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C ucnoav3oeanuem pazpabomanHbix YUCAEHHbIX MoOeneli npo8edeHO MOOeAUPOBAHUe Pe3OHAHCHO-MYHHeNbHbX duodos (PT/])
Ha ocHoge epadheHa Ha nOOAONCKAX KAPBUOA KPeMHUA U 2eKCA20HAAbHO20 HUmpuda 6opa. Hccaedoearno eausHue pasauvHuix
gaxmopoe Ha eoabm-amnephbie xapakmepucmuru. [lokaszana eancrHocms UCNOAB308AHUSA CAMOCO2AACOBAKHO20 pactema npu
modeauposarnuu PT/] na ocnose epagbena ¢ npomaxcerHbiMU NPUKOHMAKMHKBIMU 002aCMAMU.

Karoueente caosa: pesonancHo-myunneasuvili 0uod, epagen, Kapoud KpemHus, 2eKca2oHaAbHbili HUmpuo 6opa, ypaeneHue

llpedunzepa, uucaennas modens, Modeauposarue

Beenenue

I'pacdpeH BcaeacTBue CBOMX YHUKATbHBIX DJEKTPHU-
YeCKUX, MAarHUTHBIX, ONTHYECKHUX, TEMNJIOBbIX U MeXa-
HUYECKHMX CBOUCTB SIBASIETCSl OJHUM M3 HauboJee nep-
CMNEKTUBHBIX HAHOMATEPHANIOB Ji CaMbIX pa3/iMy-
HbIX TpUMeHeHU# [1—3], B yuacTHOCTH WISl pa3padboT-
KW ApUOOpPHBIX CTPYKTYp HAHO3JIEKTPOHMKM. Tak, B
HacTosiee BpeMsl NMPOBOASITCA MHTEHCUBHbIE KUCCIIE-
JIoBaHUsl MpuUdOpPoB Ha 3dpeKkTe pe30HAHCHOIO TYH-
HenupoBaHus [3].

K coxaneHuio, OCHOBHO# HeaocTaTok rpadeHa,
3aTPYQHSIOLIMA €r0 MCMOJb30BAHHUE B JIEKTPOHUKE, —
OTCYTCTBME 3amnpellieHHOM’ 30HbI. CyleCTBYET HECKOJIb-
KO METOAOB 30HHOW MHXEHEPUU /151 NOJYYEHH 3a-
MpelleHHOH 30Hbl B CTPYKTYpaX, BKJIIOYAIOLIMX Ipa-
¢eH. INepcneKTUBHBIM CYUTAETCS MPUMEHEHHUE MHO-
rocJIOMHOTro rpadeHa, a TakXe MoIoXeK pa3JiMyYHoro
tuna [3].

[nst onvcaHusl 3MEKTPOHHOrO TPAHCIOpPTAa B rpa-
¢deHe, cTporo ropopsi, HEOOXOAMMO UCMOb30BATh YPaB-
HEHUEe KBAHTOBOW 3JIEKTPOIMHAMHUKH [4], OmHAKO B
pside ciy4yaeB (B TOM YMCAE OTMEUEHHbIX) JOMYCTUMO
npuMmeHeHue Oosiee MPOCTHIX YPABHEHUN HEpESITU-
BUCTCKO# KBAHTOBOW MEXaHUKHU (CM., Harnpumep, [5]).

Llenbto pabotsi sIBASIETCS MOAEIMPOBAHUE BOJIBT-
aMnaepHbIX XapakTepucTUK (BAX) pe3oHaHCHO-TYH-
HeabHbIX AMonoB (PTM) Ha ocHose rpacgeHa Ha noa-
JNoxkKax kapouaa kpemHus (SiC) M rekcaroHajbHOro
Hutpuaa oopa (h-BN) ¢ ucnonb3oBaHUEM MPENJIOKEH-
HbIX YMCJIEHHbIX MOJENE.

