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BBepeHue

O60CHOBaHHE BO3MO)XHOCTH CO3[aHMS B Ipa-
(eHe, IByMEpHOM MarepHalie ¢ HyJIeBOH IUPUHOH
3anpenieHHo 30HbI [1, 2], orpunareabHo Aud-
(epeHIIaNbHON MPOBOJMMOCTH Ha TEeparepreBbIX
gacToTax [3] MO3BOJISET UCIONB30BATh IrpadeH B
KauecTBe aKTHMBHOI'O 3JEMEHTa COBPEMEHHBIX MH-
HHUATIOpHBIX Teparepuebix (TI'm) reneparopos [4,
5] u ycunmureneit TI'm riazmonoB [6—8], koTopbie
MOT'YT IPUMEHATHCS 715t 00padoTku TI'11 curnanos
B MHTETPAIBHBIX MUKPO- U HaHOCXeMax [9].

JIByxcnoifHast rpa)eHOBasI CTPYKTYpa COCTOUT
U3 JIBYX IapaJulelIbHBIX IPa)eHOBBIX MOHOCIIOEB
C Y3KUM JHU3JICKTPUUICCKUM 3a30poM (OapbepHBIM
CJI0E€M) MEXJy HUMHU. DIEKTPOMArHUTHbIE MO
IUTa3MOHOB, PACHPOCTPAHSIOMUXCS B 3THX CIOSX,
B3aMMOJICHCTBYIOT APYT C APYTOM, TTOPOXK/Iast OOIIYIO
MJIa3MOHHYIO MOJY B JIBYXCJIOWHOW rpadeHoBOi

ctpykrype [10]. JIByxciolinbie rpad)eHOBBIC CTPYK-
TYpBl MOT'YT UCIIOJIB30BaThCs B IIOJIEBBIX TPAH3UCTO-
pax [11] m onTHYeCKHX M MIa3MOHHBIX MOAYIISITOPAX
[12, 13].

Hecmotpst Ha OBICTpO pacTyIee Yucio myonu-
Karuii no paszpadorke konnenuuii TI'n renepatopon
n ycunureneit TI 11 mi1a3MOHOB, ¢ OTHOM CTOPOHBL, U
MIPUMEHEHUIO JIByXCIIOMHBIX TPaEHOBBIX CTPYKTYD
B [TOJIEBBIX TPAH3UCTOPaX U ONTUYECKUX U I1JIa3MOH-
HBIX MOZYJISTOPAX, C APYIOi, HCCIEN0BaHUS yCUIe-
Hus TT'1 m1a3MOHOB B JBYXCIOMHBIX CTPYKTYpax ¢
AKTHBHBIM (C MHBEPCUCH YHEPTETHUECKOTO pacipe-
JeNIeHHsT HOCHUTENEeH 3apsaa) rpadeHOM, HACKOIBKO
HaM M3BECTHO, HE IIPOBOJMIIUCE.

Lenbto HacTodAwe pabOTHI SIBIIsSETCSA IOCTPO-
€HUE JUHEHHOW TeOpUM YCHJIEHUs TeparepLeBbIX
MJA3MEHHBIX BOJIH B JBYXCIOWHOU TpadeHOBOM

CTPYKType.

1. TeopeTnyeckas mopenb

PaccmoTpena cumMeTpuyHas CTPYKTypa, cXxema-
THYECKH MMOKa3aHHas Ha pHC. |, ¢ IByMsI MOHOCIIOSIMH
rpad)eHa ¢ OTUHAKOBON HHBEPCHOI HACEICHHOCTHIO
CBOOO/HBIX HOCHTENICH 3apsia B KaXKIOM CJI0e rpa-
(deHa, pa3IeNeHHbIX AUIICKTPUICCKIM 3a30pOM
(GapbepHBIM CJIOEM) TOJNIMUHON d M MOKPBITHIX
IU3JIeKTpUUecKUMU obOkmankamu. OnuHaKoBas
MHBEPCHAs HACEJICHHOCTh B CIIOSAX rpad)eHa MOXKET
OBITH OOCCICUeHA CHUMMETPUYHON MPSIMON WU

