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Abstract

This study presents a tunneling nanostructure device, primarily
composed of zirconium oxide (ZrO:) and gallium oxide (Ga.0s), and
implemented in an asymmetric double barrier quantum well (DBQW)
structure, to analyze carrier tunneling transport mechanisms and electrical
characteristics. The device adopts a vertically stacked multilayer
architecture comprising ZrOz, Ga20s, and indium tin oxide (ITO) thin films.
Sidewalls passivation with Ga.0Os effectively suppresses lateral leakage
currents and enhances vertical conduction. Utilizing wet etching
techniques, devices with a minimum diameter of 5 um were successfully
fabricated, exhibiting step-like tunneling current features at the picoampere
(pA) level.

The observed stepwise current behavior is attributed to tunneling
under aligned quasi-bound state conditions. However, in devices with
higher trap densities, conduction characteristics were predominantly
governed by trap-assisted tunneling (TAT), deviating significantly from
ideal tunneling behavior. To further elucidate the transport mechanisms,
thermionic emission theory was employed to extract interfacial barrier
heights, and a transmission coefficient model was developed using the
transfer matrix method (TMM) to simulate field-dependent variations.
Theoretical analyses were correlated with experimental results for

comprehensive validation.
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Amorphous Poly-crystal
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Schottky emission
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[ = Aexp [_ (24)

[
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v i .l b.— i
<l
g“ll C ]

 AOARS ] e
- qiny Right electrode
-_— A /—\Il =

. -
T3p stageg ‘TN E

Vala
d (.”CQ )n”d

B 2.10 Fopldf et 7 sgis 4] A B0

RTD) sh 1244 ¢ Lo g 3 & B ( Double Barrier Quantum
Well, DBQW) ~ §*5 i@ ﬁis?]ﬁﬁi ~ & on—% & (Current—Voltage) £+
21 7 % th 8 (Transmission Coefficient) & 3 o

£ ¥= 7 % & (Resonant Tunneling Effect) # % 3% 1970 & ¢
Esaki fr Tsu #% 109, H pome > 4% 42 EF ¥ (conduction

band) £ i T F (valenceband) it Ff ch7 i@ {29 7id * chac e £ R >
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Ak RS S B

“H-

EAaB kRSO L LB TS
AT L s (Kte) 28+ (Bie)

Bl 211 5 237 %o MR hT L F 0 A AN T S ke

EFAEEA: B FAERL 5 EF AT ARABITITLFIRAT R
L £ (deBrogliewavelength) p¥ > ¢+ chds it § 2 4 £ 5 1“ sy
REEFHY P MR EMASTREAF oA 2 L AR

E A E IR E D o] iR 4T S0
h?n?
E,= ——, n=1,2,3 (25)
e hadoids m i xfd Wi ah-

PR D IR BRI ARG S 4o N

E-= E.+ .
F ¢ 2m*
Y B ER TR h= ok ERFFE
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4
J
(d)
(b)
e ©
(c)
— JV
(a)
Vp 2
Barrier Barrier
- Well E
E E 2
Ere B\ Er e+ & Ec Er
Ec e
LT o P —
(a) o (b) ©
E, Er
EC - s E.a‘ EC E_p
Th\u_ EU\J_
@ ©

AT e IR R S R RS E (Fr <
Ey ) AT+ TSR TR 5 o
B 2.11-(b) % ~ 5 =54 T HPF > 2 RISIESNT F R H

— 5.4 v (Fermi-Dirac distribution) B & - &3 % &% ¢ F 7]
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ST HD G REAFEA - A HT I B EF A N IRY

:/‘E (EF = El) Er;‘i: ’ éiq#%/{f/i

(= e

CERBFRA Tkl

3 4

B 2.11-(c) % THFHR 4 Y f I T IR EF

|l

Ptk (Ep > Ep) » 23 HdRiEE S TSR TR RN ER

=
g onR b i ~ f s T e (Negative Differential Resistance, NDR )

