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Abstract

When graphene and hexagonal boron nitride are stacked together, a layered heterojunction can
be formed by van der Waals force, which is called van der Waals heterojunction. We use the tight-binding
model to study the band structure of the AA-stacked and AB-stacked graphene/hexagonal boron
nitride van der Waals heterojunctions. An effective method to manipulate the energy band by us-
ing the local potential and the inter-layer potential is proposed. The results show that the poten-
tial fields can change the energy band structures of van der Waals materials, leading to a phase
transition from insulating phase to metallic phase.

Keywords

Graphene/Boron Nitride Heterojunction, Local Potential, Interlayer Potential, Energy Gap

Copyright © 2021 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|8

AR AR AT AE NGRS B HS S ARE, B IRAE e EA R IR AR A AR 1]
[2] [3]. BASRMEKIMUAR, Z4EMBI5IE T BEREMBL AR T2 0% AR, A5 2—f
BRI F LA sp” 24k 75 sRAL BRI /N A B0 B IR I AR A RE, LB A7 45 M 7E K B 7 s PR 2R PR IO R,
BAEREMBEFIRRANATE, RENAZSHEMER, RS NMEdoe TASEEE 20
LA HT R [4]. A BEEA AN rsh s, Bt TaekR. BT LRI = Fh R AN J7iE e LTI
FEIRIRER: — A SR R IKAT, A S A KA 0 REFR K /N R T S0 4 K A IR
(1 BARSERI[S] [6]s K P B AT SRIG HE B AE — M BOSUZ A 880 , 4 TE XU A0 58075 2 1At n J2 /] FL 37
RERBRAZTTIEMI[7] [8]s =& A S e — MR B 5 A A SN RO A% (9] [10] [11]. Hor,
LA SR T B2 N T AR (h-BN) A JE b T/ B I 53 5 45 440 51 2 7 IF 3 AH 2 K R

h-BN & —Fl B didd, BRI S50 S, BRI XN “aeaEi” o FaREAE
1772 h-BN & HH &S 7RI R 120 5l 48— F i A i, X RS R AT e R I A SR e AN R
H 22 M i ——h-BN & HAT REBR IO AL AR 12] [13] [14]0 2400, AATIELE@E 780X £ — 4k 4 RHE IR
A H 45 AT R RS I PR, IR R R T B R B R AR . 1A SR JA AT h-BN HESTE
— RS AT DAIE I VO AR FL R W )T BRI 4, RRONVO AR FLR BT R R4 [15] [16] [17]. ZR 4RI S
i SN TR ) LB T —— A AE G RE R, 7 B 24 5 T B A VS E R S AN

FIH AT NIE, WERE X T 880 /h-BN 99K (GBNNR) [ HL TS5 M HE 7 T R RIIEANE . (R, A
CHRZ GBNNR HJHL 454, JR@d s Iiae i aite . MRS dmtg s M6 k(18] [19] [20]
[21], TEFETRMSCEH, FRAT R T S A% & T V08 FOR W 7 TR 454 . AR SCR R R AR AL T
GBNNR 7E @M & BRI 15 G0 N R TR . FRATRE /R 1 el sdi ik = 3 34 0 2 R A i R B . 25 SRR B,
X T GBNNR, TCil/e i #2102 h-BN 23 HA SN T A R p, i i #537 JR4% v] DASE AR
&JE - MBARAHAE
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2. BRERBEMRRGE
FERRMBA N, 25 L HREIRITAERIE, GBNNR A 25 &
Hy=— (CIC,+He )~ (C/C,+He )+ Y ECIC +1, Y. (C/C,+H.c,) (1)
(i.J) (i, i iel,jeB
Hep Cl(C), FmBrir=R)SRF, (i, /) R B HIHs slo 55— IURIEE —I053 5 A A1 S0 2 A
h-BN Z R EE BRI, ¢, F 1, 73 537 s 4 E A h-BN 2 B SBERIEA 7 26 =304 h-BN 21
TERLREIN, E, FoRAEAIRE, B JRT M N JE T HEALRE > N Ey M E, s SEVUIUN 2 ) S SRR, ¢,
FoRZ BRI . TRNERI LZ(ARIGZ), BFRERNFEMN-BN 2).
FER B TEF R, A 2 I e e 44 o — 51
H,=3V,ClC )

KV, RoRTE LJECABIGZ) | 4% s R
TEZ A MER T, 7R R G 25 2 38 0 i I -
H, = ZUIC:CI' + ZUZCz'TCi (€))

X U, A 845 )=, U, fIN{E h-BN J=.
3. BIGAIETAEH/ANF R LR REN SN

A SR A h-BN 1 AA HES 7 & 1) s, — NIRRT R 7 1E EJ7, 18— AN 7460
BJRTFIE EJr . FRAME SR AT GBNNR SIS HANE | Fios, 188062 W ol 88 5 1 iKE
fit 1, =2.64 eV, h-BN EHNH&IFARE TFERIT £, =2.79 eV, EJE TR T RIAEAL B4 5N Ex = 3.34 eV,
Ey=—140eV, 152451 h-BN 28/ L AEERIE 2 5N te 5= 0.62 eV Fl 1ty =0.38 eV,

