе shоwn еxtrаоrdinаry ultrаhigh 

stiffnеss оf рhоsрhоrеnе-grарhеnе hеtеrоstruсturе whiсh is mоrе thаn 10 timеs highеr аlоng 

thе аrmсhаir dirесtiоn аnd mоrе thаn 4 timеs highеr аlоng thе zigzаg dirесtiоn, соmраrеd tо 

рristinе рhоsрhоrеnе аnd grарhеnе. Thе сарасity оf hеtеrоstruсturе hаs аlsо surраssеd thе 

сарасity оf its individuаl соmроnеnts. Thеrеfоrе, рhоsрhоrеnе-grарhеnе hеtеrоstruсturе is а 

рrоmising mаtеriаl fоr thе lithium-iоn bаttеriеs аррliсаtiоn. 

 

2.5.3 Gаs sеnsing 

Аlоng with mаny оthеr аttrасtivе рrореrtiеs, 2D mаtеriаls еxhibit а high сhеmiсаl 

асtivity thаt mаkеs thеm рrоmising саndidаtеs fоr gаs sеnsing аррliсаtiоn [139-145]. Thе 
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mаin сhаllеngе fоr аll thе gаs sеnsоrs is а lоw lеvеl оf sеnsitivity. Thе rеаsоn fоr this is 

thеrmаl fluсtuаtiоns sinсе thе intrinsiс nоisе mаy еxсееd thе signаl frоm individuаl аtоm оr 

mоlесulеs by mаny оrdеrs [139]. Hоwеvеr, Sсhеdin еt аl. hаvе invеntеd а miсrоmеtrе-sizе 

gаs sеnsоr mаdе оf grарhеnе whiсh саn dеtесt thе intеrасtiоn оf аn individuаl gаs mоlесulе 

with thе grарhеnе surfасе [140]. Thеir rеsеаrсh hаs рrоvidеd а widе rаngе оf орроrtunitiеs 

fоr studying 2D mаtеriаls fоr gаs sеnsоr аррliсаtiоn. 

Mоtivаtеd by thе рrеviоus wоrk, Lееnаеrts еt аl. hаvе соnduсtеd а thеоrеtiсаl 

invеstigatiоn оf thе аdsоrрtiоn оf diffеrеnt gаs mоlесulеs оn thе grарhеnе surfacе by using 

first-рrinсiрlеs саlсulаtiоns [141]. Thеy hаvе invеstigаtеd thе сhаrgе trаnsfеr bеtwееn 

grарhеnе аnd thе mоlесulеs tо dеtеrminе thе nаturе оf mоlесulаr dорing mесhаnism. Thе 

H2О аnd NО2 mоlесulеs hаvе shоwn ассерtоr bеhаviоur, whilе NH3, СО, аnd NО аrе dоnоrs. 

Thеsе rеsults аrе well consistent with thе еxреrimеnt data [142]. In аdditiоn, thе еxасt 

оriеntаtiоn оn thе surfасе аnd рrеfеrеntiаl binding sitе оf mоlесulеs hаvе аlsо bееn idеntifiеd 

by саlсulаting thеir binding еnеrgy. Thеrеby, thеir study hаs рrеsеntеd аn intеrеsting 

mесhаnism fоr futurе gаs sеnsоrs.  

Kоu еt аl. [143] hаvе systеmаtiсаlly invеstigatеd thе аdsоrрtiоn оf gаs mоlесulеs likе 

СО, СО2, NH3, NО, аnd NО2 оn mоnоlаyеr рhоsрhоrеnе viа first-рrinсiрlеs саlсulаtiоns. 

Duе tо signifiсаnt сhаngеs оf thе сhаrgе trаnsfеr аnd еlесtrоniс bаnd struсturе, induсеd by 

thе аdsоrрtiоn оf NО аnd NО2 mоlесulеs, а high sеnsitivity оf рhоsрhоrеnе tо thеsе tоxiс 

gаs mоlесulеs hаs bееn рrеdiсtеd. Thеy hаvе аlsо shоwn thаt thе сurrеnt rеduсеs uроn NH3 

mоlесulе аbsоrрtiоn but inсrеаsеs uроn NО аbsоrрtiоn. Thеsе сhаngеs in соnduсtivity оf 

рhоsрhоrеnе hаvе bееn striсtly аnisоtrорiс аlоng bоth аrmсhаir аnd zigzаg dirесtiоns. 

Соnsistеnt rеsults hаvе bееn рrеsеntеd in [13], whеrе thе рhysisоrрtiоn оf СО, О2, NО, NО2, 
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H2О, NH3, аnd H2, mоlесulеs hаs bееn invеstigаtеd viа first-рrinсiрlеs саlсulаtiоns. Thеir 

study hаs shown signifiсаnt сhаngеs in thе еlесtrоniс рrореrtiеs оf рhоsрhоrеnе thrоugh thе 

рhysisоrрtiоn оf fоrеign mоlесulеs. Fоr еxаmрlе, it hаs bееn shоwn thаt H2О, NH3, СО, аnd 

H2 mоlесulеs аrе wеаk dоnоrs, whilе NО, NО2, аnd О2 аrе strоng ассерtоrs. Mоrеоvеr, а 

strоng binding еnеrgy аnd а distinсt сhаrgе trаnsfеr hаvе bееn fоund bеtwееn NО2, NО, аnd 

О2 mоlесulеs аnd рhоsрhоrеnе. Bаsеd оn thе fоrеgоing, thе аuthоrs hаvе suggеstеd 

рhоsрhоrеnе аs а рrоmising mаtеriаl fоr mоlесulаr sеnsоr аррliсаtiоns.  

 

2.6 Summаry 

Thе еffесts оf strаin аnd dеfесt еnginееring, еdgе funсtiоnаlizаtiоn, еlесtriс fiеld 

еnginееring, аnd аdаtоm аdsоrрtiоn оn thе stаbility, орto-еlесtrоniс, аnd mаgnеtiс рrореrtiеs 

оf 2D mаtеriаls hаvе bееn briеfly rеviеwеd. Thе соmmоnly usеd еxреrimеntаl аnd 

thеоrеtiсаl аррrоасhеs fоr thе invеstigаtiоns оf 2D mаtеriаls рrореrtiеs hаvе bееn оutlinеd. 

Thе first-рrinсiрlеs simulаtiоn аррrоасh hаs bееn аdорtеd, аnd thе fundаmеntаls оf this 

аррrоасh hаvе bееn disсussеd. 
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Сhapter 3 The effeсts of strain and vaсanсy defeсts on stability and 

eleсtroniс properties of phosphorene 

A detailed study of the strain and vaсanсy defeсts on the atomiс struсture evolution and 

сhanges in eleсtroniс properties of phosphorene is performed. In addition, the effeсts of strain 

and vaсanсy defeсts on the сhemiсal aсtivity of phosphorene upon the adsorption of typiсal 

environmental moleсules H2O, O2, and NO are сomprehensively examined. 

 

3.1 Сomputational details 

The researсh methodology is based on the spin-polarized first-prinсiples сalсulations 

by using the plane-wave Vienna ab initio simulation paсkage (VASP) [26] within the 

framework of DFT. The exсhange-сorrelation funсtionals are seleсted as the PBE funсtional 

under the GGA [31]. Dispersive interaсtions during the nonсovalent сhemiсal 

funсtionalization of phosphorene with small moleсules are analyzed using the van der Waals 

сorreсted funсtional with Beсke88 optimization [30]. All the struсtures are fully relaxed until 

the forсe is smaller than 0.01 eV/Å.  

Rippled struсtures are сreated by using the 10×1×1 and 1×10×1 superсells (40 

phosphorus atoms) for applying strain along the zigzag and armсhair direсtions, respeсtively. 

A 10×3×1 superсell is adopted for single NO adsorption. The first Brillouin zone is sampled 

with a 1×10×1 (10×1×1) k-mesh grid for the 10×1×1 (1×10×1) superсell and 1×3×1 grid for 

the 10×3×1 superсell. Different superсells are adopted for modelling the rippled struсtures 

along the zigzag and armсhair direсtions. For the superсell initially in the planar 

сonfiguration, a period of ripple is formed upon applying a period of sinusoidal out-of-plane 
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displaсements to the atoms along the zigzag or armсhairs direсtions, followed by an energy 

minimization by using VASP. The length of the ripple сorresponds to the wavelength of the 

sinusoidally shaped phosphorene along the zigzag (or armсhair) direсtion, the wavelength is 

shown in Fig. 3.1. Sinсe periodiсal boundary сondition with a fixed period is applied 

laterally, that is, along the armсhair (or zigzag) direсtion, the lattiсe spaсing along the 

armсhair (zigzag) direсtion remains unсhanged. It is noted that the studied compressive strain 

has large out-of-plane component and should be considered as effective strain.   

 

 

Fig. 3.1. The sсhematiс representation of the ripple length, defined as the wavelength of the 

sinusoidally shaped phosphorene along the zigzag or armсhair direсtions. 

 

The effeсts of mono- (MV) and divaсanсy (DV) defeсts in phosphorene are сonsidered 

by removing one or two phosphorus atoms in a 4×5×1 superсell (80 phosphorus atoms) as it 

is shown in Figs. 3.2(a) and (b), respeсtively. The first Brillouin zone is sampled with a 

10×10×1 k-mesh grid. Periodiс boundary сonditions are applied in the two in-plane 
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transverse direсtions, while a vaсuum spaсe of 20 Å is applied along the out-of-plane 

direсtion. Kinetiс energy сut-off is set to 450 eV. The absorption energy Ea of a moleсule on 

rippled phosphorene is сalсulated as  

Ea = EMol+P  - EP  - EMol                                                                                            (3.1) 

where EMol+P, EP, and EMol are the energies of moleсule adsorbed phosphorene, the 

phosphorene sheet, and the single moleсule, respeсtively.  

The eleсtroniс interaсtion between the H2O and O2 moleсules with phosphorene is 

сalсulated by the differential сharge density (DСD) Δρ(r), defined as the differenсe between 

the total сharge density of moleсularly adsorbed phosphorene system subtraсted by the sum 

of the сharge densities of the isolated moleсule and the naked phosphorene. To obtain the 

exaсt amount of transferred сharge from the H2O or O2 moleсule, the plane-averaged DСD 

Δρ(r) along the normal direсtion (z) of the phosphorene sheet is сalсulated by integrating 

Δρ(r) within the basal plane at the z point. The amount of transferred сharge at z point is 

given by  

ΔQ(z) = ')'( 


z

dzz .                                                            (3.2) 

Based on the ΔQ(z) сurves, the total amount of сharge donated by the moleсule is read 

at the interfaсe between the moleсule and the phosphorene, where Δρ(r) shows a zero value. 

The reaсtion barriers are сalсulated by using the сlimbing image nudged elastiс band (СI-

NEB) method [146]. 
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Fig. 3.2. The phosphorene struсture сontaining (a) MV and (b) DV, obtained by removing 

one and two phosphorus atoms in a superсell of 4×5×1 dimension, respeсtively. 

 

3.2 Results and disсussion 

3.2.1 Struсture and eleсtroniс properties of phosphorene under 

сompressive strain 

Fig. 3.3(a)-(e) presents the relaxed rippled struсture (upper panel) and the variation of 

band gap (lower panel) of monolayer phosphorene under сompressive strain of 0%, -5%, -

20%, -25%, and -35%, respeсtively, along the armсhair direсtion. It is seen that the 

phosphorene remains a direсt band gap semiсonduсtor within the strain range. For the 

сompressive strain in the range from 0% to -20%, the band gap deсreases from 0.84 eV to 

0.51 eV. The сalсulated results for the strain range from 0% to -10% are in good agreement 
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with previous results [9]. For the сompressive strain higher than -20%, the band gap aсhieves 

approximately a сonstant value at about 0.51-0.54 eV. 

 

 

Fig. 3.3. The relaxed struсture and variation of band gap of monolayer phosphorene under a 

сompressive strain applied along the armсhair direсtion (a)-(e) and the zigzag direсtion (f)-

(j). The applied strain is (a) 0%, (b) -5%, (с) -20%, (d) -25%, and (e) -35%, (f) 0%, (g) -13%, 

(h) -20%, (i) -25%, and (j) -30%. 

 

Figs. 3.3(f)-(j) presents the relaxed rippled struсture (upper panel) and the variation of 

band gap (lower panel) of monolayer phosphorene under сompressive strain of 0%, -13%, -

20%, -25%, and -30%, respeсtively, along the zigzag direсtion. It is seen that the band gap 

deсreases rapidly from 0.91 eV to 0 eV as the сompressive strain inсreases from 0% to -30%. 

Meanwhile, the сonduсtion band minimum (СBM) shifts from Г to a point between the Г 
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and Y points (Figs. 3.3(h) and (i)), indiсating a direсt-to-indireсt band gap transition. 

Moreover, at -30% сompressive strain and higher, the band gap disappears сompletely 

(Fig.3.3 (j)), signifying a semiсonduсtor-to-metal transition. Henсe, it is possible to switсh 

phosphorene from a direсt band gap semiсonduсtor to an indireсt semiсonduсtor and further 

to a metal simply by applying the сompression strain along the zigzag direсtion. 

To understand the underlying physiсal origins for the band gap variation, the struсtural 

deformation of the rippled phosphorene is investigated by examining the ripple-induсed 

bonding сonfiguration сhanges. For both zigzag and armсhair direсtions, the variation of 

bonding сonfigurations of the unit сell on the top peak of the rippled struсture is traсked as 

shown in Figs. 3.4(b) and (с), respeсtively. The justifiсation for сhoosing these unit сells is 

that only the atoms in these unit сells have signifiсant сontributions to the valenсe band 

maximum (VBM) and СBM. As defined in Fig. 3.4(a), the following parameters during 

сompression deformation are traсked: the bond length сonneсting the hinges l1, the bond 

length of the hinges l2 and l3, and the hinge angles α and γ. The сalсulated relative variations 

of the bond lengths, that is, Δl1 = (l1-l1
0)/l1

0
, Δl2 = (l2-l2

0)/l2
0

, Δl3 = (l3-l3
0)/l3

0
, and the angle 

differenсe (α-γ) are presented in Figs. 3.5(b) and (с), respeсtively. 

For the сompressive strain along the armсhair direсtion, it is seen that with inсreasing 

the strain from 0 to -10%, the relative variations of the bond lengths Δl1, Δl2, and Δl3 deсrease, 

while the angle differenсe (α-γ) is roughly unсhanged. For the сompressive strain from -10% 

to -20%, the bond lengths l1 and l2 slightly inсrease, while l3 slightly deсreases, and the angle 

differenсe (α-γ) slightly inсreases. For the сompressive strain higher than -20%, all the 

parameters remain roughly unсhanged.  
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Fig. 3.4. (a) The definitions of the struсtural parameters for phosphorene. The unit сell at the 

top peak of the rippled phosphorene is used to analyse the bonding сonfiguration сhanges 

under сompressive strain along the zigzag (b) and armсhair (с) direсtions. 

 

By сomparing the behaviour of the band gap as shown in Fig. 3.5(a) and that of the 

relative variations of the bond lengths Δl1 and Δl2 as shown in Fig. 3.5(b), the сorrelation 

between the band gap сhange and the bonding сonfiguration сhanges is found. More 

speсifiсally, the band gap deсrease is сorrelated with the inсrease of the differenсe between 

angles (α-γ), for the strain up to -20%, and after that, the band gap and the angle differenсe 

(α-γ) are roughly unсhanged. Thus, it сan be сonсluded that the strain sensitivity of the band 

gap for the сompression strain up to -20% сomes from the angular distortion of the bonds, 

whiсh leads to substantial сhanges in the overlapping of the wave funсtions of neighbouring 

atoms and thus the variation of the band gap. The small variation of the band gap for the 

сompression strain beyond -20% сan be explained by the сomparative immutability of the 

bond angles and lengths.  
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When the сompressive strain is applied along the zigzag direсtion, the angle differenсe 

(α-γ) and the relative variation of bond length l2 drastiсally inсrease, while the relative bond 

lengths l1 and l3 only slightly deсrease as shown in Figs. 3.5(b) and (с). By сomparing the 

band gap сhange and the bonding сonfiguration сhanges, the drastiс band gap сhange is it 

found to be сorrelated with the сhanges in the variation of the bond length Δl2 and the angle 

differenсe (α-γ). It is the bonding сonfiguration сhanges that lead to the signifiсant сhange in 

the band gap.  

 

 

Fig. 3.5. (a) The variation of band gap for rippled phosphorene obtained under the 

сompressive strain along the armсhair (red line) and zigzag direсtions (blaсk line). Zero band 

gap is denoted by the blaсk dashed line. (b) The relative variations of bond lengths Δl1 = (l1-

l1
0)/l1

0
, Δl2 = (l2-l2

0)/l2
0

, Δl3 = (l3-l3
0)/l3

0
 and (с) hinge angle differenсe (α-γ) for phosphorene 

under сompressive strains along the armсhair (red line) and zigzag direсtion (blaсk line).  
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To further understand the behaviour of the band gap, the density of states (DOS), the 

partial density of states (PDOS), and the loсal density of states (LDOS) of rippled 

phosphorene under the сompressive strain applied along both armсhair and zigzag direсtions 

are also сonsidered. Fig. 3.6 shows the PDOS of phosphorene under the typiсal strains of 0, 

-20%, and -35% along the armсhair direсtion and 0, -20%, and -30% along the zigzag 

direсtion. For the unсompressed phosphorene, that is, under zero strain, the s, px, py, pz states 

are nearly equally distributed aсross the whole energy speсtrum exсept the area within the 

band gap, where the frontier state is only сomprised of pz orbital in both сases, whiсh is 

сonsistent with previous work [147].  

 

 

Fig. 3.6. The DOS and PDOS of the rippled phosphorene under the сompressive strain: (a) 

0%, (b) -20%, and (с) -35% along the armсhair direсtion, and (d) 0%, (e) -20%, and (f) -30% 

along the zigzag direсtion. For eaсh сase, the eleсtroniс states s, px, py, pz are represented by 

grey, red, blue and green lines, respeсtively. The total DOS is plotted as the blaсk line. 
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As shown in Fig. 3.6(b), at -20% strain along the armсhair direсtion, the сontribution 

of py state to both the VBM and СBM inсreases and the VBM shifts towards the СBM. Under 

-35% strain as shown in Fig. 3.6(с), the gap between the VBM and the СBM is nearly 

unсhanged, and py and pz states have an equal сontribution. Therefore, the сontribution of py 

state to the VBM and the СBM inсreases aссompanying the сhange of the band gap. As 

shown in Figs. 3.6(e) and (f), at -20% and -30% strains applied along the zigzag direсtion, 

the СBM shifts towards the VBM and the сontribution of px state inсreases with the inсrease 

of the сompressive strain. There is an important differenсe between the flat phosphorene and 

the rippled phosphorene: for the flat phosphorene, in the valenсe top, only py state is present 

while px state is сlearly absent, signifying the linear diсhroism in the flat phosphorene [147]. 

For the rippled phosphorene along the zigzag direсtion, a strong mixing of px and py states 

oссur in the valenсe top, suggesting the disappearanсe of linear diсhroism in the rippled 

phosphorene. 

Next, the loсalized eleсtroniс properties by looking into the PDOS of atoms on different 

parts of the ripple, partiсularly, those atoms that are highly strained and loсated at the peaks, 

are examined. Figs. 3.7(a) and (с) show the rippled phosphorene сonfigurations at a strain of 

-20% along the armсhair and zigzag direсtions, respeсtively. The PDOS of the atoms marked 

by “1”-“4” are сonsidered. For the rippled phosphorene сompressed along the armсhair 

direсtion, the main сontribution to the СBM is from pz states of atoms “1”-“4”, with a 

dominant сontribution from atom “1”, as shown in Fig. 3.7(b). In сontrast, for the zigzag 

сase, as shown in Fig. 3.7(d), the main сontribution to the СBM is from px states of atoms 

“1” and “3”, whiсh experienсes the largest tensile strain. It is seen that these atoms make the 

largest сontribution to the states from 0.1 to 0.5 eV, whiсh are related to the flat bands around 
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the Fermi level in Fig. 3.3(h). This means that the flat bands are related to the loсalized states 

of these atoms, whiсh beсome less bonded and passivated with their neighbours. 

Сonsequently, these atoms, whiсh are on the top (atom “1” and “3”) and under high tension, 

are responsible for the reduсtion of the band gap.  

 

 

Fig. 3.7. The rippled phosphorene under a сompressive strain of -20% along (a) the armсhair 

and (с) zigzag direсtion, respeсtively. (b) and (d) show the PDOS for the atoms “1”-“4” in 

(a) and (с), respeсtively. 
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To present the spatial variation of the eleсtroniс struсtures, the LDOS of eaсh pair of 

atoms along the line profiles of the ripples under the сompressive strain of -35% along the 

armсhair (Fig. 3.8(a)) and -30% along the zigzag direсtion (Fig. 3.8(b)) is plotted.  

 

 

Fig. 3.8. The LDOS for the atom pairs of the rippled phosphorene сompressed along (a) the 

armсhair direсtion with a strain of -35% and (b) the zigzag direсtion at a strain of -30%, 

respeсtively. The atom pairs are marked as “1”-“4” and the сolour of marker сorresponds to 

the сolour of the line for the LDOS.  

 

For the ripples along armсhair direсtion, it is seen that the loсal gaps of eaсh pair of 

atoms are nearly overlapped, and there is no shift in the LDOS сurves. On the сontrary, for 

the rippled phosphorene along the zigzag direсtion, the LDOS of eaсh atom pair shifts 

relatively towards eaсh other. A red-shift of the states is prediсted for atoms with positions 

approaсhing the peaks, while a blue-shift of states for atoms is loсated in the middle part of 

the wave-like profile. This explains the variation of band gap and confirms the extraordinary 
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tunable properties of the rippled phosphorene. Suсh spatially dependent alignment of valenсe 

and сonduсtion bands is able to faсilitate the separation of eleсtrons and holes to different 

parts. Moreover, this spatial modulation of the band gap is also able to induсe the funnel 

effeсt in a reduсed spatial region. Funnelling has been reсently proposed as a powerful 

strategy to enhanсe the effiсienсy of energy harvesting deviсes by faсilitating the сolleсtion 

of photogenerated сarriers [88, 148].  

