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Il;1a noksiama

Beenenue: mogensn Jpyne u 2D niiasmMoHBI
JlaTepaabHBIN IJIA3MEeHHbBIN KPHUCTAaJLII:
BO3MOKHOCTD YIIPaBJIEHUSA 30HHOU CTPYKTYpPOU
KoadpunueHT npoxo:KkgeHUA: dKCIIEPUMEHT U
TEoOpPUusd

OddexT xpanoBuka

NuanynmupoBaHHOE TOKOM YCHJIEHHE
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Pe3onancHas yacTora OT KOHIIEHTPAIIUIH

(i) mornomenue Apyne

(i1) I1a3MOHHBIN PE30HAHC

a — IIepUuoa PelleTKU

Allen, T'sui, and Logan, PRL (1977)



Epe ™" HeomaopomHoe mose

metalic grating k= 2 BEKTOP OOpPaTHOU pemeTKH
LZ L4 LZ L4 Ly+ Ly
i‘l’\’\ E=El+ 3 hucos(nkz + 6,)] cos ot menes sooromny
— n=1
electrons E =~ Ey(1 + hcoskz) coswt
ov n ov e (E (9U) N(z.t) = No(1 4+ (. 0))
S V)— — — —_— — — YU Z, — +n €L,
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KOHIIEHTPAIUA C IIA3MOHAMMU
ypaBHeHue Jujepa

ON + div(N) = 0 j= [oEoe ™" + (¢/Eoe™ + c.c.)e ™| + c.c.

8t AB€ IITPOBOIMNMOCTH

ypaBHEHNE HEIIPEePbIBHOCTH
eN=CU C=c¢/4nd

KOHJEHCATOPHOE NPUOIMNKeHne



HeoguaopoagHoe moJie =

metalic grating

L, L L, L, FE = FEyl+ hcoskz)coswt

8 — CROPOCTS IIJIa3MOHA
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JlaTepaabHBIN IIJIa3MEHHBIN KPUCTAJLJI 6
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Boubanga-Tombet et al Physical Review X 10, 031004 (2020)



OKCIIEPUMEHT: CUJIbHAA MOIY IS

T T T T T —25 r\/l-\
100 177 g
> F o
Z sol [ 20,
o, L —
2 60 | ‘ 1.5 :
T a0l — 10 &
= 0T onpE 173
E 20 - ‘ 40.5 B
I || 5
o — v - - - 0.0 ©

0 4 8 12 16 20 24

(©) Distance (um)

Kouueurpamusa or KOOpauHAaThI
(3es1eHBIM)

yA Gate
sourc'l |1:lll‘||||Draln
o —

Gate

Cxema CTPYKTYPBI

)il

0.18

0.15 PRy

0.12
0.09
0.06
0.03

0.00

0.18
0.15
0.12
0.09
0.06
0.03
0.00

I I 1 I 1 I L 1

st
R

Cavity:

> T = 300K

Cl

A

Hpyne nuk
E|| e,

N1 (6E0)2
DO =

Damped 2m
oscillator model

w2 2
(=) +

0.5 1.0 1.5 2.0 2.5 3.0
Frequency (THz)
« 5 TIma3mMOHHBIH
(e)
'45:0 PE3OHAHC
23 E || c,
, 5
0.5 1.0 1.5 2.0 2.5 3.00 =
Frequency (THz)
~
o =0 o /1 :
w? 47
w1 > M 71
> — 2
w X W (L"L’, Wi ) (f}l/ )

Tombet, Knap, Yadav, Satou, But, Popov, Gorbenko, Kachorovskii, Otsuji, PRX (2020)



OKCIIEPUMEHT: IIepPeXxo] MeKIAy Pe30OHAHCHBIM §
1 CyIepP-PE3OHAHCHBIM pPeKuMaMU

M30JIMPOBAaHHBIE MOOYyJIUPOBAHHBIA 2D

(a) I II0JIOCKU HMPOBOIAIINUI CJIOM
Ni/Au ‘Lu:-" A R GaN l < > < >

T|/AI/N|/AU—l. et E i Cap Transmittance

-—AIGaN 3.0 | 0.60

GaN \bamer ______ 0.55

AIN 2DEG 25 e 0.51

= 0.42

B 207 0.38

. § 0.33

D 1.5- 0.29

L 0.24

0.20
0.15

-
-
-
-
-

1.0 1

0.5 T T T
6 -5 4 3 -2 1 0 1 2 3
Gate voltage swing (V)

JKcrepuMeHTaAJILHOEe
IOKa3aTeJIbCTBO
yIIPABJISIEMOro Iepexoaa
B INIA3MEHHOM KPHCTAJLIIE

