Nanomeghyas

www.nanomeghyas.ir
_

289592 90 P9 pdloplyy b S » (590

"2T001) Jas lows! (540 919 9955 (5 3 13 895 (e B Lz 50

Il Caaro g le olfiadls (S8 0aSails ¥

(0 aw Sp (ks g)lg ke emen (L Bapaxie (abesd 5 (i el S 4 gangd dlge oS
9> o Ml Jsl g (g5 085 «SgyiSlgl ol cdlo )3 1) (g jllaata Y (5l 9 (S8l (oL
Col 89550 U & o2 Sl ) gim 90 Y ST B S 118 dagi 550 (SiU 4 a5 dlge cpl I (o ilesly 5 Sty
5 sl 3,5iluonls 5 28 STy bgya syl cysbaygr Cad B-PMMN 325 Brv <t Alas 1 ilieo (slosgyigll ol &
slo)l8 cge (mdgygr S sl Sy ohen 4 (Rl cul )ls 0dlall398 Sgr 9 (99 SN (bl c(le cublad 938l
(i copl )l oad SgySllgnl o Ko Sl clgal o (58 Ser slas il (o) b, Kus )3 o3lo (il 05dll 5 £gito
ol i GBS 09 OB (eallbl men Jlelgs U g 4By (pde) el adlas 4 ()90 g 4 )l Muad

oS oy 0lo nl )3 (9 ySI 5 Gl Sy 2 |y (uaboline 5 (oSl sbaglie dod 6)ligl 4 sl

S S g5 o 2y slalise ¢ o0gileS 3l ¢ ydgyer e sangd dlgo T (glS 519

*mahdi@iust.ac.ir

Sidny sbile » (e bl 5 Vo] ey
Sk 4 e Wl B > &5 sl oy MY 5 W]
Sy b (2N Gk dex Jl (aey LB Spls
ab p Segsll laoiws ALk > S 18 (S

LIV] A o iyl (gamig STy0 dlge
(9l Joto Nl 098 yolie ol (gagd dlge (S5L &
oo cpl I il bl g ol pwyp (mdeye Jolid
AG yur $3) » 8-PMMN 5 2-pMMN s Prz yomon
8-pmmn 1 .uloads jiww YL ool 3ed M Loyl cow
oS Cunl 3)Silueals 5 &8 Sld slabgse Ghise (e
S Gomen odle (nl 3 (g Al Sl Gl cage

VEV/YY e s bl guls
A ARIARPPIC PRG
VEYINYY 5 by gl

doddo — )

raxie leed 9 (N Shy Jd 4 g e
5 b ghe Sy hd gly el wile lisya
5 >k 1) g jWleda YU )l 5 (Sl bl
5353 oS 655 ] g YU 5 ,Sles b Saig Ul gl il
sply aobe cpl o dimde sbis oledbl Jsl 5 5yl
S gim g3 dlge )3 (glopd 5 sl 25 Al I 59,
ol ol Bl wiiad oy e Sl laggerd (i
Ol {V 9 V] 085 e (93l9e 53 (sagileS 3l

@l 155680 6> {4 g AlMOS2 Y 5 £] (p o [0-Y]

"'Valley

w235b Jlw | Y o lowd [V Y Lo \



Cawl 0l o3le cpl 3 YU (SOl (ghled iSs g SluiS
IS GleS jlis bl (glyls a8 pudg e 2-pmmn 6y [VA]
GIF 35 lanls o Siig S 5 (Sl (Sip
Quwd gz Dl Kb Jode &S (gyeb @ Ll oud
ol 5l &l yie p (g YA B Wlgi e (Jaio
oy opes We s SIS cas sl (o bl .cwl 35,5
Caold gl Juio dwd caa dliel o pisren Ll
DY) S)j 56y Ko SHSsj cae slael )3 9 (556

g b » S8 slaySus (JBe b 4)la ) eslazal |
ol am e ol oS oad adlls Mo (cladg Sl jpis
NO CO 5 b sSge bl (gl ailgi o b S
LMo sladg Sl ains opl )0 g odliiwl NH3 9 NO2
2 by b awlio ) by il coge uily dw St
Soglis (poyn b ] Wadee Mo sbazg Sl Cle
gy i dxdo dw Wb lajbsel 3 35290
Sy kgl Gl e 8-pmmm 4 8-pmmn 2-pmmn- Ll
paseds cpl lpj )8 oolitl dges 13, Cup g £ QA
oly Jsbo Sl 5 60, Sluanls (380 JUiml gz &

Ve ] cosl dtanly (ydg)9:

\
[ —)
/
\
=89
/

/ '\
\/
\/
/\

A

\/\,
\/

AV,

\/
v,
A

\/

A
7
A
v/

S
/
\
J—
\ / \"-‘_ Jy \/
Y/ \ / 7\
—
/
\
» —

Sl
Ql
O

VAV,

\

B Wy Jlesl 5155 bops (gilubia g (25 (ole e
dualie )5 4y Camd (dyygr (Sl by N JSS
w4 ol cpl o by Sub &S &S (gyeb 4 ond

D] 59 0 0093
@ o

Side view
S=T

Sl by e (Cusl) o) 8l)S (SaBl by e (G o) ) JSS
D#] cdorgn

Top view

SR ped ol pj 4 dlie ol asilele
e S odase g s Sl (il ((SHle
g A Y LSy ) e oS oo obe odle cpl slad 8
Oped else U & b e SVl wyn 4 gy
5 S slaglie 5 )8 R GBS (ealBl e
2 xle3)S gy gy (o8l dply p Ty (pablice

ol (655 dom g A 4 bgyye ¥ ice o)L

Ol SR 9 b9y By Y

Bl &S cwl e pate Jold gamgd (lodle by
And oo i by ol (85 blee g0 B (sl
L_if.u.) £y J,).) & o3bo C)i‘ 5 O}"s)x:lb L;)'Lwoﬂ.&'a C,«."\.S).L: as
Lgw 55 yo L o Shy wimed ] pSeds g pais
Egse o S b olayldle (6,5 ISS 4 poxie j9 — )9
dhbﬁ)g Nl el Oﬁ‘ YNt €9 Oﬂl aS ol
py X 9Pz Jols pdgyer LSl g4 93 ¥ S > VY]
4 oo 0dle (pl 3 yer Ngw 09 D)8 & paste Cuwl ol