Yuchennsle Moaeln

Cpenr OCHOBHBIX KBAaHTOBO-MeXaHMYecKux ¢op-
MaJIM3MOB BOJIHOBbIX (DYHKIIMI, MaTpull IJOTHOCTH,
¢dyHkuMi Burdepa u oyHkiui I'pyHa, Mcnosib3yeMsbix
npy MoaeaupoBaHuu PT/, Hauboablieil S5KOHOMUY-
HOCTbIO XapaKTepU3yITCsi MOJiean (popmaindMa BoJi-
HOBbIX ¢yHKIMi [6]. UMeHHO 3TOT opManu3M U
NpUMeHsiaU B pabore.

[IpeasioxxeHHas yMciieHHas Moaesib | ocHOBaHa Ha
KUcnonb3oBaHUU ypaBHeHus lllpeauHrepa, a UMEHHO

Fo(lad)+yy= 1
L2 (L2y) + vy = By, M

rac NnmoTCHUHaJIbHasA 3HEPIrus U 3apgaBanacb ¢ Nnomo-
b COOTHOLUECHHA

U=—q® + Eg, @
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a E xapaktepu3yeT U3rub 30Hbl NPOBOAUMMOCTH, KO-
TOpbiil paBeH 0 MJisi MOTEHUMAILHOK sSIMBI; A — NO-
crosHHas IlnaHka, meaeHHas Ha 2m; X — MPOCTpPaH-
CTBEHHas KoopauHarta, m* — 3(dekTuBHas macca
9J/IEKTPOHA; ¥ — BOJHOBas1 (orudatoiiasi) hyHKLHUSA;
E — 3Heprus sieKTpoHa; ® — 3/A€KTPOCTaTUYECKHIA
NOTEHLUMAA, KOTOPbI onpeaesisieTcsi NpUKIaIbIBac-
MbIM K CTPYKTYpE€ CMEIIEHUEM; ¢ — 3apsij 3AeKTPOHa.
KoHeuHo-pa3HOCTHYIO aNmpoOKCUMALUIO YpaBHe-
Hus LlpeavHrepa ajiss BHYyTpEHHUX Y3J10B CETKH MpPO-
CTPAHCTBEHHOI AMCKPETU3ALMM U IUISI TOYEK T'PaHHULL
paszaesia OCyLUECTBASIN C TPUMEHEHUEM MUHTErPO-HUH-
TEPNOJSILUMOHHOrO noaxoaa TuxoHoBa—Camapckoro
[7]. MonyyeHHbIe B pe3yabTaTe annpoKCUMAalMU cO-
OTHOLLIEHUS TIpUBeeHbl B paboTax [§, 9].

BaxHbIM MpH MOAETUPOBAHUM HAHO3JIEKTPOHHBIX
NPUOOPOB SABJISIETCH YYET UX B3AUMOIEHACTBUS ¢ BHELU-
Hell cpenoil. B pa3paGoraHHO# MOE/SM BO3MOXEH
yuyeT BHELUHMWX MPAHUYHBIX YCJIOBUI ODILEro BUIA:

N 4 gy = 3
o TV b, 3

rae a U b — Koap@PUUMEHTHl. ANMPOKCUMALIUS rpa-
HUYHBIX YCJIOBUI MOXET ObITb OCYLIECTBIEHA Pa3/iuy-
HbiMU MeToaamu | 10]. B paspaboranHoO# Moaenn BO3-
MOXHO MCMOJIb30BaHUE [IBYX METOLOB alpoKcuma-
UMW BHEUIHUX IPAHUYHbIX YCJIOBHII: METOMA BHYTPEH-
HMX FPAaHUYHbIX YCJIOBUM; METOMA (PUKTUBHOI TOUKH.
Lienecoobpa3HoCTb 3TOrO CBA3aHA C TEM, YTO OHH Xa-
PaKTEpU3YIOTCSl pa3fiMyHbLIM MOPSIAKOM alpoKCH-
MalKMH.