Sai, Korotyeyev, Dub, Slowikowski, Filipiak, But, Ivonyak,
Sakowicz, Lyaschuk, Kukhtaruk, Cywinski, and Knap, PRX (2023)

s1=23x10°cm/s, L; =06 pum, Ly=0.9 pm,
v/2m =0.25THz, m=02my, d=23nm, =9



Mopgeisp mi1a3sMeHHOT0 KPHUCTAJLIIa 9
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TG2 IlmasaMeHHBIN KPHCTAJJ C HNEePHOTHUYECKHIM
CTATUYECKHUM IMOTECHIINAJIOM

Teopernueckasa MOIeJIb:

(i) I‘I/I;[pOL[I/IHaMI/IRa, Tee << Timp; Tph

(i1) Mogmenr Kpouura-Ileaunu: sderika KpucraJjjia COCTOUT U3
JABYX 00JIacTel ImoJ Pa3HBIMIU 3aTBOPAMU M PA3HBIMU
IJIAa3MEHHBIMHU CKOPOCTSIMHY S; U Sy

Kachorovskii and Shur, APL (2012)



CrnekTp miIadMeHHOro KPpHUCTAJLIa 10
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JIBa nmpeneIbHBIX CIydas 11
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OTKJINK HA BHENIHEE U3JIydeHUe 13
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(i) koadppueHT MPOXOKITEHUA

(i) DC orknuk: apdekTr xpanmosuka



Koad dbunmuenT npoxo:xageHus u quccunanmngals
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Resonant and “super-resonant” regimes 15
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Gorbenko, Kachorovskii, PRB (2024)



JInHEeHBIN 1 HEeJIMHEUHbIU OTKJINK 16
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BHEIIIHAA
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N U U - UHAYIHUPOBAHHBIE U3JIyY€HEeM
CKOPOCTHb I KOHIIEHTPAINA,

¥ — oOpaTHOe BpeMs pesiaKkCcaliii UMITyJIbCa,

S — Im1adMeHHasa CKOpPOCTH,

F(x,t) =e E(x,t)

N - cranmoHapHad KOHIEeHTpAL 4,

. N 2
Jac(Z,t) & €Ny 2v1,2(%, ) 81,2’01,2($, t) 7 — BpeMs peslaKCalliy UMIIYJIbCA

5N1’2($,t) = N1,2n1,2(:c,t) X s%,2n1,2(x,t)

MHOYIVUPOBAHHBIE BHEIIHUM I10JIEM
TOK M IMMOTEeHIHNAJ (KOHIIEHTPAIHT)
HeIIpepPbIBHBI BO BCEM KpHuCTAaJLIe

K03(p(hpuUIHEeHT NPOXOKITECHU



CxeMma HaxoxkIeHUI KO3 PUITIEHTOB
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OO1uee BrIpakeHUe OJ19 JUCCUIIAIlU 18

72 E2C
P —_ w2 _|_ ’72 [Pnonres + PreS] Pnonres — 2’)’<L10+ Lg) (L18% + LQS%)

BbIpaxke€HHne IJ7id JuCCuIlalinmn

— s3)°Re [(T' — i2)°X] '

OL(T2 + Q2|52

Gorbenko, Kachorovskii, PRB (2024)

> =81cotq1L1/2+ sycotgalso/2. 2
1 7 1/ T 82 q2 2/ Pnonresa Pres X EO
pe30HaHCHBIN 3HAMEHAaTEeJIb KBaJPATUIHBINA OTKJINK
3 — . ! 4
(y=0) x (Qbright TOJBKO CBETIIbIE MOJIBI e /2 for w > 7,
. . Vwy/2 for w < 7.
Q+ il = yJw(w + i) ‘
O ~ <’w for w > 7,
omnpenejleHue peaabHelx Q2 ul’ |V wy/2  for w <7,
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CpaBHeHUE C 3KCIIEPUMEHTOM 20

TEeopPUusd OKCIIEPUMEHT
16 52 <L 81 S9 ~ 81 C syRs) Transmittance
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24l 0.55
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L L A /27T =0.25THz, m=02mg, d=23nm, =9
1 2 :
NI/AUW - ¢ = 1.5 ym
THAINI/Au cap . Rk
= oo room
AIN 2DEG
SiC
Sl S2
Sai, Korotyeyev, Dub, Slowikowski, Filipiak
E — EO Cos(wt) 9 y y 9 9 9 p 9

But, Ivonyak, Sakowicz, Lyaschuk,
Gorbenko, Kachorovskii, PRB (2024) Kukhtaruk, Cywinski, and Knap, PRX (2023)