- Graphene

Puc. 1. CxemaTnueckoe n300pakeHHE paccMaTpUBaeMOi

CTPYKTYPBI
Fig. 1. Schematic view of the structure under consideration
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muddy3noHHOM Hakadkol [5, 8] kaxkmoro u3 cio-
eB rpadena. dudnekTpudeckas IPOHHUIIAEMOCTh
OKPYXKAIOIIMX MAaTePUANIOB &, paBHA I BEpXHEH
U HIDKHEW OOKJIaJ0K, a BeJIUYMHA TUAJICKTpUYe-
CKO¥i TIPOHHUIIAEMOCTH 0APbEPHOTO CIIOS &, MOXET
OTIMYATBCS OT &,. PaccMaTpwBalOTCS TOIIIWHEI
0apBEPHOTO CII0S, TIPH KOTOPBIX SIEKTPOMAarHUTHBIC
IOJISl TUTa3MOHOB, PACIIPOCTPAHSIOMIUXCS B CIIOSIX
rpadeHa, B3aUMOJICHCTBYIOT IPYT ¢ APYTOM ¢ 00pa-
30BaHKMEeM OOIIeH TIa3MOHHOM MOJIbI B JIBYXCIIOMHOM
rpadeHOBOI CTPYKTYpE.

[IpencraBusast MPOCTPaHCTBEHHO-BPEMEHHYIO
3aBHCHUMOCTD IUTA3MOHHBIX IOJIEH B OOKIagKax
B BUxe o exp(—iwt+ikx+k, y) (3HaK MHHYC
U IUTFOC COOTBETCTBYET BEPXHEHW M HIDKHEH 00-
KJIaJJKaM COOTBETCTBEHHO) U B OapbepHOM CJI0O€

. . + -
oc exp(—iawt + lkxx)[AOb exp(kyb y) + Ay, exp(—kyb y)}
(3nech Ay, U A, — aMIUIATY/IBI SIEKTPUUECKOTO HITH
MAarHMTHOTO TOJEH MPSIMOW ¥ BCTPEYHOH BOJH),

MOXXHO 3amnmucarb AUCICPCHOHHOEC COOTHOIICHUC
[10, 14, 15]

tanh(k,d)=-= o ()
3necn
Y=k, [5C/kyc +i0'(a))/80a)]/€b ,

k_:

. kf—sja)z/cz,

e j =b, ¢ 0003HaYaeT OapbepHbIi CIION U 00K IKH,
k, ¥ ®— COOTBETCTBEHHO BOJIHOBOH BEKTOP M 4ACTOTA
JIa3MOHa, &, — dIEKTPUYECKasi IOCTOSHHAS, C — CKO-
pOCTh cBeTa, G (M) — AMHAMUYECKast TPOBOJIUMOCTh
rpadeHa ¢ HHBEPTUPOBAHHBIM paclpeesieHueM

HOCHTEJICH 3apsijia, onpesensemas 1o Gpopmyse [6]

2
O'(Cl)) = e— —SkBTT In|1+ exXp i
4n | zh(1-ior) k,T
+tanh ho-2E; 4th‘G(8,EF)—2G(ha)2/2,EF)dg'
4k, T in 3 (hw)™ —4¢e

2

3nech e — 3aps ICKTPOHA, /i — MpUBeACHHAS MO-
crosunas [Inanka, ky — nocrosunas bonenmana, T
u T — Bpemsi cBOOOJHOTO TIpoOera u Temrmeparypa
HOCHTENEH 3apsana B rpadeHe COOTBETCTBEHHO,
Ep —xBasusneprus @epmu (+ £ 1 —E 1715 571€KTPO-
HOB U JIBIPOK COOTBETCTBEHHO), ONpeAesaoias
BEJIMYMHY UHBEPCUM HOCHUTENEH 3apsiia B rpadene, u