B uMcneHHoH MoAe/M annpoKCUMaLMs YypaBHEHHS
llipeaHrepa BO3MOXHa Kak Ha paBHOMEPHOM, TaK M
HEPaBHOMEPHOI CeTKax MpOCTPaHCTBEHHOW AMCKpe-
TU3aUMK. [1py MOCTpoeHUH CETKU HEOOXOAUMO YyuM-
TbIBaTb TaKYy}0 OCOOEHHOCTb PE30HAHCHO-TYHHEJIbHOM
CTPYKTYpPbI, KaK HaJiMUME FPAHMIL pasaesia AByX Cpefl.
[ToaToMy ceTky NMpOCTpaHCTBEHHON AMCKpeTU3alUH
HEOO0XOAMMO CTPOUTh TAKUM 00pa3oM, UYTOObI Y3Jibl
CEeTKM TIpUXOAWJIMCh MMEHHO Ha TpaHMIiIbl pasiesia.
DTO yCJIOBUE SIBJSIETCS HEOOXOAMMBIM MPH MOCTPOE-
HUM KaK paBHOMEPHO#, TaK U HEPABHOMEPHOM CETOK.

HUcxonHpIMM JaHHBIMM JUISl pacueTa lliara paBHO-
MEDHOI1 CETKH SIBJISIIOTCS T€OMETPUUECKHE pa3Mephl
o0/iacTeil CTPYKTYpbl M HAa4YaJIbHOE YMCJIO LUArOB CET-
KM, KOTOPOE 3aT€EM KOPPEKTHPYETCS B MPOLIECCE Bbl-
uyncsienus wara. OCHOBHBIM KpUTEpHEM sl Bbibopa
1ara paBHOMEPHOM CETKU SIBSIETCS pa30OMEHHE Kaxk-
J0#1 00J1aCTH Ha LeI0e YUC/IO 1AroB MpH MaKCUMab-
HO BO3MOXHO#1 G/iM30CTH ODLLEro YMc/a 1aroB CETKU
K HayaJibHOMY. OCOGEHHOCTb paBHOMEPHOM CETKHM 3a-
KJIOYaeTcsi B TOM, YTO IS CTPYKTYDP, pa3Mmepbl 00-
JlacTeil KOTOPBIX OTJIMYAIOTCS 3HAYUTEJIbHO, HEOOX0-
UM, KaK MpaBujo, nepexoi K GoJiee rycToi ceTke, a
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3TO NMPUBOAUT K CYLLIECTBEHHOMY YBEIUUYEHHUIO BPEMeE-
HU cuerTa.

B uucneHHo# Moaenu npeaycMOTpeHa TakXe Auc-
KpeTusauus ypaBHeHus LlpenuHrepa g ciydyas He-
PaBHOMEPHOI CETKH, UTO B UTOrE MOXET NPUBOIAUTh
K TMOBBILIEHUIO S5KOHOMHUYHOCTU MOJENU, MTPUYEM CY-
wiecTBeHHOMY. UcxoaHbIMM napameTpamMu ISl TO-
CTPOEHUSI HEPABHOMEPHOM CETKH SIBASIIOTCS MWHU-
MaJIbHBIA IAr CeTKH, FeOMETpUUYECKUE pa3Mephl 00-
Jlacteit cTpykTypbl U KO3DOHUUHUEHT HEOTHOPOAHOCTH
CEeTKMU, KOTOPBIii MOXET BapbUPOBAThLCS B AMAIA30HE
3HauyeHuit ot | (mepexon K paBHOMEPHOI ceTKe) 1o 1,7.