2 Strain

VEY e | ) oyl | ool Jlo v



olidesl wSie lajlie 3 gunSy (oSl wYLa]
A b odeyg el )R> g 3 [YF] 55 ool
z9) 9 8 S gl e sy gy 90 ln SIS
S ab oy Lt g €5 B (qw)p )90 ool slao
sdle sl Sglito cls 4 ol (sl SWgm sl (slaioei
2 e (il > Cunglie ol 05055 0 b Jlsiglh o ol
gl Ll gl oo odalin ()l 5y I asuie ol
Wy SRl L ol ol g eg (o5t By s (sl o
Ll i & Jate 2958l 9> &S K g 0 b5
- o 0blde ol yild il Wb pwblize o Cas
S5 )lgigl 53 (ouebline Canglie Sl it (imon 29
A3 o i Sladllas [YV] duy o AV & ald) zoj dlaas b
loxiio | o L (d9)5: slo)lgigll miblize (S5g &5
S &) Olaside 5 ip Caa @ O3 P12 (ndg)e
b Jgene B S aile Slgs oo pasuie (550 bl SG 3l
By ad 93 b S 0 uablite ool b unbolineg )b 513
095 OleSe 9 B)lggl Sl (B 5> el (63,50 luanl a8
o esill cllB gl (Sboad 9 0 blite lee

IVA] o 01251 S pttapnl g 3 L Joigil
sl Jgeme BNR 5l 5lub wkd lojgie BNR
Bojores b gl b )legl (publise Conls (rimen
M03aren gl 3 &5 358 (oo odali )8 wlals 4 (3,5
(529 5 Sy 38 b oy oo 45 5§ o
Sbise Rl Wy Sl b g 5 BRIy S lade b
Caol i D o Jowilyad Cuoglie (S onimd i a8
Ol lipe S @b by 4 ol e [Y4]
SR g9 3 gt sbad (53,5 Iapjaris o5 aad e
Cage & (5 boiers 5 Gl 1) ad (iblise Sy e
b oglis > 13505 BNR (Shy gde iblise i3l
L oS oysb @ cwl plas Jly by 4 815 legl
9 00)5 S Oab & ble) 5 iblias Gly slag Rl
Sl g ubliegd suuSy On i 4l clb
@b g edlawl b Y] WS e (ubliseg)d
2l 9 b aplE (Shy s K oyl g (Dolips
15 el 015 alllan &) Cilize JIH L1z g5 5 BNR K,

s (il US55 P12 cudgg (il Sl (Y IS5 JSS
2 aSd glylyy g wimd o L 1) oy Joho Loz lad sl ) (1idg)5
DA] cnl o asuie S 1 co Caow

Slgiee oWll398 (S 9 P9l 2blwy Cle a g
S ool C)'ﬁ’:& ¥ L;}lé 09 d'\.tbd)SLg 2 dloa);;..f b).;)K
O3S (1l (oSt JolSS ()9 ren JolSS (sla STy 5
cd)‘){t{ 50)9{ L.Sfyb L;‘h“) L:A.!Jla.é dl)b D.)Lo O)‘ ..)9) )l{ LY)
9 o &S > ol 6 g Pro Jold (sdmgd s gl
009 yaxie [V ] diwd caolio Blad 59581 laie 4 sl
sdimy ol dile sabily )3 dgye 9 Sk
ol).o.n: LY d.)/.iSL».oAU Og" ] C)i d)L?S-L» db)iﬂwm.mli
1 ool gl oole ol culll )l S YU e ke,

ol B s s, Kiisles g pdycillasil g Sl lalad

"oVl g )8 b cos aeg B jsba Slge obg)s

Jyemepe sla Sho ciomen [YY o YV] wb ialjél oyas
9909 ¢ e Bluypl =36 Jlasl S s al bl

2 e Bloypl =58 (Joeme Ngn b auslie > 8-pmmn
Sl Gidgyg 2 Nluenl (g)lg Jle 5l Sk 88
Y0 4 V¥

939 0 30,5 =Y
(BNR) (psdg 91 5lg3 U 43 3215 -V -¥

2SSl oply Sllee 5 (JB (b )l I eslital
S)lpgl oylul & s o (L (bl ()5 @b ol
lo)lggl baib 5 300 5L Wil (ose GBI L ondg)s
bl ohad claleiglh omen 5kl o5l by lsad
P gl | ol o5 wimd e (L5 395 ] o5 Cunglie L sonl

3 Doping
4 Andreev
3 Borophene nanoribbon (BNR)

VEY e | ) oyl | ool Jlo v



3N 315 S5y PABU 1YY

WY (pdgyg 3 3 Klueal (S9ySIl 0pl5 (Shy eelas
$)95o 539 5§ Sig Sl claolSiws > odlo ol eslaiwl (gl
slyod & J&s ol )l 5l eslatwl b gldle > 1Y ol
SaS 4 Iy BNR )5 5,Sbueal s ply ¢ Joli e op,5 &b
OS] sl a5l piide madal b led S pulas ol
Alwd dl.:.»)‘) )J ‘) dl.l)l} Q.AQ('} 0‘9:@ 4.)..«0).) Voo l: . O.o.’
BB 5,5 slaSg 4l 55 msSon ST 5 (it
oz Bl 136 4 plgs oo 1y 0ad 3uST (89)9: 5> el
5 odgng Y Om (Paw )l JUis ralex ol cons el
b sS4 by (SAS1y, il (50 sl pol
Gub o 03938l (3l 5 U 5 ¢0)30ST 5 )50 S e

oYl s e ol S b 4l )bl Sl
dofi e obuls el gy 9 o0y slaedl b udg)
S ybges &S > o i gl 0,5 o el cpl > STy
e ey L deye ol S

