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  Abstract 

In this paper, we studied the physical properties (optical and electrical) 

ofboropheneas a function of change in size using the MATLAB 

program.To compute these properties as a function of change in the 

nanoparticlesize, we relied on the Brus model and the characteristic 

matrix theory as atheoretical basis. 

Keyword:Borophene,BruceModel,Matrix,materialsandopticalproper

ties. 

 

  

1. Introduction 

 

The first two-dimensional material to be discovered was graphene 

[1]. Asmany of the amazing properties of graphene were 

investigated, a series 

ofnewmaterialsknownas"2Dmaterials"[2]werediscovered.2Dmater

ials are still relatively new, and becoming an exciting field of 

manyapplications[3].Typically,two-

dimensionalmaterialshaveseveraldistinctphysicalpropertiesthatarep

romisingforelectronicdevices,nanoscale engineering, energy 

conversion, and photonics [4]. With 

therapiddevelopmentofgrapheme,other2Dmaterials,suchasphospho

rene,BN,germanene,antimonene,silicene,arsenene,andtransition 

metal dichalcogenides, have recently arisen extensive interest, 

agroupofmaterialswithatomicthicknessesthataretheoreticallypredict

ed 

orsynthesized[5]havebeenproposed.Amongtheseproposedmaterials

is Borophene, a monolayer of crystallized boron, also known as a 

boronpaper. It was first predicted theoretically in the mid-1990s, 

[6] and 

in2015,a2Dboronmonolayerwassuccessfullysynthesizedonsilver(A

g) 

[7]substrates. 

 

The study of borophene has attracted many researchers from many 

fields,such as material science, nanotechnology, physics, and 

chemistry [8]. It isalso considered the lightest two-dimensional 

material to date. Boropheneis a neighbor of graphene, and hence, 

some similar properties to grapheneareexpected[9]. 

The mechanical properties ofBorophene are particularly interesting 

andimportant. First, Borophene has a low surfacemass density. 

with a 

hightensilestrength&intoplanestiffness,borophenecanbeusedasanau



LINGUISTICA ANTVERPIENSIA, 2021 Issue-2 

www.hivt.be 

ISSN: 0304-2294  

2371 
LINGUISTICA ANTVERPIENSIA 

 

h 

ps 

xiliaryfordesigningcompounds.Second,withahighflexibilityboroph

eneisalsosuitableforthefabricationofflexiblenanoscaledevices[10]. 

Moreover, due to the strongly varyingstructural propertiesof 

borophene , including its magnetic and electronic properties, it can 

beeffectively controlled for multiple applications [11]. Since boron 

atomsarerichinbondingconfigurations,boropheneispolymorphic,wh

ichincreases its differentiation from other two-dimensional 

materials [12]. Inshort, borophene is rich in resources, has low 

atomic mass (light 

weight),lowcostandhasexcellentelectricalproperties.Theseadvantag

esofBoropheneprovidemanypossibilitiesforpracticalapplicationinth

efuture. 

2. Theory: 

 

A. Brus model: 

The first theoretical calculation of nanostructured semiconductor 

particlesbased on effective mass approximation (EMA) is reported 

by 

Brus[13].Inthisapproximation,theexcitonisconsideredtobeconfinedt

oasphericalvolumeofthecrystalandthemassesofelectronsandholesar

e 

replacedbyeffectivemasses(m
*
and m

*
)todeterminetheenergy 

gap: 

Where rpsis the radius of the particle, m
*
is the effective mass of 

thehole,m
*
istheeffectivemassoftheelectronandεistherelativepermittivi

ty, or what is known as the dielectric constant. The energy 

gapthenis[14]:gap in quantum dots. In the first term of equation (1) 

we can observe thatthe energy gap is inversely proportional to r
2
as 

the energy gap increasesas the particle size decreases. In the second 

equation, we can observe thatthe energy gap decreases with 

decreasing rps as a result of increasing thestrength of the coulombic 

interaction. The second and third terms are verysmall compared to 

the first, so they can be neglected. Next, equation (2)becomes:we 

would expect the energy gap to increase with decreasing particle 

sizedue to the effect of quantum confinement, which has a large 

effect 

whentheparticleradiusrpsisequaltoorsmallerthantheBohrradiusfor 

Excitonα
°
[15]: 

 

Where 𝜀rand 𝜀°are the permittivities of the semiconductor and of 

thevacuum,respectively. 