TeMHBIC U CBeTJIbIE MOJbI 21

2

P = w2fy—_|_,y2 [Pnonres + Pres] P o< L Cos [K(Ll + L2)]
res 2
R wLi  wLy st+s2 . wL; . wly
= COS —— COS — sin sin .
Y =s1cotq1L1/2+ sy cot gaLa/2. S1 S9 251589 S1 89

Gorbenko and Kachorovskii, PRB (2024) Kachorovskii and Shur, APL (2012)
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Pe3omMme 1 vacT

30HHYIO CTPYKTYPY JIaTEPAJIbHOI'O INIA3MEHHOI'0 KPHUCTAJIJIa
MOSKHO IIEePEKJII0YATHh MEKAY PEKIMAaMIU CJIA00H 1 CUJIBHOH
CBA3U

IInasmeHHBIE PEe30HAHCHI B KOJd(h(uInmeHTe NpoxXo:KIeHU
JEMOHCTPHUPYIOT IIePexXo MeKAy PE3OHAHCHBIM U CyIIep-
PE30HAHCHBIM PEKUMaMU

B cuMMeTpHUYHON CTPYKTYpPE OTKJIHUK COJEP:KUT IIOJIOBUHY
COOCTBEHHEBIX YaCTOT — CBETJIbI€ MOJbI

Bo30y:xgeHne TeMHBIX MOJ BO3MOSKHO B ACHUMMETPUIHOH
CHCTEMeE UJIN NP HAKJIOHHOM IIaJeHHNUN CBEeTa

22



JddekT xpanoBukra

/ JIlBa ycaoBusd:

1) AcumMmeTpusa B cucreme
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0€

asymmetric metallic grating

re—

Source VAN EEEDE
Drain

: : : LL dﬁtmmz |
asymmetric density profile | _seiy | Sample#B

2 2
Etot T (EO _|_ Enear) — EO _I_ Enear _|_ 2E0Enear
2
Jpc = AEO + BE., . + CEqE s

A=0 B — ( interference term

J DC X b 0 b near Ivchenko, Ganichev, JETP Lett. (2011)



IleprypOaTruBHas MogeJib: 25
mapaMeTp aCuUMMeETPUH

U(x) = Uy cosqx, TGI
CTaTUYECKHUU IMOTEHIINAJI
E.(x.t) = Eo[l + hcos(qr + o) coswt 4 —

1+ heos(az + 0))coswt o = [T}
IIepeMEeHHOE BHEITHEee I10JIe TG?

dU(z)  EihUosq sin ¢
de 4

TPETHUN MOPATOK
TEOPUU BO3MYIIEHUU

== |E(x,1)[?

E[1+h cos(q x + )]

":.} e .. LR %
—U I/| U (e) Sample ST2
— 2DES II ll
/

” - - A B C
X ¢ U, cos(q x)
JDES - L b C

Ivchenko, Ganichev, JETP Lett. (2011)




JInHEeHBIN 1 HEeJIMHEUHbIU OTKJINK 26

U.(z) = Ug(l), for0 < z < L (region 1),
& Ug(2), for Ly < x < Ly + Ly (region 2).
F(z,t)

m

(V- V)v+yv=—5Vn +

CTATUYECKUHU NOTECHIINAJI

BHEIIIHAA
CuJia

z,t) = Eg[1 + hcos(kx + ¢)] cos wt,

U U~ MEAYUMPOBAHHEEIE  R(y t) — ¢F(z,t) I10JI€ U3JTyIEeHUAd
U3JIy9Y€eHHEeM CKOPOCTb U
KOHII€EHTpPAIu,
Y — oOpaTHOe BpeMsA iwt . iwt
peJiaKcaIy NMIIYJIbCA, ne(z)e + g (z)e™” + dng (),
S — IJIa3MEHHAasa CKOPOCTbD, Vo, (a:)e_Wt 4+ ,U; (.’E)ewt + dv,, (:U),

F(x,t) =e E(x,t)

Jac(z,t) = eNy 2v1 2(2,t) sizfvl,g(az,t)

OTKJINK;
JIMHEeUHbIN U
HeJIMHEeHbIN

5N1’2(£E,t) = Nl,gnl,g(x,t) X S%,2n1,2(£€,t)