D03 odlawl &9;&]‘9;[: LSLQ’@;W @Uo

» odle opl il

5 GBgys pU 4 glosle & c0)fgyie il 1 )3 by e
Oo Oladesd S B-PMMN 55 5l (pdo)g 4> ST 2950
By [FF] cadd BB s gy Ll cusd B
A3 o ol a3 1y Ll S sl o ply (60, 50kenls
5 S s Shy Ml i 9 (bgum oees
Ao (gl 0aiSlgdsal 43S Sy 5 03)5 S 5 1y (2blojdas
{¥0] 28l YL 0N/OfF s 5 jloly (o)l Lo b Siomdgusil
Lol )03 3929 00> =9yl (8 pas bgyp 3 4 5]
3 By sl lite Ly ] )3 0y 98Ul il
ool 3,8 loli Yl (logy90 (S 58I (2l (IEL 93
35 len (Siagls (adls § Sy & Jb
2 lonl Cons b (lg)9 ppind b duolie ) e

¢ Seebeck coefficient
7 Figure of merit

LB Jsioaies 4 b leigh ol ook XS
g5 4 35ly Jsho M Lol 1o yg S0l ypue JUIS el otnlite
oo & Sl esd e culy g G L,
slad 4 ilsel 5 ilse sl Sl > (Dl bl
s b Bee cpl jpdn )3 D900 Jloel JUI ol 5 YU
el b Wlo ol Gl Gl o2 5 Y (sl Sl o2
h 6398 slagg Sl el Cup oS sk 4 1S (0 )L,
J5S 2B Wy o b el 5l malas b e
Oiudad ( Jaio diwd Hlgigh S o aS cunl ouds saaline S
Sl g gyl albL jeas 3 oS Gl
L0 gg 5l il ) (gl 32l [¥V] 3950005 oy ) ecilizee
g odd (ooyp (P publite (e joi> 1 SIS 4
il 3 5 Lol Job (punblize Cunglie (ygmen (olmonyy

LYV] 595 0 oamlive JolS

w0 .. it cell

\Lo 1 V-—O 8-4
_________ 1.
Lopla, U7 esmussemes Right Lead
LB a
: d b i

Loy Joloo - P12 £ 5| by (Jatoatios Jlgiglh Sl (glolg o ¥ S
Joko M ol JUIS ol w31 0 Jolis a5 0as yaseiio o> s batans b
IV ol oads uate Conly 5 co baly 90 4 a5 cunl solg

o A * /S?\ %J %&&Jo
ox_o;)-o)(::'-)’-ox_o;)»-o)(_;) ox?-)’-oxf:;)-o a~>-o)é)->
oxf;-)-oxf-)»—ox:r—)- o P o —g—Pp-oHP-o b-)»-oxf)-)

oxg-)’-oc;)-o o-)»-c%(x:::} o::}—)- ;(:o:—)-o o—)—ox_o—)»
aw—)—ow—)—wo—)—o gP-o aPp-o 0-):—0 »
SRR K K
w T m g
On stare oy stare

089292 JgPU 4 93 o (ouablino ¥ 05 oo 51 IS e Jlosl oF JS5
W) d)‘}oéb s 99 [P u‘M Lol 045 URSe (S ygo Li).) FUPLY
VY] o Jlae! Jlgigth & (e o) c5lg0 5 (sl

VEY e | ) oyl | ool Jlo :



Jlosl [F3] 39500 03le 13 (Bluyesd 113) S92 9 (0 o
Sl el 8-pmMmn (18450 0 Caun K5 Jdo 4 45 )S
Moo by Jeaily Gl iomen ISl Jouly
@ sl cpl (Stanly & 5yob 4 Dpdon (oupblizednd
|y blitodd s Cosl doobne b5 55,5 guib
VY Gl s (Sid sleensy Gk I lgie
Slgdl 3 9 38 iyl el Jla 5l 3 eole gl

LEV] 0yl 08 Sgyids

ol uiblita lasn 515 ol (gl S ey 1B S5
05d 3Nl 5,5 Gk ol ead Wl blite 4ud luge
5l odudad—oy sl dbol sl 1) 595 Sbly (S Sl e

LFY] s o Cawd

Zigzag Direction
(along “a’)

Stragght Direction
(along “6”)

WUniaxial (along "a") [Biaxial WUniaxial {along "b")

Band gap (eV)

Strain

0135 586 Sl UK 9 As g5 5l gy domiio sl (VLSS D S
OS5 4 bgpe i 4 Gl g ) S5y md e ol ) (gl SIS (g
ol (55700 93 S5 4 bgpe (266 S5y 5 D g8 slalial) 1 (gy0m0 S

[¥Y]
! Landau quantization 0
I Faraday effect !
! Valley Hall effect 2
1 3

Pseudo magnetic field

aon ) ol Al g 2,k o3le S Ve dgus (YL

Splp US> Sigmdsw 9 Sopsllge s sbaop)l8
L] Conl 0058 lginel STysd

Seg Y gandserd Gk | (Bys g (edgys dulie b
5ok 4y 93 S9ySI Gl Sl (udgyg 4 o 4 g
Oy e (Saly (o b el p gl el (g0 Sl
Cuns S dgus oo odalive (ly o Ix) p2y dg0s (gliwly 93
Cusld dalgd 1Y oy@ jlde piuww 90 s gl M= Idly
2L Glsys S5 (oSl sl and oo Lt lllas [TYV]
Sy joy 4 e ¢ yali Sl ) g0 oy Jl ol g9
bali (pl 5 St dbo (JoySIl 315 50 o5 oAl e
Sad o el Y g X Caa 90 oy b Hlade g o ply cnd
b g0 5k 4 olgiee |y ool 90, Slueal (Jb ol L
oo Sles (laolSiny (b > g & 58 Wil el