G(e,e") = sinh(s/ka)/[cosh(g/ka)+cosh(5'/ka)]-

[MockombKy cTpyKTypa 0oONamgaeT IIOCKOCTHIO
CHMMETpPHH, TUCIIEpCUOHHOE ypaBHeHue (1) pac-
najiaeTcs Ha JBa ypaBHEHUS:

Paanorsrika, 31eKTPOHNKA, akyCTHKa

tanh(k,,d /2)=—1/¥,
COOTBETCTBYIOIICE CHMMETPUYHONU MOJIE, U

tanh (k,,d /2) = -,
onpenesaolee aHTUCUMMETpUYHy0 Moay. Yuc-
JIEHHOE PEeIlIeHHEe JTUCIIePCUOHHOrO ypaBHeHus (1)
B HacToslleld paboTe BBIMOJIHEHO B paMKax JH-
HeifHO#l Teopuu B mporpamMMmHoM nakete Wolfram
Mathematica ¢ HCIIOIB30BaHUEM YHCIEHHOTO METO/IA
pelIeHNs] KOMIIEKCHBIX TPaHCLEHEHTHBIX ypaB-
HeHull metonoM HeroTona. BenmumHa norpemHo-
CTH BBIUMCJICHUH KOpHEH ypaBHEHUH B (DyHKIUAX
Wolfram Mathematica nmo ymMoia4aHuIO COCTaBIsET
16 3HakoB [16].

UwcrieHHbIE pacueThl ObLTH MPOBEICHBI IIPH Clie-
TYIOUIMX 3HAYEHUAX MapamMeTpoB: g, =12.9 (GaAs),
g, =1(Bo3nyx), T=300K, E, =50 m>B. Benuuuna
KkBa3uypoBHs Depmu, B3sTas MPU pacdyerax, cooT-
BETCTBYET BEJIMYHMHE YPOBHS MOIIHOCTU HAKAYKH
nopsiaka 10° Br/m2. Taxoii ypoBeHb MOIIHOCTH Ha-
KauKH SIBJISIETCS TOCTHKMMBIM C HCIOJIb30BaHUEM
KOMMEpPYECKHU JOCTYIHOTIO Jla3epa ¢ JJIMHON BOJIHBI
808 uMm. Ilpu yka3aHHBIX BEIMYMHAX MapaMeTPOB
JIeiCTBUTENbHAS YaCcTh MPOBOAUMOCTH rpadeHa
CTAHOBHTCS OTPUIIATEIILHOW Ha TeparepieBbIX ya-
CTOTax, 9YTO 00ECIEYNBACT BOZMOKHOCTD yCHUIICHUS
B CJI0sIX rpadeHa.