HHAYIINPOBAHHBIEC BHEIITHMM I10OJIEM
TOK 1 KOHIIEHTPAIINnA HEIIPEPBbIBHBI BO BCEM KpPpHCTAJLJIE



JINHEHBIN OTKJINUK 27

. iy .
N = Age'1*? + Bye "% 4 no*t

. . w
Vo = (Aqe'%® — Bye ") — 4 &,

o
ext GEOIC .
net = _h2ms?x(q§ —72) sin (kz + ¢),
enct ek wek)
= k
Y = m(wt ) T 2ms(g — k) ST )
(o

w(w + 1)
Sa

o =
CBSI3b BOJTHOBBIX BEKTOPOB C YaCTOTOM
Jac(T,t) = eN1 vy 2(x,t) o 57 501 2(7, 1)

5N1,2(£U,t) = Nl,in,z(x,t) X 8%,272,1,2(33,75)

HHAYIINPOBAHHBIEC BHEIITHMM I10OJIEM
TOK 1 KOHIIEHTPAIINnA HEIIPEPBbIBHBI BO BCEM KpPpHCTAJLJIE

TEMHBIE N
CBE€TJIbl€ MOJABbI

Yp(w) = s1cot q1L1/2 4 sa cot gaLa/2,
Yda(w) = sacot g1 L1/2 + s1 cot gaLo/2,

pP€30OHaCHBbIE€ SHAMEHAaTEeJIN

ne(z,t) = ng(z)e™ ™t + nk (z)e™* + dny(z),
v

Vo (T, 1) = vo(x)e” ! + vk (2)e™! + vy (),

OTKJINK: IMHEUHbBIN U HEeJIMHECUHBIN
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CROPOCTDb ,Z[peﬁd)a Va ne(z,t) = na(x)e—iwt +nt (x)eiwt + dng(z),
Va(, 1) = vo(x)e” ! + vk (2)e™! + vy (),

32 8 [5va+nav + n}v,] =0,

OTKJINK: IMHEUHBIN U HEeJIMHEUHBIN

3(’00/0 ) oon

2 o _
97 + Yov,, + S5, 9 = 0. J = eN,V; = eNo Vs,
YPpaBHEHUA YCPEJHEHHBIE ITO BpEMEHU HOCTOHHHBIﬁ TOR

(L L\
J—e(N1+N2)

L1 L1+L2
X /[nlfuf +njvi] de + | [n9vi + nivs] da
0 L

IIOCTOAHHBINA TOK yJaeTCA BEIPA3UTh Y€pPe3 JUHEHMHBIN OTKJINK!

e g N(z,t) — N; |
Ng = Aa€'?” + Boe "% + ng, n; = ( ’]\2. Loi= (1,2)
Vo = (fl@ei‘l"“"J - Bae_iq““’)i + v, '

e Gorbenko, Potashin, Kachorovskii, arXiv (2026)



O dekT xpanoBuka: ciiadasg CBaA3b

S1 — 89
A= — k1
S1
2 4
0 . Y Wo
Siveak = Jko2 42 (W2 — wg)z + 202"
w/wo
2.0 ///
— dark modes
— bright modes

0.0 02 0.4 0.6 038 1.0 1

— A

1.0

=(.U/LU()
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Rozhansky, Kachorovskii, Shur, PRL (2015)

A
wb%w0[1—7]
Ry
Wazwo =5



Pe:xum ci1adoii cBas3u (A=

S1 — 82

S1

<1) m Y/wo K1
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AW
2 4
0 _ v ]
Jweak JOAw2 + 72 ((UZ w(2))2 + ’)’264.)2
J/J
A I
Wh Wy ~wy |[1—— A+ AP
) gl
2 — wa)2 2
e 0P 7]
[(w—wo[l —A/2])2 4+ ~2/4] A :
/e
7] /
wp — wq ~ A?/2 i e €A«
A
oA 0P [ w0)® +97/4]
weak = SO — )2 +72/4] [(w — wg)? + 12/4]
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O dekT xpamoBuka: ciiadasg CBI3b A = — <lgg

AMIIVINTyAA IIVIA3SMOHHOTI'O ITNKAa OT CAJIbI MOAYJIAIINN
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AcumMmmeTpusa
CHCTE€MbI IPUBOIUT
K BO30YKIEHHIO
TE€MHBIX MO/

B sddexTe
XpamnoBHUKA
MIPOSABJIAIOTCSA
TEMHBIE€ U CBeTJIbIe
MOJIBI

Ilomumo
pacuienjieHus
dbyHIaMeHTaIBbHOTO
IJIA3MOHHOTO
pe3oHaHca HAa
TEMHYIO 1 CBETJIYIO
MOJBI IIPOHUCXOIUT
TUTAHTCKOE
YCUJICHHE TOKAa

7/ Jq

—A=0.1
A=0.3
— A =05

/\
/ ?‘\
e : L /W

0.5 1.0

Gorbenko, Potashin, Kachorovskii, arXiv (2026)



