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Abstract

Based on the problem that electrons in the metal/semiconductor nanodevice move in opposite
directions and the migration path is complex, the insulating layer is introduced as a “unidirection-
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THE, £

al barrier” to facilitate the unidirectional tunneling of hot electrons and block the transfer of pho-
togenerated electrons. To effectively characterize the generation of localized surface plasmon re-
sonance effect and the unidirectional tunneling of excited hot electrons, based on the traditional
drift-diffusion equation, the coupling process of semiconductor-photonic physical field is analyzed.
At the same time, the Wentzel-Kramers-Brillouin tunneling condition is combined to establish the
carrier concentration equation of electron tunneling, which lays a theoretical foundation for the
new visual characterization method of interface charge transport.

Keywords

Mathematical and Physical Model, Electron Transfer, COMSOL Multiphysics, Metal/Semiconductor
Interface

Copyright © 2023 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|

1960 4F Clough H R 5IH “HIRPEIL” X —ARIE, - M T BRI ARHERPITIE].
JE AT R ITIERN A BRICIER L T Z2 70300 SR AT B R B R 7R, SRR T B3GR #
R 5T 20 e 70 FAUG, ARICIERAES N U, AR ek
VT TR B “ERSRI” 3%, SRS J5 al BUAUE AV Bl BRI 70 3, WSO & 2 ks L S it
AN BE 7 BT ) T SEAR T

AMRTGIERIZ O BER “EEUL” R RimE” . DIRSRIER R . SR IXIEE . oo
HH 2 2 i), A PR TR ISCSCT ) B RS R« L 00 R T R R 4 R A S P IS R P B
ERBLSEHEF BRI GA AL MAF . FEE THREB 2R R e, RIT. s POE R AR
A IC BN 2 WA S AT T mnd R R T . 38T IRICIL T COMSOL Multiphysics #cf4: T £ KR
H AR 2% 0 TR 1R R HEAT v RO SR T DR - A S W 45 R [2]. MR OE TR E 2 YIS, A
bR TR, LR EE S RE 2 T3],

IR, @R FRE S A BT S B RO AL SUR I e R 2 — . KERIE T AR
RET A TR MRS 200 RN, RCE &SRR R RIDUMEAETE . BEE A
T FRAAKRZR, AR BT 1T RIS 30 A SR E 1R &8/ 50k ) i T s i ahid
FEEZ%. D. M. Kolb BRBIHMRIE 17— Ml T B FIERIEA R BRI FITRRE. $FAET
ARG (5] ) P R 2 B 22 b TN RUEE 4], BT REIETCVE AL, I T/ B S e/ T35 22 it
WRIAE 745 42 . Elsharif S5 [S]0A TIORE 245 tH TR AL LA, ARATRARRERS AVl 7 HrE e, K
B AR — BN, R AL B BN I AL RV O, TR T IR . 4 SRR AN B < A
A, AT B RIS T IR A S, A ROR IR T R FEARCR . SR, A, HLRG
Yy WSS YIS, ki 6 BT T BORBUR & R/ A I 7 shid e .
AR o T RS2SR 4 L 70 ) AT ARG R AIE Ry dsk fEL 2 F) 0 AT AN S8R FE Ji s 1 B2 S B TR ) o 1 P AR R 0L
{HE HL7 (AR AU AN RE B 7 o 7 AIERE PO - 15 1) COMSOL B A (¥ sz AN~ Ak szl 5, — Pl 2
(¥ LW R 7 F 0 L T8 B AR I AT A RAE AR o JRT, SR AT AP RAL (Y BT B2 R A i <
JRILEE R T R = WG G5 A ) 57 o0 5 T £ ' A% S X BB P AR A

DOI: 10.12677/0e.2023.134012 104 FEHT


https://doi.org/10.12677/oe.2023.134012
http://creativecommons.org/licenses/by/4.0/

T2 2 b A 2 B )N BE 5 B T I AR B0 BEAR, AR SO SLAR S L AN IR TR L T ST 2 3R,
TN TOL BRI AR A B A H . BERLR f AR BN B0 TR MR B, M 2
JCH TR, RO T A A BN G R RRE 7 (O LR ID T2, SEBLER [ R e P e