2. Pe3ynbratbl U Ux 00cyxaeHne

Ha puc. 2 npencraBines HHKpEMEHT CHMMETPHY-
HOU (KpuBasi /) U aHTUCUMMETPUIHON (KpuBas 2)
MOJ IJTa3MOHA IO MOITHOCTH, OTIPENeNIIeMBIN Kak
a =-2Imk_ B 3aBUCUMOCTH OT TOJILHHBI Gapbep-
HOTO ¢J105 d. BUITHO, 4TO ¢ yMEHBIIIEHUEM TOJIIUHEI
0apbrepHOTo CI0sT d HHKPEMEHT aHTHCHUMMETPHIHON
TUTa3MOHHOW MOJIBI IIEPBOHAYAIFHO HE3HAYUTEITHHO
yoObIBaeT. UHKpEMEHT YCHIICHUS CUMMETPUYHON
MOJBI TIEPBOHAYAIBHO BO3PAacTaeT C yMCHBIIE-
HUEM TOJIITUHBEI 0aphepHOTO CJI0S d BCICACTBUE
KOHCTPYKTUBHOW MHTEpP(EpPECHINH IIa3MOHHBIX
moJieil B cimosx rpadeHa. BemnunHa mHKpeMeHTa
CUMMETPHYHON MOJBI IPUOIH3UTEIEHO B IBa pa3a
MIPEBOCXOIUT BEINIHHY UHKPEMCHTA IIa3MOHOB B
onHOM ciioe rpadena. [TprnanHoi He3HAYUTEIFHOTO
yOBIBaHMSI MHKPEMEHTA aHTUCHMMETPHYHOH U pOCTa
WHKPEMEHTa CHMMETPUYHON MOJI IpU OONBIINX
PACCTOSIHHSIX MEXAY CIOSIMHU TpadeHa sBISICTCS
uHTep(epeHIHs TOJICH TIIa3MOHOB B MOHOCIIOSX
rpagena. [Ipn MambIX pacCTOSHUSIX MEXKIY CIOSIMA
rpadeHa HaOMIOAAaETCs pe3Koe BO3pacTaHUE HHKPE-
MEHTa aHTHCUMMETPUYHOHN IUIa3MOHHOW MOJBI U
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PE3KUii ClTa]l MHKPEMEHTA CUMMETPUYHON TIIa3MOH-
HOW Monbl. IHTepecHBIM MpencTaBiaseTcss HAWTH
00BsICHEHUE PE3KOMY BO3PAaCTAHHIO MHKpPEMEHTA
AHTUCUMMETPUYHOM U OBICTPOMY CHa/ly UHKPEMEHTa
CUMMETPUYHOM MOJ] IPH MaJIbIX PACCTOSIHUSAX MEXKTY
rpad)eHOBBIMH MOHOCIIOSIMHU.
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Puc. 2. lHKpeMeHT cUMMETpUYHON (KpuBast /) U aHTUCHM-
MeTpU4YHOU (KpuBast 2) MOJ IUIa3MOHA B 3aBUCHMOCTH OT
TOJILIMHBI OapbepHOTO CI10s Ha yacToTe azmona f= 10 Tl
Fig. 2. Increment of the symmetric (curve /) and antisym-
metric (curve 2) modes of the plasmon versus the barrier layer
thickness at the plasmon frequency f= 10 THz

B03MOXHBIM 00BSICHEHHEM PE3KOr0 BO3pac-
TaHUS WHKPEMEHTAa aHTUCHUMMETPUIHONH MOIBI
SIBJISICTCS] TIOBBINICHUE JIOKAJTU3AIMH dTOW MOJIBI
IpH IPUOIIDKEHUH CIIOEB TpadeHa APYT K IPYry
BCJICJICTBUE 3aME/IJICHUS] aHTHCUMMETPHYHOH I1a3-
MOHHOM MOJIBI 10 OTHOIICHHUIO K TUIa3MOHHOW MOJIe
B oxuHOYHOM rpadene. Ha puc. 3 mpencrasnena
JUTMHA JIOKJIM3AINN CUMMETPUYHON (KpuBas /)
W aHTUCUMMETPUYHON (KpuBas 2) MOJ TUIa3MOHa,
onpenensemas Kak L, = 1/ Rek, . Buano, uro npu
MPUOJIM)KEHUH CJIOEB JIJIMHA JIOKAIM3al[ui aHTH-
CHMMETPHYIHOM MOZIBI YOBIBACT, I ITPY IPUOIIKCHUT
K HYIIIO TONMUHBI OapbepHOTo ciosi d — 0 anmHa
JIOKalu3alui aHTUCUMMETPHYHONU MOJBI TaKKe
CTpeMHUTCS K HyN0. JeldCTBUTENbHO, €CIIU CIOU
HaxoIsATCAd B HEMOCPEJCTBEHHON OJIM30CTH, aHTH-
CUMMETpPUYHASI MOJIa TIEPECTaeT CYIIeCTBOBATh.