W fx o

5%

=
e

F_k
e

wiFgEn e+ # (Double—Barrier Quantum Well, DBQW ) 7

P

& BGEET  F A4 E - i (Single Barrier) $4¢ ¢T3 5

9
L - A MRS T o (L2 5 kR

£

Tt (odgdh e $ERF 2 2 2ET R B1) ¥ T3 QRHEH

LT N SR S R ML A
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¥ - & B(Single Barrier)

V(2)

4

Asexp(ik,z) + Byexp(—ik,z)

A
I
I
I

a

\ 4
N

I I
I Z, Zy I
I I
v v

A exp(ik,z) + Byexp(—ik,2) Asexp(ik;z) + Bizexp(—ik;z)

_ |2mE 2m(Vy — E)
ky ~ kg = 2 k, = I+

B 212 T3 kol ¥ - RS 5 B RSB - AnfE

GEFAEY BHET I b Y DGR o RN S
E + F(E - V(Z)) lP(Z) =0 :

He s V(@)5 i Hah s ¥l Pl (27)6- 2%

Y(z) = Aexp (ikz) + B exp (—ikz) (2.8)
_ K (29)
E-V(z) = o

He ASBiw ® Kiikiico

TF kil R R
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Y(z7) = P(z") (2.10)
2(210)4 7k o e

1 dy
m; dz

_Ldy

= (211)
m, dz

Z— zZ+

F(211)2 AT g RPRE AP my omy s B L 2T R

F1* @& #4L2 ((Transfer Matrix Method, TMM ) » 7 #-8 — it 2.

AR R

] =5 (22
ez

2] = s (229

—,ﬂﬂ ’Ml‘MZ/}Vv'J’&./T\_ﬁzl‘ZZ—iZXZ'/FE@;’kf—f«i}ié’ﬁ’A‘B
EEMT 4 7 AR

_ 1 Cexpli(k; —k3)z;] Dexp[—i(k; + kq)z] (2.14)
2k m, |Dexp[i(k; +k;)z;]  Cexp[—i(k; — ky)z4]

M
:,d—‘ ¢ »C= k1m2+ k2m1 » D= klmz— k2m1 °
IRCIRE S - N

As)? _ 4E(V, — E) (2.15)
VZ sinh? k,a + 4E(V, — E)

Tig =

F oot iadcd o 5 P

B, |* V¢ sinh? k,a (2.16)
~ VZsinhZk,a + 4E(V, — E)
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i R E 3 # (Double Barrier Quantum Well)

FWPp Pt H - Rz 21714 > e+ 2 (Double-Barrier
Quantum Well, DBQW) S#7 & FF el 3fe™ v d - BiE" 5
AR FREH - R o Hk 5B o B 213 A 0 R ET BRSO

AT HE S BEREFCEFE REEHTE T UG

Ai~Bi %t -
V(z) Asexp(iksz) + Biexp(—iksz)
A T
!
Ayexp(k,2) + Byexp(—k,z) | Asexp(k,z) + Biexp(—k,2)
| «
\d . /
h < ! 7 Vo
I R BN B ] I B A E
W
| a a | . 7
Iz 7 Z3 z, |
| |
A exp(ikyz) + Byexp(—ik,2) Asexp(iksz) + Bsexp(—iksz)
2mE 2m(Vy—E
ky ~ ks~ kg = :; kyp k4==,/iﬂ%£——2

B 213 R+ ddkctFaRe s ¥ ST & BREF2 - &3
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ESES STEE S E

W(z7) =z (2.17)
(217 )% 7 St §
Ldpy _Tdy (218)
m,; dz| _ ~ m, dzl,
(218)4 7 FimmA R F » Hdm vmys 3 b HL2 $2FE o

F1* @& 42rL2  (Transfer Matrix Method, TMM ) » 7 #-j & #ic & 77
=V

A A

[Bi] = M, M,M;M, B;] (2.19)
FHETHILEG R Ee > FIMTFRAIEAEERE R L

F oo W #Bs i F oo i ik om 2P

Ac)? 4R -1
_ 5 _ 1B . » _
T,p = _A1 = [1 + 12}3 sin“(k;W 6)] (2.20)