 

 

B. Relationshipbetweenenergygapandrefractiveindex: 

 

There is a close correlation between the energy gap 𝐸gand the 

refractiveindex n, and many studies have been conducted to find 

mathematicalformulaslinkingtherefractiveindexwiththeenergygapa

ndthefollowingrelationship isthemost commonlyaccepted [16]: 

 

 

Given the simple physics of light refraction and scattering, an 

empiricalrelationshiphasbeenproposed. 

 

In equation(5) , since 𝛽<0, we see that the refractive index 
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decreaseswhen the energy gap increases. From equation (3), we 

can say that therefractiveindex ofquantumdots decreases 

astheparticlesizedecreases. 

 

C. Thecharacteristicmatrixofasinglethinfilm: 

 

Thecharacteristicmatrixlinkingthetangentialcomponentsoftheelectri

cand magneticfields can beexpressed as follows 

[17]Since𝑅𝑒istherealpartofthequantity(5𝑠𝑢𝑏). 

 

3. application 

 

A. Thestudyof opticalproperties: 

 

The energy gap of Borophene was studied as a function of the size 

of theparticle Ps, which is given to the quantum points through the 

followingrelationship:𝑃𝑠 = 

2𝑟𝑝𝑠(𝑟𝑝𝑠representstheradiusoftheparticlesofmatter) [22]. The 

material particle size values were chosen ranging from6nm to 

40nm . Most semiconducting materials behave visually 

similarlywhen the particle size of the material decreases from the 

bulk size, as aresult of volume quantization .This behavior arises 

because the size of thenanoparticles is comparable to the De 

Broglie wavelength of their chargecarriers (i.e. electronsandholes). 

We notice inthe figure(1) thatthevalue of the energy gap is large at 

small volumes and then graduallydecreases when the size of the 

object increases until it becomes almostconstant after the particle 

size of the material exceeds for rad radius 

bohrforexcitonradiusofmostmaterials,[23]. 
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figure (1): Energy gap change for BoropheneAs a function of the 

changeinthe nanoparticle size. 

From studying the refractive index, we find that it becomes 

almostconstantfornanoscalesizes(30-
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40nm)andgreaterthanthat,asduetothefact that the material in this 

case behaves its behavior in its normal state(Bulk material), the 

material can be considered the material is isotropic,but with a 

decrease in the particle size of the material less than (30 nm).The 

refractive index begins to decrease gradually and thus there is 

adirectrelationshipbetweenitandthevolume,andthisdecreaseisduetot

he quantitative confinement and to explain this, the effects of 

quantumseizure begin roughly when the particle diameter is 

reduced to a valueequal to or smaller than the exciton diameter of 

Bohr, which led to thephenomenon of electron confinement and a 

gradual increase in theexcitonic transition energy (band gap) with 

a decrease in the mass size[24]. 
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figure (2): Refractive index change for BoropheneAs a function 

of thechangeinthe nanoparticlesize. 

And when we study the reflectivity, we notice from figure (3) that 

whenthe granular size is small or when the granular size decreases, 

then 

theborophenetendstobepermeabletoelectromagneticradiation.Forlo

ngergranularsizesandthereflectivityconvergetothebulkvalueboroph

ene tends to be reflective (R = 52%) Absorbance is neglected 

andtheequationisinterpreted: 

T+R +A=1withA=0[25] 

 

This study is an approximation of what was found by Zhi-Qiang 

Wangand others[5]. 
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figure (3): Reflectivity change for BoropheneAs a function of the 

changeinthe nanoparticle size. 

 

B. Studyofelectrical properties: 

 

When studying the dielectric constant of Borophene, we notice 

that thedielectric constant decreases with the nanoscale (figure(4)). 

this can 

beunderstoodbynotingthatforsmallparticlesizes,thenumberofsurfac

eatoms is relatively large . But for nanomaterials, the number of 

atoms perunit volume will decrease due to quantitative 

confinement. Where in thenanoscale scale, the electron orbits 

around the nodes causing an increasein the coulomb force which 

promotes the force recovery. Hence, thenatural angular frequency 

of the electron oscillation, which causes thedielectric constant to 

decrease, and this proves that the dielectric constantdecreases 

withtheparticlesize ofthe material[26]. 
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figure (4): Dielectric constant change for BoropheneAs a function 

of thechangeinthe nanoparticlesize. 

 

When studying the activation energy, we notice that the valuesare 

largeat small nanoscale sizes, and decrease as the body size 

increases 

andapproachestheBohrradiusoftheexciton.Whencomparingtheactiv

ation energy curve with the energy gap curve figure (5) , we notice 

agreat similarity . This is due to the activation energy is across the 

Fermilevel,whichislocatedintheenergygap.thisimpliesthattheactivat

ion 

 

energyisequaltohalftheenergygap[27],andthechangeintheactivation 

energy is directly proportional to the change in the energy 

gap,figure(5) . 
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figure (5): Activation energy change for BoropheneAs a function 

of thechangeinthe nanoparticlesize. 