1 —1

@ 0! S

Figure 1. Schematic diagram of AA-stacked and AB-stacked GBNNR. The GBNNRs are periodic in the x direction and
open in the y direction. The number of lattice sites in the y direction is fixed at N = 100, corresponding to a width of 10.5 nm
for zigzag-edged GBNNR (ZGBNNR) and 12.2 nm for armchair-edged GBNNR (AGBNNR). (a) and (b) illustrate the
AA-stacked GBNNR; (d) and (e) describe AB-stacked GBNNR. Graphene and h-BN are represented by solid and dashed lines
respectively. The carbon atoms in grapheme are represented by a black solid ball, the nitrogen atom in h-BN is represented
by a blue solid ball, and the boron atom is represented by a red solid ball; (c) and (f) are schematics of the heterojunction
under the potential field

& 1. AA #EFF0 AB #ER GBNNR ;REE. GBNNR 7£ x 5 EEEREEAM, £y ARNEFLRH, HBEy AE
EHEE R N = 100, BI$E S GBNNR(ZGBNNR)EIZEE A 10.5 nm, $kF4#58 GBNNR (AGBNNR)HIFEE Jy 12.2 nm.
()F(b)A AA HBR; (A)F(e)A AB HER ., EHhAEKM h-BN SHAILIELRR, ARKETPHREFRESR
SLILERFRR, h-BN FHREFREGSOKETR, MEFRLBSDUIKERR; OMOARRGEESATHREE
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A1 S0 h-BN 1) AB 3EE 7 i (), — MRS FAC TR 1E BJ7, 15— MR IE AT
h-BN 7S A di s (10 rie] o AT 58 R RS 2R U B B A/ 78 O AL e R 45 0 & IS 8n 4 1 o, A
S M2 N BT AR )5 T BRITRE 1, = 2.64 eV, h-BN JZ2 WL AR5 FERIT 1, = 2.79 eV, BUEFFI0 I+ B FE AL
oy Ep=3.34¢eV, Ey=-1.40eV, fm:MfiAl h-BN JZ AT BERIT tcp = 0.43 eV,

Table 1. Density functional theory (DFT) calculated graphene/hexagonal boron nitride heterojunction tight-binding modelof
the nearest neighbor atomic transition energies in plane and interlayer and the in-situ potential energy of nitrogen and boron
atoms [22]. The unit of medium energy is eV in the table

1. BEZEEROFDITESNARR/HRLIRREN ZRERDLHERANE BHESE FRIEURER
TR T RERIABE[22]. RPEEEBBMA eV

n 15} tc-p te-n Ep Eyx
AA HEZ 2.64 2.79 0.62 0.38 3.34 -14
AB #i& 2.64 2.79 0.43 / 3.34 -14

TEAC A1 EHF 7T GBNNR P . GBNNR £ —ANJ7 [ ] L PR AEAH, i/ 53— AN J7 U2
AR, [FASSEAKT —FE, GBNNR A MR AL S8, BI4E D% GBNNR (ZGBNNR)FIHL T
Fi%! GBNNR (AGBNNR). AT AR T A FIMESE 00T A A1 204 5L ) GBNNR IR 4544,
DA Pk 350 0 5 2R i s 45 R PR S

M 2 F AT LT A B, i E ZGBNNR HIREM: 45 F418 & AGBNNR [FIRETT 451, #BH RERR
MFT I, I HA R RIS 7 SRR BR T IR R A 1

\YAERY AN
%/
(2) ()
_1 A /\ _1
0.6 0.9 -0.1 0.0 0.1
Kx/n Kx/m
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W V ()
Dot =0
-1 A A -1
0 6 0.9 -0.1 0.0 0.1
Kx/n Kx/n

Figure 2. The band structures of GBNNR without potential field. (a) and (c) the band structure of AA-stackedand AB-stacked
ZGBNNR without potential field. The inset shows the enlargement of band structure nearby the zero energy; (b) and (d) the
band structure of AA-stackedand AB-stacked AGBNNR without potential field

B 2. REIAERT GBNNR BEREHITREE. (F(c) ATLHEIAERT AA BRI AB HER ZGBNNR HIREH L4,
BEIR R FREMMEINETRARE; O)F(D)ATHHIERT AA HEBEIF AB BRI AGBNNR HIREH LAY

