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Planas
1. Terahercy spinduliuoté
2. Fotolaidi THz antena
3. Matematiniai—fizikiniai modeliai
4. Sprendimo metodai
5. Modeliy palyginimas

3/42



Jzanga Motyv.
(e]e] @000

acija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka

0000 000000000000 0000000000000 000000

Elektromagnetiniy bangy spektras

Chart of the Electromagnetic Spectrum

8 man's height
28 e paperclip viruses atom
“8 paper bacteria . \g, sul:at‘crmc
£ football field baseball thickness water molecule particles —
wavelength | ) . Lt tem tmmo o Amil W | tmm Tpm
AMmTI05 102 10 1 10" 102 102 104 105 10 107 108 109 10‘0 101 10'2

| | ) L 1 . | | | 1 ) | | | |
Cm 105 104 103 102 101 1 10 102 103 104 105 10° 107 10® 109 107

electron volt_| L L L L L L L L L L L L

L L |
(ev)10° 108 107 10° 105 10¢ 103 102 10" 1 10 102 10° 104 105 10°
1MHz 1GHz 1THz 1PHz 1EHz 12Hz

frequency | 1 L ! 1 L L L I L L L 1 L L L

,
®2q0s 105 107 10° 10° 10 10'" 10%2 108 10% 106 10%6 10" 10'® 101 102 102!

§ Radio Spectrum | nnn- Infrar iolet X-ray Gamma
] Broadcast and Wireless Microwave Far IR Mid IR SoftXray  Hard X-ray
s g
) g &,
! g
) 4%
! = 3,
H Fibertelecom  Dental Curing
- H @ 07-14 200-350r s
5 ¢ Medical Xrays
8 i
2% FMradic " Mobie Phones A 10014
2 radio 88-108 MHz
S S 600kHz-1.6MHz 900MHz24GHZ Rogar | & Cosmic ray
1-100 GHz. Visible Light observations
2z Bio imaging 5750 <A
S 140 THz 7o so0nm
g .
83 . (R
£g Py Rt Baggage sceen
3% TV Broadcast  Wireless Data 10-1.0 4
54700MHz  ~24GHz
rasoun —
iy Screening PET imaging
z g Suntan 0.1-0.01A
02-40THz 400-290r
Sound Waves -2900m Clysla\\ogvzphy
«— 20Hz-10kHz ‘mm wave” 2207
Microwave Oven par— N viion
omossuRa | wwwsumor A= Sxt0roq = 1w’ 100) = 1281096V SWRA ;




Jzanga Motyvacija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka
(e]e] 0e00 0000 000000000000 0000000000000 000000

Terahercy savybeés

v

Mazas bangos ilgis (0.1 mm — 1 mm )

v

Nejonizuoja medziagos atomy

v

Stipriai absorbuojami vandens gary

v

Saveikauja su molekuliy rotaciniais ir vibraciniais spektrais

v

Gerai sklinda per dielektrikus
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THz panaudojimas

v

Skenavimui per drabuzius ar jpakavimus

v

Defekty nustatymui

v

Medicininei diagnostikai

v

Cheminiy medziagy aptikimui

v

Puslaidininkiy savybiy tyrimui

v

Telekomunikacijai

6/42



Zzanga Motyvacija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka
g Y 1) lj=sd /] P b
(e]e] oooe 0000 000000000000 0000000000000 000000

Panaudojimo problemos

Femto $
Photon Energy (eV)
Power Efficience

3 5
10° 10° 10 10% 10" 10" 10° 10 10" 10" 10"
Frequency (THz) Frequency (Hz)

X.-C. Zhang, Jingzhou Xu, Introduction to THz Wave Photonics, Springer 2010.