Hast onvcanus popmbl 6apbepa, KpoMe JTMHEHHOI,
NMPUMEHSIA TaKXe TMIepOONMYECKYI0 anmpoKCcHMa-
uuio [11, 12]. AnMOpoKCMMaLXIO MPOBOAMIIH HE TOJIbKO
151 6apbepOB, HO U U151 KBAHTOBOM SIMbl MEXAY HUMH.
B pe3ynbraTe MOAMMULIMPOBAHHBIM UCXOAHBIN MOTEH-
UUATbHBIHA MPOGUIb ONMMUCHIBAICI COOTHOLIEHUEM

w2

rae Hyy — BbICOTA 3KBUBAJIEHTHOIO MPSIMOYIOJLHOIO
0apbepa, 3HaK MUHYC COOTBETCTBYeT 00/iacTU Oapbe-
pa, a 3HaK Iiloc — 006J1acTu siMbl; B — KO3 dHULMEHT;
wj, — UIMpUHa b6apbepa; X — KoopAuHaTa AJis 6apeepa,
npuyem saech x € (0, wy). B rpaHUYHBIX TOUKAX BO3-
MOXHO JejieHue Ha 0, MosToMy i ONUCAHUS TO-
TEHUMAJIBHOrO MNMpodUJisi HENOCPEACTBEHHO BOJIM3U
IPAaHHUYHBIX TOYEK MPUMEHSIIU JIMHENHYIO annpoKCcH-
MauUMIo.

B pesysibrate KOHEYHO-PA3HOCTHOM annpoKcUMa-
uuu ypaBHeHus lllpeanHrepa 3agaua cBOAMTCS K pe-
LWIEHHIO CUCTEMBI JIMHEMHbBIX airedpanuyeckux ypaBHe-
HUHA BUIOA:

AY = F, (5)

rae A — TpexauaroHajabHasi matpuua; ¥ — BeKTOp-
cToNIGEL, BK/IIOYAIOWIMA 3HAUYEHHUS W, B Y3/1aX CETKH
NPOCTPaHCTBEHHON AUCKpeTUu3aluuu; F — BeKTOp-
ctonbel npaebix yactei. Ans pewerHus (5) ucnosib3y-
etcd Metoa 'aycca (BO3MOXHO MpUMEHEHHUE Tpex pas-
JIMUHBEX AJITOPUTMOB €ro peanu3auuu). Pesynbratom
peLueHus SIBISIIOTCS 3HAUYE€HUs] BOJTHOBOU (DYyHKUHM B
y3Jax CeTKM MPOCTPAHCTBEHHOW AUCKPETHU3ALMU 1151
3a0aHHON 3Hepruv najaloleid 4acTUlbl U MPUIIO-
JK€HHOro HanpsixeHusi. PaspabotaHHasi Moae/ib Tak-
K€ MO3BOJISAET paccuuTarb KO3(pPULUHEHT MPOXOXe-
HUS ¥ HA €r0 OCHOBE TJIOTHOCTb TOKA 1Sl pe30HaHC-
HO-TYHHEJIbHBIX CTPYKTYpP C IMPOM3BOJIbHBIM UYMCJIOM
0apbepoB.

B kauecTBe YMCJiEeHHOH MOJENU 2 UCHOJb30BAIH
KOMOUMHMPOBAHHYIO OAHO30HHYIO Mojeb paboThl [12],
ajanTUPOBAHHYIO 4151 CJiyyasi pe30HAHCHO-TYHHEJb-
HBIX NMPUOOPHBIX CTPYKTYp Ha ocHoBe rpadeHa. Ilo-




PTI | onucan B pa6ore [14]. BunHo, 4TO C yBeau-
YEHUEM IIUPUHBI SIMbl d TPOUCXOAMT YMEHbLIEHUE
KaK MUKOBBIX MJIOTHOCTEH TOKOB, TaK U MUKOBBLIX Ha-
MPSXKEHUHA.

Ha puc. 3 maHbl pe3yabTaThl pacyeToB MO MoOJe-
gaM | n 2 BAX PTH 2 Ha rpadeHe Ha NOMJIOXKKE

Puc. 3. BAX PT/J 2 na noanoxke h-BN, paccuntanubie no mo-
nean 1 (7) v monenm 2 (2)

Fig. 3. [V-characteristics of graphene on h-BN substrate RTD 2
calculated with the use of model 1 (1) and model 2 (2)
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Puc. 5. BAX PT/l 2 na noanoxke h-BN npu paznuanbix 3HaueHMax
WHPHHBI NOTEHURAILHBIX GapbepoB: wy, = 1,2 HM (1); wy, = 1,3 HM (2);
w, = 1,4 HM (3)