2. ¥BABETFYREABA TR KB EMRAF R MG

ERAE PR TROE, SRNME R T B R, SR AR BT IRIOE
THREMNHRIEE 3. A5 R4 RS Bt T R AIs s A LR TAE A A 3R
A BEWRE RN B I ERE . iR T RMORILR, SO i T oA LR s A AR L
PARBLG R A, B R REB S A AR R R AR L DU T B AR & 4 SRR T ORERE 251
W58 1A PRI SZIE A R A GRS, AT T A AR RR ORGP R s B AR . RS
PS5/ 377 95 5 AN LT 30 5 T £ 36 38 o 3 R S T R R R P v, AT - 2 R IR S 1 (R R 3T B
B R B 5P AR A PR R A% (] LRI I8 S T o AE SR PP O BRI S5 A B NI R AR IR 5 5 4

21 EARTHESERNERTHH

P I O RER RN 0, M BLIRG %, PR TS IR B2 R AR BRI, AR b A 52 B0
Yoo X TFFEME, SZERIGERRRIU T 10— RIS T2 sh 2 s, e fEurAm Tk
Weo B2 IR B LT T PRGETA S A R T AR AR G AT T T BORBE L B K-k T R (6]
AR :

Havzg(k)fv(l— fc)a(EC_Ev_hCUO)d:gk (1)

2n
=1l
@) g(k)——k BRIFAHRE, BHRY4n° .
H & ——k 2 (A A L A2 BIOR AS (1F 2 RE R T
E.F1E, Alfaifl k B, AR, BIHW1.

G=[f Lnef s (K)(1- T (K)o KB hay |0 @
21°h v ¢ 2m, 0
PRI RI AR, SRR AR R E:

1 av|? hzkz 2

GZJanh H [ 1, (k)(1- fc(k))5( o +Eg—ha)0j4nk dk
2 2 n’k’ | mk [ #k? ©
ZJE H*|" f, (k)(1- fc(k))(S( 2 +Eg—hw0j7d[2mr]
W @)L
G = 2E Mty (1- 1c) 9 () @

PR SO 5 523 B RO S AR ELAEAR O, BRI K RE B AR BRIT AE & VU FEl N 2 2 53 A i, i P
25 58 BB LN 2 WO ARSI LR R 7], 4R

9"%dE =B,,n(hw) f, (1- f.) g, (he)dE (5)
r*>'dE = B,,n(ho) f. (1- f,) 0, (he0)dE (6)

HPE—THE, E=ho;

DOI: 10.12677/0e.2023.134012 105 FEHT


https://doi.org/10.12677/oe.2023.134012

T, FnE

1—> 2 J2 BT A SIS BRI MG L 72
2 > 1R T IR 25 B S 1 RS R
By B, —— 5 SRR i 5L
N (heo) —— B LA AT B B KT B0 F R m ™),
BRI A BRI TR, Tk, KA.
o 0E = Ay fe (1= £, ) ey (h@0)dE @)

XN A, BRSPS I 2L
R SR A TSI, R AR R OH A A ROE B o AE TR, SO
WA S AR R ER IR RN:

glaz — I,241 + rsigl (8)
B.n(7w) f, (1 fc)=B,n(hw) fc (1~ f,)+ A, f (1-f,) 9)
BUEG)M(6) By =B, =B, » KA A(Q) P32

Blzn(ha)) 3 _h_w
A, +n(ho)B,, EXP( keT ] (10)
HLRG 38 5 5 S I R A 2 R A R B R AR ST, n(he) AR, HIIE B, =B, . ¥ AR(10)

G ssibec

n(ho)="a| L (11)

B
1 exp(lzw_lfj 1

(1) 5% B BRI R 2R, KREWT 45

A21 n“)o
B,  hnec? (12)
”%“TH/RTAM Yt » CRMCAERTHHIEL, FINRE C. HFNA o, K RO g2 @I
WO ZE AR [8] A :
G(E):CnEé'(E—ha)o) (13)
R(A3) T n, —— 6T AL E AL T8
A FE A X — RAVGRER AL, RO T IR RN E', K FIRENEE ng =n(E')d(E) .
SRAA XA A 3 A DL R I

9'”*(E)=[n(E")C5(E-E')d(E")=Cn(E) (14)
W #(14) H(5) K L AT 45
hn’c?
C-EEZ%;;;:fv(l—'fc)gmu(haﬁ (15)

XA IR T A AR S B T R RO

DOI: 10.12677/0e.2023.134012 106 FEHT


https://doi.org/10.12677/oe.2023.134012

hnan f(

G= C)gred (ha’o) (16)

n wo spon

LR A6) M (4) AT 45 HE AR S 75 i AR R TR G &R

. hnc’eyeEL 17)
spon 2
4w HY

X T H AR n BESUEMETE, BRRSRGNEES, BT 5EREANMA, iR
2

505;E(J2

G= (18)

LPCHE, R TR E S ER SR TR AR, By
R,=R, =-G (19)
A1) i T 5 E & A K AR FH Shockley-Read-Hall #24[9], & LN:
np —n?