TEARSCH, BATKHR T SR A2 (7] % ZGBNNR 1 AGBNNR A8 £5 M50 o FRATT 8 Ja i e 7E
A SR JZ TN R I, REA AR DL o
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I T AB HEE ! ZGBNNR, M 3(a)FAHEI A TR LIE MW E 2, @i v /v, o] OSEalgg
B EHAT B PA A AL, 1X R BH 57 I 45 B 48 2500 1] 3 JB AR A8 . 2 1, ALTE 0.4 eV RIS 53 0 25 (1 e B
R NE ., F30b)H, 4 1,=-030eV, V,=020eV I, FREAREET AR, ME 3c)H, 47,
=-038¢eV, V,=031eV I, FHREMRET LRI . 5 AB #:& 8 ZGBNNR ML, X T AA #iS
A ZGBNNR, M 3(d)AHE R ERATRT UK I, JE 8% v F0 v, o] DL ILRE BRI AT T S5 P&, 3T
SERA AN - SRR . [ 3(e)FE 3(HERBUSEMN V =-1.80eV, V,=-2.00eV ZF| V,=-190eV,
V,=-=1.10eV I}, FJi45HIReH 2 WA REFRAL BTG RERR » DRI, AR Bk s #r JATTRT LAANGE, Joit 2 AB
2 ZGBNNR L& AA HEE Y ZGBNNR, #n] DU A% Rk vy, v, kSeii ik & fe s AEREp A
JETRERRMEEAS, RISLILE R - AR .
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Figure 3. The phase diagrams and band structures of the AB-stacked and AA-stacked ZGBNNR under the local potentials.
(a) The phase diagram of the energy gap of AB-stacked ZGBNNR as a function of ¥} and V,. The gap of the black region is
zero, suggesting a metallic phase; (b) and (c) the band structures of AB-stacked ZGBNNR before and after the energy gapis
opened; (d)~(f) are similar to those of (a)~(c) but for AA-stacked ZGBNNR

[ 3. AB H:BAIFN AA HEB R ZGBNNR 7 /BB TRIMREIFEETR L4, ()3T AB HEEE ZGBNNR BIRERRRE V,
Vv, THEE, EhEEXERTERAT, RRELTEREME. (b)F(c)FRT AB HEE ZGBNNR HIBEFRTEITH
BIERIREHR M. (d~(D5()~()FEM, BRET AA #HEE ZGBNNR HJ

i 4(a)FE 4b)Frs, KT AB HES AT AA HEZ M AGBNNR, LIREARERIBHA V. V) R
JREMIREFT IR 2R A RERR I . PR, ARSI A Vi Vo RSB R RITRERR, MMSCIAHAR . X —
M5 Z R ZGBNNR #SAATE, X B T AR MR % 5 ZGBNNR 78 2 K 17
TE SRS AN R P (P 2.(a) A PO PR, AT abb v T e T 3 A 3 0 5k 2k 3 s 1 30~ 23 7 58 ot P
A5 1M AGBNNR A X FRFIR IR I8AS, HIRTGZE ZGBNNR HSFE @ J5 1844 a2 Ae b .

XPT AB HEZ A ZGBNNR, MIE 5(a)IAHEI R TRATKIL, @ 4s U, 1 U, o] DU 5 51 25 1) Re B
T H A B A, SIS 4 th 4 AR 1 S A AE . N S(b)HZSH U, =-1.50 eV, U, =-1.50¢eV
B, SRASMREN M2 AR, MK Se)FSH U =-1.50eV, U,=-0.10 eV i, FREMEEH
SRR 2 U - Uy=-14eV i, BIVEEE 5()T B R L7 MR 2 0 Re bR i H B2 .
MEL S()~ORAHBE R BRATTCURIL, TR EAWE U Uy, FFEEMEET 45 I & & H RERR M
I, XF AB #iE& % ZGBNNR, RATADUEIE TR ZEH U Uy RIBAR R NAEZRERR 7 22 68 B 1%
A5, WS4 24k - & J@HAS; EXTT AA #E& R ZGBNNR. AB HESHA AA HESR AGBNNR, F
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Figure 4. The phase diagrams of the energy gap as a function of '} and 7, for the (a) AB-stacked and (b) AA-stacked AGBNNR
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Figure 5. The phase diagrams and band structures of GBNNRs under the interlayer potentials. (a) A phase diagram of the
energy gap of the AB-stacked ZGBNNR as a function of U; and U,; (b) and (c) the corresponding band structures before and
after an energy gap is opened; (d)~(f) the phase diagrams of the energy gap of the AA-stacked ZGBNNR, AB-stacked and
AA-stacked AGBNNR as a function of U; and U,, respectively

5. GBNNR 722 B/ BIE THUMBEIAAE 4514 . El(a)2 AB H#ER ZGBNNR AEFRRE U, #1 U, TLHIHEE; El(b)F(c)
THEFRITHRIGHIRETR L4518, El(d)~(D7AZE AA HER! ZGBNNR, AB HER AA HER AGBNNR HERSHE U,
U, TLHIHEE

4. g
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