» Zemas anteny efektyvumas

» Stipri absorbcija atmosferoje

» Ribotas supratimas apie THz generavimo procesa

» Tiksliy anteny teoriniy modeliy trukumas m
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Fotolaidi antena

LTG-GaAs

U=50V, d=50um, Eo=10kV/cm

voltage
short laser pulse
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Veikimo principas

LTG-GaAs Terahertz pulse

aJ
E(t)oc &
(t)e =

U=50V,d=50um, Eo=10kV/cm

Short laser pulse
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Elektrony jgreitéjimas stipriame elektriniame lauke
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S. Teitel, J. Wilkins, Ballistic transport and velocity overshoot in semiconductors:
Part I; Uniform field effects, IEEE Transactions on Electron Devices, 1983.
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Multifizika

-
|
--

Boltzman’o kinetiné lygtis

Maxwell'o lygtys

n:=n(r,p,t)

8” P 8n aE_]'VXH

A Lo =z —j

8t+ Vn+eE op S(n) ot [ ]
c’)H__lV E

it.0) = =2 [patr.p e % a
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Du sprendimo budai

1. Deterministiniai modeliai

vV vy vy VvVYy

paremti diferencialinémis lygtimis

BKL aproksimacijos

nezinomieji - buseny tankio funkcijos momentai
sumazinta uzdavinio dimensija

maziau kompiuterio resursy

lygtyse yra nezinomy parametry

2. Monte Carlo metodas

vV vy vy VvVYyy

stochastinis

modeliuojamas daleliy ansamblis

jskaitomi pagrindiniai sklaidos mechanizmai
koordinatés, impulso ir energijos kitimas laike
tiksliausias metodas

reiklus kompiuterio resursams

Impulso trukmés jtaka
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Bolcmann'o kinetinés lygties momentai

on k on
aJrE Vn+eE- 7k = S(n)

n(r, t) = / (r.k,t)dk

j(r,t) /kn r.k,t)
I
t) 2m/k n(r, k, t)dk

Impulso trukmés jtaka
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Normuotos lygtys pagal parametrus LTG-GaAs

_1xq0-3. A6l I(x, t) — n(x, t),

Ox
i, 8) = n(x, t) Eg +5 x 1074 - an(aXt)
X

on(x,t)
t
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Rekombinacijos jtaka
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Skaiciavimo metodai

Jzanga Motyvacija Antena
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Homogeniskos relaksacijos modelis (ODE)

an(t)
o I(t) — n(t),

j(t) = euEgn(t).

8.0x10'
“ ——MC
i
" — = ODE
6.0x10'° ;. ----- lazerio impulso intensyvumas
HH
’T'E A
'
S 40x10°4 1[4
< H
i
H
20x10°7 ¢
i
.
' '
h '
' \
l’ ‘\
0.0 > T T d
0.0 0.5 1.0 1.5
t, ps
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Monte Carlo metodas. BKL sklaidos narys

0 p on

( ):/,[ (K, £)P(K k) — n(r. k, £)P(k, k)] d3K'd%k

P(k,k")d3k’dt dalelés sklaidos tikimybé i§ biisenos su impulsu p j
buseng su impulsu p’.
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Dominuojantys sklaidos mechanizmai LT G-GaAs

v

Jonizuotos priemaiSos

v

Deformaciniai akustiniai fononai

v

Poliariniai optiniai fononai

v

Tarpsléniné sklaida
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GaAs energetiniy zony struktura

Energy
00K B, =142eVY
X-velley [-valley Ei=171eV
Ex =190 eV
E,, =034 eV
£
<100> Fa Lo <>
_ Wave vector
Es ‘ Heavy holes
Light holes
Split-off band
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Elektrony dinamika be jonizuoty priemaisy

t=0.0ps
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Elektrony dinamika be jonizuoty priemaisy

t=0.1ps
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Elektrony dinamika be jonizuoty priemaisy

t=0.2ps
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Elektrony dinamika be jonizuoty priemaisy

t=03ps
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Elektrony dinamika be jonizuoty priemaisy

t=0.5ps
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Elektrony dinamika be jonizuoty priemaisy

t=0.7 ps
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Elektrony dinamika be jonizuoty priemaisy

t=1.0ps
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Elektrony dinamika be jonizuoty priemaisy

t=2.0ps
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Elektrony dinamika be jonizuoty priemaisy

t=3.0ps
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Elektrony dinamika be jonizuoty priemaisy

t=4.0ps
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Elektrony dinamika be jonizuoty priemaisy

t=5.0ps




Jzanga Motyvacija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka
(e]e] 0000 0000 000000000080 0000000000000 000000