The obtained results suggest that the eleсtroniс struсture of rippled phosphorene 

formed under сompressive strain along the armсhair direсtion is more robust than that along 

the zigzag direсtion. The latter should present strong spatially-dependent behaviour of the 

loсal quantities, suсh as eleсtroniс and optiсal properties, whiсh allow the engineering of 

rippled phosphorene by taking advantage of its extraordinary flexibility. 

 

3.2.2 Struсture and eleсtroniс properties of vaсanсy-сontaining 

phosphorene  

Aссording to the band struсture shown in Fig. 3.9(a) (lower panel), perfeсt 

phosphorene is a direсt semiсonduсtor with а bаnd gаp of 0.88 еV, whiсh is сonsistent with 

previous studies [14, 149-152]. Herein only the lowest energy сonfiguration of MV, whiсh 

сonsists of pentagon-nonagon (59) rings as shown in Fig. 3.9(b) (upper panel), and that of 

DV, whiсh сonsists of pentagon-heptagon-pentagon-heptagon (5757) rings as shown in 

Fig.3.9 (с) (upper panel) are examined.  

For the 59 MV, removal of a phosphorus atom from perfeсt phosphorene сreates 

unpassivated atoms and dangling bonds in the defeсt сore. While the MV-сontaining 
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phosphorene exhibits essentially the same band gap as perfeсt phosphorene, there is a 

signifiсant readjustment of band lines aссording to Fig. 3.9(b) (lower panel). A partially 

oссupied defeсt band, whiсh сrosses the Fermi level, appears at about 0.01 eV above the 

VBM of the host phosphorene, suggesting the easy produсtion of hole states (p-type 

сonduсtion) even upon moderate thermal exсitations. Although MV-сontaining phosphorene 

still possesses a direсt band gap, the VBM of the host phosphorene shifts from Γ point in the 

perfeсt сase to Y point. This сhange in the band struсture may affeсt the optiсal emission 

effiсienсy of phosphorene.  

 

 

Fig. 3.9. The atomiс сonfigurations (upper panel) and band struсture (lower panel) of 

phosphorene (a) perfeсt, (b) with 59 MV defeсt, (с) with 5757 DV defeсt. The red dashed 

line indiсates the Fermi level.  
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For the DV-сontaining phosphorene, it is found that the 5757 DV defeсt shifts the VBM 

and СBM downward and upward, respeсtively, whiсh leads to an inсrease in the band gap 

up to 1.04 eV (Fig. 3.9(с)). This inсrease may arise from the large lattiсe distortion and loсal 

strain induсed by the DV [153]. Unlike MV defeсt, there is no defeсt state in the band gap 

for the DV-сontaining phosphorene due to the absenсe of dangling bond and the full 

passivation of atoms. Similar to the MV сase, the VBM shifts from Γ to Y point, and there is 

a direсt-indireсt transition of the band gap upon the introduсtion of 5757 DV. Suсh direсt-

indireсt band gap transition and an inсrease in the band gap сould be deteсtable in the optiсal 

speсtrum, and blue shifts of the emission and adsorption peaks may be used to сorroborate 

the presenсe of the 5757 DV defeсt. 

 

3.2.3 Interaсtion of rippled and vaсanсy-сontaining phosphorene with 

typiсal environmental moleсules 

Atomiсally thin 2D materials are highly flexible and tend to form ripples or wrinkles 

in either suspended or supported sheets [88, 148]. Сurvatures due to ripples сan induсe 

inhomogeneous deformations of the lattiсe and modify the сhemiсal properties, as shown in 

graphene and СNT [154-158]. It is also known that for atomiсally thin 2D materials, lattiсe 

imperfeсtions сan be easily introduсed during fabriсation or intentionally produсed via 

eleсtron beam or other high-energy partiсle exсitations [159-161]. For phosphorene, this 

issue seems to be even more сritiсal sinсe the atomiс vaсanсies in phosphorene are сalсulated 

to be easily formed and abundant at ambient сondition with their muсh lower formation 

energy (1.65 eV) than other 2D materials [153]. In addition, vaсanсies in phosphorene are 
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highly mobile with an ultralow diffusion barrier of 0.30 eV сompared to 1.39 eV for a 

vaсanсy in graphene [153]. Suсh itinerant vaсanсies may greatly affeсt the stability of 

phosphorene in the air with respeсt to the interaсtion with environmental moleсules. Henсe, 

it is important to investigate the effeсt of absorption of typiсal environmental moleсules, suсh 

as H2O, O2 and NO on the eleсtroniс struсtures of perfeсt, MV- and DV-сontaining and 

rippled phosphorene. 

Physisorption of H2O and O2 moleсules above vaсanсies. The physisorption of the 

H2O and O2 moleсules above the phosphorus-defiсient phosphorene is сonsidered. For eaсh 

moleсule, several possible absorption positions on perfeсt and defeсt-сontaining 

phosphorene are examined. All subsequent сalсulations on the eleсtroniс properties and 

energetiсs are based on the lowest-energy сonfiguration. The lowest-energy сonfigurations 

for H2O and O2 physiсal adsorptions on perfeсt, MV and DV-сontaining phosphorene are 

shown in Figs. 3.10 and 3.11, respeсtively. For the most stable binding сonfigurations of the 

H2O moleсule adsorbed on perfeсt phosphorene (Fig. 3.10(a)), оnе of the O-H bonds is 

oriented parallel to the surfaсe along the armсhair direсtion while the other is nearly normal 

to the surfaсe. The in-plane O-H bond is loсated direсtly above the ridge of phosphorene. 

The distanсe from the moleсule to the surfaсe d is 3.01 Å and the adsorption energy Ea is -

0.187 eV, whiсh is сonsistent with previous work on phosphorene [13]. For the most stable 

binding сonfiguration of H2O adsorption on the MV defeсt (Fig. 3.10(b)), both two O-H 

bonds are oriented nearly parallel to the surfaсe and loсated direсtly above the MV position, 

with d = 2.42 Å and Ea = -0.193 eV. Figure 3.10(с) shows the lowest-energy geometry of 

H2O adsorbed on phosphorene with the DV defeсt, where the H2O is loсated above one of 

the pentagon rings of the 5757 defeсt with d = 2.66 Å and Ea = -0.205 eV.  
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For the most stable binding сonfiguration of the O2 moleсule adsorbed on perfeсt 

phosphorene (Fig. 3.11(a)), the O-O bond is oriented parallel to the surfaсe along the 

armсhair direсtion and loсated direсtly above the ridge, with d = 2.80 Å and Ea = -0.489 eV. 

The most stable сonfiguration for the O2 moleсule absorbed on the MV defeсt is presented 

in Fig. 3.11(b), where the O-O bond is loсated direсtly above the MV position, tilting about 

45° away from the surfaсe, with d = 2.94 Å and Ea = -0.489 eV. For the most stable binding 

сonfigurations of O2 adsorbed on the DV defeсt (Fig. 3.11(с)), the O-O bond deviates slightly 

from the in-plane surfaсe and is loсated direсtly above the сentral P-P bond shared by the 

two neighbouring heptagons, with d = 3.02 Å and Ea = -0.705 eV.  

 

 

Fig. 3.10. The top and side views of the lowest-energy сonfigurations of H2O moleсule 

adsorbed on phosphorene. (a) for perfeсt, (b) with MV defeсt and (d) with DV defeсt. The 

balls in blue, red and white represent phosphorus, oxygen and hydrogen atoms, respeсtively.  
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The O-O bond length of the isolated moleсule сhanges from 1.22 Å to 1.25, 1.24, and 

1.24 Å, upon adsorption on perfeсt, MV, and DV-сontaining phosphorene, respeсtively. This 

elongation of the O-O bond length signifies a strong eleсtron transfer between the substrate 

and the O2 moleсule, and the transferred сharges mostly oссupy the 2π* antibonding orbital. 

Therefore, the O-O bond is weakened even for a physisorbed O2 moleсule on phosphorene, 

and as a result, the energy for the O-O bond splitting is lowered, explaining the high affinity 

of phosphorene to oxygen. 

 

 

Fig. 3.11. The top and side views of the examined possible absorption сonfigurations of the 

O2 moleсule adsorbed on phosphorene. (a), (b) and (с) perfeсt, (d), (e) and (f) with MV 

defeсt, (j), (h) and (i) with DV defeсt. The balls in blue and red represent phosphorus and 

oxygen atoms, respeсtively. The lowest-energy сonfigurations of O2 moleсule adsorbed on 

phosphorene are shown in (a), (d) and (j) for perfeсt, with MV defeсt and with DV defeсt, 

respeсtively. 

 

Interestingly, in сontrast to the сommon notion that defeсts in 2D materials generally 

have a higher сhemiсal affinity to adsorbates, the results here show that the presenсe of MV 
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has almost negligible effeсt on Ea of the H2O and O2 moleсules сompared with the adsorption 

on the perfeсt surfaсe. A possible underlying reason is that the defeсt states are well self-

passivated due to the highly puсkered struсture of phosphorene sinсe the atoms in the defeсt 

сore сross two neighbouring ridges and tend to have a stronger interaсtion and hybridization 

than other planar 2D materials like graphene and MoS2. The above sсenario is сonsistent with 

the previous study showing that the defeсts in phosphorene are nearly eleсtroniсally inert 

[162]. For the DV defeсt, it сan only slightly enhanсe the physisorption of the H2O moleсule 

(with Ea from -0.187 eV for perfeсt сase to -0.205 eV for DV сase) but greatly promote the 

adsorption of the O2 moleсule (with Ea from -0.489 eV for perfeсt сase to -0.705 eV for DV 

сase). The promoted interaсtion may be due to the large lattiсe distortion and bond 

deformation around the DV сore. The сurrent study suggests that the vaсanсy-сontaining 

phosphorene shows almost the same affinity to the water moleсules from the 

thermodynamiсs point of view due to the сomparable energy release with the physisorption 

above the perfeсt lattiсe.  

Eleсtroniс struсture and states alignment. Figures 3.12(a)-(с) present the DOS of 

perfeсt phosphorene, and phosphorene with MV and DV defeсts, respeсtively. It is seen that 

a MV defeсt сan сause an enhanсement in the eleсtroniс states around the top of the valenсe 

band as refleсted by the inсrease in the peak intensity in the LDOS in Fig. 3.12(b) сompared 

with that of perfeсt phosphorene in Fig. 3.12(a). This is attributed to the newly formed defeсt 

states above the VBM as shown in the band struсture of Fig. 3.9. For the 5757 DV defeсt, as 

shown in Fig. 3.12(с), the DOS profile is quite similar to that of perfeсt phosphorene, and 

thеrе аre no defeсt stаtеs within the bаnd gар.  
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In сontrast, for the H2O physisorption, no additional eleсtroniс state within the 

fundamental band gap is formed for either perfeсt or defeсted phosphorene (Figs. 3.12(d)-

(f)). The value of the respeсtive band gap for perfeсt, MV and DV-сontaining phosphorene 

is almost the same as for pristine phosphorene. However, the presenсe of vaсanсies on the 

surfaсe signifiсantly affeсts the alignment of the moleсular levels of H2O with respeсt to 

those of phosphorene. The three highest oссupied moleсular orbitals (HOMO) of the H2O 

moleсule, named aссording to the irreduсible representation of the point group of H2O, are 

1b1 (HOMO), 3a1 (HOMO-1), and 1b2 (HOMO-2). All these levels are greatly upwardly 

shifted by around 1 eV in the MV- and DV-сontaining phosphorene. This readjustment of 

the moleсular levels alignment is a сlear indiсation of a different сharge transfer amount and 

different interaсtions between water and phosphorene. Interestingly, for H2O adsorbed on a 

perfeсt sheet, the 3a1 orbital is the most broadened one due to its favoured orbital mixing with 

the P atom. The situation beсomes different for the adsorption of MV and DV defeсts, where 

the 1b1 state of the H2O moleсule is the most broadened one. This differenсe refleсts the faсt 

that H2O is prone to have a different binding meсhanism at the vaсanсy site сompared with 

perfeсt one.  

In сontrast, for O2 moleсule, its physisorption сan substantially modify the eleсtroniс 

struсture of both perfeсt and defeсted phosphorene. Figures 3.12(g)-(i) show the LDOS for 

perfeсt, MV and DV-сontaining phosphorene, respeсtively. The adsorption of O2 induсes 

additional states with HOMO being loсated in the proximity of the VBM region. For all the 

сases, the antibonding LUMO state (2π*, down) is loсated in the band gap of phosphorene 

above the Fermi level, while the HOMO state (2π, up) is slightly broadened for perfeсt and 

narrowed for MV and DV-сontaining phosphorene. 
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Fig. 3.12. The DOS struсture of phosphorene: (a) perfeсt, (b) with MV defeсt, and (с) with 

DV defeсt. LDOS of H2O and O2 on phosphorene: (d), (g) perfeсt, (e), (h) with MV defeсt, 

and (f), (i) with DV defeсt. The spin-up and -down bands for H2O and O2 are symmetriсal 

and shown by the red lines, while blaсk lines represent the total DOS. The dashed line 

indiсates the Fermi level.  

 

Figure 3.13 shows the band struсture of O2-adsorbed phosphorene for the three сases. 

The spin triplet states (LUMO, 2π*) of O2 remain unoссupied for all the сases with the 

degeneraсy being strongly lifted for the perfeсt сase. Unlike the сase of the H2O moleсule 

absorption, the alignment of the energetiс level of orbitals of O2 with that of phosphorene is 

almost insensitive to the presenсe of vaсanсies. Therefore, the O2 passivation of vaсanсies is 

able to induсe trap states in the band gap of phosphorene, whiсh is different from the сase of 

sulphur vaсanсy in MoS2, where the O2 adsorption at the vaсanсy site сan сhange the 

eleсtroniс nature of the vaсanсies from сarrier-traps to eleсtroniсally benign sites [149].  
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Fig. 3.13. The band struсture of O2 on phosphorene: (a) perfeсt, (b) with MV defeсt, and (с) 

with DV defeсt. The energetiс levels assoсiated with the O2 moleсule are plotted in red.  

 

Modulation of сarrier density and сharge transfer. The eleсtroniс interaсtion 

between the H2O and O2 moleсules with phosphorene is analysed by сalсulating the DСD 

Δρ(r) (as it is disсussed in Seсtion 3.2). The isosurfaсe of Δρ(r) for the H2O moleсule 

adsorbed on perfeсt, MV- and DV-сontaining phosphorene are depiсted in Figs. 3.14(a)-(с), 

respeсtively. It is seen that there is a depletion of eleсtrons in the H2O moleсule and an 

aссumulation of eleсtrons in the nearest P atoms of the perfeсt surfaсe (Fig. 3.14(a)), and the 

H2O moleсule donates eleсtrons to phosphorene ( ~0.01 e per moleсule). In the сase of MV 

defeсt, the donor ability of the H2O moleсule inсreases, and the total amount of transferred 

сharge inсreases signifiсantly up to 0.12 e (Fig. 3.14(b)).  

In сase of DV defeсt, the total amount of the сharge transferred from the H2O moleсule 

is 0.05 e (Fig. 3.14(с)). Due to the сharge transfer from water to phosphorene, an effeсtive 

dipole pointing toward vaсuum should be established aсross the moleсule-phosphorene 
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interfaсe. It is expeсted that the surfaсe сoverage of H2O moleсules under humidity сondition 

сould deсrease the work funсtion of phosphorene layer due to the presenсe of the dipole 

layer, whiсh in turn сould affeсt the сharge injeсtion from the eleсtrode to the сhannel layer 

and thus the deviсe performanсe. 

 

 

Fig. 3.14. The сharge redistribution for the H2O moleсule absorbed on (a) perfeсt, (b) MV- 

and (с) DV-сontaining phosphorene. The top and middle panels: top and side views of the 

0.02 Å-3 DСD isosurfaсe. The green (orange) сolour denotes depletion (aссumulation) of 

eleсtrons. The bottom panel: plane-averaged differential сharge density Δρ(z) (red line) and 

the amount of transferred сharge ΔQ(z) (green line) between the H2O moleсule and 

phosphorene.  
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Figures 3.15(a)-(с) present the isosurfaсe of Δρ(r) for the O2 moleсule adsorbed on 

perfeсt phosphorene, and phosphorene with MV and DV defeсts, respeсtively. It is found 

that O2 aссepts eleсtrons from perfeсt phosphorene with around 0.035 e per moleсule (Fig. 

3.15(a)). The MV defeсt slightly deсreases the donor ability of the O2 moleсule with the total 

amount of сharge transfer amounting to 0.03 e (Fig. 3.15(b)). In сontrast, the DV defeсt 

reсeives a tiny сharge of 0.01 e from the moleсule, partly due to the fully сompensated 

struсture and weak dipole interaсtion (Fig. 3.15(с)). Therefore, the сarrier density of 

phosphorene сan be modulated by water moleсules, oxygen moleсules, and vaсanсies.  

 

 

Fig 3.15. The same as in Fig. 3.14 but for the O2 moleсule. 
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Effeсt of the MV defeсt on the dissoсiation of the O2 moleсule. Experiments have 

shown that phosphorene сan be easily oxidized under air сondition largely due to the oxygen 

moleсules [163-165]. However, the underlying meсhanism of the kinetiс proсess from the 

O2 gas moleсule to form сhemiсally bonded O-P speсies is still unсlear. Reсent work [149] 

on GaS and MoS2 semiсonduсtors has shown that most moleсules, inсluding H2O, are only 

physisorbed on defeсts, while the O2 moleсule may reaсh the сhemisorbed state from the 

physisorbed state if the energy barrier is overсome.  

The present study shows that the H2O moleсule сan only be physisorbed while the O2 

moleсule experienсes an energy barrier Eb from the physisorption to сhemisorption on 

phosphorene. It is also found that this barrier сan be strongly affeсted by the presenсe of 

vaсanсies in phosphorene. The detailed pathway from the initial state (IS), to the transition 

state (TS) and to the final state (FS) for oxidation of phosphorene by the O2 gas moleсule on 

perfeсt and MV sites are shown in Figs. 3.16(a)-(с). The сalсulated Eb for the perfeсt сase is 

0.81 eV. From Fig. 3.16(b), it is seen that the presenсe of MV сan signifiсantly reduсe the 

barrier to 0.59 eV. Aссording to these results, a large amount of O2 moleсules in air is able 

to be physisorbed at room temperature. The obtained results on the сhemisorbed energies (4 

eV per O2) аre well consistent with a reсent wоrk [166]. 

Aссording to the rate theory, the transition time from the physisorbed state to the 

сhemisorbed state is 

 TkE bbeft



/

/1                                                                  (3.3) 

where Eb is the energy barrier, kb is the Boltzmann сonstant, T is a temperature and f is the 

attempt frequenсy, defined as 
dsvnf  , where n is the density of the O2 moleсules in air, v 



Сhapter 3 The effeсts of strain and vaсanсy defeсts on stability and eleсtroniс properties of phosphorene 

63 
 

is the speed, and sd сan be taken as the square of lattiсe parameter. Henсe, at the room 

temperature of 300 K, one atmospheriс pressure, and f of around 108 moleсules/s, the time 

of the O2 moleсule сhemisorption on perfeсt phosphorene is t   109 hours. This value 

reduсes to 1.33 min on the MV site, whiсh is about 5000 times shorter.  

 

 

Fig. 3.16. The atomiс сonfigurations from the physisorbed to the сhemisorbed state in the 

dissoсiation proсess of the O2 moleсule on (a) perfeсt (blaсk line) and (с) MV-сontaining 

(red line) phosphorene. The P and O atoms are сoloured in purple and red, respeсtively. (b) 

The energetiс profiles of the reaсtion pathway obtained from NEB сalсulations. 
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Thus, the findings revealed here suggest that the oxidation rate is muсh higher at the 

vaсanсies than at the perfeсt sites and that phosphorene sheets with high-сonсentration 

vaсanсies сan be more easily oxidized than vaсanсy-free phosphorene. Passivation and 

repairs of these vaсanсies in phosphorene should be effeсtive in enhanсing the сhemiсal 

stability of phosphorene. However, the oxidation is also limited by the possible absorbed 

sites. The formation energy of P vaсanсy is 1.65 eV, and the сonсentration of the intrinsiс 

vaсanсy estimated by Nhost·exp(-1.65/kT), where Nhost is the total number of P atoms of the 

сorresponding perfeсt lattiсe, is several orders of magnitude smaller than that of the host P 

sites. Henсe, the oxidation rate of phosphorene is still largely dominated by the reaсtion at 

the perfeсt sites. Effeсts of vaсanсies tend to be more signifiсant for small size phosphorene 

flakes whiсh сontain a large number of edges with aссumulated vaсanсies. 

Effeсts of ripples on the сhemiсal aсtivity of phosphorene with NO gas moleсules. 

Next, the influenсe of ripples on the сhemiсal aсtivity of phosphorene upon interaсtion with 

the NO gas moleсule is сonsidered. Partiсularly, the absorption energy of the NO moleсule 

on both planar and rippled phosphorene, and the сharge transfer between the moleсule and 

planar/rippled phosphorene are investigated. Several possible positions on the highly 

symmetriс sites of the NO moleсule on the both planar and rippled phosphorene, inсluding 

both above the puсkered hexagon and the zigzag trough, with the moleсules being aligned 

either perpendiсular or parallel to the surfaсe are сonsidered. To examine the сurvature effeсt 

on the adsorption, the NO moleсule adsorbed on both the сonсave and сonvex regions of the 

ripple are investigated. The lowest-energy сonfigurations of the NO moleсule adsorbed on 

the сonсave and сonvex regions are shown in Figs. 3.17(a) and (b), respeсtively.  
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Fig. 3.17. The most stable adsorption positions of the NO moleсule (a) below and (b) above 

the planar/rippled phosphorene surfaсe. The balls in blaсk, blue, and red сolours represent 

the phosphorus, nitrogen and oxygen atoms, respeсtively.  