Ho o 8(216)2 Ryp ~ 7(215)2Typ » % 8 — il 2 F S+ tadics

ERERE -
9{;& [21]

an g = 2k,k, coshk, a 501
ME= 12 —Kk2) sinh kya (221)
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Fz% EAMRZ TR N RHHAR

3.1 REHET

4% (Sputtering ) 2~ f 4~ 12 & 4p it (Physical vapor deposition,

IS

PVD) #jfF A & 43 E 3 RBTEF L » "B F 8 (L F 5

F) RN HA AR B SRR TR S T PP SIEE

r:_
]
0.
=3
4o
e
&=h
44
o
H
¥
‘.3;
&
=i
.|
T
fo
_%1 N~
‘a—\
4
»35
na
=

3
hspde T Avi R o e A G RS F D F AR s

e+ Ar — 2e +Art

BT RS BREEEAY DR RS o R H AR B R Y B3

' 5 4o N
e+ Ar" — Ar+hv
Fifa 2 TR € R AN R IR BRI R fE S Mk

T | BEERERT WG kS BAR (T A
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HRTF RE T F BT 0 R MM F A S LT DA RS
2 o A2 AT FART AR T BF TR i
M e BT FI i B o AL - HRHI A LR Dk

B o 57 R Bl AT B AT

® metal ions

® gas atoms .O+

® clectrons @ gasions

Substrate

Process gas —»®

Bl 3.1 B siip Restd h 2T 3§

RAEH A B F A 5 B niR4E (DC Sputtering) £ sH4E B 4% (RF
Sputtering) & fAF3] o B iR RAE A R T LT R A FHTS 0§
FLTOERIFFETFEH L e FREHIES M A R
FHRAE B R ERTFAMY fro a8 T jf\",‘iﬁ\‘l ok REEF R

Flt o BB N E T A g Bl o AR T o SHIEA
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{W}E&? —‘\L/;I‘ ‘,"%" :ﬂ[i%@,gifﬁﬁavﬁgll”l% %Eﬂ?’ﬁ'%\r__ﬁm?jﬁﬁ

BEE A A A S R A B 8 R R e

bt
3%
9\
T

BYARY 0 E AR SRS A L RS F e

SR F R E R B R A BT TR -

32 mFEEa BN HEIT

He®. 4 42 (Photolithography ) 2 A X EmElfzd 2 7 £ 422
wH B P i MR RS AR A e
WA o AFT Y g I K (S1813):iE TR T & 0 I e i v (Spin
Coating) = ;N #-p K Hl3a3 R H >3 A 4w > A0 3503 ke o 4

FE R EATE WS - R K (% - S1813 ke B 2t B IR B Y

1,«-»\

10 248 MR S ERHAREE G R2Z PRl E HiEEED
FRELE 7 ¢ A u s 4 45 1000 # (1000 rpm )3g >4 10 ) 0 4§ {8 1= &
4 4500 (4500 rpm )%k 30 #y i H 304 e A 0
i (SoftBake) -+ 120°C Thefh L A4 3 A T34 4 &
By W EM BRI TN o TR AT G AT 10 Mk dhik
F g E R4 % (WetEtching) iF5 4 & B84 3 54 < Api
¥rd: (Lift-off) » B4 % AR AT R ~ B T A2 BYIFER

AR LG LR 2 EampafEas o
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Wazd > AR p LTI R (s B F ) o R
SR AR Er I A > BN FERB LB R
TR A% AT o

= ¥4 & e &4 (Lateral Etching ) i = 2 B2/ % £ &7 g 4f &
o B AR EGYRE D EFAREAE AT LY R
AL AR B 6] L2 AT ke MAR(HCD 2 R 51

MR T RAEIIHRE RFRCHTEERET AL 2

PRRLTRFEZTRI N S AFEY S ML Rk
FRERZ A KON IR e ko X SRR AR AT
A B &

L RIRRG T E I
(1) Mk B R
Aol AR SHA T RMA R L T A

FRENTI R T R 2 5 RS
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(2) B4 e RR:
Vi SR TET R LE LY SCACER VAT -8 I S8 - SE