R :R — i,mod 20
nooe r,(n+n)+7,(p+p,) (20)

K (20)+ 7, Al 7, ARG H T A7 i

E. —AE
|mod 7n7p\/NCONVO exp[— gZV g] (21)
th
E. —AE

N = 7ny/NeoNyo exp[— . QJEXP[AEJ (22)

2Vy, Vin

E, — AE AE
p1:7/p\/Nc0Nv0 eXp[‘ : QJEXD( tj (23)

2Vy, Vin
q-Vy, =ksT/q (24)

R FN(24)h y, Fy, —— BT 52 FE I EHE T
Neo AT Ny, ——F 0 507 1A S %
E, 1 AE, —— " B AT B 46 /N i 5
AE, —— 5% .

2.2. BN R EERRM

PR UYL N SRR TRIE SR 5 SREAIE RS2, EREFMET, L
NERAR P RrHESS 42, R Crowell FiI Sze [10]42 Hi i F Fr J e b i) AL BT 500 IR, 2 ARORH
BT IR LA T2 B () Boltzamn G it 70 A, BAARRIIFIE[11], &M T R 5%,

BRI 2 SRR R FE AR N 8RB R, BRI 7 5 2 O R S S R T S AL

J,-n=-qu,(n-ny) (25)
J,-n=—qu,(pP-p,) (26)

(25)F1(26) ' n——F FARIR AT 754 s

DOI: 10.12677/0e.2023.134012 107 FEHT


https://doi.org/10.12677/oe.2023.134012

T, FnE

0, il o, ——F S A T4 5
g i1 pp —— 1 T A L TR 25 75 (R B SR R A 4 )«
HETAEATROLT, SRI Tk A 2 S RTE L T A R RE AR, AR T2 1 M [12)

E.-E ()
n,=N exp[—c—fmJ:N exp[——BJ (27)
0o e keT ¢ keT
Em —E E, — g
p, =N exp[—Mj:N exp(— g ] (28)
oV keT v keT

2.3. BAGHL R FAa0ARm

HAEGHHL R TSR 5 U ZRNEZR, BERNEENGER, WiEET )8
RIMAFEIN RILUTE B THZRE SR ERFAT, BEZRAEFEF AR AT D W IE

XA
n-D=-¢,.& \u (29)
dins
X (29) v, —— iR L %55
V —— R/
dyp, — LG R
Eins — LB ZARBIAR XA BRI HL
FERANSN T T Vo TN IR LU A
V,=-0, Jrvo—ATEf (30)

FENTELEZM 7 AR IR AU E, B Neumann 320 57 25 A [ 1398 -
n-J,=0 (31)
n-J,=0 (32)

2.4. Wentzel-Kramers-Brillouin & 512

RN ST 5 S (LTSI R AR TSR ADRRAL[14],  H AR R 57 o 45 1] 1Y) FL e 32
gtk M T ARARAET RN, FidEE R AR RN R

n,- ‘]nm = _q(Unmnme_‘Efs_Ec‘/(kBT) _Unsns) (33)
3y =0 (0 P T ) (34)
ng “]ns =-n, "]nm (35)
N Jpe=—"y - Jon (36)

H(33)3(36) 1 1, - 3., —— 4 I ISR L T
N, 3, —— 3 B2 5 Sk o T
Dy 0y, —— G SR HL T 525 1 5 T
Oy B 0y, ——F SR T 5 55 8 4

DOI: 10.12677/0e.2023.134012 108 FEHT


https://doi.org/10.12677/oe.2023.134012

SR PR RE A I T 5 ORI R A OE SO

* 2
- Al (37)
aN,,
* 2
s =—A“;\1T (38)
ON¢
* TZ
oy = 2m (39)
aN,,
*TZ
Ups =A°s— (40)
aNy,
3 (37)%(38) 15 %4 Richardson’s R %45 T -
. 4mm: k2
A :% (41)
. 4mmik?
A== “2)
. dmm’ k2
A :%q (43)
. 4mm’ k2
A== (44)