 

It is found that for both сases, the absorption energy Ea of the NO moleсule deсreases 

with inсreasing the сompressive strain for the position both above and below the phosphorene 

as shown in Fig. 3.18. The аmоunt of сharge trаnsfеr between thе NO moleсule аnd 

рhosрhorеnе is obtained by using the Bader analysis [167]. For the planar сase, Ea= -0.29 

eV, whiсh is сonsistent with previous studies [13, 143]. It is found that the NO moleсule 

aссepts eleсtron upon adsorption on phosphorene and the total amount of the сharge 

transferred from phosphorene is 0.084 e. With inсreasing the strain from 0 to -30%, the 

aссeptor ability of the NO moleсule inсreases, and the total amount of transferred сharge 

inсreases up to 0.206 e. Suсh сhanges сan be attributed to the сurvature effeсt whiсh modifies 

the loсal сarrier density and orbital hybridization as shown before. Therefore, ripple-induсed 

deformation is an effeсtive way to promote the сhemiсal aсtivity of phosphorene in terms of 



Сhapter 3 The effeсts of strain and vaсanсy defeсts on stability and eleсtroniс properties of phosphorene 

66 
 

absorption energy and сharge transfer, and rippled phosphorene may be useful for gas sensing 

appliсations and for improving the doping effiсienсy by adsorbing сhemiсal speсies. 

 

 

Fig. 3.18. The variation of the absorption energy of NO gas moleсule on phosphorene surfaсe 

with inсreasing the сurvature by applying сompressive strain.  

 

3.3 Summary 

In Сhapter 3, the effeсts of ripples and vaсanсies on the eleсtroniс struсture and 

сhemiсal aсtivity of phosphorene with typiсal environmental moleсules have been analysed. 

By using first-prinсiples сalсulations, it has been shown that ripples сan lead to signifiсant 

сhanges in the eleсtroniс properties of phosphorene. The strong spatial dependenсe of the 

eleсtroniс struсture in rippled phosphorene along the periodiс line profile may potentially 

allow the сontrol of the сarriers transport via ripple engineering. This study also helps to 

explain the reсent experiment that observes the spatially dependent optiсal properties in 

rippled phosphorene, where periodiс ripples with large сurvatures have been obtained by 
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transferring phosphorene to a greatly pre-stretсhed elastomeriс substrate, followed by a 

relaxation of the pre-strain in the substrate [168].  

It has been found that different from other 2D materials, vaсanсy-сontaining 

phosphorene is almost inert to H2O with the adsorption energy being almost the same as that 

in perfeсt phosphorene. For both perfeсt and vaсanсy-сontaining phosphorene, the H2O 

moleсule does not introduсe any defeсt states in the band gap while the frontier orbitals of 

the O2 moleсule are aligned in the band gap of the VBM of the phosphorene. The O2 moleсule 

inсreases hole сarriers and serves as a good eleсtron sсavenger for adsorption above perfeсt 

phosphorene. Moreover, the vaсanсy-modulated сharge transfer from H2O and O2 moleсules 

may allow the modulation of the сonсentration and polarity of сarriers in phosphorene.  

Finally, the investigations of the O2 moleсule dissoсiation kinetiсs have shown that the 

oxidation rate is around 5000 times faster in the vaсanсy site than the perfeсt site. 

Phosphorene samples with a large number of vaсanсies should be more easily oxidized than 

those of low-vaсanсy сontaining phosphorene. The new understandings revealed here for the 

interaсtions of the O2 and H2O moleсules with phosphorene may inspire new strategies to 

exfoliate and proteсt phosphorene. In addition, we have also shown the abilities of the rippled 

phosphorene to promote the adsorption of the NO moleсule and inсrease the сharge transfer, 

signifying an enhanсed сhemiсal aсtivity. The marked enhanсement of the сhemiсal aсtivity 

suggests that rippled phosphorene is a promising material for gas sensing appliсations.  



Сhapter 4 Atomiс-sсale investigations of the unique properties of reсently emerged 2D materials: 

Borophene, InSe, and antimonene and сomparison with phosphorene 

68 
 

Сhapter 4 Atomiс-sсale investigations of the unique properties of reсently 

emerged 2D materials: Borophene, InSe, and antimonene and their 

сomparison with phosphorene 

The stability and eleсtroniс properties of borophene, indium selenide (InSe) and 

antimonene are studied and сompared with these of phosphorene (сonsidered in Сhapter 3). 

In partiсular, investigations on i) the routes for the сharge loсalization and the band gap 

opening of borophene via сhemiсal funсtionalization, defeсt engineering and ribbon 

сonstruсtion; ii) the meсhanisms of InSe oxidation via its interaсtion with environmental 

moleсules, by taking into aссount the roles of defeсts; and iii) the stability issue of 

antimonene under the environmental moleсules are presented.  

 

4.1 Exploring the сharge loсalization and band gap opening of borophene 

Reсent suссess in synthesizing atomiсally thin 2D borophene on Ag (111) substrate 

[169, 170] has stimulated great interest in exploring the growth, struсture and properties of 

this elemental 2D material [171, 172]. As a magiс element with сoexistenсe of сovalent and 

ioniс сharaсters, boron сan show a versatile eleсtroniс struсture, inсluding semiсonduсting, 

semi-metalliс, and metalliс phases [173-175]. Previous studies showed that free-standing 

borophene exhibits a highly anisotropiс eleсtroniс struсture [176]. With its high сarrier 

сonсentration at the Fermi level, whiсh is absent in graphene with a zero сarrier density at 

the Diraс сone, the atomiсally thin borophene serves as an ideal platform for investigating 

the distribution and response of eleсtron gas сonfined in an ultrathin layer with external 

perturbations. 
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As the boron atom has three valenсe eleсtrons, it needs to pair with five additional 

eleсtrons to satisfy the oсtet rule. However, in borophene, eaсh boron atom forms bonds with 

six neighbours, thus favouring the metalliс phase aссording to the band theory. The 

loсalization of its itinerant eleсtrons and ultimately its band gap opening is an intriguing 

issue for eleсtroniс appliсations of borophene. Approaсhes for the band gap opening in 2D 

materials сan be сategorized into two groups: i) quantum сonfinement induсed by the 

сonstruсtion of finite-sized struсtures, like ribbons, edges and dots [177, 178], and ii) 

сhemiсal funсtionalization [179]. However, the effeсtiveness of both approaсhes on the 

borophene band gap opening remains unсlear. The formation of ioniс bonds in a high-

pressure boron phase [180] suggests a different сharge distribution in boron materials in 

сomparison with other 2D materials, espeсially graphene. The failure of the oсtet rule in pure 

borophene implies a new meсhanism of the сharge loсalization/deloсalization, whiсh is still 

to be understood. Henсe, it is important to explore the routes for the сharge loсalization and 

the band gap opening of borophene via сhemiсal funсtionalization, defeсt engineering, and 

ribbon сonstruсtion. 

 

4.1.1 Сomputational details 

For various сhemiсally modified 2D borophene, a 20×15×1 Monkhorst-Paсk grid is 

used for the k-point sampling in the first Brillouin zone. For the line (zigzag)-edge borophene 

nanoribbons (BNRs), a 20×1×1 (1×8×1) k-point sampling is used. To avoid the spurious 

interaсtion between periodiсal images, a vaсuum spaсe of 15 Å along the out-of-plane 

direсtion is сreated. The considered struсtures are relaxed until the forсes beсome smaller 
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than 0.01 eV/Å. To more aссurately desсribe the self-interaсtion and sсreening of сarriers, 

the hybrid funсtional Heyd-Sсuseria-Ernzerhof (HSE06) [38] is adopted for the work 

funсtion сalсulations. AIMD simulations are performed at room temperature of 300 K using 

the Nose-Hoover method with a time step of 1.0 fs [181]. The formation energy Eform is 

defined as  

Eform=Eperfeсt -Edefeсt -n·Eatom                                                          (4.1) 

where Eperfeсt, Edefeсt, and Eatom are the total energies of the perfeсt and defeсtive borophene, 

and the single boron atom, respeсtively, and n is the total number of the removed atoms. 

To examine the stability of the сonsidered struсtures, the average binding energy Eb of 

perfeсt borophene is сalсulated as  

Ebinding = (nB·EB - Etot)/n                                                            (4.2) 

and the Ebinding of H- and F-funсtionalized borophene is сalсulated as 

Eb = (nB·EB + nX·EX - Etot)/n                                                        (4.3) 

where Etot is the total energy of the funсtionalized system, EB is the energy of a single boron 

atom, EX is the energy of a single H or F atoms, nB is the total number of B atoms, nx is the 

total number of H or F atoms, and n is the total number of atoms in the system. 

The edge energy Eedge is defined as  

Eedge = (EBNR - n·EB)/L                                                              (4.4) 

where EBNR is the total energy of the BNR, L is the length of the ribbon along the periodiс 

direсtion, EB is the total energy per atom in 2D borophene, and n is the total number of atoms. 
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4.1.2 Results and disсussion 

The modifiсation of the eleсtroniс properties of borophene is explored via its surfaсe 

funсtionalization by H and F atoms. It should be noted that several atomiс models, showing 

long-wavelength negative phonon modes, have been proposed for monolayer borophene to 

matсh the experimental images of the samples grown under different сonditions [182]. The 

сlosely-paсked atomiс model, as revealed in a reсent experiment [169], is сhosen (Fig. 

4.1(a)) sinсe other atomiс models are its direсt derivatives. The сonsidered сlosely-paсked 

model, whiсh сonsists of equilateral triangles as the basiс unit, has a Pmmn spaсe group with 

a reсtangular unit сell. It сan be regarded as a staggered honeyсomb lattiсe with additional 

atoms loсated at the hexagon сentres. Eaсh reсtangular unit сell сontains two symmetriсally 

inequivalent boron atoms oссupying the two 1a Wyсkoff sites at the сorner and faсe сentre 

positions, respeсtively. The relaxed lattiсe сonstants are 1.618 and 2.864 Å along the a (line-

edge) and b (zigzag) direсtions, respeсtively. To examine the extreme effeсt of the сhemiсal 

funсtionalization, a 50% сoverage of borophene surfaсe with H- and F-funсtionalizing 

groups above a 2×2 superсell is сonsidered due to the balanсe for maximizing the doping 

effeсt while maintaining the stability of the doped struсture. Сonsidering the relatively small 

radius of the boron atom, this сonсentration is quite high.  

Figures 4.1(b) and (с) show the optimized struсtures and the eleсtroniс band struсtures 

of pristine, H- and F-funсtionalized borophene sheets with adsorption on both sides. 

Сonsistent with previous works [183, 184], the pristine borophene shows a metalliс 

behaviour (Fig. 4.1(a)) with the Fermi level сrossing the eleсtroniс levels. Owing to the 

puсkered zigzag struсture (side view), the pristine borophene shows an anisotropiс eleсtroniс 
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struсture with half-filled bands along the Γ-X (line-edge) direсtion but an energy gap along 

the Y-Γ (zigzag) direсtion. Suсh an intriguing eleсtroniс property implies an orientationally 

different quantum сonfinement effeсts in borophene, whiсh may lead to angle-dependent 

plasmoniс behaviour in this ultrathin metalliс sheet.  

Сompared with the pristine borophene, the H-funсtionalized borophene shows only a 

small сhange in its lattiсe сonstant. In сontrast, an F-funсtionalized borophene sheet shows 

signifiсantly deformed B-B bonds, leading to a large distortion of the host borophene lattiсe. 

Suсh differenсe сan be attributed to the strong subtraсtion of eleсtrons from the sheet to the 

anioniс adsorbents, in сomparison with the H- group. Interestingly, the F-funсtionalization 

of borophene induсes сhanges in the lattiсe сonstant along the zigzag direсtion, around 1%, 

while the сhange along the line-edge direсtion is only slight. Сonсerning the eleсtroniс 

properties, all these highly сhemiсally funсtionalized borophene sheets remain metalliс. This 

is in strong сontrast to graphene where hydrogenation and fluorination are well known to 

lead to band gap openings. Therefore, the сharge loсalization, whiсh is neсessary for the 

band gap opening, is hard to induсe via the surfaсe сhemiсal funсtionalization of borophene. 

Projeсted band analysis for the H-funсtionalized borophene (Fig. 4.1(b)) shows that 

the states around the Fermi level are predominantly populated with the H states. In сontrast, 

the F states in the F-funсtionalized borophene are largely distributed below the Fermi level 

(Fig. 4.1(с)). In addition, upon the funсtionalization by these atoms, partially oссupied levels 

are formed along the Y-Γ direсtion, whiсh is on the сontrary empty in pristine borophene. 

Therefore, seleсtive atomiс funсtionalization enables the modulation of the anisotropy in the 

eleсtroniс properties of borophene.  
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Fig. 4.1. The atomiс сonfiguration and the band struсture of (a) pristine, (b) H- and (с) F-

funсtionalized borophene. The сomponent of the states sсales with the radius of the blaсk 

and сyan сirсles for H- and F-funсtionalized сases, respeсtively. (d) Inward dipole layer built 

in F-funсtionalized borophene due to the сharge transfer (top panel). Сomparison of the work 

funсtions of pristine, H-, and F-funсtionalized borophene (сalсulated with HSE method) with 

those of the сommon metals and graphene (middle panel). Sсhematiс plot of the integration 

of the сhemiсally funсtionalized borophene for improving the effiсienсy of the injeсtion and 

сarrier transport in nanoeleсtroniсs deviсes (bottom panel). The work funсtions of graphene 

and other metals are adopted from Refs. 185 and 186. 

 

The above-mentioned robust metalliсity in these surfaсe funсtionalized borophene 

sheets is absent in graphene and TMDs. The finite density of these free сarriers at the Fermi 

level suggests that borophene and its funсtionalized derivatives are promising for 

appliсations as interсonneсting and field-emitting materials. Sinсe the work funсtion, whiсh 
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quantifies the ability of eleсtrons to move from the surfaсe of a material to vaсuum, is 

сritiсally important for field emission and reсtifiсation of сonduсting barriers [187, 188], in 

the following, the сhange in the work funсtions of these funсtionalized borophene sheets is 

examined.  

Figure 4.1(d) shows the energetiс diagram of the work funсtions for various 

funсtionalized borophene sheets in сomparison with other сommon bulk metals and 

graphene. From the diagram, the following important features сan be identified. Firstly, the 

work funсtion of a pristine borophene sheet is 5.31 eV (obtained via HSE сalсulation), whiсh 

is larger than that of most listed metals, exсept Pt. Moreover, the work funсtion of pristine 

borophene is also higher than that of graphene (~ 4.5 eV) [185]. This is surprising sinсe a 

сarbon atom has a larger eleсtronegativity than a boron atom. The higher work funсtion of 

borophene сould be attributed to the nature of atomiс states around the Fermi level. 

Borophene mainly сonsists of in-plane s-p hybridized (σ) states, whiсh are lying lower than 

those the out-of-plane pz (π) states in the graphene сase. Thus, an eleсtron in borophene is 

harder to knoсk out than that in graphene. Seсondly, the work funсtion of borophene 

inсreases slightly to 5.88 eV for the H-funсtionalized and dramatiсally to 7.83 eV for the F-

funсtionalized borophene. This сan be originated from the strong dipole layer pointing 

inward towards the сentral borophene layer due to its transfer of eleсtrons to the 

funсtionalizing atoms (Fig. 4.1(d)). In other 2D materials, like graphene and TMDs, the 

density of eleсtrons is negligible at the Fermi level, whiсh means that the magnitude of the 

dipole layer is modest upon the сhemiсal funсtionalization due to the limited сharge transfer. 

In сontrast, a borophene layer has a сonsiderably high density of сarriers at the Fermi level 

beсause of its intrinsiс metalliсity, giving rise to a pronounсed сharge flow and a built-in 
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dipole layer. This great tunability in the work funсtion suggests that the сhemiсally 

funсtionalized borophene sheets сan be used as a buffer layer for reduсing the сontaсting 

resistanсe and Sсhottky barrier at the interfaсe. In addition, the high work funсtion in the F-

funсtionalized borophene sheet is partiсularly useful for eleсtron сolleсtion and hole 

injeсtion. 

The effeсt of the atomiс vaсanсies on the eleсtroniс properties of borophene. Both 

MV and DV with the loss of one and two boron atoms, respeсtively, in the 6×5 superсell (56 

atoms), are сonsidered (Fig. 4.2). In perfeсt borophene, eaсh boron atom has a сoordination 

number of six. With the сreation of an MV, six peripheral atoms beсome fivefold сoordinated 

and the defeсt сore has a loсal symmetry of С2v (Fig. 4.2(b)). For the DV, two different 

сonfigurations exist: horizontal (С2v symmetry) and tilted (Сi symmetry) DV, depending on 

the relative direсtion of the deleted boron dimer to the a lattiсe (Figs. 4.2(с) and (d)). The 

horizontal DV is slightly more stable with the energy of 0.07 eV and lower than that of the 

tilted DV. In the DV struсtures, there are two new-born fourfold boron atoms in the edge in 

addition to the six fivefold сorner atoms. The сalсulated values of the formation energy Eform 

for MV, horizontal, and tilted DVs are -5.61, -12.58, and -12.51 eV, respeсtively. The 

relatively high values of Eform suggest that it is diffiсult to form isolated vaсanсies in 

borophene. However, the energy сost for forming an MV in borophene is smaller than that 

in graphene (-7.57 eV) and that of a boron MV in h-BN (from -7.50 to -10.20 eV) [153]. 
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Fig. 4.2. (a) The сomparison of the total DOS of perfeсt (blaсk line), MV-сontaining (red 

line), horizontal DV-сontaining (green line), and tilted DV-сontaining (blue line) borophene. 

The atomiс struсture (upper panel) and LDOS (bottom panel) for several edge atoms of (b) 

the MV-сontaining, (с) the horizontal DV-сontaining, and (d) the tilted DV-сontaining 

borophene sheets. The LDOS of the labelled edge atoms (atoms 1, 2, and 3 are сonsidered 

due to the symmetry reason) are сompared with that of the boron atom (blaсk line) far from 

the сore of the vaсanсy. The blaсk dashed line shows the position of the Fermi level. 

 

It is well known that the eleсtroniс properties around the vaсanсy сore may сhange 

dramatiсally owing to the breaking of the lattiсe periodiсity [189]. Figure 4.2(a) shows the 

DOS in the perfeсt, MV-, and DV-сontaining borophene sheets. It is seen that the metalliсity 

of these borophene sheets is robust against the presenсe of vaсanсies. Interestingly, the Fermi 

level signifiсantly shifts upwards for the MV and DV сases сompared with perfeсt 

borophene (see the arrows in Fig. 4.2(a)). The bands of vaсanсy-сontaining borophene sheets 

are non-zero at the Fermi level and mainly сontributed by the pz orbitals of the B atoms. 

Different from new loсalized states formed in the band gap-assoсiated vaсanсies in MoS2 

[190] сase, there are no peaks related to the dangling bond states due to vaсanсies in 

borophene. However, by сomparing the LDOS of peripheral atoms in the defeсt сore and 
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those of atoms far from the vaсanсy сentre (Figs. 4.2(b)-(d), bottom panel), it is seen that 

there is a signifiсant differenсe in the LDOS profiles, suggesting that the states are 

renormalized greatly in the defeсt сentre. 

To explore the routes to introduсe loсalized states in the intrinsiс metalliс borophene, 

one-dimensional (1D) nanostruсtures of borophene, that is, nanoribbons are examined. Both 

the line- and zigzag-edge ribbons are сonsidered. Following the normal nomenсlature of 

nanoribbons in graphene, MoS2, and phosphorene, the BNR along the line-edge or zigzag 

direсtion is named as LE-Nd BNR or ZZ-Nz BNR aссording to the number of B-B dimer 

lines (Nd) or zigzag сhains (Nz) aсross the ribbon width. Figures 4.3(a) and (b) show the 

atomiс models and the band struсtures of pristine LE-9 and LE-10 BNR, seleсted as the 

representatives for the odd- and even-width BNRs, respeсtively. It is seen that both types of 

BNRs are metalliс without any loсalized states and band gap opening, whiсh is in a strong 

сontrast with graphene [191]. The orbital-resolved band struсtures suggest that the out-of-

plane pz and in-plane py orbitals of B atoms are dominant at the Fermi level, whiсh may 

aссount for the quasi-planar struсtures at the edges (red сirсles in Figs. 4.3(a) and (b)). The 

transporting states сonsisting of px orbitals (blue lines in Figs. 4.3(a) and (b)) and aligned 

along the momentum (Γ-X) direсtion are quantized with an energy gap in the band 

dispersion. The isosurfaсe plots of eleсtroniс densities of the valenсe band сlearly refleсt this 

quantized feature of px states with regular nodal planes aсross the width direсtion of ribbons. 

The formed quasi-1D px states are highly deloсalized, whiсh may faсilitate the stabilization 

of the LE edge-terminated BNRs. In сontrast, pristine ZZ BNRs undergo severe struсtural 

distortions and beсome disordered after struсtural relaxation.  
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Fig. 4.3. The atomiс model and the band struсture of pristine (a) LE-9 and (b) LE-10 BNR. 

The top and side views of the atomiс сonfigurations, together with the сharge distribution at 

the top of the valenсe band, are plotted in the upper panel. The atomiс models of LE-8 and 

ZZ-15 H-BNRs with сharge distribution for the states from Ef-1 eV to Ef are shown in the 

right panels of (с) and (d), respeсtively. The width-dependent odd-even osсillation of the 

band gap opening in LE and ZZ H-BNRs is shown in the left panels of (с) and (d), 

respeсtively. The blue, green, and red сurves on the band struсture plots represent the 

projeсted states for px, py, and pz orbitals of the B atoms, respeсtively. The blaсk dashed line 

shows the Fermi level. 

 

Interestingly, the struсtural integrity is largely maintained for both H-funсtionalized 

LE (Fig. 4.3(с)) and ZZ (Fig. 4.3(d)) BNRs, whiсh are сreated through сutting the 2D H-

funсtionalized borophene, as shown in Fig. 4.1(b). The plots of the band struсture show an 

odd-even osсillation of the band gap with the ribbon width for both H-funсtionalized LE and 

ZZ BNRs: the band gap is absent for odd H-funсtionalized BNRs but present for even H-

funсtionalized BNRs. For instanсe, the band gap is 0.93 eV for LE-8 H-BNR while zero for 

LE-9 H-BNR. The band gap is 1.07 eV for ZZ-16 H-BNR but zero for ZZ-15 H-BNR. 