IlmadaMeHHBIN KPUCTAJLI B IPUCYTCTBUU 33
IIOCTOAHHOI'O TOKA

v=V+ou(z,t) N=N1+n@t)

yureMm nporekamomuii B cucreme DC Tok U(l)l SL e
g
i
’ Idc d
0 2 9DEG
> T

chN’\/dz 02 2V mm)
N(z)

A
/ / Ll
yBeJIMYEeHUe BRJIaN, —

N,

A

JIOKaJILHOMN IIPONOPIUOHATBHBIN ~ o ~q

I CCUIIAIIAN TOKY, MOKeT OBITH f — | e~q )
HOJMOsKUTeEHO OTPHIATEJBHBIM ecan V2

oInpeseIeHo OCIIMJLIISAIINU OV U On Ly >

CABHHYTHI I10 (pase

+_ - +_ - TP + -
COS {kL n (7 — g1 )La n (93 — a5 )Lz] — cos [(ql +2q1 )L1} cos [(qz + g5 )L2]

2 2 2

. (ql | ql )Ll . (q2 I q2 )L2 == SZ
. _
Z Sin |: 2 Sin 2 y q1,2 = 31,2 » ,

Q=w+ ).




’Upstream’ and ‘downstream’ plasmons

reﬂected incident
wave wave
<_>

Grating D

2D layer . ‘ﬁlr

B E

transmitted
wave

VZ

3

Mikhailov, PRB (1998)

Ares

‘upstream’

w

N

Resonance frequency (THz)

0 A>0|2 l 4 l 6

Val Ve

‘super-sonic’ amplification



CunpHag cBaA3b, p€30HAHCHOE IIPUOJINKEeHHess5

LlNl (GE()) Y1

5P: 5w:w—w1(x)
7T2m _|_ '71 /4 ( )
AA(x) r=Vi/s1
dissipation amplification wi(x) = " 81 V1 — 7T81(1 — :LQ)
1 Ly 51 Ly
05| zo = 1/V3 1 — 3x? 9
_ Vo _ >x A(z) = (1_x2)2COS (7 /2)

05}

MHAYOIHUPOBAHHOE TOKOM YCHUJIEHUE

Tombet, Knap, Yadav, Satou, But, Popov, Gorbenko, Kachorovskii, Otsuji, PRX (2020)
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& nuccunanug

| 4@ ycuJieHue
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Fraquency (THz)
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Tombet, Knap, Yadav, Satou, But, Popov, Gorbenko, Kachorovskii, Otsuji, PRX (2020)



Ilepexon B pe:kxuM yCUJI€eHUsI, CyIIep-
PE30HAHCHBIN PEKUM
Y2 A(w = Wres)

Plw ~ Wr ~ PO '
@) & P o =P

Y
—5 — A(w - wres)
V(W = Wres)

A ‘upstream’

T

‘downstream’ Vo = 0.5s9

./ a.u.

A>0 A<0
‘sub-sonic’ amplification: Vl < S1 V2 < S 9
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CoOcTBeHHEBIE ua
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Re[ﬂ] = W Im[Q]: ____________

AHTHURPOCCHUHTI

—— Rew]
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Re[()] = w

JBa THUIIA HEYCTOUYUBBIX PeHIeHuU
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Cucrema penieT4yaTbiX 3aTBOPOB IO3BOJIAET YIIPABJIATH
30HAMH IINIA3MEHHOI0 KPHUCTAJIJIAa U TaK:Ke Pa3IndIHbBIMUA
HEJIMHENHBIMU OTKJINKAMU

B ni1asMeHHOM KpHCTAaJIJIe BO3SMOKHBI TPU pesKuMa
BO30YKIECHHUA: PE30OHAHCHBIN, HEPE30HAHCHBIN U CyIIep-
pPEe30HaAHCHBIM

OddexkT xpanoBuka 3HAYNTEJIHHO YCUINBAETCH B
OKPECTHOCTH IIJIA3MOHHOI'0 Ppe30HaHCca n3-3a
NHTep@epeHIINn ‘TEMHbBIX H ‘CBETJIBIX MO/

Monaynsanus 3JIEKTPOHHOM IIJIOTHOCTH ITO3BOJISIET
peann3oBaTh MHAYIIMPOBAHHOE TOKOM YCHJIEHHE B PEIKIMeE
CKOpoOCTH apeiida MeHbIIe IIJIa3MEeHHOM CKOPOCTHU
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Re[Q] = w ' ,——:"'"'

J
so =0.7s1 L1 = Lo J=eNiVi =eNyVs

cos [kL+ (@ =g )L (g5 —qE)Lzl s l(qi+q{)L1] o [(QJ+q5)L2]

2 i 2 2 2

_Zsin[(qurqf)Ll] Sin[(q2++q2_)L2] + _ 0

5 5 Q=w+i.