[YA] 25l de

9,91 Slxo 133015 (59, 4,5 I -V-Y

Pz ;B 9o oply o Shy (I (b 4 ) ekl |
Bz b cuwslord adllas i3)S jod> )3 (ndgyg dxio X
39 j 3 Slusal (Sho A B bl 3 Shaen 3205 (Shs
Jbo 3y el gyge SO )5 Jlosl o (Lt
IV dseie > (63, Sibuonls o (opsb 4 0 el g sl
eals X Sy o Jlosl 158 )b 5l plgi e 1) Paz 56
s o €9 92 Jol BPMMN (ydg)g (L Lugl [¥A] )8
Al a5l wr e Sse gla)l &5 sl flen e
Sl 5 by i ) oolitel b &S el oyl dng
SE L bluyes o @ 38,18, 1 by g5 ol s
mdas ) cage (2B G5 D)1 352y (eiiue it ()l

¥+ 159800 (md9)9 53 oLl

$9) U9)S 35U g A5 g5 | by dbo Ll & S
DB b a5l eslizal b s e ol T, (o)ly BB

P E)le BB ud b el gy 93 5 sy ST LS

8 Functional device
9 Shear stress

VEY e | ) oyl | ool Jlo b



s slaled )3 ool (slp (ool Bl gy S yomie (So Sl
ol g Vb g huwgie glales 3 Lial gy 9 b
J¥o]

cod 1y B-pmmn pdgye 4V S5l gloyloz b & JSE
oxed [F8] amd o ol (SO Sk bolize b K 430
Lo jl b Jels jae o N-P-N Jlasl oyl I (g pugas F JSS 5
- Jels (D) dw 4l o aS g5 4 .ol saalie JB fuils
4 eIl (N) culy g Ga anb g0 0 5 At o) b

D] sited (b ol lais

Gate
voltage

Ferromagnetic
insulator

¥ pj Bkl (D5 Ghee S obgre Y S5l ol b JS
Jesl L (25e 4 JUI 406 4 Vg o)l 4y a0 Jousliy S5 5 ¢ guabline

i 31 xS sl (S ) &) Gile &Y S peizpan asl 0
[¥5] 25 o odliiwl dom s b >

N X=t X=I

Jrily L (32 40P 4ol )3 &8 N-PN Ll S 5l g g IS
LB 51l 0258 0950 2o 352 Mojuil 4y ol e 9 Vg a0
[\\c] ..\SUA .))95).3 duw

ypax ) gloyy iubad g g8l jee Sl A JSS p
ol Cuwl 0l pay g oS oo YO o)1 sty

S9SN 2055 895 595 (MU g Lod il -F-Y

b & Sl clibacs wly g 5 Gerl bl
Joeyd 5l eolaiwl b 8-pmmn 84,5 siler 3)Sluesls
ol 4 2llo) @eS (bl )T Wilon D5 0o dplxalsyS
oles odd 48,5 SuSTy, dgus g Wil ey o 3 oS
waly )lgcm (SHSTn o2 9 S)lP09 (SHS|n
WU o g e Jsl ghe gled by itus Cas 4
bl ol boopSies S5 (Sl dal, ¥ Sases
sdalie Jlgi o (SHSn > (Reg b aineS dod Gl
9 SMES o Jels i e @ bxil ) & 2980

D] ol pds LB o3 b (oliond by 2l 391

odulad yo 13U Cod udgye AV L8, (gl oSy ]
(ol odplad )58 CAD yuiS &S (gpob 4wl 0AD gy
ol (gloyd 93 5 (sloyd ST I o0 ) BBl L 4 yoxie
0 ol bl e o &) mle a4 (o3l8 cls (6,05
A3y |y )l lSle Sidags oolo 4 lad oala
S cwl ol Sle Suiley bee Joo Gimen
ks g9 g Cad Bl ) plgiee 1) (oSl o Ui
3 1y (ot oy 03l bl A sl galS L jgolisl ¢)e

LEF] a0 Ly & b gl

2 wwblie g (SN sglae 51 -0-Y
:089,90 9 999

2k allbl s (oSl e 5l (36 (ubliae (ST
Lg)LS)JJJ pwos ey u)l )J .w‘ oD 4:.]1]40 BlZ u*—gs)y
Sseola Sl eslizal b 1y (PSPS! ) gl el ublital
ML B P dales plos o &S dad o Gl Ol
cale b gyl pdy 5 Cang 2y BB gyl pdy n oad 34,
Sow jl b e el Sl SuSly ks 5 2B
OMee 5l (BB ol el publizelily Colus 500

' Kubo 4
U Tilt 3
! Pauli spin paramagnetic susceptibility

YFoY Jko | Y oylens | o233 Jlw 5



L 09Il o8 amd o0 25 (B iy b lisyl g (ope 4
eyt Gify WS 0P n Jeily o @ i 4
3 ) (S (SAbeSE Loy g Jladl e 4 2
3)50beel (o)l Sl Sl (8L (S p CBL 5 (odle s
o) 005 g 2,55kl (glbe yur Loy &Sl sy
w2y 5o B om SAbJE Ay ub Sl 4 e 5 00

D] 09 0 S o Juad sbiwly 10 Cs oo ddlgo 4

(a)

0.75

F=os

K
—_— K

0.25

(b)

0.8
Q47
> I
AL o

-0.4

-0.8

-1.2F . 1 . 1 . 1 P
150 300 450 600 750

E (meV)