 

When studying the concentration of charge carriers, we notice 

when thesize is very small, the concentration of charge carriers is 

very small .Thisis due to the quantitative confinement to the 

electron for the small sizes,where the atoms present on the surface 

are few. The particle size of thebody increased, the greater the 

number of atoms and molecules on thesurface, in other words, the 

increase in charge carriers (electrons andholes) in the 

semiconductors, and thus the conductivity of the 

materialsincreased accordingtotheincrease ofthesecarriers. 

This behavior was observed by P. Parameshwari (2012), who 

emphasizedthattheincreaseinelectricalconductivitycanbeattributedt

othedecreaseindispersionthatoccursattheboundariesofthegrainswhe

n 
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increasingthesizeofthegranules,whichleadstoanincreaseinthemobilityand 

injectionoffreechargecarriers[28].In thefigurebelow. 
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figure (6): Concentration of charge carriers change for BoropheneAs 

afunctionofthechange inthenanoparticlesize. 

 

Conclusion: 

 

We noticed that there is a significant correlation between the 

physicalproperties (optical and electrical) of Borophene and the particle 

size, aswhen the particle radius of the material is equal to or smaller 

than thebohr radius of the Exciton, the refractive index will decrease 

and theenergy gap increases with the decrease in the particle size, and 

this leadsto a decrease The reflectivity of materials with reduced particle 

size, duetothe effectof quantumconfinement. 

We also note that whenever the size of the particle decreases, thedielectric 

constant will decrease and the activation energy will increase.Also, when 

the volume is very small, the concentration of the chargecarriers is very 

small and this is due to the quantitative confinement of theelectron for 

thesmallsizes. 

References 

[1] M. I. Katsnelson, “Graphene: carbon in two dimensions,” 

MaterialsToday,vol.10,no.1-2,pp.20–27,2007. 

[2] B. Zheng, L. Qiao, H.-t. Yu, Q.-y. Wang, Y. Xie, and C.-q. 

Qu,“Enhanced field-emission properties of buckled α-borophene by 

means ofLidecoration:afirst-

principlesinvestigation,”PhysicalChemistryChemical 

Physics,vol.20,no.22,pp.15139–15148,2018. 

[3] C. Xing, Z. Xie, Z. Liang et al., “2D nonlayered selenium 

nanosheets:facile synthesis, photoluminescence, and ultrafast photonics,” 

AdvancedOptical Materials,vol.5,no.24,article1700884,2017. 

[4] Z. Xie, Y. P. Peng, L. Yu et al., “Solar-inspired water 

purificationbased on emerging 2D materials: status and challenges,” Solar 

RRL, vol.4,no.3,article1900400,2020. 

[5] Z.-Q. Wang, T.-Y. Lü, H.-Q. Wang, Y. P. Feng, and J.- C. 

Zheng,“Reviewofboropheneanditspotentialapplications,”FrontiersofPhysi

cs,vol.14,no.3,article 33403,2019. 

[6] Boustani, Ihsan (January 1997). "New quasi-planar surfaces of 

bareboron".SurfaceScience.370(2–3):355–

363.Bibcode:1997SurSc.370..355B. 

Fr
ee

El
ec

tr
o

n
C

o
n

ce
n

tr
at

io
n

* 
1

0
^9

(c
m

^-
3

) 



LINGUISTICA ANTVERPIENSIA, 2020, *, *-* 

www.hivt.be 

ISSN: 0304-2294   

 

2377 
LINGUISTICA ANTVERPIENSIA 

 

[7] A. J. Mannix, X. F. Zhou, B. Kiraly et al., “Synthesis of 

borophenes:anisotropic, two-dimensional boron polymorphs,” Science, 

vol. 350, no.6267,pp.1513–1516,2015. 

[8] R. Peköz, M. Konuk, M. E. Kilic, and E. Durgun, 

“Twodimensionalfluorinated boron sheets: mechanical, electronic, and 

thermal properties,”Acs Omega,vol.3,no.2,pp.1815– 1822,2018. 

[9] S. H. Mir, S. Chakraborty, P. C. Jha et al., “Two-dimensional 

boron:lightest catalyst for hydrogen and oxygen evolution reaction,” 

AppliedPhysics Letters,vol.109,no.5,article053903,2016. 