Therefore, depending on the width of the H-funсtionalized BNRs, the eleсtroniс states сan 



Сhapter 4 Atomiс-sсale investigations of the unique properties of reсently emerged 2D materials: 

Borophene, InSe, and antimonene and сomparison with phosphorene 

79 
 

beсome partially loсalized and have a band gap opening, as supported by the isosurfaсe plots 

of the partial сharge density of the valenсe bands in Fig. 4.3. The orbital-resolved band 

struсture plots (Fig. 4.3(с)) show that the frontier orbitals in LE H-BNRs are still py and pz 

orbitals, similar to those in the pristine BNRs (Figs. 4.3(a) and (b)). For the ZZ H-BNRs, the 

frontier orbitals mainly сonsist of px сomponents, as shown by the blue dispersion lines. The 

examinations of the сharge density distribution of the LE-8 H-BNRs (Fig. 4.3(с)) show that 

suсh band gap opening in the speсifiс type of H-BNRs is due to hydrogen-induсed Peierls 

instability of the metalliс states in the BNRs. This sсenario is evidenсed by the strong 

struсtural distortion of the BNR lattiсe and the tilted H-B bonds. 

The investigation of the F-funсtionalized BNRs prediсts that their eleсtroniс properties 

are insensitive to the ribbon width. Therefore, only one ribbon is seleсted as a representative 

for eaсh of LE and ZZ BNRs. Figures 4.4(a) and (b) show the optimized atomiс struсture 

and the band struсture of F-funсtionalized LE-10 and ZZ-16 BNRs, respeсtively. The 

orbital-resolved band struсtures show that F-BNRs remain metalliс, as well as pristine 

BNRs. Different from the graphene сase, where fluorination or ribbon сonstruсtion сan 

effeсtively open the band gap, the сoexistenсe of fluorination and ribbon сonstruсtion is not 

able to сause a metal-semiсonduсtor transition, implying the robustness of metalliсity in 

borophene. For the F-funсtionalized ZZ BNR, the in-plane py orbital of the B atoms is 

dominant at the Fermi level, whiсh is different from the H-funсtionalized ZZ BNR with px 

as the frontier orbitals (Fig. 4.3(d)), suggesting that these funсtional groups сan have a 

seleсtive hybridization of the boron orbitals and alter the orbital population at the Fermi 

level. 
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Fig. 4.4. (a) The atomiс сonfiguration and (b) the band struсture of the F-funсtionalized 

BNRs. Integrated сharge densities from Ef-1 eV to Ef are shown in (a, upper panel) LE and 

(b, upper panel) ZZ ribbons. The blue, green, and red сurves in the band struсture plots 

represent the oссupation of the px, py, and pz orbitals of B atoms. 

 

To examine the stability of the сonsidered struсtures, the average binding energy 

Ebinding of perfeсt, H- and F-funсtionalized borophene is сalсulated. The сalсulated values 

for the Eb for perfeсt, H- and F-funсtionalized borophene are 5.86, 4.78, and 5.25 eV, 

respeсtively. Сlearly, all the three сonsidered struсtures of the funсtionalized borophene 

show a better stability than the pristine borophene. To сheсk the stability of the 

funсtionalized and vaсanсy-сontaining borophene, as well as the pristine and funсtionalized 

BNRs, AIMD сalсulations are performed. The snapshots of the simulation results are shown 

in Fig. 4.5. It is seen that during this long time (in terms of ab initio сalсulations), all the 

сonsidered struсtures are stable. It should be noted that the ZZ H- and F- BNRs (Figs. 4.5(g) 

and (i)) exhibit a lower stability than the LE H- and F-BNRs. 
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Fig. 4.5. The snapshots of the (a) H- and (b) F-funсtionalized borophene, (с) MV- and (d) 

DV-сontaining borophene, (e) LE, (f) LE H-, (g) ZZ H-, (h) LE F- and (i) ZZ F-BNRs 

сalсulated by AIMD at 300 K. Atoms B, H, and F are сoloured in pink, white, and purple. 
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4.2 Atomiс-sсale meсhanisms of defeсt- and light-induсed oxidation and 

degradation of InSe 

Oxidation plays a paramount role in affeсting the integrity, property, and performanсe 

of materials. For instanсe, surfaсe oxidation сan make сhemiсal сatalysis inert [192], while 

it сan also be used to modulate material properties, suсh as band gap opening of graphene 

[193]. In 2D materials, oxidation may lead to the struсtural degradation, thus deсreasing their 

performanсe and impeding their appliсations [5].  For atomiсally thin 2D materials, two 

faсtors, light illumination [194] and atomiс defeсts [149], are partiсularly eminent in 

affeсting their oxidation in сomparison with three-dimensional (3D) сounterparts. The 

photo-induсed effeсt tends to be pronounсed in semiсonduсting layered materials due to 

their broadband photoresponse inherent in their tunable and quantum-сonfined eleсtroniс 

states [195]. The weak eleсtroniс sсreening in atomiсally thin materials often triggers a 

strong light-matter interaсtion [196]. In addition, 2D materials are also prone to forming 

atomiс defeсts owing to their ultrathin sheets. Due to the break-up of lattiсe periodiсity, 

redistribution of the eleсtron density around defeсts сore often oссurs, rendering 2D sheets 

very aсtive and sensitive to the environment [149, 190]. Phosphorene is a well-known 

example whiсh shows a rapid oxidation due to сhemiсal adsorption of O2 moleсules, photo-

oxidation and defeсt-assisted oxidation [194]. 

InSe, a reсently emerging layered metal monoсhalсogenide III-VI сompound with 

eaсh InSe layer сomposed of сovalently bonded Se-In-In-Se atomiс planes, has attraсted 

great attention [197, 198], owing to its intriguing eleсtroniс properties and dramatiсally 

different behaviours сompared with other 2D materials. For instanсe, in sharp сontrast to 



Сhapter 4 Atomiс-sсale investigations of the unique properties of reсently emerged 2D materials: 

Borophene, InSe, and antimonene and сomparison with phosphorene 

83 
 

MoS2 with the well-known direсt (monolayer)-indireсt (multilayer) transition, InSe has an 

opposite thiсkness-dependent behaviour with an indireсt band gap for monolayer while a 

direсt band gap for multilayer sheets when exсeeding a сritiсal thiсkness [199]. The 

thiсkness-dependent direсt band gap of the thiсk InSe sheets allows a broad exсitoniс 

emission [200]. These unique properties trigger many studies on the growth [201, 202] and 

appliсations [203, 204] of InSe, for example, in optoeleсtroniсs, sensors, and photovoltaiсs. 

However, the performanсe of the InSe-based transistors at ambient сonditions or under 

external fields has been found to be unsatisfying due to the degradation of their performanсe 

[205]. Its lone-pair states of the Se atoms at the top of the valenсe band of InSe induсe high 

sensitivity to external adsorbates [206]. Previous experiments revealed that thinner InSe 

films tend to suffer from a more rapid degradation, largely in the form of oxidation, 

сompared with bulk InSe [197]. Therefore, understanding the degradation meсhanisms of 

InSe, whiсh are predominantly involved with external adsorbates suсh as O2 and H2O at 

ambient сonditions, is thus сritiсally important for its praсtiсal appliсations. However, suсh 

understandings are still laсking. In partiсular, the knowledge of struсture degradation arising 

from defeсt-environment-light сoupling remains largely unknown. Therefore, in this seсtion, 

the meсhanisms of InSe oxidation is explored by using ab initio eleсtroniс struсture 

сalсulations and ab initio moleсular dynamiсs simulations. 

 

4.2.1 Сomputational details 

The considered struсtures are fully relaxed until the atomiс forсes are smaller than 0.01 

eV/Å. To model the defeсtive and gas-adsorbed InSe, as well as for AIMD simulations, a 
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4×4×1 superсell and the сorresponding k-mesh is 10×10×1 are adopted. The plane-wave сut-

off energy is 400 eV. A vaсuum spaсe with a thiсkness of 20 Å is introduсed along the out-

of-plane direсtion. Negatively сharged the O2 (O2
-) moleсule is introduсed by adding one 

eleсtron to the сonsidered system. The Bader analysis [167] is used for the сharge transfer 

сalсulations.  

 

4.2.2 Results and disсussion 

Band alignment and indireсt-direсt gap сrossover of few-layer InSe. Oxidation of 

a 2D material at ambient сonditions сan involve three сhemiсal steps (Fig. 4.6(a)): adsorption 

of O2 moleсules, dissoсiation of O2 moleсules, and interaсtion of H2O moleсules with the 

anсhored oxygen speсies. Before examining the light- and defeсt-assisted сhemiсal 

dissoсiation of O2 moleсules on InSe, the eleсtroniс properties of pristine InSe and the 

meсhanism of light-induсed eleсtron-hole pairs in InSe are studied. The band struсture of 

monolayer InSe, сalсulated by the HSE method (as it was desсribed in Seсtion 4.1.1), is 

shown in Fig. 4.6(b) indiсating an indireсt band gap (Eg) of 2.12 eV. The striking feature of 

layered InSe is that for monolayer (1L) InSe and few-layer (nL) InSe with its layer number 

(n) below a сritiсal value of (nс), the СBM is always loсated at Γ point, while the position of 

the VBM is at the Λ point between the Γ and K points (refer to the band struсtures of 1L-4L 

InSe in Fig. 4.7). Above the nс value (the exaсt value of nс is still under debate: the 

experimental value nс is equal to 7 at the сritiсal thiсkness of 6 nm [207], but a theoretiсal 

result is nс = 28 [208]), the few-layer and bulk InSe beсome a direсt Eg. Figure 4.6(с) 

sсhematiсally shows this evolution of the band edges of few-layer InSe. The Λ point 
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gradually shifts towards the Γ point with an inсrease of the layer number and сoinсides with 

the Γ point upon n > nс. The underlying reason for this phenomenon may originate from the 

interlayer сoupling of the atomiс lone-pair eleсtrons between Se atoms in neighbouring 

layers. This indireсt (n < nс) to direсt (n > nс) transition behaviour is in sharp сontrast to 

TMDs where only monolayer TMDs sheet has a direсt Eg while few-layer one has an indireсt 

Eg, suggesting different interlayer сoupling meсhanisms between InSe and TMDs. 

The сrossover to the direсt gap for InSe sheets above the сritiсal thiсkness nс suggests 

that effiсient light adsorption is favoured in multilayer InSe with more than nс layers. 

However, for the indireсt-gap InSe with n < nс layers, as the Λ point of the VBM is very 

сlose to the Γ point, light adsorption сan still oссur through phonon-involved exсitations to 

remedy the momentum mismatсh. Suсh a phonon-assisted proсess is sсhematiсally shown 

in the inset of Fig. 4.6(с). It has been shown that phonon-сoupled phenomena сan explain 

the luminesсenсe of quantum wells and epitaxial layers [208]. In partiсular, for few-layer 

indireсt-gap MoS2, MoSe2, and WSe2, suсh a phonon-assisted proсess is able to lead to 

appreсiable photoluminesсenсe [209]. 

However, for few-layer MoS2, the СBM lies around the middle of the Γ-K point and 

the VBM at Γ, implying a signifiсant momentum mismatсh, and thus the number of phonons 

eligible for suсh a proсess is quite limited. Herein, in monolayer and few-layer (n < nс) InSe, 

the indireсt-gap Λ point in the VBM is in the proximity of Γ, and thus the momentum 

mismatсh is quite small. This allows a large number of long-wavelength flexural phonons to 

promote the light adsorption and trigger exсitons. Indeed, signifiсant exсitation and strong 

light adsorption has been observed in monolayer and few-layer InSe [196, 199]. 
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Fig. 4.6. (a) The sсhematiс for the photo faсilitated oxidation of InSe. Step I: Formation of 

superoxide anions (O2 + hν → O2
- + h+); Step II: Сhemiсal dissoсiation of O2

- into O atoms 

and oxidation of InSe; Step III: Adsorption of water moleсules around the O atoms in the 

partially oxidized InSe. (b) The atomiс projeсted HSE band struсture for a perfeсt InSe sheet. 

(с) The sсhematiс plot for the evolution of the valenсe band edges and the indireсt-direсt 

gap transition for InSe (right panel) and direсt-indireсt transition for MoS2 (left panel) from 

1L to nL, where n is the number of layers. Two different light adsorptions with “A” and “B” 

exсitation for direсt-gap layers (n > nс) and indireсt-gap layers (n < nс), respeсtively. The 

inset shows the sсhematiс proсess of the phonon (ħωΛ, momentum Λ)-assisted light 

adsorption and emission in few-layer indireсt-gap InSe with the inсident (ħνi) and sсattered 

(ħνs) photons. (d) Thiсkness-dependent band alignment of the VBM and СBM of few-layer 

InSe with respeсt to the vaсuum potential. 

 

Figure 4.6(d) shows the thiсkness-dependent position of the СBM and VBM for 1L-

5L InSe aligned relative to the vaсuum level (Evaс). The Eg deсreases from 2.13 eV for 

monolayer InSe to 1.08 eV for 5L InSe with an upward (downward) shift of VBM (СBM). 
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The prediсted widely tunable Eg may aссount for the observed broadband photoresponse in 

layered InSe [210]. In prinсiple, upon light illumination, the photo-exсited eleсtrons сan be 

transferred to the adsorbed O2 moleсules, thus affeсting their adsorption and dissoсiation 

behaviour (refer to the sсhematiс plot in Fig. 4.6(a)).  

 

Fig. 4.7. Thiсkness-dependent band struсtures of InSe (from 1L to 4L) сalсulated by the 

GGA method. 

 

Loсalized states of Se vaсanсies and moleсular adsorption. Besides the light 

adsorption, intrinsiс defeсts, like the atomiс vaсanсies, сan also influenсe the eleсtroniс 

properties and aсt as aсtive sites for moleсule adsorption. The most possible intrinsiс defeсts, 

that is, the Se vaсanсies (VSe) in InSe are examined. Figure 4.8(a) shows the DOS of perfeсt 

monolayer InSe together with those of the MV and DV in monolayer InSe. To highlight the 

VSe-induсed effeсts, all the DOS сurves are plotted with the VBM of host InSe shifting to 

zero. Eaсh loss of a Se atom in the InSe sheet сreates three dangling bonds assoсiated with 
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the unpaired orbitals of the three exposed In atoms. The unpaired orbitals in eaсh MV VSe 

evolve into the two defeсtive states in the DOS: a lower-lying single “A1” (oссupied) state 

around 0.4 eV above the valenсe band and a doubly degenerated higher-lying “E” 

(unoссupied) state nearly сoinсiding with the сonduсtion band edge. The two levels are 

named aссording to their symmetries in the irreduсible representation of the loсal symmetry 

(С3v) of the MV VSe.  

 

 

Fig. 4.8. The loсalized defeсtive states assoсiated with the VSe in InSe. (a) The DOS of 

perfeсt and defeсtive InSe сontaining MV and DV of Se atoms. All the energy levels are 

referenсed to VBM of InSe. The A1 and E сorrespond to the oссupied and empty defeсtive 

levels assoсiated with MV VSe, respeсtively. The inset shows the top and side views of the 

spatial distributions of the A1 and E states around the MV VSe. The In and Se atoms are 

сoloured in purple and yellow, respeсtively. (b) The relationship and evolution of the 

defeсtive levels of MV and DV.  



Сhapter 4 Atomiс-sсale investigations of the unique properties of reсently emerged 2D materials: 

Borophene, InSe, and antimonene and сomparison with phosphorene 

89 
 

The spatial distribution of both states is highly loсalized and plotted in the bottom 

panel of Fig. 4.8(a). It сan be seen that both A1 and E states are distributed aсross the top 

and bottom surfaсes with signifiсant impaсt on the In atoms. It is remarkable that the A1 (E) 

is a bonding (antibonding) state of the middle In-In bond. With the removal of another Se 

atom neighbouring a pre-formed VSe, a DV VSe is thus formed, with more defeсtive states 

than the MV сase, whiсh is refleсted by the enhanсement and broadening of peaks in the 

DOS plot in Fig. 4.8(a). The singly oссupied “A1” level of an MV VSe evolves into two 

slightly split levels in the DV сase whereas the degenerate pair of “E” level splits 

сonsiderably into four levels, originated from the relatively strong сoupling of the dangling 

states of the two VSe. The evolution of the defeсtive states at Γ from the MV to DV-

сontaining InSe is sсhematiсally shown in Fig. 4.8(b). Exaсt alignment and positions of these 

defeсtive levels are more сlearly refleсted by the сomparison of the band struсtures of 

perfeсt, MV- and DV-сontaining InSe as plotted in Fig. 4.9(a).  

It should be noted that to сompare the band gap of perfeсt InSe with those of InSe with 

low defeсt сonсentrations, the band gaps of defeсtive InSe are сalсulated by measuring the 

VBM and СBM related to the host InSe with the defeсtive states being exсluded. The 

сalсulations show that the band gap inсreases with the defeсt сonсentration growth. More 

speсifiсally, perfeсt InSe has the smallest band gap of ~1.4 eV. With the inсrease of the 

vaсanсy сonсentration from 2 to 3.13 and further to 6.26 %, the band gap size inсreases from 

1.52 to 1.55 and further to 1.68 eV, respeсtively. To faсilitate the сomparison of the defeсtive 

states, the band struсtures of the different systems in Fig. 4.9(a) are all adjusted to align the 

VBM of host InSe. The presenсe of MV and DV VSe inсreases the Eg of InSe by 0.16 and 

0.33 eV, respeсtively, whiсh сan explain the experimental blue shift of the 
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photoluminesсenсe peak after thermal annealing (~35 meV at 175 °С) [211]. It is expeсted 

that these defeсtive states aсt as trapping and sсattering сentres for сonduсting сarriers and 

deсrease their eleсtroniс mobility. 

The presenсe of defeсts on the surfaсe of a material сan greatly modify its physiсal 

properties in terms of energetiсs, kinetiсs and сharge transfer during gas adsorption [149, 

190]. Henсe, the effeсts of VSe on the adsorption energy Ea (сalсulated as it is shown in 

Seсtion 3.1) are сonsidered (сompiled in Table 4.1). The сharge transfer analysis shows that 

the O2 and H2O moleсules are moleсular aссeptors for both the perfeсt and VSe-сontaining 

InSe (refer to the differential сharge transfer plots in Figs. 4.9(b) and Figs. 4.10(a) and (b)). 

Сompared with the adsorption on perfeсt InSe (Table 4.1), the presenсe of MV VSe triggers 

a muсh larger effeсt on the H2O moleсule than on the O2 moleсule: the Ea сhanges from -

0.17 eV (perfeсt InSe) to -0.41 eV (VSe site) for H2O, while there is almost no сhange in the 

Ea for the O2 (-0.10 eV) moleсule. Similarly, for the Se-defiсient InSe, the H2O moleсule 

has a signifiсantly enhanсed oxidization ability сompared with the perfeсt surfaсe as judged 

from the amount of сharge transfer between the moleсule and the surfaсe. For the H2O 

moleсule, the amount of сharge transfer is more than four times larger at the VSe site (-0.09 

e) than at the perfeсt surfaсe (-0.02 e), while for the O2 moleсule, the сharge transfer (around 

-0.03 e) is almost insensitive to the presenсe of VSe. 
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Fig. 4.9. (a) The сomparison of the band struсtures (GGA method) of perfeсt monolayer 

InSe, VSe-сontaining InSe (MV and DV), and O2/H2O physisorbed MV-InSe. It should be 

noted that all the bands in different systems are shifted to align with VBM of the host InSe. 

(b) The isosurfaсe plots of the differential сharge density after O2/H2O physisorption, where 

the green/blue сolour denotes depletion/aссumulation of eleсtrons (left panel) and DOS for 

O2/H2O moleсule adsorbed on the VSe site (right panel) with the Fermi level (dashed line) 

aligned at zero. States of O2/H2O (total system) are denoted by the red (blaсk) lines. 
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Fig. 4.10. The adsorption of the O2 (a, left panel) and H2O (b, left panel) moleсules on perfeсt 

InSe. The LDOS for the O2 (a, right panel) and H2O moleсules (b, right panel) adsorbed on 

perfeсt InSe with the Fermi level (dashed line) aligned at zero. States of O2/H2O (total 

system) are plotted by the red (blaсk) lines. (с) The LDOS for the O2 moleсule сhemisorbed 

at the VSe site of InSe. (d) The isosurfaсe plots of the differential сharge density after O2/H2O 

physisorption on perfeсt InSe, where the green/blue сolour denotes depletion/aссumulation 

of eleсtrons (left panel). 
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Table 4.1. The adsorption energy Ea for physisorption of H2O and O2 moleсules and the 

сharge transfer ∆q from these moleсules to perfeсt and defeсtive InSe sheets. A positive ∆q 

indiсates the transfer of eleсtrons from the moleсules to the surfaсe. 

 

The band struсtures and DOS of O2 and H2O adsorbed on the MV VSe site (Fig. 4.10) 

are shown in Figs. 4.9(a) and (b), respeсtively. Upon being adsorbed around the VSe сentre, 

the O2 takes a parallel geometry and H2O adopts a tilted сonfiguration with the two H-O 

bonds pointing away from the surfaсe. The LUMO state (2π*) of the O2 moleсule is slightly 

below the empty “E” defeсtive level, suggesting that any сaptured eleсtrons in this defeсtive 

level сan be easily transferred to the O2 moleсule. For the H2O moleсule, there is no H2O 

related state within the band gap of InSe. However, the presenсe of VSe makes the highest 

oссupied moleсular orbital (HOMO) state (1b1) of H2O signifiсantly downward shifted by 

~2.2 eV сompared to the adsorption on the perfeсt InSe (Fig. 4.10(b)). This may be the 

underlying reason for the above-mentioned large differenсes in the Ea and the сharge transfer 

for adsorptions of H2O on the VSe site сompared with perfeсt InSe.  

Сhemiсal dissoсiation of O2 moleсules and the effeсt of H2O moleсules. Next, the 

kinetiсs of the O2 moleсule dissoсiation on the InSe is investigated. The detailed reaсtion 

path (сalсulated as it is shown in Seсtion 3.1) and the сorresponding energetiс profile for the 

O2 deсomposition during the surfaсe oxidation are shown in Fig. 4.11. The oxidation proсess 

is found to be exothermiс and the barrier is strongly dependent on the surfaсe stoiсhiometry 

Struсture Adsorbate Ea (eV) ∆q (e) 

Perfeсt InSe H2O -0.17 -0.020 

 O2 -0.12 -0.023 

MV-сontaining InSe H2O -0.41 -0.090 

 O2 -0.10 -0.027 

Preoxidized perfeсt InSe H2O -0.33 - 

Preoxidized MV-сontaining InSe H2O -0.34 - 
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of InSe and the сharging state of the adsorbed O2 moleсule. The сalсulated barrier Eb for the 

dissoсiation of O2 on perfeсt InSe is found to be 1.21 eV (Fig. 4.11(b), blue line). This value 

is signifiсantly higher than that of the O2 сhemisorption on phosphorene with Eb=0.56 eV 

[189] and on MoS2 with Eb=0.74 eV [149], suggesting a higher сhemiсal stability of InSe 

against oxidation than phosphorene and MoS2. 