Elektrony dinamika su jonizuotomis priemaisSomis

t=0.0ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=0.1ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=0.2ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=03ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=0.5ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=0.7 ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=1.0ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=2.0ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=3.0ps
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Elektrony dinamika su jonizuotomis priemaisSomis

t=4.0ps




Jzanga Motyvacija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka
(e]e] 0000 0000 000000000080 0000000000000 000000

Elektrony dinamika su jonizuotomis priemaisSomis

t=5.0ps
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Srovés tankio skaiiavimas

Kiekviena dalelé turi:
» Koordinate
> Impulsa

> Energija

1
Varife (X, t) = N Z vi(x, t) - X
1
JMC = € Vayift (X, t)
Jpp = epky

Impulso trukmés jtaka

000000
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Modeliy parametrai

JMc = € Vgrin (X, t)
Jop = ek

1. Monte Carlo
» N; — jonizuoty priemaiSy koncentracija
» 7 — elektrony rekombinacijos laikas

2. ODE

» 1 — elektrony judris
» 7 — elektrony rekombinacijos laikas

Impulso trukmés jtaka

000000
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Rekombinacijos laikas LT G-GaAs

1

T=
onlNpv

Impulso trukmés jtaka
000000

op=1.1-10713 cm? — elektrony pagavimo skerspjivis Be

legiruotame LT G-GaAs
Np — Be koncentracija
Vep = 4 - 10° cm? — elektrony Siluminis greitis.

N,' = (ND + /VA)7
Ne = (Np — Ng) = 107 em 3,
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MC ir ODE parametry sarysis

4500
400045,

3500 N

30004

25004 \

2000 \

15004

z,ps

A cm?/V-s

10004

500

N.om? 0 1x10" 2x10" 3x10™
»

Rekombinacijos laiko priklausomybé nuo

L : = Pritaikyta elektrony judrio verté
Jjonizuoty priem. koncentracijos
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Jzanga Motyvacija
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Fotosuzadinty elektrony dinamika

——N, =310 em™, 1= 0.15 ps

910" em™,

o, =0.042 ps

Gauss

1.2x10""4 l

1.0x10"74

23ps

1.0:10" em™, T = 0.41 ps,
410" em™, 1= 091 ps
107em™, 1= 1.52ps
107 em™, t=227 ps

8.0x10"
£
S 6.0x10°4
<
4.0x10"°4

2.0x10"

00 02 04 06 08 10 12 14
t,ps

Elektrony koncentracijos kitimas laike

Skaiciavimo metodai
000000000000

v, cm/s

4x1074

3x107

Rekombinacijos jtaka

000000000000 000000
s = 0042 5
5x10"4
l =041 ps

4107 em™, t=0.91 ps
107 em™, 1= 1.52 ps
107 em™, 1=2.27 ps

1x10"4

00 02 04 06 08 10 12 14
t,ps

Dreifinio greicio kitimas laike

Impulso trukmés jtaka
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Elektrony judrio priderinimas

0, = en(x, v (x,0) [E(x.0) O = €HN(X,1)
0.006 5
0.154
——MC, N,= 10" em”®
——ODE, x£=2000 V/em's’
| ODE, u=4120 V/em's
0.004 o104 e
b b
0.002+ 0.05 \
0.000 T T T 1 0.00 T T T 1
0.0 05 10 15 20 0.0 05 10 15 2.0
J. THz £, THz
Daug jonizuoty priemaisy Mazai jonizuoty priemaisy

28/ 42
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Motyvacija Antena Skaiciavimo metodai

0000 0000 000000000000

Fotosrove

2

J, Alem

6x10° 9 1 ——N,=310"em™, 1= 0.15 ps
5x10°4
4x10°
3x10°4
2x10°

1x10°4

t, ps

Fotosrové pagal MC model;