LS))"]W)"LSI‘:)')Q‘“L’Bﬁ K’sKo)JQM‘ﬁ)% JLQ}‘>].AJ$.MJ
[¥51Vg=350meV 4L =70 nm (ljl 4 0

9 2,50buonl S slaygme 3 205 (Shy Shlos pbo 4
Gl 005 a0y 8-PMMN 48950 P-N- Jlasl (o ondxS
oolSins bl ailje olyic 4 mame PN Jlal ksl
236 4 |y (S938lig) a2y YT dlge bl i il
@lepe N Sidy Jail ol pcwl 0
Ny GVl daw & (Jyome 2 i lig B
b9y 0] 3 (K Jlail g 4 &Sl )l (Sae Py
09 slagge B (2N (S5 (pn Sln 2l e ple
8-pmMMN gy N-P-N o N-P VLAl julpw )5 o
cel Sl ondizs slabgswe NP Jlasl (o .ilosly drwes

S 5 oy S8 el (s il Sl o 35500
Sl 4 o) Liubad a5 ol LS ol e [¥5]red o (gloyd
Wy 5 o8 SIPl S Ol (S 38 e S
S a2 2308 o S S lSin sl
O S5 0 Liuhd wwl Slpy slabg e
Wb (SaisgS s ol o s cas &S Sloj bl dgds 0
2 Oidgys J) el gl 4l ul S el jho Gl

LYV] ol it S yidg il

Jup).) \"

@ (Jo o) wxio g9 (Sl e & elKn
by SuipS wadb o Jlel 8-pmmn 84,4
Iy iy o ol 1) 295 SluY lajly 5k 5l Sl
bl omie by il )5 (ST clabg e SuipS
el o)) 4 dtaly SNY lajly A o cosi 1) sk
2 Ngdee Sl e jeas > aankai—op (6315 (Shy
01i7S e Slyd slabgse b dlS Y SO L ol

Y] Conl 5, Slnon

Dirac- (simdw 5 (sdagd dlge a5 Wlodhy L5 gldllde
ol 1y easgmS ipl Saslb aal, & Weyl (DW)
Gl 4l gy Wlg e opdeye Aile Mmoo
o8lyS aSle eadgS pe s bodlge b dwslie (o 1) Solite
Sogged 2N i S dede Sy S by
lime yge 90 Dl j b sl sllpls L DW
@ P el S5 000 (13,8 5l cnl 2 98l 9 yall
B gde wall AL wdine sl b (s,
S0 b s o 4 G oS o
Sgydy 9 oSy 53 28 sl ) oly &5 b oo s

[¥A] 85 o lgen

Jlail Sy s g 5l G20 Jeudly d S jp>
UL sl ol Ly B-PMMN 489550 o (e N-P-N
Sl Jlasl caz s b (S95S zge o) @ Al S
0> & diluly (@S ey ) b5 odle () )3 90
F gob Jo 255 (35 b e9 ol 2 2gdien eaalie

' Refraction 7
' Retroreflection 8

VEY e | ) oyl | ool Jlo y



Sen omel Jl YL i S ly L b,
S yigel die) 3 Wlgi oo g WS (oo Bl (curbliseg )3
JOV] b tde jlows

&5t g acMs -F

Seig Sl Closl (giluSesS )3 ingd dlge (g g adlllas
S o8 oMbl bl Vb copu 4 glowsd plate 4,
o) el caenl Bla o] 5l ab claana g g5yl B
Shy bohe ol ais ly Qi Gsde 350,
oS Cunl (gan9d Slge (ul I S by g Canl 0l (g g gie
Sl by il 5 ()3l (63,SNlueal cle o
295 5l Gl g 6 (Sl (Fe Sl b Shy S

26 @38 (yp ) (Ve (5y90 y5b & (SiooR ()
slaghue 9 598 G () (oalbl o> (ipmen (olse
allas (1d9)9 (o9ilyS dplp g Iy (oublite g (So sl
Oloe 4 Sl o udgye &S > o i @l WLled,S
4 Sigrdy g Seg il Slodl 3 loy g (Sl sl s
b s ol e oo cal & ¥ Jlasl b g, )18
2 Hbloyes S cel GBS opimen 5 35 S
oy olo ool )3 (N oole it S5 S D9de (b)en
jloto (iil)S cpgman allio dlgo Sl 1, o & sl (5,80
Colw oamdyg odlo pl 4 yo il OISl e pizren LS o

ol igyg Al g g pelus gl

&1 50

[1] Esmaeilzaden M, Ahmadi S. Spin-dependent
electron transport in graphene junctions in the
presence of Rashba spin-orbit interaction. Journal
of Applied Physics. 2012; 112(10).
https://doi.org/10.1063/1.4766812.

[2] Dery H, Wu H, Ciftcioglu B, Huang M, Song
Y, Kawakami R, Shi J, Krivorotov I, Zutic I, Sham
LJ. Nanospintronics based on magnetologic gates.
IEEE Transactions on Electron Devices. 2011;

3905 4 Jol§ dply dpgly W oo S 0yge g bxil
PE] sl Yo F ool

2 e PN 5 NP sasion (oSl 20l (S
Fr &S oa cwlord o)y S ek 4 )y
Fr 9% g S0 ge NP Jlail N asb ) Sl
wsli 5l 36l Dediee maed P sl 50 o) 4 dty
OBy 2, kel (g)le Jlinl cle 4y 0)d 4 diwly Cunslss
s g o Jlasl g9 cpl 0 & cunl g b Ll
Se 3 258 bl (2B eVt gy @ Ggd 1) 0
U oS leps S5 bg gy p (e N-PN JLal

18] sl g5 3kl (655 s Les §

@le 3B - =3 Jlail o 1) Slys Se xSl aply (S
w5 L) e Jlenl g puyp @Y (lag)e (NBN)
9 48 (ooye AT g 098Ul (9298 S5l 4l o pe
&S dgd oo oddline joue Jlainl Jhges jd (S5 .led ST Julos
5 Jeily S ol 53k 5l Gl 1) BB (sligg 5 CunBye
b (Saile) b b Glogi Jl8) 55 ool (o) G