LTz A (o 32477 ) o A Bl RES A2 A

REREIPETRLE MR RRIERT ¢ Rk AR Y
BRI BT BER A 95 A RBHEDNI0TE o R mT

BHE AT RS R R R R L THEH RS

w/o isolation

1 E'7 T T T T T

1E-8} -
1E-9} / 1
. ~10°

= 1E-10

B Z:0,15nm WM passivation & 1E-11
5]

(G20 E 412

[0 ITO50nm [0 glass 5

1E-14
1E-15

L = W/o isolation 1

* « w/isolation

0.0 0.5 1.0 15 2.0
Voltage(V)

w/ isolation

ﬁ\

B 32 B4k R dintm
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34 TR A BEWEINE

p- ) B

1 #4% 52e w85 CenfifRe » X * Ag3 ARTHED A4 1
RS EER R T

2. Bk Re » TR o AR AR ERAE S Ao 4B A
o

3. &% 113 33 -k (Deionized water, DI water ) i* ;% » 2 "$ vRRA T

BOUE FARRAT 0 0 R A E e

Aad-3 ;%7 k- &4 (Resonant Tunneling Diode, RTD ) #] i7 i 4%
PR AR AT ER AR T B R - 2]
* 4% (Tungsten, W) it 2 T2 fl 2 2L FHEF F5e K7
fEF 2 R it B PREERELDETEE -

1. & F & A4 F + & ke (S1813) » & % x4 % i (spincoating)
EATRIEE T o g A E 445 1000 #IE g 10 §) > R ko 4 B

AR A G LTS 4 48 4500 3 f 30 F) 0 £ KR SR e dh
12 120°C 44t 60 F) 0 M AR IEAER > AR B R IDF ¥ OFEF L4 D

SEFE o
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2. RETH > TEZTTHEE - & * HER(MF-319) 7 458 ¢
AR R 0§ F B RET

3. WiE 2~ B onReEs Y (DC-sputter ) » BéE 4 B, 0 A Y5 50

Sr

i+
4. #AR &R~ e o 1 ks (lift-off) 42 % b A § e
S1813 krer B EH VP ih g HE N Fird e A (8 > i H T I

oK FEE o AR AR AT R R F F RIS

2 TR R -

" | substrate
B photoresist
. tungsten 50nm

LgAMY  TREBHME

2. BMNBAEH > LA 4B 4550nm

3. bk BEE 0 KRR SR 4%

Bl 3.3 Ak £ He4h Wiz
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et ke

PP i ok A B F A A A RIEEE B B

H
g
}4_
F_&
o=
pe
5
_“7,
ﬁtg

Podf, ch T B AR - K BB K 60 2 F g

S R LMK R e Bk AL ET § 14 (Ga03)

2. #-e wfF M 4f (GaOs) Wz 7% A F + & ke (S1813)
TR TR e L E A 48 1000 8 E % 10 4
® kg 4B A LG 5 1S 1 F A 48 4500 95 30 )
BeE  Ar# 500 120°C 4o #h 60 ) 0 i Se kRl > AR B R IS
32 E AAF ke o

3 RETH » LHRBHAHTE SRR BRI

2 F Vap > T 3T ORI 0§ F B R o

—*’T

4, 5 FE iRV A% 3 f‘%&@ 4?%&% R WSS SNV G S

& (HCI) 51 273 % 60 f) » s 113 83 kb1 § § #R4% -
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4. RN BEAEM 0 SUAR60nm A bR

" substrate

B photoresist

. tungsten 50nm

passivation
(Ga,05 60nm)

S RAMY > TREGKRBMME

6. #% i (MF-319) & 4T B %) $L 4 %)
BRAM BEE - AR Z] T2

7. BEREFR R @A

Bl 3.4 4% %k {ieiie

& %] Bk 3t

HiF LA RACE LR R FR B Y 7
G RS SR S N B SN L Y i
THET o
1 %2 8% 119 %k B2t &F + & ke (S1813) 115 A 48 1000
HEAE I 10 ) 0 L E A 4B 4500 #Ef 30 ) 0 £ BHE ER L