BHemHee moJie 41

E = Ejcos(wt)
€«
L L,

1 AY)

i) OTHOPOAHOE NU3JIyIEeHUA

E(z,t) = Ep[1 4+ hcos(kz + ¢)] cos wt.

Ivchenko, Ganichev, Jetp Lett. 93, 673-682 (2011)

il) yuyeT MOy IAIUU 3AaTBOPOM HU3JIyIE€HUS
(HapylIeHHne IeHTPa NHBEPCHUN)

E(x,t) = Egcos (Kx — wt).

iii) c;tabaa BHemIHAS
MOy AU

FE = Ey[l + Z hy, cos(nkx + ¢,,)] coswt

n=1

iv) mpou3BoOJIbHAA
MOOYJIAITUSA IOJIA PEIIeTKOM!



JleTanu sakcrmepumMmeHTa

III. EXPERIMENTAL DETAILS

A. Fabrication of AlIGaN/GaN grating-gate
PC structures

An AlGaN/GaN high electron mobility material system
is chosen for the experimental studies. This type of
heterostructure provides high electron density (up to
1013 cm™2) on the AIGaN/GaN interface, which is difficult
to achieve in any other 2D system. Thanks to that, plasma
oscillations in 2D GaN-based structures of micrometer size
can easily reach THz frequencies.

tivity of each layer are listed in Table 1. During the
fabrication of the plasmonic structures [schematically illus-
trated in Fig. 4(a)], we pay special attention to the quality of
a Schottky barrier contact (grating-gate coupler) and Ohmic
(source and drain) contacts to the 2DEG channel.

atmosphere for 60 s. Such a procedure allows achieving
the contact resistance of 0.75 + 0.08 Ohm x mm, which is
measured using the transmission line method on 30 test
structures.

To avoid any oxidation, after cleaning the samples are
immediately placed in the vacuum chamber of an electron
beam lithography (EBL) system. EBL patterning is per-
formed on large 1.7 x 1.7 mm? active areas defining the
grating gates. The exposed and developed samples are

42

B. Electrical transport characterization

Before the grating deposition, bare AlIGaN/GaN hetero-
structures are characterized by capacitance-voltage mea-
surements at 10 kHz using a mercury probe in order to
estimate the ungated 2DEG concentration. The extracted
value of n is 8.7 = 0.9 x 10'2 cm~? at room temperature.

C. THz measurements

THz transmission spectra measurements of the bare
AlGaN/GaN heterostructure as well as PC structures
are performed by Fourier-transform infrared (FTIR) vac-
uum spectrometer (Vertex 80v from Bruker, Billerica,
Massachusetts, USA) integrated with a continuous flow
liquid helium cryostat. In order to reduce optical losses, the
original cryostat windows are replaced by polymethylpen-
tene (TPX) windows. The FTIR spectrometer is equipped
with a mercury lamp source, a solid-state silicon beam
splitter, a cryogenically cooled silicon bolometer, and a
3 THz low pass filter. The experimental spectral range is
limited to 3 THz, because at higher frequencies the strong
phonon absorption of the SiC substrate [64] interferes with
the 2DEG plasmonic resonance spectra.

FTIR measurements are taken in a fast scanning mode at
a mirror movement frequency of 5 kHz, with an interfero-
gram average of 100 scans. Spectroscopy measurements
are taken with a 1.5 mm aperture positioned close to the
grating structure, allowing em radiation to transmit only
through the grating-gate active region. A polypropylene
film-based linear polarizer is also used in front of the
sample. In Fig. 6, we show an example of the transmittance



GchepnmeHT .

NiZu GaN l
Ti/Al/Ni/Au cap
AlGaN—

GaN '_\barner

AIN 2DEG
SiC

Transmittance

sy =23x10%cm/s, L, =0.6pm, Ly=0.9 pm,
v/2mr =0.25THz, m=02my, d=23nm, e=9

Sai, Korotyeyev, Dub, Slowikowski, Filipiak,

N 0.5 1?0 1‘.5 2?0 2?5 3?0
But, Ivonyak, Sakowicz, Lyaschuk, Frequency (THz)

Kukhtaruk, Cywinski, and Knap
Physical Review X 13, 041003 (2023)
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Uy(x) =Uy + Ug coskx

U()<<Ug

§2 §1 Ap) $1 §2 S1

Ucell(x) — <

— Z Ucell (.’E - ’I’LL)

(UM, 0 <z < Ly,
v L <z<I,

|0, otherwise.