[10] Z. Zhang, Y. Yang, E. S. Penev, and B. I. Yakobson, 

“Elasticity,flexibility,andidealstrengthofborophenes,”AdvancedFunctional

Materials,vol.27,no.9,article 1605059,2017. 

[11] S.I.VishkayiandM.B.Tagani,“Freestandingχ3-

borophenenanoribbons:adensityfunctionaltheoryinvestigation,”PhysicalCh

emistryChemicalPhysics,vol.20,no.15,pp.10493–10501,2018. 

[12] X. Liu, L. Wang, S. Li, M. S. Rahn, B. I. Yakobson, and M. 

C.Hersam,“Geometricimagingofborophenepolymorphswithfunctionalized 

probes,” Nature Communications, vol. 10, no. 1, article1642,2019. 

[13] SHASHANKSh.,andRAVISh.(2015).Studyontheopticalproperties 

of MN doped ZnS nanocrystals. International Scientific 

Journal(ISJ),2(1),pp.120-130. 

[14] WANG, Z.L., LIU, Y. ZHANG, Z. (Eds.) (2003). Handbook 

ofnanophase and nanostructured materials. Volume II. Kluwer 

AcademicPlenum,ISBN:9780306472497. 

[15] BHATTACHARJEE,B.,GANGULI,D.,IAKOUBOVSKII,K.,STES

MANS,A.,&CHAUDHURI,S.(2002).Synthesisandcharacterizationofsol-

gelderivedZnS:Mn2+nanocrystallites 

embedded in a silica matrix. Bulletin of Materials Science, 25(3), pp.175-

180. 

[16] P.J.L. Herve, L.K.J. Vandamme, "Empirical temperature 

dependenceoftherefractiveindexofsemiconductors",J.Appl.Phys.775476(1

995). 

[17] RAMIZY,A.(2017).GermaniumSemiconductorNanoparticlesQuant

umDotSizedependentforSolarCellAntireflectionCoatingApplications.Jour

nalofAl-AnbarUniversityforPureSciences,11(2),pp.44-54. 

[18] SESHAN, K. (2012). Handbook of Thin Film Deposition. 

William,ISBN: 9781437778748. 

[19] B. F. Bowden, “Design Theory, Materials Selection, and 

FabricationofHollowCoreWaveguidesforInfraredtoTHzRadiation”Ph.D.T

hesis, the State University of New Jersey, ISBN: 9780549707813, 

ProQuest,(2007). 

[20] H.G.Rasheed,“DesignandOptimizationofThinFilmOpticalFilters 

with Applications in Visible and Infrared Regions”, Ph.D. Thesis,Al-

Mustansiriyah University,(1996). 

[21] KrishnaSeshan,“HandbookofThinFilmDeposition”ISBN:97814377

78748,WilliamAndrew,(2012). 

[22] M.A. Mahdi, Z. Hassan, S.S. Ng, J.J. Hassan, S.K. 



LINGUISTICA ANTVERPIENSIA, 2020, *, *-* 

www.hivt.be 

ISSN: 0304-2294   

 

2378 
LINGUISTICA ANTVERPIENSIA 

 

MohdBakhori,“StructuralandopticalpropertiesofnanocrystallineCdSthinfil

msprepared using microwave-assisted chemical bath deposition” Thin 

SolidFilms,pp.3477-3484,(2012). 

[23] A. P. Alivisatos ,The Journal of Physical Chemistry J. Phys. 

Chem,100(31),13226(1996). 

[24] Kyprianidou-Leodidou, T., Caseri, W., & Suter, U. W. (1994). 

SizeVariationofPbSParticlesinHigh-Refractive-

IndexNanocomposites.TheJournal of PhysicalChemistry,98(36),8992–

8997. 

[25] FrançoisR.Flory,“ThinFilmsforOpticalSystems”ISBN:9780824796

334,Taylor&Francis Group,LLC,)1995). 

[26] PhysicsDepartment,Governmentsciencecollege,Gandhiagar,Gujarat

, India, physics Department, St. Xavier's college, 

Navrangpura,Ahmedabad, Gujarat, India, Effect of size and shape on 

static RefractiveIndex, Dielectric constant and Band gap of Nano solids, 

physics andApplied Sciences Vol.6,Issue.1,pp.37-42,February(2018). 

[27] R.Zallen,Thephysicsofamorphoussolids.NewYork:Wiley,(1983). 

[28] P.Parameshwari,B.Shashidhara,K.Gopalakrishna,"StructuralElectri

calandOpticalStudiesonSprayDepositedCadmiumSulphideand Copper 

Indium Disulphide thin films", Arch. of Physics Research, 3,441-451 

(2012). 

 