% 12 120°C 4e#4 60 45 o
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2. BRTHy o TEMALEE 2 EERNLS Y R EL
EUETRLE 7 SR S A L A I SLEE R B A/ BT T
3. R R UL I kB E L F(HCD)5L 2307 » FEmtes] %

E SENREE - R N SLEEA I I 1 AN T

" substrate

B photoresist
. tungsten 50nm

1 Passivation
(Ga,0; 60nm)

8. WAME » TRMKAME

9. Ba% R (MF-319):& 4T 8% L 62 %)
BBRAMBE > R RZ] T2

B 3.5 4%k 3V ik WA A
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B ERH 4L

1. hrris %3 & B4 18 > 2o~ Birsiig R4 @ ( RF-sputter ) »
4EHCH B F BT CAFERIS § g5 4R B R 1 GayOs
/ITO /ZrO, /ITO ( 5/5/5/50nm ) -

2. B EE A o I ke gpagis (lift-off) 2 “,ﬁ:t BRE AT N

S1813 kprr HFH Feng Y P ER o R 2 18 0 - H LT R

EA = R R

[ substrate
I photoresist
I tungsten 50nm

Passivation
(Ga,05 60nm)
B 1TO 50nm
10. BANBEEEM T > SUAEBOCR AR
(Ga,0; 5n/ITO Snm /ZrO, Snm N 7r0O, 5nm
/ITO 50nm )
ITO 5nm

= Ga,05 Snm

L1 Jeradidik » X kmd fidh

B 3.6 m4pick Bl ARt An

B S i & Bk TR AT £ F 4 45(Ga0s) ¢

BAE BT wE f B B A SRR L RACR 37 A -
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-

I substrate B ITO 50nm

B photoresist N ZrO, 5nm

" tungsten 50nm ITO 5nm
Passivation ] Ga,0; 5nm
(Ga,0, 60nm)

B 3.7 § HERIF BT EE A BT LW
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gﬂfi TrgA A '}#_;u—-' EREHERSE

41 ZTRTBREBI AP

RN GF PEFRRTY AR ERITE > Akt

AT (DC) Bpl > fid Tin-TRIFEA I 3~ 2 By
FrBiliflk -pARiLrmy i ® 200 BEFLLEERZ

FRYEPMitHm o
Bl A4l Bra AP ERTHAASHE~AFENTHZTIRERE
fﬁ Bp kY o R F B Y 4o =on 2 (General Purpose
Interface Bus, GPIB ) #24] X # %8 % # 4 17 & ( Semiconductor Parameter
Analyzer, HP4155C) » it (7 L 2 ehg -3 BR&EFMLE B - RER
R EE AR B TEY B TR T AT o M BERER
R N R 2 Bt jx 44 (ShieldingBox) p » m1 3 »xIE & * fr 7 B fe

AT R AR Ry L B A

Shielding Box

o, . Fiber
i
:

)|
Halogen :
Lamp s || HP 4155C

OO
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42 HE A ERBE RSN

RRFTEEAAREY AT AR ERIE DR R B A
> uE T TS SRS
()ZrO: 5# W5 i K2 £B/F 4/ 4 B
(2)Gax0s 77 B § it k2 &//5 /2B
TR A BE T F V4R (Indium Tin Oxide, 1ITO) ¥ & 427
B> GENEAMEHMELNLRE R
2 AR E BRI LTS B 7.5 ok & 10 ok 2 ok 0 A
T REEAY c TRFRHFEL 0L 3V LK 3V I 0V
ITO/Ga203 # &4 #H 5 02 5V st BpFFIO% 25 20 4) -
A PR RS Y R(medium)e 3205 2 o+ L BH TR P
RERTELZ T EMMF AR R FEFE R BRI TOARA

(current density ) » = 7440

Lneasure (4.1)
Tir?