LG g gylisl glade sliw 4 uwily dw (Bye s

55 3 ol 5 (5398 53550 (53 b o5 35 S
oS s gl b 398 09 Sl g3l &S Slej 2950
Mot ) OBgys 2 e e BB oo oy kS S

[0V] 29 salgs

Slps slabgye b aile 81,3 (camgd dlgo )3 cpunl 315
(N-F-N) (oole 3l puublineg o= (oole 313 Jlail ) orides
Shs pOMd & Slps byye (a8 & Cusl 0ad o)
b )8 o b el @ atinly (Gbluy a3 5 0l
e sl by plebad o SadaS yiell e Ol
Sy Ssllal (S L) el b corzed g 00
by 45 015 otnlio Wle3,S adllas oole (YU publizeg b

' Evanescent 9

VEY e | ) oyl | ool Jlo A


https://doi.org/10.1063/1.4766812

letters. 2010;
https://doi.org/10.1021/n1903868w.

10(4):1271-5.

[11] Nikoofard H, Esmaeilzadeh M, Farghadan R,
Sun JT. Quantum pumping through the surface
states of a topological insulator. Physical Review
B. 2022; 106(16):165127.
https://doi.org/10.1103/PhysRevB.106.165127.

[12] Pesin D, MacDonald AH. Spintronics and
pseudospintronics in graphene and topological
insulators. Nature materials. 2012; 11(5):409-16.
https://doi.org/10.1038/nmat3305.

[13] Wang ZQ, LU TY, Wang HQ, Feng YP,
Zheng JC. Review of borophene and its potential

applications.  Frontiers of  Physics. 2019;
14(3):33403. https://doi.org/10.1007/s11467-019-
0884-5.

[14] Zhou X. Valley-dependent electron
retroreflection and anomalous Klein tunneling in
an 8-P m m n borophene-based n— p— n junction.
Physical Review B. 2019; 100(19):195139.
https://doi.org/10.1103/PhysRevB.100.195139.

[15] Zhang SH, Yang W. Oblique Klein tunneling
in 8= P m m n borophene p— n junctions. Physical
Review B. 2018; 97(23):235440.
https://doi.org/10.1103/PhysRevB.97.235440.

[16] Herrera SA, Naumis GG. Kubo conductivity
for anisotropic tilted Dirac semimetals and its
application to 8-Pmmn borophene: The role of
different frequency, temperature and scattering
limits. arXiv preprint arXiv:1909.04144. 2019.
https://doi.org/10.1103/PhysRevB.100.195420.

[17] Mannix AJ, Zhang Z, Guisinger NP,
Yakobson BI, Hersam MC. Borophene as a
prototype for synthetic 2D materials development.
Nature nanotechnology. 2018; 13(6):444-50.
https://doi.org/10.1038/s41565-018-0157-4.

[18] Tian Y, Yang H, Li J, Hu S, Cao S, Ren W,
Wang Y. A comprehensive first-principle study of
borophene-based nano gas sensor with gold
electrodes. Frontiers of Physics. 2022; 17:1-7.
https://doi.org/10.1007/s11467-021-1094-5.

[19] Vishkayi SI, Tagani MB. Current-voltage
characteristics of borophene and borophane sheets.

59(1):259-62.
https://doi.org/10.1109/TED.2011.2173498.

[3] Farokhnezhad M, Esmaeilzadeh M, Shakouri
K. Strain-modulated anisotropy of quantum
transport properties in single-layer silicene: Spin
and valley filtering. Physical Review B. 2017,
96(20):205416.
https://doi.org/10.1103/PhysRevB.96.205416.

[4] Shakouri K, Simchi H, Esmaeilzadeh M,
Mazidabadi H, Peeters FM. Tunable spin and
charge transport in silicene nanoribbons. Physical
Review B. 2015; 92(3):035413.
https://doi.org/10.1103/PhysRevB.92.035413.

[5] Takagi N, Lin CL, Kawahara K, Minamitani E,
Tsukahara N, Kawai M, Arafune R. Silicene on Ag
(1 1 1): Geometric and electronic structures of a
new honeycomb material of Si. Progress in Surface
Science. 2015; 90(1):1-20.
https://doi.org/10.1016/j.progsurf.2014.10.001.

[6] Nikoofard H, Esmaeilzadeh M, Heidari-
Semiromi E, Sun JT. Quantum charge and spin
pumping in monolayer phosphorene. Physical
Review B. 2020; 102(3):035435.
https://doi.org/10.1103/PhysRevB.102.035435.

[7] Keshtan MA, Esmaeilzadeh M. Spin filtering in
a magnetized zigzag phosphorene nanoribbon.
Journal of Physics D: Applied Physics. 2015;
48(48):485301. https://doi.org/10.1088/0022-
3727/48/48/485301.

[8] Khani H, Esmaeilzadeh M, Kanjouri F. Spin
and valley dependent electronic transport in
molybdenum disulfide considering up to the
second order k-dependent terms: a more exact
solution. Physical Chemistry Chemical Physics.
2019; 21(15):7822-30.
https://doi.org/10.1039/C8CP07395C.