Rekombinacijos jtaka Impulso trukmés jtaka

0000080000000 000000

8x10° - ,1=0.15ps
,1=0.23ps
7x10°4 L, T=041ps
,t=091 ps
6x10° y ,T=1.52ps
1=4120 cm*/V's, T=2.27 ps
5x10°
4x10°
3x10°
2x10°
1x10°

1, ps

Fotosrové pagal ODE model;
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Fotosroves isvestine

t=0.15ps ©=227ps
2.5x10° 5x10°7
2.0x10°4 4x10°4
6
1.5x10 3x10°
1.0x10°4 ~
3 . D 2x10°
S 5.0x10° =
0.0 1x10°
-5.0x10° 0+ —
WY i
|
-1.0x10 -1x10°
00 02 04 06 08 10 00 02 04 06 08 10
t,ps t, ps
Greita rekombinacija 7 = 0.15 ps Greita rekombinacija 7 = 2.23 ps
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0000

Jzanga Motyvacija
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THz impulsas

N,=3-10" em”, r=0.15 ps

Skaiciavimo metodai
000000000000

1000 4
—MC
500 ODE
ISEENE
-500
-1000 T T T T d
6 7 8 9 10

1, ps

THz impulsas kai daug jon. priem.
(7 = 0.15 ps)

Rekombinacijos jtaka
0000000800000

Impulso trukmés jtaka
000000

N,=1-10"em?, r=227ps

THz impulsas kai mazai jon. priem.
(7 =2.27 ps)
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THz impulso spektras

c=0.042 ps, 1 =0.15 ps 0=0.042 ps, 7=2.27 ps
20 50 ]
451 ——MC, N,=10" em™
0] —— ODE, 1=4120 V/ems®
—— ODE, = 2000 V/cm-s’|
354
30
N N
N Ry 254
20
151
10
5]
0 ; - : )
0 2 4 6 10
J, THz f, THz
Daug jonizuoty priemaisy Mazai jonizuoty priemaisy
greita rekombinacija léta rekombinacija
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Antena
0000

Skal

THz spektry palyginimas

U,=50V,d=50 um, o

501

404

204

—— 0.042 ps
——N,=310" em™, =015 ps
——N,=1.9:10" em™, t = 0.23 ps
N, = 1.010" em”, © = 0.41 ps|
——N,=4:10" cm”, =091 ps
N, =2:10" em”, T = 1.52ps
——N,=1:10" cm™, 1 =227 ps

vimo metodai
000000000000

THz spektrai

pagal MC model;

Impulso trukmés jtaka
000000

Rekombinacijos jtaka
0000000008000

U,=50V,d=50pum, o

Gauss

=0.042 ps

£, THz

THz spektrai pagal ODE modelj
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Tyrimas nuo elektrony rekombinacijos laiko 7

= 18 -3
N,=1910" cm” oism N,=1.9:10" em
1.0x10"7 4 4x107
8.0x10"° 3104
~, 16 Z
2 6.0x10" g
= 2x1074
< N
4.0x10"°+
1x10"4
2.0x10'°+
0.0 0 - T . T ]
0.0 02 0.4 0.6 0.8 1.0
1, ps

Elektrony koncentracijos kitimas laike Dreifinio greicio kitimas laike
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Jzanga
(e]e]

Antena
0000

Motyvacija
0000

Fotosrove

T T T
0.2 0.4 0.6 0.8 1.0

t, ps

Fotosrové pagal MC model;

Skaiciavimo metodai
000000000000

2

J, Alem

Impulso trukmés jtaka
000000

Rekombinacijos jtaka
0000000000080

6x10°

5x10°

4x10°

3x10°

2x10°

1x10° 4

;
02 04 0.6 0.8 10
1, ps

Fotosrové pagal ODE modelj
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Jzanga Motyvacija Antena Skaiciavimo metodai
(e]e] 0000 0000 000000000000
THz spektrai