] =

St
A=

|measurer-* E/?J RN f;”“l’—‘/{ v J = ﬁ_,/n })i

=
¥
(¥
e
e

Vmeasure ( 4.2 )
d-oxide

Visssre 3 & 1P 575 45 TR Govise 5 § 1 B2 ©

E =
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AT RBA D R < o B A e R R TR AR e 2
Tn AR PRI R T R,
Fibi & d R BEATAT

REHES - F A2 BB HELAH 5 1(21)-

| = ATexp l—q(% —k\T/qE/zrne)]

HEREEEUL logU/TIp >t EX° (TR > B R AL 2 - £ 43

THRB(EP>1)eFmame B d gmE v sz 2> TP ie-

m
T-L

V& per s iV Ao 2 s % & (barrier height)

Measure I-V curve

Convert to electric

feld * log(J/T?) V.S. VE4£

Linear fit « VE> 1(5 &%)

Determine barrier
height

Bl 4.2 FP-ii g AT L F
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241 g AL P 5%k Ak

710, Ga, 0,
B (d) 15nm 15nm
FHH F(meg) 1.2m, 0.35m,
o 300K 300K
W/ZrOo/W (50/15/50nm )
a0 7T T T T T T T T T ]
N’-\ 35' 2 ?&5n:lm § -
S 3of o tow % |
2 ) integration time:medium
e 2.5} delay time:20ms @ J
- as-deposit
_-.? 2.0¢ substrate:glass 1
% 1.5} ]
S 1.0f ]
& 0.5F ]
5 0.0t ]
-0.5

00 05 10 15 20 25 3.0
Voltage(V)

Bl 43 WIZIO /W iz R BR-T i R %
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—
S
[o2)

9 o r=10um
1 0 r o r= 7_5p_m b
10 r=>5um a
10 " integration time:medium = 1
delay time:20ms
10'11 I as-deposit N

substrate:glass

log(J/T? (Alem’K?))
)

107k ]
10} o . o coseern ]
-15 E@%é%@%ﬁ@ :
1050 0.5 1.0 15
E®® (MV/cm)®®

Bl 4.4 WIZrOo/W 42 log(I/TA% E°5 3 12 ]

0.56 } WIZrO4 barrier heigh 1
= +

< ¢avg 0.533eV_0.(.)077eV
o 0.54¢} 1
E |
o) .
2 0.52¢ 1
8
s 0.50} 1
o]

048 1 a 1 a 1 a 1 a 1 a 1

5 6 7 8 9 10
radius(um)

Bl 45 WIZIO i g B & A2 X g2 B 15
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ITO /ZrO2/ITO (50/15/50nm )

60

%)
w AN (@)
o o o

RN
o

Current density(mA/cm
N
o

o

o Sum é

O 7.5um =

A 10Hm dj Oo
integration time:medium %@ 4
delay time:20ms NAQ
as-deposit NS .
substrate:glass % 8

8

00 05 10 15 20 25 3.0

Voltage(V)

Bl 4.6 ITO/ZrO, /ITO B2 & B-Tin B BI& %

-6
10° ——————— -
-7 o r=10um
10 g L o r= 7.5um ;
~ 107} r=5um . 1
& -9} integration time:medium
Nx 107y delay time:20ms |
g 10'10 r as-deposit 1
2 10_11 substrate:glass
= r 1
N -
= 10"} - 1
2 A3 .
8) 10 ¢ @”/M 1
= 10t 46%35 ]
AN
L) B N . .
0.0 0.5 1.0 1.5

® 4.7 1TO/ZrO, 'TO 42 log(J/TA$ E®® 4444 ]
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o
~
oo

ITO/ZrO, barrier height

| 9ayg=0-451€V:+0.0096eV AN

o
~
»

barrier height(eV)
o
N
N
|

042} -
0.40 L— - - - - -
5 6 7 8 9 10
radius(um)
B 4.8 ITO/ZrOyscF g B &~ i+ L5 2 B %
W/Ga03/W ( 50/15/50nm )
6 LI T T T T T T
o 5
S o 7%15Tlm l
& A 10um 5
§ 4+ integration time:medium o -
c delay time:20ms i
= 3} as-deposit |
_..;‘ substrate:glass
n
S 2t 1
©
3 of _