K@Y EX @4 m,, ——& 8 BT

m,., — %8 N 2R

M, — = AR N L 0

My — SR N X E

&R FREIE R T R R TR E R A2 . T SR Z R Sk =R 4
B, MR R 4825 2 1) B B A F R BR o I, D PR AUl Hh e 3 A X — i B 7 U 2, (R
VA F B] ST ) Ay ORBE S . M EIR T RE 22 B AE T EUN T K R, BRGNS K
PEE AR . 3852 51 N Wentzel-Kramers-Brillouin (WKB) R 8 155 5 Sk W 400 5 J57 25 B 1 45 ik 4 i 321 R 4442
TEGALFRAE 57 57 S5 40 TR I RS 22 AT N« WKB R ALE A T AT B AR 38 2211 & B 28 /LU, 5 pE 1) B
7T MBI R L T35 22 TR [15] . WKB ST AUME BE 4 HE B 27 HaL JAT 2 1] S S - FELUR IS I — A 23 2R 7
5 [16], BT &JE AN, SERTAMEL L, ERMERR MR 2, fER(B)MA(B4)%E HT
BT 52 R B SN 6, RIE 7R N SRR 5 2 IR B LT

I’l1'~Jr;1:nm-Jnm/(1+§) (45)
n-Jp =ng - J, /(14 6) (46)
-n-J,=n;-J;, (47)
—n -3 =n;-J., (48)
XA B T S #E N
5=kBiTeq\k/§;X I\)’::x e’%e%fmdldvx (49)

DOI: 10.12677/0e.2023.134012 109 FEHT


https://doi.org/10.12677/oe.2023.134012

T, FnE

K@) I——HLIHLE;
V——RemHh X;
h——3 B 72 3
ool —— PR R 2 B b AR A 1A 2 2 I s R R 55 <
fi BRI IR BRI % AR5 2

Vi :maX(Eblvaz /q (50)
=max(E,)/q (51)
{(50)H E,y A E,, —— 51 AP AMAH S 5 1 F0 2 Abr) g B fH, 10 2 (R g 4 R:, fEik

PRI S 22385
TE 3422 A S B0 BB R (BL) B K R 2, A28 R E) N:
{EC electrons
E, =

52
—-E, holes (52)

3. &g

AL g R A AR TR T IR AR AR R AN, W RARAE A AR SREEAIZ B AL T
Berty s — M nT LA RAE A 28 7 (0 U 5 JEL I A 3 1) A7) B A7 ) (AR LR RIPE Y . AR SC3E T COMSOL
WA Z W R, RS R AN SR, R NIGE S B SR OEBRIEAT MR, T
COMSOL B rh il sl ap it - SRR Rt 22 o i F5 07 12 . 388 - 9705, RS Rt
HAGM L TR, IS T &8 SRR 2 MBI R & 20 T W o D7 Re 4, ol
WynRSE . BT IR B B

EHEWH

VL7538 e 55 PR AR 7 (H AR B ) B S5 R H (B H 4 5. 22KJA460008)

SE

[1] Clough, R.W. (1960) The Finite Element Method in Plane Stress Analysis. 2nd Conference on Electronic Computation,
Pittsburg, 1960, 345-378.

[2] Zimmerman, W.B.J. COMSOL Multiphysics 1 IR JGi%: 2 W3 @ 5 0 Hr [M]. bt N RASIE H AR #E, 2007.

[8]1 ZWE, FHEE, BCE, % BT COMSOL W& BB i am A [J]. YU TS |31k, 2014(4):
19-23.