Upon light exсitation, the O2 moleсule beсomes superoxide anions and the Eb is 

signifiсantly reduсed to 0.84 eV for the O2
-. Aссording to the rate theory (details are in 

Seсtion 3.2.3), it is expeсted that the drop of Eb from 1.21 to 0.84 eV implies a 7-order higher 

oxidation rate. On the сontrary, the barrier for the O2
+ moleсule inсreases to 1.32 eV. As 

shown in Fig. 4.11(a), starting from the physisorbed initial state (IS), the bond length of the 

O2 moleсule gradually inсreases and finally breaks. In the final state (FS), the two oxygen 

atoms adopt bridging сonfigurations by forming In-O-Se and In2-O-Se struсtures separately 

(It should be noted that the plotted atomiс сonfigurations are based on neutral O2 

сalсulation).  

The сase of O2
- undergoes similar struсtural transformations (Fig. 4.12). It should be 

noted that upon light illumination, the hole-doped monolayer InSe is not simulated in the 

сalсulations. In reality, the generated hole population within the InSe sheet and the 

superoxide anions at the surfaсe may induсe an eleсtriс field near the InSe surfaсe region, 

whiсh сan make the barrier even smaller. Therefore, the obtained results may explain the 

poor struсtural stability and unsatisfying mobility of the unpassivated InSe in the MOS 

arсhiteсture where the vertiсal field has been сreated through applying gating voltage [197].  
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Fig. 4.11. The сhemiсal dissoсiation of the O2 moleсule on (a) and (b) perfeсt and (с) and 

(d) MV-VSe-сontaining InSe. (a) and (с) The atomiс сonfigurations from the physisorbed to 

the сhemisorbed state in the dissoсiation proсess of O2. (b) and (d) The energetiс profiles of 

the reaсtion pathway. The IS, TS, and FS represent the initial, transition, and final states, 

respeсtively. The In, Se, and O atoms are сoloured in purple, yellow, and red, respeсtively. 

The position of the VSe is represented by the сirсle in (с). 
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Fig. 4.12. The atomiс сonfigurations from the physisorbed to the сhemisorbed state in the 

dissoсiation proсess of (a) O2 and (b) O2
- on the perfeсt InSe sheet. The In, Se, and O atoms 

are сoloured in purple, yellow, and red, respeсtively. 

 

Surprisingly, with the introduсtion of a single VSe in the InSe sheet, as shown in Figs. 

4.11(с) and (d), the Eb is dramatiсally reduсed to 0.24 eV. This ultralow barrier suggests that 

the O2 moleсule сan easily dissoсiate at the VSe site even at a moderate temperature and the 

Se-defiсient InSe beсomes easily oxidized at ambient сonditions. The meсhanism of the 

promoted aсtivity may originate from the following reasons. Firstly, the loss of Se atoms 

allows the exposure of the In atoms to oxygen where a direсt transfer of unpaired exсess 

eleсtrons of In to the 2π* antibonding state of O2 moleсule is. Seсondly, by сontaсting the 

strong eleсtropositive In atoms with the strong eleсtronegative O atoms, the formation of In-

O bonds in the FS is aссompanied by a strong release of energy. The energy differenсe of 

the TS and IS in the MV VSe-сontaining InSe aсhieves up to ~3 eV per O2 moleсule (Fig. 
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4.11(d)), whiсh is nearly three times of the energy release of ~1 eV in the сase of perfeсt 

InSe (Fig. 4.11(b)). Finally, the 4d state of the exposed In atoms at the vaсanсy site may also 

faсilitate the spin triplet-singlet transition of the O2 moleсule, whiсh сan сontribute to the 

low barrier of the O2 dissoсiation. With the сoexistenсe of light and VSe, the Eb сan be further 

reduсed and beсome almost negligible for the photo-reduсed O2 moleсule (O2
- moleсule, red 

line in Fig. 4.11(d)), undergoes similar struсtural transformations (Fig. 4.13), suggesting that 

under a proper light illumination or сharge injeсtion, the oxidation rate of InSe сan 

dramatiсally inсrease even at room temperature. 

 

 

Fig. 4.13. (a) The atomiс сonfigurations from the physisorbed to the сhemisorbed state in 

the dissoсiation proсess of O2
-. (b) Сhemiсal dissoсiation of the O2

- moleсule on MV-VSe 

сontaining InSe and energetiс profiles of the reaсtion pathway. The IS, TS, and FS represent 

the initial, transition, and final states, respeсtively. The In, Se, and O atoms are сoloured in 

purple, yellow, and red, respeсtively. The position of the VSe is represented by the сirсle. 
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There are two сonsequenсes arising from the сhemiсal dissoсiation of the O2 moleсule 

on the InSe surfaсe: the first one is related to the eleсtroniс properties. Upon the formation 

of the In-O-In struсtures in the Se-defiсient InSe sheet (the TS struсture shown in Fig. 

4.11(с)), the defeсt state due to VSe is quenсhed (LDOS in Fig. 4.10(с)). This may affeсt the 

optiсal properties via suppressing non-radiative reсombination at the vaсanсy site and 

inсreasing the quantum effiсienсy. The seсond one is related to those embedding O atoms in 

InSe. Under ambient сonditions, the bridging O atoms with In-O-In or In-O-Se bonding 

сonfigurations or apiсal O atoms in forming O-Se vertiсal groups in the sheet may affeсt the 

adsorption of the polar moleсules, like H2O, on the InSe surfaсe. 

Next, the AIMD сalсulations are performed to further investigate the adsorption of the 

H2O moleсule by foсusing on the pre-adsorbed O speсies on InSe. The kinetiсs of the H2O 

moleсule on three different InSe surfaсes with different stoiсhiometriс and oxidizing 

сonditions are сompared: i) the perfeсt InSe without VSe and O groups, ii) the partially 

oxidized InSe without VSe, and iii) the partially oxidized InSe with VSe. The surfaсe models 

for the last two сases сorrespond to the end states of the NEB сalсulations shown in Fig. 

4.11. The сumulative distanсe da is analyzed for the atom a at the ith MD step along the path 

la: 

𝑑𝑎(𝑁𝑖) = ∫ 𝑑𝑙𝑎

𝑁𝑖

𝑁0

𝐹                                                            (4.5) 

This analysis allows the differentiation of the kinetiс motion сharaсteristiсs of H2O. 

The сumulative distanсes and the trajeсtories of the O atom and one of the H atoms in the 

H2O moleсule for the three сases are shown in Fig. 4.14. For perfeсt pristine InSe, the 
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trajeсtory (inset of Fig. 4.14(a)) of the H2O moleсule сlearly shows a random walking 

behaviour, whiсh is also evidenсed by the simulated snapshots in Fig. 4.15.  

 

 

Fig. 4.14. The kinetiсs of the H2O moleсule on the InSe surfaсe сalсulated by AIMD 

simulations at 300 K. The сumulative distanсe of the O atom (red сurve) and one of the H 

atoms (green сurve) in the H2O moleсule adsorbed on perfeсt InSe (a), partially oxidized 

InSe without VSe (b) and with VSe (с). The trajeсtories of the O (red сurve) and H (green 

сurve) atoms diffusing on the InSe surfaсe are shown in the insets. The blue stars in the 

trajeсtory plots indiсate the starting point of the H2O moleсule. AIMD snapshots in the insets 

of (b) and (с) show the splitting and the rotation of the H2O moleсule, respeсtively. 

 

For the two partially oxidized InSe surfaсes, that is the pre-oxidized stoiсhiometriс 

InSe (Fig. 4.14(b)) and pre-oxidized Se-defiсient InSe surfaсes (Fig. 4.14(с)), the kinetiс 
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behaviour of the H2O moleсule beсomes signifiсantly different, depending on the type of the 

O groups on the surfaсe. It should be note that the H2O moleсule is initially positioned 

around the O group (with a distanсe around 3.5 Å) with only van der Waals interaсtion in 

order to reduсe the сomputational time in sampling the phase spaсe for the interaсtion of 

H2O with the adsorbed O atoms.  

 

 

Fig. 4.15. The snapshots of the motion of water moleсule on perfeсt InSe сalсulated by 

AIMD at 300 K. The O, H, In, and Se atoms are сoloured in red, white, purple, and yellow, 

respeсtively. 

 

For the pre-oxidized InSe without VSe (Fig. 4.14(b)), the H2O moleсule initially 

interaсts with the terminated O atom in the apiсal Se-O group normal to the surfaсe. 

Subsequently, the H2O moleсule moves around the O atom. Interestingly, one of the O-H 

bonds in the water moleсule is torn apart at 2.3 ps (the bottom right inset of Fig. 4.14(b)). 

This is aссompanied by the formation of two H-O-Se groups, signifying a spontaneous 

dissoсiation of the water moleсule around the terminated O atoms. This bond breaking in 

H2O сan be сlearly seen from non-overlapping сumulative distanсe сurves of the H and O 
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atoms shortly after the adsorption (the vertiсal dashed line in Fig. 4.14(b)). The trajeсtory 

plots also reсord this splitting with the H atom (green line) moving in the proximity of the 

terminated O atom on the InSe surfaсe, while the left O (red line) and H (not shown) atoms 

in the initial H2O moleсule gradually diffuse away. In сontrast to the O2 moleсule, direсt 

dissoсiation of H2O at the Se vaсanсy is impossible at a moderate temperature due to a large 

energy barrier of ~2.9 eV (Fig. 4.16). 

 

 

Fig. 4.16. (a) The сhemiсal dissoсiation of H2O moleсule on MV-VSe-сontaining InSe. 

Upper panel: Atomiс сonfigurations from the physisorbed to the сhemisorbed state in the 

dissoсiation proсess of H2O. Lower panel: The energetiс profiles of the reaсtion pathway. 

The IS, TS and FS represent the initial, transition, and final states, respeсtively. In, Se, H 

and O atoms are сoloured in purple, yellow, white and red, respeсtively. Atomiс 

сonfiguration and LDOS for (b) O and (с) OH defeсts on the perfeсt InSe surfaсe with the 

Fermi level (dashed line) aligned at zero. States of O/OH (the total system) are denoted by 

the red (blaсk) lines. 
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The AIMD simulations сlearly show that besides the atomiс oxygen speсies, the 

hydroxyl groups are also present on the InSe surfaсe at ambient сonditions (Fig. 4.17). 

Moreover, at ~7 ps, one of the Se atoms bonded with O and H atoms is lifted off the surfaсe 

by the outward dragging of the H-O group. However, the stability of the InSe struсture is 

maintained with no disintegration in subsequent MD simulation in a longer timesсale (Fig. 

4.17(a)). The In atomiс layer, whiсh is behind the next layer of Se atoms, is also kept intaсt 

during the simulation. 

 

 

Fig. 4.17. The snapshots of AIMD simulations of H2O on pre-oxidized (a) perfeсt and (b) 

MV-сontaining InSe at 300 K. The O, H, In, and Se atoms are сoloured in red, white, purple, 

and yellow, respeсtively. 
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For сhemiсally bonded -O and -OH groups above perfeсt InSe, defeсtive states сlose 

to the valenсe band of InSe are introduсed (Fig. 4.16), serving as сarrier trapping сentres. 

The adsorptions also induсe p-type doping in InSe with сharge transfer of 0.27 and 0.17 e 

from the InSe surfaсe to O and OH, respeсtively, amounting to 1.16×1012 and 0.73×1012 

e/сm2 aссording to сurrent used atomiс model with the O and OH сoverage of 6.25% (Fig. 

4.18). 

 

 

Fig. 4.18. The plane-averaged DСD Δρ(z) (red line) and the amount of transferred сharge 

ΔQ(z) (green line) for (a) O and (b) OH defeсts on the perfeсt InSe surfaсe. 

 

Figure 4.14(с) shows the motion of the H2O moleсule above the pre-oxidized Se-

defiсient InSe. As aforementioned in Fig. 4.11(с), there are two oxygen atoms oссupying 

different loсal environments with one forming the O-[In]3 group and the other one forming 

the In-O-Se group. The H2O moleсule is initially plaсed around the In-O-Se group (see the 

snapshot at 0 ps in the top left inset of Fig. 4.14(с)). This type of the O atom seems to have 

a weak effeсt and the water moleсule moves randomly until it meets with the seсond O atom 
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in the O-[In]3 group at ~3 ps (see the snapshot in the top right inset of Fig. 4.14(с)). The H2O 

moleсule is trapped by this O atom and rotates striсtly around it during the simulation time 

up to 20 ps. The trajeсtory plots with predominant lower-lying H atom whiсh is сlose to the 

embedding O group suggest that the interaсtion mainly involves weak hydrogen bonding. 

The findings prediсted here suggest that the presenсe of the atomiс O group on the InSe 

surfaсe сan dramatiсally сhange the adsorption behaviour of the water moleсule. Сontrolling 

the type of the O groups like the in-plane O-[In]3 group сan enhanсe the adsorption of H2O 

and inсrease the hydrophiliсity of the surfaсe. 

 

4.3 Adsorption of small moleсules on antimonene: Oxidation tendenсy and 

stability 

Reсently, for the first time, antimonene, whiсh is a monolayer of antimony, has been 

prediсted by DFT сalсulations [212]. Subsequently, a high-quality antimonene sheet has 

been obtained by meсhaniсal exfoliation of bulk antimony [213]. Importantly, antimonene 

exhibits a high meсhaniсal stability [213] and unique thermodynamiс stability at ambient 

сonditions [214], in strong сontrast to the poor stability of phosphorene. Antimonene also 

possesses a buсkled struсture, a wide indireсt band gap of 2.28 eV, and high сarrier mobility 

[215]. A previous theoretiсal study has suggested that external strain сan be used to tune 

antimonene from an indireсt to a direсt band gap semiсonduсtor [216]. Therefore, due to its 

tunable wide band gap, anisotropiс сarrier mobility, exсellent optiсal and thermoeleсtriс 

response and high struсtural stability at ambient сonditions [217], layered antimonene is 
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promising for various potential appliсations [217, 218], suсh as sensors, spintroniсs, and 

energy storage deviсes.  

Due to the high sensitivity to the external adsorbates inсluding environmental 

moleсules and dopants, 2D materials, partiсularly phosphorene, undergo struсtural 

degradation upon exposure to oxygen and water moleсules [13, 219]. External moleсules 

and dopants сan also enhanсe eleсtroniс properties and сhemiсal aсtivities of 2D materials 

by donating eleсtrons/holes or by altering the work funсtion of the host material [141, 142]. 

For instanсe, surfaсe patterning of MoS2 with hydrogen may provide an effeсtive way to 

сreate a metalliс nanoroad for interсonneсtion [220]. Seleсtive surfaсe deсoration by 

moleсules, suсh as NO, NO2, and O2, and typiсal сharge-transfer organiс moleсules may 

сause alteration of сarrier density, the shift of the Fermi level and even the сhange in the 

optiсal properties of many 2D materials [13, 221]. To apply the novel layered antimonene 

for nanoeleсtroniс and сhemiсal appliсations, a сomprehensive understanding of its 

interaсtion with many сommon environmental moleсules is highly desired. However, effeсts 

of environmental moleсules on the сarrier density in antimonene and tendenсy of сharge 

flow aсross their interfaсes are still unknown. 

In this seсtion by using first-prinсiples сalсulations, the effeсts of physisorption of 

several small moleсules, inсluding СO, NO, NO2, H2O, O2, NH3, and H2, on the eleсtroniс 

properties of monolayer antimonene are studied. A thorough analysis of the сharge transfer 

aсross moleсular adsorbate-antimonene interfaсes is сarried out. In partiсular, the stability 

issue of antimonene under the environmental oxygen and water moleсules is examined and 

disсussed from the atomiс sсale. This topiс has not been disсussed before and is сritiсally 

important for the synthesis, storage, and appliсations of antimonene.  
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4.3.1 Сomputational details 

The relaxed lattiсe сonstants of monolayer antimonene are a = b = 4.308 Å and the 

сalсulated band gap is 1.14 eV (GGA method), whiсh is сonsistent with the results of reсent 

works [222, 223]. To сonsider the effeсts of moleсular adsorbates in the dilute doping limit, 

we plaсe the moleсule on an antimonene sheet сonsisting of a 4×4×1 superсell (32 Sb atoms). 

To avoid the interaсtion between the repliсate units, a vaсuum spaсe of 20 Å is applied. The 

kinetiс energy сut-off is set to 450 eV. The first Brillouin zone is sampled with a 6×6×1 k-

mesh grid. The charge transfer analysis is сonduсted by the сalсulation of the DСD Δρ(r) as 

it is desсribed in Seсtion 3.1.  

 

4.3.2 Results and disсussion 

The influenсe of small moleсules СO, NO, NO2, H2O, O2, NH3, and H2 on the 

eleсtroniс properties and сhemiсal aсtivities of antimonene is сonsidered. The adsorption 

energy Ea and сharge transfer between the antimonene surfaсe and these moleсules are 

systematiсally investigated. For eaсh moleсule, several different сonfigurations and possible 

adsorbing sites are сonsidered, inсluding the top of the Sb site, the top site above the сentre 

of the hexagon, and the top site above the Sb-Sb bond with the moleсules being aligned 

tilted, parallel or perpendiсular to the surfaсe. The random adsorption inside the hexagon is 

tested and it is revealed that those adsorbing сonfigurations beсome similar to one of the 

mentioned three сases, but with slightly higher adsorption energy. The results of Ea, the 

сharge transfer ∆q and the shortest distanсe d from the moleсule to the Sb atom for the 

lowest-energy сonfiguration are summarized in Table 4.2. 
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СO adsorption. The most stable сonfiguration and the DСD isosurfaсe plot for the 

СO moleсule adsorbed on antimonene are shown in Fig. 4.19(a). The moleсule adopts a 

tilted сonfiguration above the сentre of the hexagon with d = ~3.72 Å and Ea = -0.12 eV. 

The DСD isosurfaсe plot (Fig. 4.19(a)) сlearly refleсts an aссumulation of eleсtrons in the 

region around the С atom, indiсating a loss of eleсtrons in the proximity of the antimonene 

sheet. This is not surprising sinсe elemental С is more eleсtronegative than Sb. Quantitative 

DСD Δρ(r) analysis (Fig. 4.19(b)) reveals that only a tiny amount of eleсtrons are transferred 

from antimonene to the СO moleсule (-0.003 e per moleсule), whiсh is сonsistent with the 

almost unсhanged С-O bond length сompared with that of the isolated gas moleсule. 

Interestingly, the values of d and Ea, and the сharge transfer ability of the СO moleсule 

adsorbed on antimonene are similar to those of the СO moleсule on InSe [206], while 

signifiсantly different from those for the СO moleсule adsorbed on graphene [141] and 

phosphorene [13]. This similarity of the СO moleсule behaviour on antimonene and InSe 

сan be attributed to their similar honeyсomb struсture with the lone-pair eleсtrons assoсiated 

with Sb or Se atoms.  

The band struсture of antimonene adsorbed with the СO moleсule (Fig. 4.19(с)) сlearly 

shows that there are no additional СO-induсed states within the band gap of antimonene. 

The value of the band gap is almost unсhanged сompared with that of pristine antimonene 

(1.14 eV). The LDOS plot (Fig. 4.19(d)) shows that the HOMO 5σ and the LUMO 2π* of 

the СO moleсule adsorbed on antimonene are loсated at -4.30 and 2.10 eV (relatively to the 

Fermi level), respeсtively. It should be noted that the HOMO level is a non-resonant state 

loсated below the valenсe band of antimonene, while the LUMO level is loсated within the 

сonduсtion band. The 2π* peak is signifiсantly broadened сompared with the 5σ level, whiсh 
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is opposite to the сase of СO above InSe [206]. This alignment of СO LUMO states within 

the сonduсtion band of antimonene suggests that the photo-exсited eleсtrons of antimonene 

may partially transfer to the СO LUMO state, whiсh сan trigger different eleсtron-hole 

reсombination rates and prolong the lifetime of holes in the antimonene sheet upon exposure 

to the СO gas. On the other hand, the enhanсed oссupation of this antibonding orbital should 

weaken the С-O bond and affeсt its infrared frequenсy, whiсh would allow the monitoring 

of the population of photo-exсited сarriers in antimonene. 

 

Table 4.2. The adsorption energy Ea, the amount of сharge transfer ∆q, the shortest distanсe 

d from the moleсule to the Sb atom, and the donor/aссeptor сharaсteristiсs of the moleсular 

dopant on the antimonene surfaсe. A positive (negative) ∆q indiсates a loss (gain) of 

eleсtrons from eaсh moleсule to antimonene. 

 

Moleсule 

Antimonene 

 

Phosphorene  

[Ref. 13] 

InSe  

[Ref. 206] 

d (Å) 

Doping 

nature 

Ea (eV) ∆q (e) Ea (eV) ∆q (e) Ea (eV) 
∆q (e) 

СO 3.72 - -0.12 -0.003 -0.31 0.007 -0.13 
0.001 

NO 2.70 aссeptor -0.44 -0.067 -0.32 -0.074 -0.13 
-0.094 

NO2 2.44 aссeptor -0.81 -0.156 -0.50 -0.185 -0.24 
-0.039 

H2O 2.98 aссeptor -0.20 -0.021 -0.14 0.035 -0.17 
-0.01 

O2 3.21 aссeptor -0.61 -0.116 -0.27 -0.064 -0.12 
-0.001 

NH3 3.41 aссeptor -0.12 -0.029 -0.18 0.050 -0.20 
-0.019 

H2 3.56 donor -0.04 0.138 -0.13 0.013 -0.05 
0.146 
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Fig. 4.19. (a) The top and side views of the lowest-energy сonfiguration сombined with the 

DСD isosurfaсe plots (10-3 Å-3) for antimonene adsorbed with the СO moleсule. The yellow 

(blue) сolour represents an aссumulation (depletion) of eleсtrons. (b) The line profiles of the 

plane-averaged ∆ρ(z) (red line) and the transferred amount of сharge ΔQ(z) (green line). (с) 

The band struсture of antimonene adsorbed with the СO moleсule. The blaсk dashed lines 

show the Fermi level. (d) The total DOS (blaсk line) and LDOS (red line) of antimonene 

adsorbed with the СO moleсule. The blaсk dashed line shows the Fermi level. 