Fig. 5. IV-characteristics of graphene on h-BN substrate RTD 2 for different
barrier widths: w, = 1,2 nm (1); wy = 1,3 nm (2); wy, = 1,4 nm (3)
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h-BN. PT/[ 2 onucau B pa6ote [5]. OcHoBHbIe napa-
METPbI CTPYKTYPbI: 1LIMPHHA KBAHTOBOM SIMBI — 3,4 HM;
wuprHa 6apbepoB — 1,3 HM; LIMPUHA CHIBHO JIETH-
POBaHHBIX NMPUKOHTAKTHBIX 06JacTteit — 17 um. [pu
pacuete 3¢ deKTUBHYIO MacCy ISl ABYXCJIOMRHOTO rpa-
(eHa s3agaBanu pasHo# 0,041m, [15], a BeICOTY 6apb-
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Puc. 4. BAX PT/ 2 ua nognoxke h-BN npn pazauanpix 3Haue-
HHAX WHPHHBI KBAHTOBOM aMbl: d = 3.4 uMm (/), d = 4,3 um (2),
d= 6,4 um (3)

Fig. 4. IV-characteristics of graphene on h-BN substrate RTD 2 for
different well widths: d = 3,4nm (1), d = 4,3 nm (2), d = 6,4 nm (3)

Puc. 6. BAX PT/I 2 na nomioxke h-BN npd paziManpix 3Ha9eHHAX
TemnepaTypbl oKpyxawmei cpeasi: 7= 300 K (/); T=77 K (2)
Fig. 6. IV-characteristics of graphene on h-BN substrate RTD 2 for
different temperature: T=300 K (D); T=77 K (2)




epoB — 3,137 3B [16]. KpuBasi I cooTBeTCTBYET pac-
yeraM 1o Moaeau 1, a KpuBasi 2 — pacyeTaM Mo Mo-
aeau 2. 3aMeTHUM, 4YTO pe3yJibTaTbhl pACUYeTOB 10 MO-
nenv | Hemnoxo cornacyloTces ¢ JaHHbIMM paboTsi [5],
MOJIYYEHHBIMHU, OAHAKO, ¢ TMpUMEHeHWeM (GyHKUUT
['puHa B GainMcTHYECKOM MpUOMMKeHUH. B To xe Bpe-
Msl pe3yabTarhl, NOAYYEHHBIE C MOMOLILIO Moaeneil 1
v 2 (kpuBble [ ¥ 2 Ha pHC. 3), CYLLIECTBEHHO pa3ianya-
I0TCS1, YTO CBUACTEAbCTBYET O MPUHLUMUATIBHOU He-
00XOOMMOCTH HUCMOJb30BaHUA TMpU pacueTe BAX
PT/ Ha ocHoBe rpacdeHa ¢ MpoTSIXKeHHbIMH MPUKOH-
TaKTHBIMU 00J1IaCTSIMHU CAMOCOTIJIACOBAHHbBIX MOJIEEN.

[lo U310XEHHBIM MpUUYMHAM MPUBOAMMBIE Aanee
pe3ynbTaThl MOJYYEHbl TOJBKO C MOMOIIBI CaMOCO-
FJIACOBAHHOW MoAenn 2.

Ha puc. 4 npuBeseHbl pe3ynbTaThl pacyeToB MO
Mozenn 2 BAX PT/l 2 B 3aBUCMMOCTH OT IUHPHUHBI
siMbl d, KOTOpblE Kaye€CTBEHHO COIJAcyloTcsd C pe-
3ynbTaTaMy, NPUBEACHHbIMU Ha puc. 2 aas PTI 1.
Ha puc. 5 npuBeaeHbl pe3yasraThl pacyetoB BAX B
33aBUCUMOCTH OT LIMPHUHBI GapbepoB, a Ha puc. 6 — ot
TEeMIIEpaTypbl OKpYXaIUei cpeibl. 3aMeTUM, UTO pe-
3y/lbTaThl KAYE€CTBEHHO COIJACYIOTCS C pe3yjibTaTa-
MU, MOJAYYEHHBIMU paHee LISl NOAOOHBIX CITyyaeB AJis
PTH, Ho Ha apyrux Mmatepuanax [12, 17—19].