[9] Heshmati-Moulai A, Simchi H, Esmaeilzadeh
M, Peeters FM. Phase transition and spin-resolved
transport in MoS 2 nanoribbons. Physical Review

2016; 94(23):235424.
https //doi.org/10.1103/PhysRevB.94.235424

[10] Splendiani A, Sun L, Zhang Y, Li T, Kim J,
Chim CY, Galli G, Wang F. Emerging
photoluminescence in monolayer MoS2. Nano

VEY e | ) oyl | ool Jlo )


https://doi.org/10.1109/TED.2011.2173498
https://doi.org/10.1016/j.progsurf.2014.10.001
https://ui.adsabs.harvard.edu/link_gateway/2015JPhD...48V5301K/doi:10.1088/0022-3727/48/48/485301
https://ui.adsabs.harvard.edu/link_gateway/2015JPhD...48V5301K/doi:10.1088/0022-3727/48/48/485301
https://doi.org/10.1039/C8CP07395C
https://doi.org/10.1103/PhysRevB.100.195420

of freestanding [ 12-borophene nanoribbons.
Nano-micro letters. 2018; 10:1-3.
https://doi.org/10.1007/s40820-017-0167-z.

[28] Jin J, Wang Z, Dai X, Long M. The
magnetism and transport properties of bare and
hydrogenated borophene nanoribbons. Journal of
Superconductivity and Novel Magnetism. 2019;
32:3893-900. https://doi.org/10.1007/s10948-019-
05178-6.

[29] Sun C, Wang XF, Zhou LP, Liu YS. The
magnetism enhancement and spin transport in
zigzag borophene nanoribbons edge-passivated by
N atoms. Applied Nanoscience. 2020; 10:29-35.
https://doi.org/10.1007/s13204-019-01092-4.

[30] Norouzi F, Farokhnezhad M, Esmaeilzadeh
M, Szafran B. Controllable spin filtering and half-
metallicity in B 12-borophene nanoribbons.
Physical Review B. 2021; 104(24):245431.
https://doi.org/10.1103/PhysRevB.104.245431.

[31] Askarpour Z, Farokhnezhad M, Esmaeilzadeh
M. Controllable giant magneto resistance and
perfect spin filtering in $\alpha™{\prime} $-
borophene nanoribbons. arXiv preprint
arXiv:2210.07645. 2022.
https://doi.org/10.48550/arXiv.2210.07645.

[32] He Y, Cheng N, Chen C, Xiong S, Zhao J.
Tuning the electronic transport anisotropy in
borophene via oxidation strategy. Science China
Technological ~ Sciences. 2019; 62:799-810.
https://doi.org/10.1007/s11431-018-9385-x.

[33] Wang ZQ, Lu TY, Wang HQ, Feng YP,

Zheng JC. Band gap opening in 8-pmmn
borophene by hydrogenation. ACS Applied
Electronic ~ Materials. 2019; 1(5):667-74.

https://doi.org/10.1021/acsaelm.9b00017.

[34] AnY, Jiao J, Hou Y, Wang H, Wu D, Wang
T, Fu Z, Xu G, Wu R. How does the electric
current propagate through fully-hydrogenated
borophene?. Physical Chemistry Chemical Physics.
2018; 20(33):21552-6.
https://doi.org/10.1039/C8CP04272A.

[35] Zare M. Thermoelectric transport properties of
borophane.  Physical Review B. 2019;

Physical Chemistry Chemical Physics. 2017;
19(32):21461-6.
https://doi.org/10.1039/C7CP03873A.

[20] Adamska L, Sadasivam S, Foley IV JJ,
Darancet P, Sharifzadeh S. First-principles
investigation of borophene as a monolayer
transparent conductor. The Journal of Physical
Chemistry C. 2018; 122(7):4037-45.
https://doi.org/10.1021/acs.jpcc.7b10197.

[21] Xiao RC, Shao DF, Lu WJ, Lv HY, Li JY,
Sun YP. Enhanced superconductivity by strain and
carrier-doping in borophene: A first principles
prediction. Applied Physics Letters. 2016; 109(12).
https://doi.org/10.1063/1.4963179.

[22] Cheng C, Sun JT, Liu H, Fu HX, Zhang J,
Chen XR, Meng S. Suppressed superconductivity
in substrate-supported 312 borophene by tensile
strain and electron doping. 2D Materials. 2017;
4(2):025032. https://doi.org/10.1088/2053-
1583/aa5elb.

[23] Zhou X. Anomalous Andreev reflection in an
8-P m m n borophene-based superconducting
junction. Physical Review B. 2020; 102(4):045132.
https://doi.org/10.1103/PhysRevB.102.045132.

[24] Faraei Z, Jafari SA. Perpendicular Andreev
reflection: Solid state signature of black hole
horizon. Progress in Nanoscale and Low-
Dimensional Materials and Devices. Springer,
Cham;  2022. https://doi.org/10.1007/978-3-030-
93460-6_22.

[25] Liu Y, Dong YJ, Tang Z, Wang XF, Wang L,
Hou T, Lin H, Li Y. Stable and metallic borophene
nanoribbons from first-principles calculations.
Journal of Materials Chemistry C. 2016;
4(26):6380-5.
https://doi.org/10.1039/C6TC01328G.

[26] Liu J, Wu J, Chen C, Han L, Zhu Z, Wu J.
Negative differential resistance and
magnetoresistance in zigzag borophene
nanoribbons. International Journal of Modern
Physics B. 2018; 32(04):1850033.
https://doi.org/10.1142/S0217979218500339.

[27] Izadi Vishkayi S, Bagheri Tagani M. Edge-
dependent electronic and magnetic characteristics

VT | ) 0o | o235k Jlo V-


https://doi.org/10.1039/C7CP03873A
https://doi.org/10.1063/1.4963179
https://doi.org/10.1088/2053-1583/aa5e1b
https://doi.org/10.1088/2053-1583/aa5e1b
https://doi.org/10.1007/978-3-030-93460-6_22
https://doi.org/10.1007/978-3-030-93460-6_22
https://doi.org/10.1007/978-3-030-93460-6_22
https://doi.org/10.1039/C6TC01328G
https://doi.org/10.1142/S0217979218500339
https://doi.org/10.48550/arXiv.2210.07645
https://doi.org/10.1039/C8CP04272A

[44] Pham KD, Hien ND, Hieu NN, Phuong LT.
Magnetic properties of [12-borophene in the
presence of electric field and dilute charged
impurity. Physica E: Low-dimensional Systems
and Nanostructures. 2020; 120:114074.
https://doi.org/10.1016/j.physe.2020.114074.