OOpaTuMcst K GU3UIECKUM MPUIHHAM PE3KOTO
YMEHBIICHUSI HHKPEMEHTa CHMMETPUYIHON MOJIBI IIPH
OJIM3KOM PaCHOIOKeHNH clloeB rpadena. Onpeaenum
CBSI3b MK IUNIOTHOCTBIO MOIIIHOCTH, BBIICISIEMOI

2
U3 rpaeHOBBIX CIIOEB, P=—Reo|E, | , THE |E | —
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Puc. 3. lnvHa noKanu3anuy CUMMETPHYHON (KpuBas /) u

AQHTHCUMMETPHUYHOHN (KpHBasi 2) MOJ IJIa3MOHA B 3aBHCH-

MOCTH OT TOJILIUHBI OAPHEPHOTO CIIOSI HA YaCTOTE ILIa3MOHA
f=10TTu

Fig. 3. Localization length of the symmetric (curve /) and

antisymmetric (curve 2) modes of the plasmon versus the

barrier layer thickness at the plasmon frequency /= 10 THz

KOMIIOHCHTA I10JId I1JIa3MOHA BJ0JIb CJIOCB rpa(beHa,
1 TTOTOKOM JHEPruu IJIa3MOHa B HAINPABJICHUU X

w=1/2 I Re(Ey ~Hz)dy. OTa CcBA3b ONpENIEeNseTCs

COOTHOILIEHHEM dW/dx=P, BBIPAXKAIOIIUM 3aKOH
COXpaHEHHS YHEPTHH: MPOCTPAHCTBEHHOE H3Me-
HEHHE MTOTOKA SHEPTHH ONPEACIISICTCS BETHINHON
TUTOTHOCTH MOIITHOCTH, BBIICISIEMOH 13 rpa()eHOBBIX
cioes. [IpuHuMas BoO BHUMaHUE, YTO MTOTOK SHEPTHH
W ¥ MIIOTHOCTH MOIIHOCTH P TPONOPIHOHAIBHBI
exp(—1Imk, - x), MHKPEMEHT CUMMETPUYHON MOJIbI
MO’KHO IPEICTaBUTh KaK o = —ZImkx = P/W. NapiMu
CIIOBaMH, HHKPEMEHT CHMMETPHYHON MOIBI PaBEeH
TUIOTHOCTH MOIIIHOCTH P, BBIIEISIEMOM U3 CIIOEB Ipa-
(heHa npu eqMHUYHOM TIOTOKE dHEeprun W =1 B1/m.

Taxum 00pa3om, Temepb HEOOXOIUMO O0b-
SCHUTH (PU3MUYCCKYIO NMPUUUHY PE3KOT0 YOBIBAHHUS
IUIOTHOCTH MOIIHOCTU P, BBEIACISEMOH U3 CIOCB
rpadena, npu NpUOIMKEHUU ITUX CIOEB IPYT K
npyry. [lorok sHeprum mazMona W npenmnonaraercs
eauHuYHbBIM — W =1 B1/M. IHTEepecHBIM MpeacTas-
JSIETCS ONPENICTUTh, Kakasi 4acThb IMOTOKa dHEPTUU
TJIa3MOHa PacrpoCTpaHseTcs B 00Knaakax W, u B
OapbepHOM Cll0e W) TIpU pasiIu4HbIX PACCTOAHUSIX
MeK Ty ciosiMu rpadena. Ha puc. 4 mpeacrapieHa 3a-
BHUCHUMOCTD IIOTOKA SHEPTUH IJIA3MOHA B 0apbepHOM
cioe (kpuBast /) v B 00KIIaIKax (KpuBast 2) OT TOJIIIHU-
HBI 0apbepHOTro cios d. [Ipu 0oabIIOM pacCTOSTHUU
MEXIY CIOSIMH TpadeHa MOTOK YHEPTUH IIa3MOHA
MPEUMYIIECTBEHHO KOHIIEHTPUPYETCS B Oapbep-

Hay4Hsiri otaen
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HOM CJI0€, TIOTOMY YTO 3HAUYCHHUE JTUAITCKTPUICCKOM
MPOHHUIIAEMOCTH 0apbepHOTO CJIOS OOJbIIE, YeM Y
o6kmanok. [Ipu ManeIx ToMMHAX OAPHEPHOTO CIOS
MOTOK SHEPTUH TJIa3MOHA B OCHOBHOM COCPEI0TOUYCH
B oOKkiajkax. Takum 00pa3om, Mpu MalbiX d MOTOK
SHEPTUH IUIA3MOHA OTPECIIIETCS KaK