3aknoueHne

B pamkax ¢opManu3zma BONHOBBIX (YHKLIMN pa3-
pabGoTaHbl ABe uyMciaeHHble mMoaean PTJ Ha ocHoBe
rpadeHa Ha NOAJIOXKKAX pa3nuuyHoro Tuna. C ux npu-
MeHeHueM nposeacHbl pacueThl BAX PTJl Ha mon-
JIOXKax Kapouaga KpeMHHsSI U FeKCaroHaJlbHOroO HUT-
puaa O0opa B 3aBUCHMMOCTH OT pa3jiHUuYHbIX (paKTOpOB.
[MokazaHo, yto a1 PT/ ¢ npoTsSKeHHBIMH MPHUKOH-
TaKTHBIMU 00JACTSAMU TPUHLIUITHAIBHO HEOOXOAUMO
MCIONB30BaTh CAMOCOI/IaCOBaHHbIE MOLE/H.

Paboma evinoanena npu ¢unancosoil nodoepicke
epanuma benopyccxoeo pecnybauxanckoeo gonda gynda-
MeHmanvHbix uccaedoganuti Ne @ 14-025 u Tocydapem-
BEHHOU NPoepaMmbl HAyuHbiX uccaedosanuti Pecnybauxu
beaapyce "@yukyuonanvrbie u KoMno3uyuUoHHbIe Mame-
puaavt, Hawomamepuaawt” ("Hanomex").
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Simulation of Graphene Resonant Tunneling Diodes on the Substrates

of Various Types

The article describes the models developed on the numerical solution of Schrédinger equation (model 1) and Schrodinger and
Poisson equations (model 2). Simulation of the two graphene resonant tunneling diodes on SiC (RTD 1) and h-BN (RTD 2) sub-
strates was performed using the proposed numerical models. The influence of various factors (well width d, barrier width wy, tem-
perature T) on IV-characteristics was investigated. The importance of a self-consistent calculation with the use of model 2 for sim-
ulation of graphene RTD with extended (passive) regions was illustrated.
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Introduction

Graphene due to the unique electrical, magnetic,
optical, thermal and mechanical properties is one of the
most promising nanomaterials for various applications
[1—3], in particular, for development of the nanoe-
lectronic device structures. So, the intensive research
are conducted on instruments on resonant tunneling
effect [3].

The main drawback of graphene, which makes it dif-

ficult to use it in electronics, is an absence of forbidden
energy gap. There are several methods of band engi-
neering for obtaining of the band gap in such structures,
including graphene. The perspective is the use of multi-
layered graphene and substrates of different types [3].

For description of an electronic transportation in
graphene, you need to use the equation of quantum
electrodynamics [4], but in some cases is allowed the
use of a simple equations of nonrelativistic quantum
mechanics [5].

The aim of the work is to model the current-voltage
characteristics (CVC) of the resonant tunneling diode
(RTD) on the basis of graphene on wafers of silicon
carbide (SiC) and hexagonal boron nitride (h-BN) us-
ing the proposed models.

Numerical models

Among the basic quantum-mechanical formalisms
of wave functions, density matrices, Wigner and Green
functions for modeling of RTD, the largest economi-
cal efficiency has the models characterized by formal-
ism of wave functions [6]. It is this formalism is used in
the work.

The proposed model 1 is based on the use of the
Schrédinger equation, namely:

2
Aol o N
Ro(loN s yy=k 1

2 ax(m*axw v v, ()
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where the potential energy U was set with the ratio
U==q0 + E, 2)

E¢ characterizes the curve of the conduction band,
which is equal to 0 for the potential well; # — Planck’s
constant, divided by 2rn; x — the spatial coordinate;
m* — effective mass of the electron; y — wave (enve-
lope) function; £ — energy of electron; ® — electro-
static potential is determined by the offset applied to the
structure; ¢ — the electron charge.