[45] Bidgoli FI, Nikoofard H, Nikoofard N,
Esmaeilzadeh M. Spin-and valley-dependent

transports  through  ferromagnetic ~ 8-pmmn
borophene monolayer. arXiv preprint
arXiv:2309.17221. 2023.

https://doi.org/10.48550/arXiv.2309.17221.

[46] Zheng J, Lu J, Zhai F. Anisotropic and gate-
tunable wvalley filtering based on 8-Pmmn
borophene. Nanotechnology. 2020; 32(2):025205.
https://doi.org/10.1088/1361-6528/abbbd7.

[47] Nguyen VH, Charlier JC. Klein tunneling and
electron optics in Dirac-Weyl fermion systems
with tilted energy dispersion. Physical Review B.
2018;97(23):235113.
https://doi.org/10.1103/PhysRevB.97.235113.

[48] Kong Z, Li J, Zhang Y, Zhang SH, Zhu JJ.
Oblique and asymmetric Klein tunneling across
smooth NP junctions or NPN junctions in 8-Pmmn
borophene. Nanomaterials. 2021; 11(6):1462.
https://doi.org/10.3390/nan011061462.

[49] Zhou X. Valley splitting and anomalous Klein
tunneling in borophane-based np and npn
junctions. Physics Letters A 2020;
384(25):126612.
https://doi.org/10.1016/j.physleta.2020.126612.

[50] Das P, De Sarkar S, Ghosh AK. Tunable
wavevector filtering in borophane based normal
metal-barrier-normal metal junctions. Journal of
Physics: Condensed Matter. 2020; 32(23):235301.
https://doi.org/10.1088/1361-648X/ab73a2.

[51] Sinha D. Spin transport and spin pump in
graphene-like materials: effects of tilted Dirac
cone. The European Physical Journal B. 2019;
92:1-8. https://doi.org/10.1140/epjb/e2019-90332-
7.

99(23):235413.
https://doi.org/10.1103/PhysRevB.99.235413.

[36] Padilha JE, Miwa RH, Fazzio A. Directional
dependence of the electronic and transport
properties of 2D borophene and borophane.
Physical Chemistry Chemical Physics. 2016;
18(36):25491-6.
https://doi.org/10.1039/C6CP05092A.

[37] Sun J, Zhang Y, Leng J, Ma H. The electronic
and transport properties of borophane with defects:
A first principles study. Physica E: Low-
dimensional Systems and Nanostructures. 2018;
97:170-6.
https://doi.org/10.1016/j.physe.2017.11.012.

[38] Shukla V, Grigoriev A, Jena NK, Ahuja R.
Strain controlled electronic and transport
anisotropies in two-dimensional borophene sheets.
Physical Chemistry Chemical Physics. 2018;
20(35):22952-60.
https://doi.org/10.1039/C8CP03815E.

[39] Lopez-Bezanilla A, Littlewood PB. Electronic
properties of 8— Pmmn borophene. Physical
Review B. 2016; 93(24):241405.
https://doi.org/10.1103/PhysRevB.93.241405.

[40] Bhattacharyya G, Mahata A, Choudhuri I,
Pathak B. Semiconducting phase in borophene:
role of defect and strain. Journal of Physics D:
Applied Physics. 2017; 50(40):405103.
https://doi.org/10.1088/1361-6463/aa81b8.

[41] Zabolotskiy AD, Lozovik YE. Strain-induced
pseudomagnetic field in the Dirac semimetal
borophene.  Physical  Review B.  2016;
94(16):165403.
https://doi.org/10.1103/PhysRevB.94.165403.

[42] Islam SF. Magnetotransport properties of 8-
Pmmn borophene: effects of Hall field and strain.
Journal of Physics: Condensed Matter. 2018;
30(27):275301. https://doi.org/10.1088/1361-
648X/aac8b3.

[43] Napitu BD. Photoinduced Hall effect and
transport  properties of irradiated 8-Pmmn
borophene monolayer. Journal of Applied Physics.
2020; 127(3). https://doi.org/10.1063/1.5130025.

VEF | Y 0ylos | 235l Jlw 1


https://doi.org/10.1039/C6CP05092A
https://doi.org/10.1016/j.physe.2017.11.012
https://doi.org/10.1039/C8CP03815E
https://doi.org/10.1063/1.5130025
https://doi.org/10.1016/j.physe.2020.114074
https://doi.org/10.48550/arXiv.2309.17221
http://dx.doi.org/10.1088/1361-6528/abbbd7
https://doi.org/10.3390/nano11061462
https://doi.org/10.1016/j.physleta.2020.126612

Nanomeghyas

www.nanomeghyas.ir
_

Review of electron transport properties in borophene
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Abstract: Due to the unique physical and chemical properties of two-dimensional (2D) materials, such as linear
band structure near the Fermi level, high electrical and thermal conductivity, they have opened up a wide vision
in the fabrication of nanoelectronic devices, energy storage and information transmission. One of the theses
materials that has recently received attention is a two-dimensional monolayer of boron atoms called borophene
which has various allotropes such as a, P12, 3, 2-pmmn and 8-pmmn. This 2D material has tilted and anisotropic
Dirac cone and in addition to excellent transparency, it has excellent electron and ion conductivity. These
properties along with other properties of borophene have caused diverse and potential applications of this
material in gas sensors, metal ion batteries and electronic and optoelectronic devices. In this paper, we intend to
review the properties of borophene and investigate the effect of factors such as impurity, light radiation, strain,
dimension reduction in the form of nanoribbon, temperature, electric and magnetic fields on the properties of
electron transport in this material.
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