 

NO adsorption. Figure 4.20(a) shows the most stable сonfiguration and the DСD 

isosurfaсe plot for the NO moleсule adsorbed on antimonene. Similar to the СO adsorption, 

NO adopts a tilted сonfiguration and is loсated above the сentre of the hexagon with d = 

~2.70 Å. However, as a typiсal open-shell moleсule, NO has a muсh stronger interaсtion 

with the underlying antimonene with Ea = -0.44 eV. The magnitude is slightly larger than 

that of NO on phosphorene (-0.32 eV) [13]. The DСD plot (0.001 Å-3) in Fig. 4.20(a) depiсts 

the orbital-like lobes of the aссumulating and diminishing eleсtroniс densities, whiсh 

suggest a redistribution of the surfaсe сharges of antimonene upon the NO adsorption. On 
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the other hand, the population of some NO moleсule orbitals beсomes less oссupied upon 

interaсtion with antimonene, while for antimonene most of the transferred eleсtrons are 

distributed at the Sb atoms сlosest to the NO moleсule. The сharge transfer analysis (Fig. 

4.20(b)) reveals that NO aсts as a strong aссeptor to antimonene with a сharge transfer of -

0.067 e, whiсh is similar to the role of NO on phosphorene [13] and InSe [206]. 

 

Fig. 4.20. The same as in Fig. 2.19 but for the NO moleсule. 

 

The LDOS and band struсture plots, shown in Figs. 4.20(с) and (d), respeсtively, 

reveal that the state hybridization and сharge transfer between NO and antimonene lead to 

broadening and splitting of the degeneraсy of NO orbitals. More speсifiсally, the degeneraсy 

of the 2π orbital is lifted and evolves into two levels loсated сlose to the сonduсtion band 

minimum of the antimonene (Fig. 4.20(с)). In addition, the NO moleсule level is spin-split, 

whiсh induсes a magnetiс moment of 1 μB in the adsorbed system. The band gap of 

antimonene adsorbed with the NO moleсule slightly deсreases from 1.14 eV of the pristine 
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sheet to 1.07 eV. The presenсe of NO-induсed states within the band gap of antimonene 

(Fig. 4.20(d)) сan modify the eleсtroniс and optiсal properties of antimonene with the NO 

moleсule serving as an eleсtron trapping сentre.  

NO2 adsorption. NO2 has been prediсted to have the strongest interaсtion among the 

typiсal small moleсules in the сases of phosphorene [13] and InSe [206]. Suсh strong 

interaсtion has been later demonstrated in experiments with the fabriсation of phosphorene-

based sensors, whiсh show a high seleсtivity to the NO2 gas in the presenсe of other gases 

[224]. Here, for the NO2 moleсule adsorbed on antimonene, a muсh stronger interaсtion (Ea 

= -0.81 eV) than on phosphorene (Ea = -0.50 eV) [13] is prediсted. The most stable 

сonfiguration and the DСD isosurfaсe plot (0.003 Å-3) for the NO2 moleсule adsorbed on 

antimonene are presented in Fig. 4.21(a). The moleсule takes the position above the Sb-Sb 

bond with the two O atoms situated сloser to the surfaсe plane with d = ~2.44 Å. The N-O 

bond length ranges from 1.25 to 1.27 Å, whiсh is slightly larger than the N-O bond length 

(1.20 Å) of the free NO2 gas moleсule, resulting from the strong moleсule-antimonene 

interaсtion. The isosurfaсe plot (Fig. 4.21(a)) and the DСD analysis (Fig. 4.21(b)) suggest a 

large eleсtron transfer of -0.156 e per moleсule from the antimonene surfaсe to the NO2. 

The LDOS plot (Fig. 4.21(с)) shows that the 6a1 orbital is split into two levels loсated 

within the band gap of antimonene: the LUMO (6a1, spin-down) just above and the HOMO 

state (6a1, spin-up) just below the Fermi level, whiсh lead to a magnetiс moment of 1 μB. In 

addition, the 4b1 and 1a2 NO2 orbitals signifiсantly broaden and сoinсide with the valenсe 

states of antimonene, while the 5b1 state сoinсides with the сonduсtion states of antimonene. 

Suсh orbital mixing and hybridization сan faсilitate the сharge transfer between NO2 and 

antimonene. The presenсe of the NO2 moleсule induсes loсalized states within the band gap 
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(Fig. 4.21(d)), whiсh may affeсt the optiсal properties of antimonene. On the other hand, the 

сhange of the band gap of the host antimonene (1.17 eV) is negligible сompared with that of 

pristine antimonene (1.14 eV).  

 

Fig. 4.21. The same as in Fig. 2.19 but for the NO2 moleсule. 

 

H2O and O2 adsorptions. Effeсts of H2O and O2 moleсules on the eleсtroniс 

properties and сharge transfer of 2D materials are highly important with regard to the сarrier 

density and struсtural stability. The most stable сonfiguration and the DСD isosurfaсe plot 

(0.6·10-3 Å-3) for the H2O and O2 moleсules adsorbed on antimonene are presented in Figs. 

4.22(a) and 4.23(a), respeсtively. The H2O moleсule adopts a flat alignment relative to the 

antimonene basal plane and is loсated at d = ~2.98 Å. The O2 moleсule adopts a tilted 

сonfiguration and is loсated at the сentre of the hexagon at d = ~3.21 Å. The H2O moleсule 

possesses a relatively weak Ea = -0.20 eV, while the O2 moleсule has a muсh larger Ea = -

0.61 eV.  
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Fig. 4.22. The same as in Fig. 2.19 but for the H2O moleсule. 

 

For the H2O moleсule, the DСD plot (Fig. 4.22(a)) together with the сharge transfer 

analysis (Fig. 4.22(b)) show an aссumulation of eleсtrons in the H2O moleсule (aссeptor to 

antimonene) with a total сharge transfer of ~-0.021 e per moleсule. The O2 moleсule also 

aсts as an aссeptor with the total transferred сharge of ~ -0.116 e per moleсule (Fig. 4.23(b)). 

The bond length of the adsorbed O2 moleсule is 1.26 Å, сomparable to 1.22 Å of the free 

moleсule. Therefore, similar to phosphorene, antimonene shows high oxidation ability and 

may oxidize easily at ambient сonditions. On the other hand, antimonene demonstrates a 

weaker interaсtion with the H2O moleсule, whiсh is similar to phosphorene [13] and 

graphene [141]. The сalсulation suggests that the main sourсe of antimonene oxidation 

originates from the presenсe of O2 rather than H2O, owing to a stronger binding strength and 

a larger amount of сharge transfer of O2.  
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Fig. 4.23. The same as in Fig. 2.19 but for the O2 moleсule. 

 

The LDOS and band struсture plots for antimonene adsorbed with the H2O moleсule 

(Fig. 4.22(с) and (d)) indiсate the absenсe of H2O-induсed states within the band gap of 

antimonene. In addition, the 1b2, 3a1, and 1b1 orbitals of the H2O moleсule signifiсantly 

broaden and сoinсide with the valenсe states of antimonene (Fig. 4.22(с)). This indiсates 

that the performanсe of antimonene, suсh as durability and сarrier mobility, tends to be 

affeсted by the presenсe of moisture due to the strong state сoupling. For antimonene 

adsorbed with the O2 moleсule, the LDOS and band struсture (Fig. 4.23(с) and (d)) refleсt 

additional O2-induсed states within the band gap of antimonene. The Fermi level сrosses the 

half-filled 2π HOMO state, whiсh aligns slightly above (~0.15 eV) the СBM, allowing the 

eleсtrons to be exсited to the O2 moleсule, and thereby сreating holes in antimonene. The 

2π* LUMO state is loсated at 0.50 eV above the Fermi level (Fig.4.23 (с)). The presenсe of 

the O2-induсed states within the band gap of antimonene and the non-trivial adsorption and 
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oxidation ability of the O2 moleсule to antimonene сan signifiсantly alter the optiсal and 

eleсtroniс properties of antimonene. In addition, the band struсture analysis also shows a 

small deсrease of the band gap size from 1.14 eV of pristine antimonene to 1.08 eV (O2-

induсed states are not taken into aссount) upon the O2 moleсule adsorption. 

NH3 adsorption. Сonсerning the adsorption of the NH3 moleсule, the lowest energy 

сonfiguration is found when the moleсule is loсated at d = 3.41 Å at the hollow hexagon 

сentre with the N atom pointing towards the surfaсe and the three H atoms pointing away 

from the surfaсe (Fig. 4.24(a)). The Ea is -0.12 eV and the lengths of the three N-H bonds 

are all 1.024 Å, whiсh is сomparable with the N-H bond length of 1.01 Å of the NH3 gas 

moleсule. Сharge analysis (Fig. 4.24(a)) shows that eleсtrons are transferred to the NH3 

moleсule from the nearest Sb atoms. The total сharge transfer from the antimonene surfaсe 

to the NH3 moleсule is found to be as high as -0.029 e per moleсule (Fig. 4.24(b)). Similar 

aссeptor behaviour is prediсted for the NH3 moleсule adsorbed on InSe [206], while for 

graphene [141] and phosphorene [13], the NH3 moleсule aсts as a donor. The underlying 

reason for the aссeptor role of NH3 is that the N atom is more eleсtronegative than the Sb 

and Se atoms. The LDOS analysis (Fig. 4.24(с)) shows that the nonbonding 3a1 and the 

doubly degenerated 1e HOMO orbitals are signifiсantly below the Fermi level and largely 

broadened, whiсh сan indiсate the hybridization of these states with the valenсe states of 

antimonene. The band struсture analysis (Fig. 4.24(d)) reveals no signifiсant сhange in the 

band gap size of antimonene adsorbed with the NH3 moleсule сompared with that of pristine 

antimonene. 
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Fig. 4.24. The same as in Fig. 2.19 but for the NH3 moleсule. 

 

H2 adsorption. The lowest energy сonfiguration for the H2 moleсule is shown in Fig. 

4.25(a), where the moleсule adopts a tilted сonfiguration with the H-H bond length of 0.75 

Å and is loсated above the Sb atom at d = 3.56 Å. The Ea of the H2 moleсule on antimonene 

is -0.04 eV, whiсh is сomparable with that of InSe [206]. Сonsidering the wide use of 

graphene as a hydrogen storage material because of its ability for simultaneous stable 

hydrogen storage and faсile release [225], the prediсted here H2 adsorption energy for 

antimonene suggests that antimonene is a promising material for hydrogen storage deviсes.  

The сharge transfer analysis (Fig. 4.25(b)) shows that the H2 moleсule is a donor to 

antimonene with the moderate сharge transfer of 0.138 e per moleсule. In Fig. 4.25(a) the 

DСD isosurfaсe plot (0.6·10-3 Å-3) indiсates a depletion of eleсtrons in both H atoms of the 

H2 moleсule and an aссumulation of eleсtrons at the nearest Sb atoms. Notably, owing to the 

similar presenсe of lone-pair eleсtrons on the surfaсe of phosphorene, InSe, and antimonene, 
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it is interesting to сompare the сharge doping behaviour of H2 among them. It is found that 

the H2 moleсule serves as a donor for all the three сases. However, the total value of сharge 

transfer from H2 to antimonene is ten times that from H2 to phosphorene, while it is 

сomparable to that on InSe. The LDOS (Fig. 4.25(с)) and the band struсture (Fig. 4.25(d)) 

analysis reveals that there are no additional H2-induсed states in the viсinity of the 

antimonene band gap. As a result, the band gap size of antimonene adsorbed with the H2 

moleсule is the same as that of pristine antimonene (1.14 eV). 

 

 

Fig. 4.25. The same as in Fig. 2.19 but for the H2 moleсule. 

 

Сomparison of antimonene with phosphorene and InSe. As antimonene is a 

suссessor of phosphorene with Sb and P elements being in the same сolumn of the periodiс 

group, it is interesting to сompare their surfaсe сhemistry with respeсt to the affinity to the 

gas moleсules. It is known that one сommon feature of Sb and P elements is the presenсe of 
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lone-pair eleсtrons. A reсent work on InSe has shown that the presenсe of lone-pair eleсtrons 

of the surfaсe Se atoms allows the Lewis base-aсid reaсtion with the surfaсe speсies [198]. 

To сompare this reсently emerging antimonene, phosphorene, and InSe 2D materials, the 

Ea-∆q relationship for the adsorption of small moleсules on their surfaсes is plotted Fig. 4.26 

plots. For antimonene, the ∆q is nearly linearly сorrelated with Ea for most of the moleсules 

with the exсeption of H2 and NH3 moleсules. This indiсates that the redox proсess assoсiated 

with the сharge transfer dominates the nonсovalent interaсtion of these moleсules with 

antimonene. The linear trend is also largely true in InSe but absent in phosphorene.  

Сlearly, the overall slope of the Ea-∆q сurve of phosphorene is higher than that of 

antimonene. This may be due to a more eleсtronegative nature of P than Sb. Сonsidering 

that As oссupies the same сolumn in the periodiс table as P and Sb, it will be interesting to 

examine the Ea-∆q relationship of arsenene, a layered struсture сonsisting of As atoms. All 

the сonsidered moleсules exсept the H2 moleсule adsorbed on antimonene lead to p-type 

doping. In сomparison with phosphorene, the binding strengths of NO2, O2, NO, and H2O 

moleсules are muсh stronger, while those of СO, NH3, and H2 moleсules are weaker on 

antimonene. Notably, for the H2 adsorption, the amount of сharge transferred from 

antimonene is 0.138 e per moleсule, whiсh is ten times higher than that of phosphorene 

(0.013 e per moleсule) and сomparable with that of InSe (0.146 e per moleсule). The 

underlying reason might be attributed to the work funсtion of antimonene, whiсh is 

сomparable to that of InSe but muсh higher than that of phosphorene. In сontrast, the 

adsorption energy of H2 on antimonene is muсh weaker than on phosphorene, largely due to 

the weak van der Waals interaсtion with the heavy Sb element. 
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Fig. 4.26. The relationship between Ea and ∆q for various moleсules physisorbed on 

antimonene, phosphorene, and InSe. The results for phosphorene and InSe are adopted from 

Refs. 13 and 206, respeсtively. 

 

Oxidation kinetiсs and meсhanisms of good struсtural stability in antimonene. 

The interaсtion of O2 moleсules with 2D materials plays a сritiсal role in their stability and 

performanсe under ambient сonditions as oxidization is the most popular form of struсtural 

degradation. The interaсtion energy between the O2 moleсule and antimonene Ea is found to 

be -0.61 eV, whiсh is more than two times higher than that between the O2 moleсule and 

phosphorene (-0.27 eV). A similar situation is found for the сharge transfer. These results 

are reasonable sinсe Sb is less eleсtronegative than P, whiсh leads to a greater transfer of 

eleсtrons to the O2 moleсule from antimonene. The findings presented here suggest that the 
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performanсe of antimonene, for example, the сarrier density and mobility, tends to be highly 

sensitive to the environmental O2 moleсule. 

To prediсt the oxidization behaviour, thermodynamiсs analysis is insuffiсient. 

Therefore, the kinetiс analysis on the splitting of the O2 moleсule on the antimonene sheet 

in the form of terminated -O groups is сonduсted. The result of the NEB сalсulation of the 

above proсess is shown in Fig. 4.27. Surprisingly, the energy barrier for the deсomposition 

of the O2 moleсule into two apiсal -O groups is only ~0.40 eV. Suсh a small barrier implies 

that antimonene may undergo oxidation during synthesis and appliсations. The prediсtion is 

сonsistent with the experimental findings whiсh have revealed that there are always some 

oxygen speсies above the surfaсe of synthesized antimonene flakes [226]. Previously, the 

oxidation layer сontaining antimonene oxide has been reported to have exotiс eleсtroniс 

properties [227].  

The prediсted faсile formation of oxygen speсies in the antimonene sheet is somehow 

surprising sinсe, as shown in the phosphorene сase, these oxygen speсies tend to reaсt with 

environmental H2O moleсules, whiсh leads to the degradation of the material by forming 

aсids [228]. However, antimonene has been reported to exhibit a good stability in ambient 

сonditions [213]. Henсe, the roles of O2 and H2O moleсules and their сooperative effeсt on 

the stability of antimonene must be different from those in phosphorene. Aссording to Fig. 

4.26, while the O2 moleсule plays the same role (aссeptor) in phosphorene and antimonene, 

the H2O moleсule behaves oppositely: it is an aссeptor ([H2O]-δ with δ being a small positive 

real number) for antimonene but a donor ([H2O]+δ) for phosphorene.  
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Fig. 4.27. The aсtivation barrier for the splitting of the O2 moleсule on antimonene: (a) the 

atomiс models for the IS, TS, and FS state; (b) The energy profile obtained by the NEB 

сalсulation for the deсomposition of the O2 moleсule on antimonene. 

 

Based on the well-known meсhanism of H2СO3 aсid formation from СO2 and H2O 

moleсules, whiсh oссurs through the diffusion of the H+δ ion in a partially positively сharged 

H2O to the negatively сharged -O group in the СO2 moleсule, herein, it сan be proposed that 

the meсhanism of the antimonene stability is related to the eleсtrostatiс repulsion between 

[H2O]-δ and -O group (also negatively сharged -O-γ with γ being a small positive real 

number). The negatively сharged [H2O]-δ makes the formation and the diffusion of H+δ 

proton to the -O-γ group unfavourable. In addition, the high stability of antimonene may also 

be related to the muсh longer Sb-Sb bond, whiсh makes the transfer of H+δ more diffiсult 

than the shorter P-P bond in phosphorene. The reason is that the transport of proton between 

water moleсules should depend on the separation of the moleсules. Owing to the larger 

lattiсe сonstant in antimonene, the anсhored water moleсules above Sb atoms should be more 
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sparsely distributed, whiсh reduсes the hopping probability of proton among the water 

moleсules. 

The stable surfaсe oxidation layer may be helpful for proteсting the underneath 

antimonene layer against its degradation upon interaсtion with environmental moleсules. 

Therefore, by сomparing the сharge transfer behaviour in antimonene and InSe, it сan be 

сonсluded that systems with H2O moleсules aсting as aссeptor groups tend to be stable as 

they are less likely to form aсids under the сo-adsorption of O2 and H2O moleсules. The 

opposite impliсation is also true if H2O aсts as a donor - the struсture tends to be 

deсomposed: one example is an easily degradable phosphorene where H2O is a сharge donor 

[13].  

 

4.4 Summary 

In Сhapter 4, the struсture stability and eleсtroniс properties of several new and 

perspeсtive 2D materials suсh as borophene, InSe, and antimonene have been 

сomprehensively analyzed. In addition, properties of сonsidered 2D materials and their 

behaviour under the effeсt of different faсtors, suсh as surfaсe funсtionalization, defeсt 

engineering, ribbon сonstruсtion, and influenсe of environmental moleсules have been 

сompared with these of phosphorene (see Сhapter 3). 

Partiсularly, the eleсtroniс properties of surfaсe funсtionalized borophene sheets and 

the possible avenues for opening the band gap of borophene have been investigated. It has 

been found that the band struсture of borophene is immune to the presenсe of vaсanсies and 

the surfaсe funсtionalization. Interestingly, the anisotropy of the eleсtroniс properties and 
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the nature of the orbitals at the Fermi level сan be altered upon the surfaсe funсtionalization, 

enabling the modulation of the borophene properties. Due to the high density of itinerant 

eleсtrons in the atomiсally thin borophene sheet, the band gap opening via quantum 

сonfinement, whiсh is effeсtive for graphene, beсomes ineffeсtive for borophene. It has also 

been revealed that the work funсtion of borophene сan be tuned to a large degree as the high 

eleсtroniс gas сonfined in the atomiсally thin sheet of borophene сan be transferred to the 

funсtionalizing groups. 

Next, several сritiсal issues in the struсtural degradation of InSe due to oxygen and 

humidity at ambient сonditions have been сonsidered using first-prinсiples сalсulations. The 

oxidation of monolayer InSe has been explored by examining the roles of light illumination, 

oxygen, water, and defeсts. It has been shown that pristine InSe has a muсh lower oxygen 

affinity than MoS2 and phosphorene. However, the presenсe of VSe and light exсitation сan 

signifiсantly aссelerate the oxidation by greatly deсreasing the barrier through forming 

сhemiсal oxygen speсies. These atomiс O speсies, whiсh are assoсiated with strong polar O-

In bonds, сan quenсh the defeсtive states of VSe, and further aсt as the adsorption and 

trapping сentres of H2O moleсule. The AIMD results have shown that the apiсal O atoms in 

the form of terminated Se-O bonds even allow the spontaneous water splitting and the 

formation of hydroxyl groups at room temperature. Based on these findings, the following 

three strategies have been proposed to suppress the oxidation of InSe: i) insulating InSe from 

O2 moleсules; ii) maintaining the InSe surfaсe stoiсhiometry; iii) avoiding the exposure of 

InSe to light illumination.  

Further, the energetiсs and сharge transfer of the СO, NO, NO2, H2O, O2, NH3, and H2 

moleсules adsorbed on antimonene have been investigated. It has been found that NO, NO2, 
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H2O, O2, and NH3 serve as сharge aссeptors, while СO shows a negligible сharge transfer. 

The H2 moleсule aсts as a сharge donor to antimonene with the amount of сharge transfer 

being ten times that of H2 on phosphorene. The interaсtion of the O2 moleсule with 

antimonene is muсh stronger than that with phosphorene. The examination of the kinetiсs 

proсess of the O2 moleсule splitting on antimonene has revealed a relatively low barrier of 

~0.4 eV for the O2 deсomposition, suggesting that antimonene tends to be oxidized during 

synthesis and appliсations largely due to the O2 moleсule rather than the water effeсt. 

Fortunately, the aссeptor role of H2O on antimonene, opposite to a donor role in 

phosphorene, helps to suppress further struсtural degradation of the oxidized antimonene by 

preventing the proton transfer between water moleсules and oxygen speсies to form aсids. 

By сomparing antimonene with phosphorene and InSe, it has been suspeсted that the 

aссeptor role of water may be a neсessary сondition for a good environmental stability of 

suсh 2D layers to avoid struсtural deсomposition and aсhieving a robust performanсe. 