7=0.15ps

/. THz

Greita rekombinacija

Rekombinacijos jtaka
000000000000 e

000000

7=2.27ps

——MC,N,=1.910" em™
—— ODE, x=3200 cm’/V-s
—— ODE, g=2000 cm’/V-s

/. THz

Léta rekombinacija

Impulso trukmés jtaka
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Zzanga Motyvacija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka
g Y 1) lj=sd /] P b
[e]e) 0000 0000 000000000000 0000000000000 @00000

Fotosuzadinty elektrony dinamika prie skirtingos lazerio
impulso trukmés

N, =1.9-10" em®, 7=0.23 ps N,=19:10%cm®, 7=0.23 ps
1.0x10'" 4 [
8.0x10"
@ 6.0x10"
Q
R4'0X10
2.0x10'4
0.0 e oA ——
0.0 02 04 06 08 1.0 12 1.4 00 02 04 06 08 1.0 1.2 1.4
t, ps t, ps
Elektrony koncentracijos kitimas laike Dreifinio greicio kitimas laike
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Jzanga Motyvacija Antena Skaiciavimo metodai
0o 0000 0000 000000000000
Fotosrové
N,=1.9-10" em®, 7=0.23 ps
2.5x10° 1 ‘
2.0x10° l
A\
[} [ [}
g 1.5x10° A ‘ £
o \ o
<2 \ <2
< ; | \ <
~ 1.0x10° / \ ‘ -
~ \ ~
/ \
, \
5.0x10*+ / X
/ \\
—
0.0 T r r T 7 . T
00 02 04 06 08 10 12 14
t, ps

Fotosrové pagal MC model;

Impulso trukmés jtaka
080000

Rekombinacijos jtaka
0000000000000

1=2350 cm’/V-s, 7=0.23 ps
3.5x10°

3.0x10°

2.5x10°

1.0x10°

5.0x10°

0.0 — T T T T T T
0.0
t, ps

Fotosrové pagal ODE modelj
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Jzanga Motyvacija Antena
(e]e] 0000 0000

THz spektry palyginimas

Gauss

o....=0.03ps, 7=0.23 ps

——MC, N,=1.910" em™m
—— ODE, u= 2350 cm’/V's

Skaiciavimo metodai
000000000000

/., THz

Trumpo impulso THz spektras

Rekombinacijos jtaka

Impulso trukmés jtaka
0000000000000

00®000

o. =0212ps, 7=0.23 ps

Gauss

154
——MC, N,=1.9:10" em™m
—— ODE, x=2350 cm*/V's
104
"
5]
0 T T T T J
0 2 4 6 8 10

/., THz

ligo impulso THz spektras
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Jzanga Motyvacija Antena Skaiciavimo metodai
(e]e] 0000 0000 000000000000

THz spektrai

N = 1.9-10" em™m, 7= 0.23 ps, dipole = 50 um

20
s = 0-064 ps
™ Touss = 0106 p5
=0212ps

0,

Gauss

104

0
f, THz

THz spektrai pagal MC model;

Impulso trukmés jtaka

Rekombinacijos jtaka
000e00

0000000000000

=0.03 ps
=0.042 ps
=0.064 ps
=0.106 ps

=0212ps

1=2350 cm’/V-s, 7=0.23 ps, dipole = 50 pm

s
Fgass

— 0,

Gauss

Oiauss

omss

0
£, THz

THz spektrai pagal ODE modelj
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Jzanga Motyvacija Antena Skaiciavimo metodai Rekombinacijos jtaka Impulso trukmés jtaka
(e]e] 0000 0000 000000000000 0000000000000 0000e0

ISvados

» ODE modelis prognozuoja platesnj THz impulso spektra
aukstuose dazniuose
» ODE modelio tikslumas mazéja:
» Mazéjant jonizuoty priemaiSy koncentracijai
» llgéjant elektrony rekombinacijos trukmei
» Trumpéjant lazerio impulsui
» Esant greitai rekombinacijai THz impulso spektras zemuose
dazniuose ODE ir MC modeliuose sutampa

» ODE modelj tam tikrais atvejais galima naudoti THz antenos
optimizavimui

N
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