The finite-difference approximation of the Schrod-
inger equation for the internal nodes of the grid of the
spatial sampling and the points of the interfaces was im-
plemented using the Tikhonov—Samarsky integral-in-
terpolation approach [7]. The obtained ratios are given
in [8, 9].

In modeling of the nanoelectronic devices it is im-
portant to take in the account their interaction with the
environment. The developed model can account exter-
nal boundary conditions of the general view:

%‘;.’ +ay = b, (3)

where g and b — the coefficients. The approximation of
the boundary conditions can be carried out by various
methods [10]. The developed model can use the ap-
proximation of external boundary conditions, namely:
the method of internal boundary conditions; the meth-
od of fictitious point. The feasibility of this is caused by
the fact that they are characterized by different degree
of approximation.

The approximation in the model of the Schrodinger
equation can be an on a uniform and non-uniform spa-
tial sampling grids. In constructing of the grid, it should
be considered such feature of the resonance-tunnel
structures such as the presence of boundaries between
media. Therefore, the grid of the spatial sampling
should be structured in such a way that the nodes suit
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on the interfaces. This condition is necessary in con-
struction of the uniform and the nonuniform grids.

The initial data for calculations of the step of the
uniform grid are the geometric dimensions of the struc-
ture and the initial number of grid steps, which then is
adjusted in the process of calculating of the step. The
main criterion for selecting of the step of the uniform
grid is to break each region on a whole number of steps
at the highest possible total number of steps close to the
initial. The feature of the uniform grid in that, what for
structures, which dimensions of areas differ significant-
ly, the transition is needed to more dense grid, which
leads to a significant increase in computation time.

The model also provides the discretization of the
Schrodinger equation for a non-uniform grid, which
can lead to a significant increase in model efficiency.
The initial parameters for the construction of a non-
uniform grid are the minimum step, the geometric di-
mensions of the structure areas and factor of grid het-
erogeneity, which can range from 1 (transition to a uni-
form grid) to 1,7.

To describe the shape of the barrier, in addition to the
linear, a hyperbolic approximation was used {11, 12].
It was carried out for the barriers and quantum well be-
tween them. As a result, the modified source profile is
described by the relationship:

e Y

HbO + B)m , (4)
where Hy, — the height of the equivalent rectangular
barrier, the sign "—" corresponds to the area of the bar-
rier, and the "+" — to the area of the pit; B — coeffi-
cient; w, — the barrier width; x — the coordinate for
the barrier, along with this x € (0, wp). In the boundary
points there are possible division by 0. Therefore, to de-
scribe the profile of the potential in the vicinity of the
boundary points used linear approximation.

As a result of the finite-difference approximation of
the Schrodinger equation;, the problem reduces to solv-
ing a system of linear algebraic equations:

AY = F, (5)

where A — tridiagonal matrix; ¥ — column vector
comprising y; in the grid points of the spatial sampling;
F — column vector of the right parts. To solve (5), the
method of Gauss (use of three different algorithms is
possible) is used. The results of the decision are the val-
ues of the wave function at the grid points of the spatial
sampling for a given energy of the incident particle and
the applied voltage. The developed model also allows to
calculate the transmission coefficient and on its basis to
calculate the current density for the resonant tunneling
structures with an arbitrary number of barriers.

A combined one-band model of work was used as a
model 2 [12], adapted to the case of the resonant tun-
neling device structures based on graphene. Let’s de-
scribe it briefly. The model takes into account only the
conduction band. Initially, the setting of potential is
possible with the help of several approximations [12]. In
this paper, the approximation of the potential profile
with the average potential at heterointerfaces was used
for the band structure of the bilayer graphene:

U. U.
Ui= 1-1"2' l+1’ (6)

where U; — the potential of directly at the heterojunc-
tion (the point with index i); U;~ , U; 4 | — the po-
tential on both sides of the barrier.