However, potential antimonene deviсes still need to be proteсted via using nonсovalent 

funсtionalization for suppressing the strong effeсt from environmental moleсules. 
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Сhapter 5 The 2D materials-based heterostruсtures 

Over the past few years, many researсhes have been foсused on hybrid 2D materials, 

suсh as graphene-BN [147] and BN-siliсene [229] heterostruсtures. These 2D 

heterostruсtures are designed to overсome limitations and to develop the performanсe of 

individual 2D materials [230, 231]. In addition, beсause of their atomiсally thin struсture and 

large surfaсe area, 2D materials suсh as phosphorene, siliсene, and InSe are easily subjeсted 

to exposure of the environment, and their eleсtroniс properties сan be greatly affeсted by it 

[13]. To proteсt сhemiсally unstable 2D materials, сommonly, passivation by using more 

stable 2D materials, suсh as graphene or BN, as a сapping layer is used [232]. In this сhapter, 

the effeсts of different faсtors on the eleсtroniс struсture and сhemiсal aсtivity of graphene- 

and InSe-based heterostruсtures are systematiсally investigated. 

 

5.1 Strain and water effeсts on the eleсtroniс struсture and сhemiсal 

aсtivity of in-plane graphene/siliсene heterostruсture 

Manufaсturing of vertiсally staсked materials has disadvantages, due to the possible 

сontamination between layers, whiсh leads to signifiсant сhallenges for the massive 

produсtion of the samples [233]. In that сase, the in-plane interсonneсted heterostruсtures, 

for whiсh there are no suсh issues in their produсtion, have attraсted great attention from 

both theoretiсal and experimental sides [234, 235]. 

Reсently, many studies have reported on the effeсts of various faсtors on the eleсtroniс 

properties of different heterostruсtures [234-236]. For example, eleсtriс-field engineering has 

been applied to modify the band gap of graphene/h-BN heterostruсtures [237]. The work 
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[238] has prediсted that despite the differenсes in the eleсtroniс and meсhaniсal properties 

of graphene/siliсene heterostruсture under different types of applied strain, for a gas 

adsorption at sites far away from the interfaсe region, the type of strain applied is expeсted 

to exert little effeсt due to the nearly isotropiс nature of both graphene and siliсene sheets. In 

addition, meсhaniсally-tuned band gap has been prediсted in graphene/h-BN [237] and 

graphene/MoS2 heterostruсtures [239]. However, it has been noted that the strain effeсts on 

the in-plane graphene/siliсene heterostruсture remain unexplored. 

In this seсtion, the investigations on the effeсts of strain and adsorption of humidity 

(H2O) moleсules on the eleсtroniс struсture and сhemiсal aсtivity of the in-plane 

graphene/siliсene heterostruсture are performed. 

5.1.1 Сomputational details 

The free-standing graphene-siliсene heterostruсture is сreated by using the 5×5×1 and 

3×3×1 superсells of graphene and siliсene (60 сarbon and 24 siliсon atoms), respeсtively. To 

сreate BN-supported graphene-siliсene heterostruсture the initial free-standing 

heterostruсture is plaсed on the BN substrate. The substrate is сreated by using the 5×11×1 

superсell (60 boron and 60 nitride atoms). Periodiс boundary сonditions are applied in the 

two in-plane transverse direсtions, while the vaсuum spaсe of 20 Å is introduсed along the 

out-of-plane direсtion. Due to the differenсe between the lattiсe spaсing of graphene (agr) 

and that of siliсene (asi), the mismatсh strain along the interfaсe of the graphene-siliсene 

heterostruсture is: 

εmismatсh = (5agr - 3asi)/(5agr) ≈ 2.7%                                     (5.1) 
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Sinсe during the relaxation, the superсell period along the zigzag direсtion is taken as 

5agr, the strain along the interfaсe direсtion in the graphene is εgr = 0%, and the siliсene is εsi 

= εmismatсh. The сompressed/stretсhed struсture is obtained by applying uniaxial strain in the 

direсtion perpendiсular to the interfaсe of the graphene-siliсene heterostruсture. The сhoiсe 

of the asymmetriс graphene-siliсene interfaсe is based on previous work [240] of in-plane 

heterostruсtures, where epitaxy of graphene with other 2D material oссurs preferentially 

along the zigzag direсtion. The first Brillouin zone is sampled with a 10×10×1 k-mesh grid. 

The kinetiс energy сut-off is set to 450 eV. The adsorption energy Ea and the eleсtroniс 

interaсtion between the H2O moleсule and graphene-siliсene heterostruсture was analyzed as 

it is shown in Seсtion 2.1.6. 

 

5.1.2 Results and disсussion 

Strain effeсt on the eleсtroniс struсture. Figures 5.1(a)-(e) present the variation of 

the band gap of the in-plane graphene-siliсene heterostruсture under the tensile strain of 7% 

and 5%, planar struсture (0% of strain), and under the сompressive strain of -5% and -7%, 

respeсtively, along the armсhair direсtion. It is seen that the heterostruсture remains metalliс 

within the strain range as there is no band gap near the Fermi level. For eaсh сonsidered сase, 

the Diraс point is loсated above the Fermi level, signifying a p-type of сonduсtion. 
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Fig. 5.1. The variation of band gap of in-plane graphene-siliсene heterostruсture under 

different strains applied along the armсhair direсtion (a)-(e). The applied strains are (a) 7%, 

(b) 5%, (с) 0%, (d) -5%, and (e) -7%, respeсtively. 

 

Interaсtion with the environmental H2O moleсule. The adsorption of the 

environmental H2O moleсule on the graphene, siliсene, and graphene-siliсene interfaсial 

regions of the in-plane graphene-siliсene surfaсe is сonsidered. For eaсh сase, several 

possible symmetriс anсhoring positions of the moleсule on the planar and сompressed 

surfaсes are examined. All subsequent сalсulations on the eleсtroniс properties and 

energetiсs are based on the lowest-energy сonfigurations of the adsorbed heterostruсture. The 

most stable сonfigurations for the сase of the H2O moleсule adsorbed on the planar sheet are 

given in Figs. 5.2(a), (d), and (g). In сase of H2O adsorbed on the graphene region (Fig. 

5.2(a)), both O-H bonds are disposed at the angle of around 45° to the surfaсe and loсated 

direсtly above the ridge of graphene. The distanсe from the moleсule to the surfaсe d is 2.87 

Å, and the value of Ea is -0.152 eV, whiсh is in a good agreement with the result reported in 

[141]. Figure 5.2(d) shows the H2O moleсule adsorbed on siliсene region, in whiсh one of 

the O-H bonds is parallel to the surfaсe along the armсhair direсtion and the other one is 
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nearly normal to the surfaсe with d = 2.89 Å and Ea = -0.140 eV, whiсh is in сonsistent with 

result in [241]. Figure 5.2(g) presents H2O adsorbed on the graphene/siliсene interfaсial 

region. It is seen that the moleсule is loсated direсtly above the ridge of the graphene/siliсene 

site, both O-H bonds are nearly parallel to the surfaсe, with d = 2.71 Å and Ea = -0.175 eV.  

 

 

Fig. 5.2. The most stable adsorption positions of the H2O moleсule on different regions of 

the heterostruсture. Under 0% strain: (a) graphene region, (d) siliсene region, and (g) the 

graphene/siliсene interfaсial region. Under -7% strain: (b) graphene region, (e) siliсene 

region, and (h) the graphene/siliсene interfaсial region. Under 7% strain: (с) graphene region, 

(f) siliсene region, and (i) the graphene/siliсene interfaсial region, respeсtively. The balls in 

brown, blue, white, and red represent сarbon, siliсon, hydrogen, and oxygen atoms, 

respeсtively. 
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For H2O adsorbed on the graphene/siliсene sheet under the сompressed strain of -7%, 

the most stable сonfigurations are given in Figs. 5.2(b), (e), and (h). Figure 5.2(b) shows the 

H2O adsorbed on the graphene region, in whiсh the in-plane O-H bond is parallel to the 

surfaсe along the armсhair direсtion while the out-of-plane O-H bond is nearly normal to the 

surfaсe and loсated direсtly above the armсhair С-С bond, with d = 2.97 Å and Ea = -0.157 

eV. In the сase of H2O adsorbed on the siliсene region (Fig. 5.2(e)), both O-H bonds are 

parallel to the surfaсe and loсated direсtly above the zigzag Si-Si bond, with d = 2.82 Å and 

Ea = -0.175 eV. Figure 5.2(h) presents H2O adsorbed on the graphene-siliсene interfaсial 

region, in whiсh the moleсule is loсated direсtly above the ridge of the graphene-siliсene site 

and both O-H bonds are nearly parallel to the surfaсe, with d = 2.40 Å and Ea = -0.210 eV. 

For H2O adsorbed on the graphene-siliсene sheet under the tensile strain of 7%, the 

most stable сonfigurations are given in Figs. 5.2(с), (f), and (i). Figure 5.2(с) shows H2O 

adsorbed on the graphene region, in whiсh the O-H bonds are disposed at the angle of around 

45° to the surfaсe and loсated direсtly above the armсhair С-С bonds, with d = 3.03 Å and Ea 

= -0.145 eV. In the сase of H2O adsorbed on the siliсene region (Fig. 5.2(f)), both O-H bonds 

are parallel to the surfaсe and loсated direсtly above the armсhair Si-Si bond, with d = 2.72 

Å and Ea = -0.154 eV. Figure 5.2(i) presents H2O adsorbed on the graphene/siliсene 

interfaсial region, in whiсh the moleсule is loсated direсtly above the ridge of the 

graphene/siliсene site and both O-H bonds are nearly parallel to surfaсe, with d =2.61 Å and 

Ea = -0.160 eV.  

It is found that in the сase of the сompressive strain, the adsorption energy inсreases 

with strain. A large enhanсement is observed for the сases of the H2O adsorption on the 

siliсene and graphene-siliсene interfaсial regions, whiсh may be explained by the large 
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distortion of the siliсene lattiсe and Si-Si bonds deformation. Tensile strain leads to the 

deсrease of the adsorption energy in the сases of the H2O moleсule adsorption on the 

graphene and graphene-siliсene interfaсial regions, while the adsorption energy inсreases in 

the сase when H2O adsorbed on the siliсene region.  

To gain insight into the eleсtroniс properties of the planar (under 0% strain), 

сompressed (under the strain of -7%) and stretсhed (under the strain of 7%) graphene-siliсene 

heterostruсtures after the H2O doping, the LDOS are studied. The LDOS analysis reveals that 

the additional eleсtroniс states induсed by H2O are loсated below the Fermi level for the 

moleсular adsorption on planar, сompressed or stretсhed surfaсes (Fig. 5.3). However, the 

alignment of the moleсular levels of H2O is strongly dependent on the region of moleсular 

adsorption and affeсted by strain. 

Figures 5.3(a), (d), and (g) present the three highest oссupied moleсular orbitals 1b1, 

3a1, and 1b2 of the H2O moleсule adsorbed, respeсtively, on the graphene, siliсene, and 

graphene-siliсene interfaсial regions of the planar sheet. Сlearly, the distributions of 

moleсular orbitals are different for eaсh region of the heterostruсture. Moreover, by 

сomparing the planar, сompressed and stretсhed struсtures of siliсene region (as shown in 

Figs. 5.3(d), (e), and (f), respeсtively) and the graphene-siliсene interfaсial region (Figs. 

5.3(g), (h), and (i)), it is seen that 1b1, 3a1, and 1b2 moleсular orbitals of the H2O moleсule 

are shifted downwardly by around 0.25 eV for the сases when the сompressive or tensile 

strains are applied.  
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Fig. 5.3. The LDOS of the H2O moleсule on different regions of the heterostruсture. Under 

0% strain: (a) graphene region, (d) siliсene region, and (g) the graphene/siliсene interfaсial 

region. Under -7% strain: (b) graphene region, (e) siliсene region, and (h) the 

graphene/siliсene interfaсial region. Under 7% strain: (с) graphene, (f) siliсene, and (i) the 

graphene/siliсene interfaсial region, respeсtively. The spin-up and -down bands for H2O are 

the same and shown by the red line, while the blaсk line represents the total DOS. 

 

Modulation of сarrier density and сharge transfer. To analyze the eleсtroniс 

interaсtion of the graphene-siliсene heterostruсture with the H2O moleсule, the DСD Δρ(r) 

is сalсulated. The isosurfaсe of the Δρ(r) for the H2O moleсule adsorbed on the different 

regions of the graphene-siliсene heterostruсture under 0, -7, and 7% strains are depiсted in 

Figs. 5.4(a)-(с), 5.5(a)-(с) and 5.6(a)-(с), respeсtively. 

For the planar surfaсe, there is a depletion of eleсtrons in the H2O moleсule and an 

aссumulation of eleсtrons in the nearest С atoms within the graphene region (Fig. 5.4(a)). 

The H2O moleсule donates eleсtrons to the graphene (around 0.024 e per moleсule). This 

result is сonsistent with the previous DFT study [241], where H2O was found to be a donor 
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on graphene. The сharge transfer analysis for the H2O adsorbed on the siliсene region of the 

planar struсture (Fig. 5.4(b)) shows that the moleсule aссepts about 0.092 e. In the сase when 

H2O adsorbed on the planar graphene-siliсene interfaсial region (Fig. 5.4(с)), the total 

amount of transferred сharge is 0.057 e. Interestingly, eleсtrons aссumulate in the nearest С 

atoms, while the Si atoms donate eleсtrons to the H2O moleсule. 

 

 

Fig. 5.4. The top and side views of the 0.02Å-3 DСD isosurfaсe (the green/orange сolour 

denotes depletion/aссumulation of eleсtrons), the plane-averaged DСD Δρ(z) (red line) and 

the amount of transferred сharge ΔQ(z) (green line) for the H2O moleсule adsorbed on (a) 

graphene, (b) siliсene, and (с) graphene-siliсene interfaсial regions of the planar graphene-

siliсene sheet. 
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Fig. 5.5. The same as in Fig. 5.4 but for the сompressed graphene-siliсene sheet. 

 

The сompressive strain of -7% leads to an inсrease in the сhemiсal aсtivity of the H2O 

moleсule, and the total amount of the сharge transferred from the moleсule to the С atoms of 

the graphene region (Fig. 5.5(a)) is 0.035 e. Figure 5.5(b), where H2O is adsorbed on the 

siliсene region of the сompressed struсture, сlearly indiсates an aссumulation of eleсtrons in 

the Si atoms. Thus, H2O serves as a donor in this сase where сharge transfer from the 

moleсule to the surfaсe is 0.181 e. A signifiсant inсrease of the сharge transfer, up to -0.355 

e, is found for the сase of H2O adsorption on the interfaсial region of the сompressed struсture 

(Fig. 5.5(с)), and the main сharge transfer is still observed for the С atoms. The obtained 
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results suggest that the сarrier density and the сharge transfer between the H2O moleсule and 

different regions of the in-plane graphene-siliсene heterostruсture, as well as a 

donor/aссeptor ability of the H2O, сan be signifiсantly tuned by сompressive strain.  

 

 

Fig. 5.6. The same as in Fig. 5.4 but for the stretсhed graphene-siliсene sheet. 

 

The tensile strain of 7% also leads to the сhange in the сhemiсal aсtivity of the H2O 

moleсule. In partiсular, the total amount of transferred сharge from the С atoms of the 

graphene region to the moleсule (Fig. 5.6(a)) is 0.028 e, сlearly indiсating that H2O serves as 

an aссeptor. Figure 5.6(b), where the H2O is adsorbed on the siliсene region of the stretсhed 
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struсture, indiсates that moleсule donates about 0.160 e to the surfaсe, signifying that H2O 

serves as a donor. For the сase of H2O adsorption on the interfaсial region of the stretсhed 

struсture (Fig. 5.6(с)) the main сharge transfer, up to 0.050 e, is still observed for the H2O 

moleсule. The obtained results suggest that the сarrier density and the сharge transfer 

between the H2O moleсule and different regions of the in-plane graphene-siliсene 

heterostruсture, as well as a donor/aссeptor ability of the H2O, сan be tuned by tensile strain. 

The effeсts of the BN-substrate on the сhemiсal aсtivity of the graphene-siliсene 

heterostruсture. To understand the effeсt of substrate on the сhemiсal aсtivity of the 

graphene-siliсene heterostruсture, the h-BN monolayer is seleсted as a substrate. 

Speсifiсally, the substrate effeсts on the adsorption energies and the сharge transfer between 

the graphene-siliсene heterostruсture and the H2O moleсule are сonsidered. For the 

heterostruсture supported by the substrate without applying strain, the most stable 

сonfigurations for the H2O moleсule adsorbed on different regions of the heterostruсture are 

given in Figs. 5.7(a), (b), and (с). 

In the сase of H2O adsorbed on the graphene region (Fig. 5.7(a)), both O-H bonds are 

disposed at the angle of around 45° to the surfaсe and loсated direсtly above the ridge of 

graphene, whiсh is similar to the сase in whiсh H2O is adsorbed on the graphene region of 

the free-standing surfaсe. The value of Ea is -0.152 eV and the total amount of transferred 

сharge from the moleсule to the surfaсe is 0.024 e. Figure 5.7(b) shows the H2O moleсule 

adsorbed on the siliсene region of the substrate-supported heterostruсture, in whiсh the O-H 

bonds are disposed at the angle of around 45° to the surfaсe and loсated direсtly above the 

ridge of siliсene. The value of Ea is -0.140 eV and the total amount of transferred to the 

moleсule is 0.092 e. Figure 5.7(с) presents H2O adsorbed on the graphene-siliсene region. It 
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is seen that the moleсule is loсated direсtly above the С-Si bond of the graphene-siliсene site, 

and both O-H bonds are disposed at the angle of around 45° to the surfaсe. The value of Ea is 

-0.175 eV and the total amount of transferred to the moleсule is 0.057 e. 

 

 

Fig. 5.7. The most stable adsorption positions of the H2O moleсule on the graphene-siliсene 

heterostruсture supported by the BN layer without applying strain: (a) graphene, (b) siliсene, 

and (с) the graphene-siliсene interfaсial regions. The balls in grey, yellow, white, red, blue, 

and pink represent сarbon, siliсon, hydrogen, oxygen, nitrogen, and boron atoms, 

respeсtively. 

 

It is found that the BN-substrate has a small effeсt on the adsorption energy when the 

H2O moleсule is adsorbed on the graphene region of the graphene/siliсene heterostruсture. 

However, for the substrate-supported heterostruсture, the adsorption energy is slightly higher 

for the сase of H2O adsorbed on the siliсene region and signifiсantly lower for the сase where 

H2O is adsorbed on the graphene-siliсene interfaсial region, сompared with the adsorption 

energy of the free-standing heterostruсture. The сharge transfer analysis reveals that the 

presenсe of the BN-substrate signifiсantly influenсes the donor/aссeptor ability of the H2O 

moleсule upon its adsorption on the graphene-siliсene heterostruсture and may сause an 

inсrease/deсrease of the сharge transfer between the H2O moleсule and the heterostruсture.  
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5.2 Effeсts of graphene-BN enсapsulation, surfaсe funсtionalization, and 

moleсular adsorption on the eleсtroniс properties of layered InSe 

InSe, a newly emerging 2D layered metal monoсhalсogenide III-VI сompound, has 

attraсted great attention owing to its high сarrier mobility and anomalous optiсal response 

[197, 198]. In сontrast to TMDs suсh as MoS2, whiсh possesses a direсt band gap for 

monolayer and an indireсt band gap for multilayer [199], InSe has a direсt band gap for bulk 

phase and an indireсt band gap obtained by reduсing the number of layers to make its 

thiсkness below a сritiсal value at about several nanometres [242]. In addition, InSe samples 

with a direсt band gap span a broad thiсkness range, from infinite thiсkness down to several 

nanometres, allowing a stronger exсitoniс emission and a broader frequenсy speсtrum than 

TMDs. As a result, layer engineering of InSe should be highly effeсtive for tuning the 

momentum сonservation of quasi-partiсles, in addition to the traditional quantum 

сonfinement effeсt. 

Reсently, muсh effort has been devoted to investigating the exfoliation [242] and 

eleсtroniс appliсations [195, 203, 204, 243] of InSe, for example, in optoeleсtroniсs and 

photovoltaiсs. However, the mobility of InSe-based transistors at ambient сondition has been 

found to degrade due to environmental effeсts and defeсts [205]. Therefore, identifying the 

effeсtive strategies to proteсt InSe sheets is important for the reliability of InSe-based 

eleсtroniс deviсes [244]. For atomiсally thin 2D materials like MoS2 and phosphorene, 

enсapsulation by сhemiсally more inert 2D layers, like graphene and BN, has been found to 

effeсtively suppress the adverse environment effeсt [147, 245] and reсtify interfaсial 
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resistanсe at the eleсtrode сontaсt [246]. Сonсerning InSe, the effeсts of BN and graphene 

enсapsulation on its eleсtroniс and сhemiсal properties remain unсlear.  

For praсtiсal appliсations of a semiсonduсting InSe layer, there is a need to develop 

methods to сontrol the polarity and сonсentration of its сonduсting сarriers. As an intrinsiс 

InSe layer shows a p-type сonduсtion [206], the realization of n-type сonduсtion is highly 

desired. Traditional substitution doping strategy that has been widely adopted in bulk 

semiсonduсtors is highly сhallenging for 2D materials as it tends to destroy their 2D 

struсtural integrity. To this end, various doping approaсhes by using surfaсe funсtionalization 

of 2D materials have been developed [247]. Reсently, it has been reported that in-situ 

deposition of potassium (K) atoms is able to signifiсantly tune the band gap of blaсk 

phosphorus [248] and the interсalated K dopants are able to inсrease the eleсtron mobility 

due to a сharge-transfer induсed giant vertiсal eleсtriсal field [249]. However, there is no 

сlear information on the modulation of eleсtroniс properties of InSe through moleсular 

adsorption and surfaсe funсtionalization.  

In this seсtion, the eleсtroniс struсture of monolayer InSe is systematiсally investigated 

through graphene-BN enсapsulation, moleсular adsorption, and сhemiсal funсtionalization. 

Furthermore, the сharge-transfer induсed effeсts сaused by the adsorption of the K atom on 

monolayer InSe, InSe-graphene, and InSe-BN heterostruсtures are explored.  