00 05 1.0 15 2.0 25 3.0
Voltage(V)

B 4.9 W/Ga,0s/W iz T R-T I H R E RIS *
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e r=10um
10-9 | o r=7.5um
— r=>5um
i integration time:medium
delay time:20ms

Y -10 .

c 10 " F as-deposit

o substrate:glass

N
N

107" P
E 10"
-13 L L L L
10750 0.5 1.0 15

E>® (MV/em)®®

Bl 4.10 W/Ga0s/W 42 log(J/T¥+ E® 412 ]

0.36 — . . .
W/Gag03 barrier height
- 0-351 ¢,yg=0-338eV£0.0031eV 7
O
= 034} , .
=2 .
o)
< 0.33} ]
k)
3 0.32} ]
0.31

5 6 7 8 9 10
radius(um)

B 411 W/ GaOsiilad B~ 2 L2 B t4
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ITO/ Ga:03/ITO ( 50/15/50nm )

4.0 T T T T L]

3.5} o S5um E
o 7.5um

30 B VAN 10Hm -

25t integration time:medium ]

delay time:20ms
2.0} asdeposit

substrate:glass

1.5}
1.0
0.5}
0.0}
-0.5L : : : : :

Current density(A/cm?)

Voltage(V)

Bl 4.121TO/ Ga04/ITO 2 TR-T i & £ Rl

i
)‘m

10° = - - -
o r=10um

) o r=7.5um
10 °F r=5um
integration time:medium
7 delay time:20ms
10 F as-deposit
substrate:glass

log(J/T? (Alem’K?))

0.0 0.5 1.0 1.5 2.0

E>® (MV/cm)*®

Bl 4.13 1TO/ Ga:04/ITO 42 log(J T4 ES # 12 )
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clc; clear ; close all

filePathl = "C:\Users\Samuel\OneDrive - &= % # + £\4& & \raw data 3.xIsx";
datal = readtable(filePathl);

excel_energy = datal{:, 1};

excel_current = (datal{:, 2}) ;

% Physical constants

g =1.602e-19; % elementary charge (C)

hbar = 1.0546e-34; % reduced Planck constant (J s)
hbar2 = hbar"2;

mO0 = 9.1095e-31; % free electron mass (kg)

% Material parameters

meff_well = 0.5; % effective mass ratio in well region ITO
meff_barrierl = 0.35; % effective mass ratio in first barrier Ga203
meff_barrier2 = 1.2; % effective mass ratio in second barrier ZrO2

% Convert to absolute masses
m_well = meff_well * mO;
m_barrierl = meff_barrierl * mo;
m_barrier2 = meff_barrier2 * mo;

% Barrier parameters

V1=0.34 % Ga203 first barrier height (eV)
V2 =0.46; % ZrO2 second barrier height (eV)
Dbl = 2.6e-9; % Ga203 first barrier thickness (m)
Db2 =1.2e-9; % ZrO2 second barrier thickness (m)
Dw = 5.6e-9; % ITO quantum well thickness (m)
d = (Dbl + Db2 + Dw)*100 % m $ cm

excel_electric_field = excel_energy/(120e-7)/1000000 % [MeV/cm]
% Max barrier height for energy range calculation
Vmax = 0.52;
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% Parameters for energy range

M = 1000; % number of energy steps

t d=zeros(M-1, 1); % transmission coefficient

% Energy range (0 to max barrier height)

E_d = linspace(Vmax/M, Vmax-Vmax/M, M-1);