Control of asymmetry

e/ LA N

S 32r
§ Urgi /Urgy =
o 16f HW

. 1 TG2
gb 0
© OV/-1V 7
z N\
2 -6} |
~

0 45 90 135
dU (x)
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Ilonmuaa cucrema ypaBHeHUH

8N o,
ot 8:1: (Nv) =0,
ov e? VW
8t (’UV)’U ‘l’ — =a — m—CVN — —mN
oT To—T mv?
C {(‘% le(T’U):| =N < Tph —+ T)

where W = [ develel* /T +1]71 ~ N2/2v 4 vT?72/6
is the system energy per unit area in the moving frame,
Ty is the lattice temperature and C = vT'w?/3 is the heat
capacity of the 2D degenerate electrons. In above, we
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YyeT MOAYJISITUU I10JIs a7

E(x,t) =~ Ey[1 4+ hcos(kz

2.5

2.0

1.0

QSO 0.2 0.4 0.6 0.8 1.0 0 QS

82/81

+ ¢)] cos wt.
h=0.5
-PHOI‘IH
l0.4
0.3
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0O 02 04 06 08 10
S/ 81

i) coxpaHgeTcsa MJIa3MeHHbBIM Pe30HaHC IIPU Sy —S;

il) IPOABIAIOTCA «T€MHBIE» MOIbI

}%Kmnnzz }{/}%)

FZN
Py=2—

2myy
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2myy

S9 = 1/2081, Y= 1/10(01
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v/ wi

82/81

nondissipative PC (y = 0)

C) P/PO
0.15;
So=1/20581, v =1/100w;
0.10¢
0.05¢
Lo s st il 1 N 2 1%‘ 4(&)/&)1




Pesxumbl muccunaimum
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Cynep-pe3oHaHCHBIN PeKUM S0
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Bo30y:kgeHne TeMHBIX YaCTOT s1
L L2 8§y = 0. 3S1 K/k

E(z,t) = Eq cos (Kz — wt), w/w ~05-025 0 025 05
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k=T e
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il) TeMHasg MoJga MePEeXOoaUT C onHofx'I BETBU Ha JIPYTYIO




Bo30y:kgeHne TeMHBIX YaCTOT

CHIbHAda CBA3b S2 K S1 E(x,t) = Eqcos (K — wt).

2721 — (=1)" cos K L1]

oo E =
L °FE n 2,2 272
P 1 POXZ ’Y2n — (n?m2 — K2L%)?
L1 +L2 e (w—nwl) + 7y /4 [1—( 1) COSKLl]
n2m2
L2-KMR2
220 +1)2° * T 2
CBeTJIbI€ MOIbI TE€MHBIE€ MO/IbI
ciadas cBaA3b So R Sy V20?2
P =P




Pe3soHacHbIZ 3HaAMeHAaATEJIb -

\/w(w + i)

81,2

Y =s1cotqiL1/2+ sycotqals/2. Q12 =

Qbright (w)Qdark (w) = (0, ypaBHeHue Ha co0cTBeHHbIe YacTOThI (K = 0)

le ] OJLQ LULQ . (.ULl
Qbright = 81 COS —— SIn —— —+ S92 COS —— SIn ——,
281 282 282 281
LULl . CULQ (.ULQ . le
(Qdark = S2 COS sin + 81 COS —— sin ——.
281 282 282 281

PE3OHaAHCHBIE «CBETJIbIEe» YaCTOTHhI
OIIpEeneJI€HNEe Whright T Wdark

Qbright (wbright) =0 2((.0 = Whrighty Y = 0) =0

Qdark (wdark) =0 Z(w — wda;t ?é Whrighty Y = 0) 7& 0

HEPE30OHAHCHBIE «TEMHBIE»” YaCTOThbI



Yuer moaynamuu moJsa (ciaadasa CBH3I>) s4

caadas CBA3b >
ds
An X —5 0P = PO Z Weak 2 2
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Yuer moaynamuu moJsia (CujIbHasg CBA3b) s
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Ilpou3BosibHAA MOAYJIAINHN PEINIETKON s6

FZ N,
2myy
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CnJjibHadA CBA3b

So K 81

E=E, 1+Zhncos(kn:1:+¢n) ,

n=1

L k?n = 27T’I’L/(L1 + L2)

stron
P78 = Pyrioht + Pdark,

w1 = 7T81/L1 By =

c1a0ada CcBAaA3b

2L,

(L1 + L2)(1 + 2n)2n2

m+h Cmn)
Poright = Po
DI W ey
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Ilpoxo:xknenue TI'n nanydyenusa npu
HEHYJIEBOM IIOCTOIHHOM TOKeE

NOA A

the ;nobility is over 30000 cm? /V's

Ref.