[4] Kolb, D.M., Przasnyski, M. and Gerischer, H. (1974) Optical Interfacial Electron-Transfer between Metal Adatoms and a
Semiconductor Electrode. Zeitschrift Fur PhysikalischeChemie-Frankfurt, 93, 1-14.
https://doi.org/10.1524/zpch.1974.93.1-6.001

[5]1 Elsharif, A.M. (2018) The Effect of the Electron Tunneling on the Photoelectric Hot Electrons Generation in Metal-
lic-Semiconductor Nanostructures. Chemical Physics Letters, 691, 224-230.
https://doi.org/10.1016/j.cplett.2017.11.004

[6] Rossani, A. (2018) Generation-Recombination Models in the Matrix Kinetic Approach to Spintronics. Journal of Compu-
tational and Theoretical Transport, 47, 28-45. https://doi.org/10.1080/23324309.2017.1419976

[7] Landé, A. (1926) Zur Quantentheorie der Strahlung. Physikalische Zeitschrift, 35, 317-322.
https://doi.org/10.1007/BF01380146

[8] Yariv, A. (2007) Photonics: Optical Electronics in Modern Communications. 6th Edition, Oxford University Press, New
York.

[91 Knezevic-Miljanovic, J. (2013) On a Shockley-Read-Hall Model for Semiconductors. Theoretical and Applied Mechanics,
40, 65-70. https://doi.org/10.2298/TAM1301065K

DOI: 10.12677/0e.2023.134012 110 FEHT


https://doi.org/10.12677/oe.2023.134012
https://doi.org/10.1524/zpch.1974.93.1-6.001
https://doi.org/10.1016/j.cplett.2017.11.004
https://doi.org/10.1080/23324309.2017.1419976
https://doi.org/10.1007/BF01380146
https://doi.org/10.2298/TAM1301065K

TEE, £E

[10]

[11]
[12]

[13]

[14]

[15]

[16]

Kelly, K.L., Coronado, E., Zhao, L.L., et al. (2003) The Optical Properties of Metal Nanoparticles: The Influence of Size,
Shape, and Dielectric Environment. Journal of Physical Chemistry B, 107, 668-677.
https://doi.org/10.1021/jp026731y

Peiris, S., Mcmurtrie, J. and Zhu, H.Y. (2016) Metal Nanoparticle Photocatalysts: Emerging Processes for Green Organic
Synthesis. Catalysis Science & Technology, 6, 320-338. https://doi.org/10.1039/C5CY02048D

Ritchie, R.H. (1957) Plasma Losses by Fast Electrons in Thin-Films. Physical Review, 106, 874-881.
https://doi.org/10.1103/PhysRev.106.874

Yang, K., East, J.R. and Haddad, G.I. (1993) Numerical Modeling of Abrupt Heterojunctions Using a Thermionic-Field
Emission Boundary Condition. Solid-State Electronics, 36, 321-330.
https://doi.org/10.1016/0038-1101(93)90083-3

Okuto, Y. and Crowell, C.R. (1975) Threshold Energy Effect on Avalanche Breakdown Voltage in Semiconductor Junc-
tions. Solid State Electronics, 18, 161-168. https://doi.org/10.1016/0038-1101(75)90099-4

Nguyen, V.H. et al. (2018) Electron Tunneling through Grain Boundaries in Transparent Conductive Oxides and Implica-
tions for Electrical Conductivity: The Case of ZnO: Al Thin Films. Materials Horizons, 5, 715-726.
https://doi.org/10.1039/C8MHO00402A

Duke, C.B. and Lambe, J. (1973) Tunneling in Solids. Physics Today, 26, 63-64. https://doi.org/10.1063/1.3128102

DOI: 10.12677/0e.2023.134012 111 FEHT


https://doi.org/10.12677/oe.2023.134012
https://doi.org/10.1021/jp026731y
https://doi.org/10.1039/C5CY02048D
https://doi.org/10.1103/PhysRev.106.874
https://doi.org/10.1016/0038-1101(93)90083-3
https://doi.org/10.1016/0038-1101(75)90099-4
https://doi.org/10.1039/C8MH00402A
https://doi.org/10.1063/1.3128102

	金属/绝缘层/半导体纳米结构内电子传输的光电子模型的构建
	摘  要
	关键词
	Construction of Photoelectron Models for Electron Transfer within Metal/Insulating Layer/Semiconductor Nanostructures
	Abstract
	Keywords
	1. 引言
	2. 半导体光电子物理场耦合过程及隧穿传输的边界条件
	2.1. 在光照下半导体内的载流子分布
	2.2. 金属接触边界条件的添加
	2.3. 薄绝缘栅边界条件的添加
	2.4. Wentzel-Kramers-Brillouin隧穿方程

	3. 结论
	基金项目
	参考文献