% Calculate transmission for each energy

fori=1:M-1
T = calculate_transfer_matrix(E_d(i), V1, V2, Dbl, Db2, Dw,m_well,

m_barrierl, m_well, m_barrier2, m_well, hbar2, q

% Calculate transmission coefficient from the transfer matrix
t d(i) =1/ (abs(T(1,1))"2);

end

figure;

yyaxis left;

plot(E_d/d/1000000, t_d, 'b-', 'LineWidth', 1.5, 'DisplayName’, 'Simulated
Transmission');

title("Transmission through asymmetric double barriers");

ylabel(‘Transmission Coefficient T(E)');

xlabel('Electric field (MeV/cm)?);

ylim([-0.1, 1.1]);

xlim([O, 0.47])

yyaxis right;

plot(excel_electric_field, excel_current, 'ro', 'MarkerSize', 4, 'DisplayName',
'Experimental Current');

ylabel(‘Current (A)");

figure;

yyaxis left;

semilogy(E_d/d/1000000, t_d, 'b-', 'LineWidth', 1.5, 'DisplayName’, 'Simulated
Transmission');

title('Transmission through asymmetric double barriers');

ylabel('log(Transmission Coefficient T(E))";

xlabel('Electric field (MeV/cm)');

ylim([-0.1, 1.1]);

xlim([0, 0.47])

yyaxis right;
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semilogy(excel_electric_field, excel_current, 'ro’, ‘MarkerSize', 4,
'DisplayName’, 'Experimental Current');
ylabel(‘Current (A)");

%%
function T = calculate_transfer_matrix(E, V1, V2, Dbl, Db2, Dw, m_incident,
m_barrierl, m_well, m_barrier2, m_transmit,hbar2, q)

% Calculate wave vectors
kO_squared =2 * m_incident * E * ¢ / hbar2; % in region | (incident)
kO = sgrt(kO_squared);

k1l squared =2 * m_barrierl * (V1-E) * q/hbar2; % inregion Il (barrier 1)
ifE>V1
k1 =sqgrt(k1_squared);
else
k1 = 1i * sqrt(abs(k1l_squared));
end

k2 squared =2 *m_well * E * q/ hbar2; % in region 111 (well)
k2 = sgrt(k2_squared);

k3_squared =2 * m_barrier2 * (V2 - E) * q/ hbar2; % in region IV (barrier 2)
if E>V2
k3 = sgrt(k3_squared);
else
k3 = 1i * sqrt(abs(k3_squared));
end

k4 squared =2 * m_transmit * E * q / hbar2,; % in region V
k4 = sqgrt(k4_squared);

MO1 = [0.5*(1 + kO*m_barrierl/(k1*m_incident)), 0.5*(1 -
kO*m_barrierl/(k1*m_incident));

0.5*(1 - kO*m_barrierl/(k1*m_incident)), 0.5*(1 +
kO*m_barrierl/(k1*m_incident))];
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M12 = [0.5*(1 + k1*m_well/(k2*m_barrierl)), 0.5*(1 -
k1*m_well/(k2*m_barrierl));

0.5*(1 - k1*m_well/(k2*m_barrierl)), 0.5*(1 +
k1*m_well/(k2*m_barrierl))];

M23 = [0.5*(1 + k2*m_barrier2/(k3*m_well)), 0.5*(1 -
k2*m_barrier2/(k3*m_well));

0.5*(1 - k2*m_barrier2/(k3*m_well)), 0.5*(1 +
k2*m_barrier2/(k3*m_well))];

M34 = [0.5*(1 + k3*m_transmit/(k4*m_barrier2)), 0.5*(1 -

k3*m_transmit/(k4*m_barrier2));

0.5*(1 - k3*m_transmit/(kd*m_barrier2)), 0.5%(1 +

k3*m_transmit/(k4*m_barrier2))];

% Propagation matrices
P1 = [exp(-1i*k1*Db1l), O;
0, exp(Lli*k1*Dbl)];

P2 = [exp(-1i*k2*Dw), 0;
0, exp(li*k2*Dw)];

P3 = [exp(-1i*k3*Db2), 0O;
0, exp(Lli*k3*Db2)];

% Total transfer matrix

T=MO01*P1*M12 * P2 * M23 * P3 * M34;
end
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