. Metal conical
Signal #—tapered aperture|

1.55 pm, 80-fs FWHM
Fiber laser
(a)

0.18

Top - Gate 015
—— = 0.12

Si02 | 300 nm, 90 nm or 200 nm

T 0.09

Si Back Gate

0.06

®e. o

0.03

Wave vector 1t/L " (x10* cm™)

Tombet, Knap, Yadav, Satou, But, Popc 0.00

.. .o 0.5 B 1.0 1.5 20 2.5 3.0
Gorbenko, Kachorovskii, Otsuji, PRX (202 ®) Frequency (THz)



Dissipation in the channel

P= [ dx va2 N'=No(L +n)
; T /, Vi=V+v
q 1— Ny o s°
local Joule heat -7 0

radiation-induced

0P /dw ’}/82 <v2 + 2van>t correction to the

dissipation

current-driven contribution
can be negative !!!



Detection of THz radiation by FET plasmons

.
S "o ey U(0)=U, + U, coswt

vgfl_

4

HD equations are ‘ AU X (]a2

nonlinear, BC are

AU :dc i . e .
°'o asymmetric .., qjation-induced dc voltage drop
M.Dyakonov and M.Shur, IEEE (1996) due to rectification — plasmonic
’ resonances for woT > 1
eor Xperimen T-10K
. Theory Exp t - g
2 8000 "L=0.1um
by e 1
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2 40001 1= 28000 cm?/Vs =0 i
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0 5 10 1'5 2;) From: Bandurin, Svintsov, Gayduchenko, Xu, Principi,
Moskotin, Tretyakov, Yagodkin, Zhukov, Taniguchi,
Frequency (THz) Watanabe,Grigorieva, Polini, Goltsman, Geim and
Dyakonov, Shur, IEEE (1996) Fedorov, Nature Communications (2018) 59




Hydrodynamics: 7., — 0O

= [B(a,t) = VU (2)]

a,=
C=uvTn’/3
heat capacitance

mv? /T
local Joule heat

—1
W=v / dee [e(e_”)/T + 1] g Seebeck contribution — A

» (M2 W2T2) small if /T > Tpn/T
2 6 ' KNalitov, Golub, Ivchenko, PRB (2019

1
wo

Rozhansky, Kachorovskii, Shur, PRL (2015)
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Experiment: grating gate GaN/GaAIN

based structures

(a) Ve

_ Lo 1|
Ni/Au lig e GaN _L
cap \ L =L
— AlGaN—=

Ti/Al/Ni/Au
\barrier /_

2DEG

GaN

AIN
SiC

sy = 2.3 x 10° cm/s,

v/2m = 0.25THz, m = 0.2 my,

Li=0.6 pm, Ly=0.9 pum,
d = 23 nm,

e=9

Transmittance

0.5 1.0 1.5 20 25 3.0
Frequency (THz)
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2

P = w27+ 72 [Pnonres + Pres]

PnOnreS -
2v(L1 + Lo)

E2C (51 —s3)°Re (I —iQ)°%]

P - Pnonresa Pres E2
res 2(L1 + LQ) QI‘(I‘2 + Q2)|2|2 x Ef
npenaes HyJIeBOU 4aCTOThI P(w — 0>/PO
1.0
14 L /L 0.8
P(w — 0)/P0 = 2 1 0.6 ;
0T 2my
02"
02 04 06 08 10 $2/s1

PEe30HAHCHBINA 3HAMEHATEJIb > = 81 cot Q1L1/2 + $9 cot q2L2/2.



Onaoponuoe pemrenue (K=0)

K(Li + L
Kachorovskii and Shur, cos [K(Ly + L2)]

wlL wL s?2+s2  wl; . wL
APL 100, 232108 (2012) — oS 1 COS 2 51 2 gin 1 sin 2
S1 S9 28189 S1 S9
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0.5 — dark modes

Y So K S
) — bright modes 2 1
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L=l Ly =L,



Plasmonic bands, o,(K), for y=0

coswTicoswils — ZsinwTisinwl1s = cosKL

T, = Ll/Sl, 15 = LQ/SQ coupling 7 — S% + 3%
L _ 82 parameter 25189
’ 2 —
Ly L

e I / strong coupling \
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\/ LU%SlK
sk \ !
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stop
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N L+ Lo

k2 k2 narrow pass bands, super-
: Ly / resonant regime for y<w,
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