W= VVC = 1/2 80800) Exgr ’ 'Lfoc' (2)
1.0------ -
\;
o]
=1
=
>
20
(]
5 0.5
=)
o
g
=
[a W
0.0

0 100 200 300 400

Barrier layer thickness, nm
Puc. 4. IToTok SHepruw ra3MoHa B 6apbepHOM citoe (KpuBast

1) u B oOknagkax (KpuBas 2) B 3aBUCHMOCTH OT TOJIIIHHBI
0apbepHOTO CII0s

Fig. 4. Plasmon energy flux in the barrier layer (curve /) and in
claddings (curve 2) versus the barrier layer thickness

Kax BugHO U3 puc. 3, JyIMHA JOKaIU3a[UU CUMMeE-
TPUYHOU MOJBI L PE3KO MOBBIIIAETCS TPU MAJIBIX
paccTosHUSIX MeX Iy ciosiMu rpadena d. [Tpuaumas
BO BHHMaHHE BO3pacTaHUE JJIMHBI JOKAJTU3AINU
Lloc’
MMOHEHTAa MOJIA TUIa3MOHA BIOJNb CIIOEB rpadeHa
E .| npu mManbix TommuuHax 6apbepHOro cios d

YMCHbIIACTCSA U, COOTBETCTBCHHO, Ha6n}011aeTc51
2
b

n3 GopmyItbl (2) MOKHO MOJNYYHTh, YTO KOM-

craj IJIOTHOCTH MOIIHOCTH P=—Reo-|Exgr

BBIICNIIEMON U3 ClIOeB rpadeHa.
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Amplification of terahertz plasmons in a pair of parallel active
graphene monolayers is studied theoretically. It is shown that the
antisymmetric mode increment of plasmons in the two parallel
graphene monolayers may be several times greater than that in a
single graphene layer due to deceleration of the antisymmetric plas-
mon mode as compared to the plasmon mode in a single graphene
monolayer. The symmetric mode increment of plasmons in the two
parallel graphene monolayers can be two times greater in magnitude
than that in a single graphene layer due to constructive interference
of the plasmon fields in the structure with two parallel graphene
monolayers. Background and Objectives: Graphene, being a
natural two-dimensional material with zero band-gap, appears to
be a perfect platform for terahertz (THz) radiation amplification.
Justification of the possibility of possessing the negative conduc-
tivity of graphene at THz frequencies resulted in the proposals of
THz graphene lasers and plasmonic amplifiers which may be used
for signal processing in THz integrated nanocircuits in the sub-
wavelength regime. The double-layer graphene structure consists
of two parallel graphene monolayers with a narrow dielectric gap
(barrier layer) between them. Electromagnetic fields of plasmons
propagating in these layers interact with each other giving rise to a
single unified plasmon in the pair of parallel graphene monolayers
surrounded by dielectric claddings. In this paper, we study the gain
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of THz plasmons in the double-layer graphene. Materials and
Methods: The plasmon gain is calculated from the dispersion
relation obtained in the strict electrodynamic approach. Results:
It is shown that the antisymmetric mode increment of plasmons in
the double-layer graphene may be several times greater than that in
a single graphene layer, the symmetric mode increment of plasmons
in the double-layer graphene may be two times greater in magnitude
than that in a single graphene layer. Conclusion: In conclusion, we
have studied the gain of the symmetric and antisymmetric plasmon
modes in the double-layer graphene heterostructure. It is shown
that the antisymmetric mode increment of plasmons in the double-
layer graphene may be several times greater than that in a single
graphene layer, the symmetric mode increment of plasmons in the
double-layer graphene may be two times greater in magnitude than
that in a single graphene layer. Amplified plasmons can be used
in low-loss interconnects and active elements in THz plasmonic
graphene nanocircuits.

Keywords: graphene, terahertz surface plasmon, gain.
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