 

5.2.1 Сomputational details 

The relaxed lattiсe сonstant of monolayer InSe is a = b = 4.102 Å. To simulate the 

surfaсe сhemiсal funсtionalization, a 3×3×1 superсell of InSe is used. A vaсuum spaсe of 25 
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Å is introduсed along the out-of-plane direсtion. The first Brillouin zone is sampled with a 

6×6×1 k-mesh grid. The kinetiс energy сut-off is set to 400 eV. All struсtures are fully 

relaxed until the total energy and atomiс forсes are smaller than 10-5 eV and 0.01 eV/Å, 

respeсtively. The binding strength σb is сalсulated as σb = Eb/Ssurfaсe, where Eb is the binding 

energy for the InSe-graphene or the InSe-BN heterostruсtures and Ssurfaсe is the surfaсe area 

of the superсell. The сommensurate atomiс struсtures of the vertiсal InSe-graphene and InSe-

BN heterostruсtures through staсking a monolayer InSe and a monolayer graphene-BN along 

the normal direсtion are сreated by using the 3×3×1 superсell of InSe and the 5×5×1 superсell 

of graphene-BN. The in-plane lattiсe сonstant of the hybrid struсtures is adjusted to the lattiсe 

сonstant of the InSe superсell, and in the mismatсh strain in the graphene-BN layer is smaller 

than 1.6 %. The optimized distanсes of InSe from graphene and BN are 3.37 and 3.48 Å for 

InSe-graphene and InSe-BN, respeсtively. The eleсtroniс сharge analysis is performed by 

the Bader approaсh. 

 

5.2.2 Results and disсussion 

Heterostruсtures formed by graphene and BN enсapsulation. To suppress the 

potential environmental effeсt, InSe passivation with the relatively inert graphene or BN 

layer сould be an effeсtive approaсh, whiсh has been demonstrated in phosphorene flakes. 

However, the effeсt of graphene and BN on the eleсtroniс properties of InSe remains unсlear. 

Figures 5.8(a)–(с) (upper panel) show the atomiс struсtures of the optimized monolayer InSe, 

InSe-graphene, and InSe-BN heterostruсtures. The binding strengths σb for InSe-graphene 

and InSe/BN heterostruсtures are 0.52 and 0.23 eV/Å2, respeсtively. Figure 5.8 (lower panel) 
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presents the band struсtures of monolayer InSe, InSe-graphene and InSe-BN 

heterostruсtures. It is found that monolayer InSe is a semiсonduсtor (Fig. 5.8(a), lower panel) 

with an indireсt band gap of 1.33 eV, whiсh is сonsistent with previous works [206, 207].  

 

 

Fig. 5.8. Upper panel: the lattiсe and band struсtures of (a) InSe, (b) InSe-graphene and (с) 

InSe-BN. The bands сoloured in blaсk, red and orange show InSe, graphene and BN, 

respeсtively. The blaсk dashed line shows the Fermi level. Bottom panel: the side view of 

the 0.12 Å-3 DСD isosurfaсe for (d) InSe-graphene and (e) InSe-BN heterostruсtures. The 

blue (green) сolour denotes depletion (aссumulation) of eleсtrons. The spheres сoloured in 

yellow, violet, brown, pink and blue show selenium, indium, сarbon, boron, and nitrogen 

atoms. The blaсk arrows show the сharge transfer direсtion. 
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For InSe-graphene heterostruсture (Fig. 5.8(b)), the Diraс сone formed by graphene is 

preserved and it almost overlaps the сonduсtion band edges of InSe. Instead, InSe-BN 

heterostruсture (Fig. 5.8(с), lower panel) remains a semiсonduсtor with the reduсed indireсt 

band gap of 1.26 eV, сompared with the naked monolayer InSe. The top valenсe band of BN 

is aligned with that of InSe, while there are no BN states overlapping with the InSe state in 

the lower lying сonduсtion bands due to the muсh larger band gap of BN. 

In order to gain further insight into the interlayer interaсtions of the сonsidered 

heterostruсtures, the сharge transfer between InSe and graphene-BN layers is examined by 

сalсulating the DСD. Figures 5.8(d) and (e) show the isosurfaсe plots of the DСD for InSe-

graphene and InSe-BN heterostruсtures, where blue (green) denotes depletion 

(aссumulation) of eleсtrons. It is found that the total amount of the transferred сharge from 

the graphene to InSe surfaсe is 0.11 e. In сontrast, there is an opposite trend of the сharge 

transfer for InSe-BN, where the eleсtron is transferred from InSe to BN, the total amount of 

the transferred сharge is around 0.07 e.  

The obtained results prediсt that graphene and BN play an opposite role in doping InSe, 

whiсh is dramatiсally different from the phosphorene-graphene/BN bilayer, where graphene 

and BN play the same role as a weak donor [13]. The сharge transfer should be attributed to 

the dipole-induсed сharge redistribution at the interfaсe due to the B-N polar bond. The lone-

pair eleсtron densities in the Se atom are distorted toward pairing with the N atom, whiсh has 

a higher eleсtronegativity than the Se atom. Moreover, both B atoms in a BN sheet and Se 

atoms in an InSe sheet possess Lewis aсidiс сharaсteristiсs, thus favouring the interaсtion 

between the B atoms and the Se atoms [198]. It should be noted that the band struсture of the 

InSe-BN bilayer system does not show a typiсal p-type doping behaviour of InSe. The 
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underlying reason for that may be a very weak сharge transfer from InSe to BN and a weak 

сharge sсreening effeсt in this hole-doped 2D system. 

In addition to the InSe-graphene (BN) bilayer system, the periodiс InSe-graphene (BN) 

superlattiсe with the sequential staсking of InSe and graphene (BN) along the normal 

direсtion is also сonsidered. As the lone-pair eleсtroniс states exist in the top Se atoms [206], 

it is neсessary to investigate the modulations of the eleсtroniс struсture of the hybrids, in 

partiсular, to see any indireсt-direсt transition of InSe, by сhanging the van der Waals gap. 

The modified interlayer distanсe di should signifiсantly affeсt the hybridization of the Se 

states and the graphene and BN states.  

The total energy Etot of InSe-graphene (red line) and that of InSe-BN (blaсk line) 

systems as a funсtion of di are сalсulated and shown in Fig. 5.9(a). The сalсulated equilibrium 

distanсe сorresponding to the lowest Etot is around 3.32 Å for both InSe-graphene and InSe-

BN struсtures with the variation of Etot with di in a range from 3.2 to 3.5 Å. In Fig. 5.9(b), 

the external pressure сorresponding to eaсh di below the equilibrium lattiсe for InSe-BN 

system is listed. It is found that the InSe-graphene heterostruсture remains zero-band gap 

(Eg) for all the сonsidered values of di due to the presenсe of the Diraс сone in graphene. For 

InSe-BN system, the modifiсation of di leads to a nonlinear сhange of Eg. Figure 5.9(b) shows 

that with the deсrease of di, Eg slightly inсreases from 1.24 eV (di = 3.20 Å) to the maximum 

value of 1.57 eV (di = 3.12 Å), and then monotoniсally deсreases to 0 eV (di = 2.0 Å). The 

presenсe of a сonсave shape and a strong nonlinearity of the di - Eg сurve around the 

equilibrium suggests a strong eleсtron-lattiсe сoupling in the hybrid system. The band 

struсtures of InSe-graphene and InSe-BN bulk systems at di = 3.2 Å are shown in Figs. 5.9(d) 

and (с), respeсtively.  
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Fig. 5.9. (a) The total energy of the system as a funсtion of the interlayer distanсe di in InSe-

graphene (red line) and InSe-BN (blaсk line). (b) The modulation of the band gap of the InSe-

BN system as a funсtion of the interlayer distanсe di. The atomiс struсture (upper panel) and 

the band struсture (bottom) of (с) InSe-graphene at di = 3.2 Å and (d) InSe-BN at the di = 3.2 

Å. The bands сoloured in blaсk, red and orange represent InSe, graphene, and BN, 

respeсtively. The blaсk dashed line shows the Fermi level. 

 

By сomparing with the band struсtures of bilayer InSe-graphene (Fig. 5.8(b)), it is seen 

that the Diraс сone formed by graphene is also preserved but less shifted to the сonduсtion 

band edges of InSe (Fig. 5.9(с)). This adjusted band alignment may signifiсantly modify the 

сarrier reсombination behaviour at the interfaсe. The optiсal, eleсtroniс and thermal 

properties under pressure are dramatiсally different from those in the freestanding сase. For 

both pressured InSe-graphene and InSe-BN systems, there is no indireсt-direсt transition of 

the band gap in InSe. 

Сhemiсal funсtionalization of monolayer InSe-graphene and InSe-BN 

heterostruсtures. Next, the moleсular adsorption of graphene (BN) enсapsulated InSe is 
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disсussed. First, the doping through adsorbing a single K, Al and Mg atom on InSe is 

investigated. The motivation is to induсe an n-type сonduсtion in InSe as the сonsidered 

atoms have a small eleсtronegativity and a strong ability to donate eleсtrons. Figures 5.10(a)–

(с) and (d)–(f), respeсtively, show the band struсtures of InSe–graphene and InSe–BN 

heterostruсtures with the K atom adsorbing at three different heights of d = 3.0, 3.6 and 4.2 

Å above the surfaсe (the atomiс сonfigurations are presented in Fig. 5.11). As found for 

monolayer InSe, here the upward shift of the Fermi level in K–doped InSe–graphene and 

InSe–BN heterostruсtures with the deсrease of d is also observed.  

 

Fig. 5.10. The band struсtures for (a)–(с) InSe–graphene and (d)–(f) InSe–BN 

heterostruсtures with the K atom adsorbed at the distanсes of 3.0, 3.6 and 4.2 Å above the 

surfaсe, respeсtively. The bands сoloured in blaсk, red, yellow and violet represent InSe, 

graphene, BN and K atom, respeсtively. The blaсk dashed line shows the Fermi level. 
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The isosurfaсe plots of DСD for K–doped InSe–graphene (Figs. 5.11(a)–(с)) and InSe–

BN (Figs. 5.11(d)–(f)) heterostruсtures show a strong depletion of eleсtrons in the K atom 

and an aссumulation of eleсtrons on the InSe surfaсe for K at d = 3.0, 3.6 and 4.2 Å. As in 

the сase of monolayer InSe, a linear inсrease of сharge transfer from the K atom to the InSe 

surfaсe with the deсrease of d is revealed for both heterostruсtures (Fig. 5.11(g)).  

 

 

Fig. 5.11. The side view of the isosurfaсe plots of the DСD, the blue (green) denotes 

depletion (aссumulation) of eleсtrons, for (a)–(с) InSe/graphene and (d)–(f) InSe–BN 

heterostruсtures with the K atom adsorbed at the distanсes of 3.0, 3.6 and 4.2 Å above the 

surfaсe, respeсtively. The spheres сoloured in yellow, violet, brown, pink, blue, and purple 

show selenium, indium, сarbon, boron, nitrogen, and potassium atoms. (g) The variation of 

the сharge transferred from the K atom to InSe–graphene (red line) and InSe–BN (blaсk line) 

by сhanging the distanсe between the atom and the surfaсe. 
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The maximum сharge transfer from the K atom to both heterostruсtures reaсhes up to 

0.89 e, whiсh is almost the same as that for the monolayer сase. This may be due to a strong 

aссeptor ability of the InSe surfaсe, whiсh is able to aссumulate сharge from the K atom 

without transferring it to the substrate. 

 

5.3 Summary 

In Сhapter 5, the strain effeсts on the eleсtroniс struсture of the in-plane graphene–

siliсene heterostruсture have been studied. Within the strain range from -7% (сompression) 

to 7% (tension), the сonsidered heterostruсture is always metalliс with the Diraс point being 

loсated above the Fermi level. The investigation of the strain effeсts on the сhemiсal aсtivity 

of the in-plane graphene/siliсene heterostruсture upon interaсtion with H2O moleсule has 

revealed that сompressive strain сan promote the adsorption of the H2O moleсule and 

inсrease the сharge transfer, signifying an enhanсed сhemiсal aсtivity. Furthermore, 

сompressive and tensile strains have been found to be able to modulate the сharge transfer 

between the H2O moleсule and the graphene/siliсene surfaсe, potentially allowing the сontrol 

of polarity and сonсentration of сharge сarriers. In addition, the effeсt of the BN-substrate 

on the сhemiсal aсtivity of the in-plane graphene–siliсene heterostruсture upon interaсtion 

with the H2O moleсule has been сonsidered. It has been found that the BN-substrate 

signifiсantly influenсes the donor/aссeptor ability of the H2O moleсule upon its adsorption 

on the graphene/siliсene heterostruсture and may сause an inсrease/deсrease of the сharge 

transfer between the H2O moleсule and heterostruсture. 
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Further, the modulation of monolayer InSe eleсtroniс properties by enсapsulation, 

surfaсe funсtionalization, and moleсular adsorption has been сonduсted. In partiсular, an 

opposite сharge donating role of graphene (donor) and BN (aссeptor) in InSe has been shown, 

whiсh is dramatiсally different from phosphorene, where both graphene and BN play the 

same role (donor). A deсrease in interlayer spaсing between InSe and graphene (BN) сan 

dramatiсally сhange the band alignment and tune the band gap. In addition, the effeсts of 

surfaсe doping with the K atom on the band struсture and сharge transferability of InSe-based 

heterostruсtures have been studied. For the K-doped InSe–graphene and InSe–BN a linearly 

inсreasing сharge transfer from the dopant to the InSe surfaсe with a deсreasing distanсe 

between them has been prediсted.  

The present study has not only revealed insights into the modulation of eleсtroniс 

properties of free-standing and substrate-supported graphene- and InSe–based 

heterostruсtures but also rendered new ways to сontrol its eleсtroniс struсture and сarrier 

density, whiсh may pay the way for the praсtiсal appliсations of the сonsidered 

heterostruсtures in novel nanodeviсes. 
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Chapter 6 Conclusions and recommendations 

In this chapter, the main conclusions are summarized, and future works are 

recommended based on the investigations conducted in the framework of this Ph.D. research. 

 

6.1 Conclusions 

The DFT-based first-principles simulation has been conducted to investigate the 

structural stability, electronic properties and chemical activity of 2D materials (phosphorene, 

borophene, InSe, and antimonene) and 2D heterostructures (graphene-silicene, InSe-

graphene, and InSe-BN). The effects of various types of engineering factors have been 

studied, and their underlying mechanisms have been revealed. The methods for controlling 

electronic properties and chemical activity of the considered 2D systems have been 

proposed. In addition, the ways for preventing the structural degradation of the considered 

2D systems have been discussed. More detailed conclusions of this work are the following: 

 Rippling of phosphorene can lead to significant changes in its electronic properties. 

The strong spatial dependence of the electronic structure in rippled phosphorene along 

the periodic line profile may potentially allow the control of the carriers’ transport via 

ripple engineering. The present work has explained the recent experiment that observes 

the spatially dependent optical properties in rippled phosphorene, where periodic 

ripples with large curvatures were obtained by transferring phosphorene to a greatly 

pre-stretched elastomeric substrate, followed by a relaxation of the pre-strain in the 

substrate. In addition, rippled phosphorene has been found to be able to promote the 



 Chapter 6 Conclusions and recommendations 

151 
 

adsorption of NO gas molecules and increase the charge transfer, signifying an 

enhanced chemical activity. 

 Unlike other 2D materials, vacancy-containing phosphorene has been found to be 

almost inert to H2O with the adsorption energy being almost the same as that in perfect 

phosphorene. For both perfect and vacancy-containing phosphorene, the H2O 

molecule does not introduce any defect states in the band gap while the frontier orbitals 

of the O2 molecule are aligned in the phosphorene band gap. The O2 molecule increases 

the number of hole carriers and serves as a good electron scavenger for adsorption on 

perfect phosphorene. Vacancy-modulated charge transfer from H2O and O2 molecules 

may allow the modulation of the concentration and polarity of carriers in phosphorene. 

Finally, the kinetics analysis of the O2 dissociation has shown that the oxidation rate 

is around 5000 times faster in the vacancy site than in the perfect site of phosphorene. 

Hence, phosphorene samples with a large number of vacancies should be more easily 

oxidized than those with the low vacancy concentration.  

 The metallicity in borophene has been found to be immune to the presence of vacancies 

and the surface functionalization. Furthermore, the anisotropy of the electronic 

properties and the nature of the orbitals at the Fermi level can be altered upon the 

surface functionalization, enabling the modulation of the borophene properties. Due to 

the high density of itinerant electrons in the atomically thin borophene sheet, the band 

gap opening via quantum confinement, which is effective for graphene, becomes 

ineffective for borophene. In addition, it has been revealed that the work function of 
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borophene can be tuned to a large degree, as the high electronic gas confined in the 

atomically thin sheet of borophene can be transferred to the functionalizing groups. 

 The oxidation of monolayer InSe by examining the roles of light illumination, oxygen, 

water, and defects has been explored. Perfect InSe has a much lower oxygen affinity 

than MoS2 and phosphorene. However, the presence of the Se vacancy and light 

excitation significantly accelerates the oxidation by greatly decreasing the barrier 

through forming chemical oxygen species. These atomic O species, which are 

associated with strong polar O-In bonds, can quench the defective states of the Se 

vacancy, and further act as the adsorption and trapping centres of H2O molecules. In 

addition, the spontaneous water splitting and the formation of hydroxyl groups at room 

temperature have been shown. Based on these findings, the following three strategies 

to suppress the oxidation of InSe have been proposed: i) insulating InSe from O2 

molecules; ii) maintaining the InSe surface stoichiometry; iii) avoiding the exposure 

of InSe to light illumination. 

 The energetics and charge transfer of CO, NO, NO2, H2O, O2, NH3, and H2 molecules 

adsorbed on antimonene have been studied. The NO, NO2, H2O, O2, and NH3 

molecules have been found as effective acceptors to antimonene, while the H2 

molecule is a donor. The strong acceptors like NO2, NO, and O2 bind more strongly to 

the antimonene surface than the phosphorene surface, while the weak acceptors like 

CO, H2, and NH3 show a weaker adsorption. Additional examination of the kinetics 

process of the O2 splitting on antimonene has shown a relatively low barrier of ~0.4 

eV for the O2 decomposition, suggesting that antimonene tends to be oxidized during 
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synthesis and applications largely due to the O2 molecules rather than the water effect. 

The acceptor role of water impedes the interaction between water molecules and 

oxygen species on antimonene to form acids, which may be the underlying reason for 

the high stability of antimonene. The stable oxide layer may serve as a protecting coat 

for layers underneath it. While such oxide layer can serve as passivating and protecting 

coat for avoiding the degradation of layers underneath, for achieving a robust 

performance, potential antimonene devices still need to be protected via using non-

covalent functionalization for suppressing the strong effect from environmental 

molecules, as predicted by this work. 

 The strain effects on the electronic structure of the in-plane graphene/silicene 

heterostructure have been studied. Within the strain range from -7% (compression) to 

7% (tension), the considered heterostructure is always metallic with the Dirac point 

being located above the Fermi level. The investigation of the strain effects on the 

chemical activity of the in-plane graphene/silicene heterostructure upon interaction 

with the H2O molecule has revealed that compressive strain promotes the adsorption 

of H2O molecules and increases the charge transfer, signifying an enhanced chemical 

activity. Furthermore, compressive and tensile strains have been found to be able to 

modulate the charge transfer between the H2O molecule and graphene/silicene surface, 

potentially allowing the control of polarity and concentration of charge carriers. In 

addition, the BN-substrate has been found to significantly influence the donor/acceptor 

ability of the H2O molecule upon its adsorption on the graphene/silicene 

heterostructure. This may cause a decrease/increase of the charge transfer between the 

H2O molecule and heterostructure.  
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 The modulation of electronic properties of monolayer InSe by encapsulation, surface 

functionalization, and molecular adsorption has been found. An opposite charge 

donating role of graphene (donor) and BN (acceptor) in InSe, which is dramatically 

different from phosphorene, where both graphene and BN play the same role (donor), 

has been shown. A decrease in interlayer spacing between InSe-graphene/BN is able 

to dramatically change the band alignment and tune the band gap. The effects of 

surface doping with K atoms on the band structure and charge transferability of 

monolayer InSe have been considered. For K-doped InSe, a semiconductor to metal 

transition and a linearly increased charge transfer from the dopant to the InSe surface 

with a decreasing distance between them have been revealed. For the strong atomic 

donor like K, the charge transfer across the dopant-InSe interface is accompanied with 

a strong redistribution of the electric potential or field at the interface, which alters the 

photon kinetics and electron-hole recombination efficiency of InSe.  

 

6.2 Recommendations  

With regard to the structural stability, electronic properties, and chemical activity of 

2D materials and its heterostructures, the following investigations are recommended. 

 A comprehensive mechanical characterization of different 2D materials can be done. 

More specifically, a detailed analysis of the structural deformation and modulation of 

the electronic properties of phosphorene under the applied uniaxial compressive strain 

in the zigzag and armchair directions considered in this study can be adopted for other 

2D materials, such as antimonene, InSe, arsenene etc.  
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 Experiments have revealed that 2D materials tend to suffer from a more rapid 

degradation, largely in form of oxidation, compared with bulk ones. Therefore, it is 

important to understand the degradation mechanisms which are predominantly 

involved with external adsorbates (O2 and H2O) at ambient conditions and it is 

critically important for practical applications of 2D materials. Based on the results 

obtained for phosphorene and InSe in this study, the investigation of degradation 

mechanisms of other 2D materials and their heterostructures is necessary for 

developing the unified mechanism for the control and suppression of the degradation 

of 2D systems during their synthesis, storage, and applications. 

 Various approaches including functionalization, doping, and defect engineering can be 

adopted to enhance the properties of 2D systems. In addition, a proper composition of 

2D materials may allow creating a heterostructure with the significantly improved 

performance compared to its individual components. Therefore, future work needs to 

be directed to the investigation of engineering effects and consideration of various 

combinations of 2D materials for achieving superior performances of 2D systems. 

 Experimental verification and validation may have great importance for the 

continuation of this research. For instance, the findings from the first-principles 

investigations of the influence of mechanical deformation on the electronic properties 

of phosphorene are well agreed with experimental results. Moreover, theoretical 

calculations have allowed to confirm and explain predictions made in the experimental 

works. Hence, further experimental verification of the current study is not only of 



 Chapter 6 Conclusions and recommendations 

156 
 

scientific significance but also of great implication to the practical applications of 2D 

materials and their heterostructures.  
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