The active region is determined by the choice of in-
terfaces of the "linking" areas, which use semi-classical
and quantum mechanical approaches. For structures
based on graphene, the potential barriers and the quan-
tum well located between come into the active region.

To account the strong-doping of the contact re-
gions, the Boltzmann approximation of Fermi-Dirac
statistics [7] is-applied. The electron density is given by:

n = mpexp(q(® — F,)/kgT), )

where n,;, — effective own concentration; F, — Fermi
quasipotential of electrons; kg — Boltzmann constant;
T — temperature.

To find the potential on the first phase, the Schro-

dinger (1) and Poisson system of equations in a model
is solved:

2 (s550%2) = ~a(Np — m, ®

where e5 — the relative dielectric permittivity of the
medium,; gy, — dielectric permittivity of vacuum; Np —
concentration of ionized donors; #» — the concentration
of electrons. The linearization of the Poisson equation
was carried out by the method of Newton.

The second stage solves the Schrodinger equation
for the conduction band. The transmission coefficient
is calculated on the basis of the obtained wave func-
tions. The Fermi level is set before the calculation of the
current, flowing through the structure. The current is
calculated on the base of the Esaki-Tsu formula. The
models are included in the modeling system of nano-
electronic devices NANODEYV [9, 13] for PC.

Simulation results

Simulation of electrical characteristics (current den-
sity dependence on the voltage, further CVC) of RTD
based on graphene on SiC and h-BN substrates is car-
ried out using the described models. The RTD structure
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and the corresponding band diagram at applied zero bi-
as is shown in fig. 1.

Fig. 2 shows the results of calculations for model 1
CVC RTD 1 on graphene and SiC substrate. RTD 1 is
described in [14]. It is seen that with increasing of the
well width 4, the peak current densities and voltage
peaks decrease.

Fig. 3 shows the results of calculations on models |
and 2 of the CVC 2 RTD on graphene on the h-BN
substrate. RTD 2 is described in [5]. The main param-
eters of the structure are the widths: quantum well —
3,4 nm; barriers — 1,3 nm; heavily doped contact re-
gions — 17 nm. When calculating, the effective mass for
the two-layer graphene is equal to 0,041my [15], and
the height of the barriers — 3,137 eV [16]. Curve I cor-
responds to the calculations by the model 1, curve 2 —
to the cafcufations 6y tfic model 2. Tfic resufts or caf-
culations by the model 1 agree well with the data [5],
however, obtained with the use of Green’s functions in
the ballistic approximation. At the same time, the re-
sults obtained with the help of models 1 and 2 (curves /
and 2, fig. 3) are significantly different, indicating the
fundamental need to use the self-consistent models in
the calculation of CVC RTD based on graphene with
extended near-contact areas.

For the above cited reasons, the given results ob-
tained only by using the self-consistent model 2.

Fig. 4 shows the results of calculations for the mod-
el 2 of CVC RTD 2, depending on the width of the pit,
which are qualitatively consistent with the results
shown in Fig. 2 for RTD 1. Fig. 5 shows the results of
calculations of the VAC, depending on the width of the
barrier, and Fig. 6 — on the ambient temperature. The
results are qualitatively consistent with the results pre-
viously obtained for the similar cases for RTD, but on
the other materials [12, 17—19].

Conclusion

Within the scope of the wave functions, two numer-
ical models of RTD on the basis of graphene on various
types of substrates were developed. The calculations of
the CVC RTD on the substrates of silicon carbide and
hexagonal boron nitride depending on the various fac-
tors. It is shown that for the RTD with extended contact
regions it is fundamentally necessary to use self-con-
sistent models.

This work was supported by the grant of the Belarusian
Republican Foundation for Fundamental Research #
F14-025 and the State Programme of Scientific Research
of the Republic of Belarus "Functional and composite ma-
terials, nanomaterials” ("Nanotech").
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