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ABSTRACT

Silicon nanowire ( SINW ) field effect transistors ( FET ) are attracting much
interest for their high sensitivity, real-time detection, reproducibility, label-free and
using micro-electro-mechanical process. It is imperative for us to reveal the gate effect
of FET and the behavior of SINW binding molecules by simulation, which could help us

realize the microscopic mechanisms.

The research bases on density functional theory packed in ATK software. Analyse
three models: H-passivated Si(100) nanowire, Si(100) nanowire experienced gate
voltage effect and Si(100) nanowire binding molecules by transmission spectrum,

density of state, transmission percentages and eigenstates individually.

Simulation results show that H-passivated Si(100) nanowire as a perfect structure
which can be observed by step-wise curve in transmission spectrum. It means that the
channels at specific energy can be occupied 100% by electrons, and it is continuous in
eigenstate structure; however, in H-passivated Si(100) nanowire with gate voltage effect
and H-passivated Si(100) binding R-APTES molecules, both of them display reduction
of coefficient in transmission spectrum and discontinuity in eigenstate which show that

there exists equivalent relationship between gate voltage effect and binding molecules.

Key words: biosensor, field effect transistor, silicon nanowire, binding molecules, gate

voltage
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P b = (time-independent )@ #2428 F B 5 ¢
Hy = ey

(2.4)
#e H #-% % A F #E 3 ¥ 3 (Hamiltonian operator )[29]

-y

Y .
=

—;—Vz Zze Z

+Z ZeZZ

2.5)
i<y Ty k<l
RS i jETRF CEIEATRIP AT fu#&(Planck’sconstant)Kf
2 me AR R m ARk BRIFR e AR AR Z AR K
A Fap % RF a foF b OFEHE o 58 (2.5)7 A 3 A W & T RS
Sz e ~TRABETT

i

3ol 3 P A o
i * ( Coulomb interactions )

Wi

TR avEse R > fEE RPLE R
N aBRITIY

TSR B 2 - SRR
( Born-Oppenheimer approximation ) » ] & &+ fienH & 4pv T F =
Hz BB XTI EY PBETI g RI PR F LT B e T
LA RIPaE o P RIPRE S (TRQSE T E)T AL il 7
AR APTUEY R MBI E N RS

n? ’Z,
elec: z Vz zze z_
i<j y
BPRCAHT B S -

(2.6)
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A

Helecl//elec = gelec[//elec (27)

E..=E (nuclez)+Erep(nuclel)+E€l€C (2.8)
R NCIOL T #,,7#1‘4}15 EX A I 1) I L W
i<j l’;j

2T ol NG o R FNQAE T AKB AR - BT T R

R b FAL P RQA)E S - BERE LIS R B T BRI

Density functional theory, DFT)4r*4 4 2 -4 5. 32 % (Hartree - Fock theory) °
y ry y

22 BRBIALIHEH

R R LSRG AR T 0 P - R ARG AT R S

( non-interacting particles ) Bd BB RS+ arE 2 A keang iz ( effective
potential )F‘ # 8 ;275 BT R %‘i’;}j?f_' BRI Ty kg ¥ - T3

L 327 H-( mean electric field )? # # o

LI AE A AT G R A E Slon(r) B S e W () T
LHRARES it RfEIN BiRfcAs PRI E S RBFZ BT FRAOZEL
* Sfc o ¢ 5 P Hohenberg v Kohn #r48 3 3 k[15]> @it 7 B4R ; B4
Hohenberg f= Kohn 12§ > 1965 # W.Kohn fv L.J. Shan * P 7 - B % 7 + 48
GRS R R SEY N E- BHEDET IR AR EE[16] ) SRR

Kohn-Sham = #23;% » 4r3%(2.9) :
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{—%VZ Ve (’j)} % (;) =& (;) (29)

RO HEAN A F AT E T I AE N BT ES > 0N (2.10) 4 &7 B BA

St s o

. -
Hlel__ﬂv +I/e/_7’[n](r) (2.10)
hZ
£(2.10)° —2—V24‘5i¢i€‘z?4 s iy oV, R AR G ki 0Vl RFRA
m
TOREIEN RS
—~ - e’n (17’) 3
Vi =V |1, (7) [V | 1, (7) |4V [ 520 @.11)
|r=r |

2RI - VH[nS(?)} R0 T H4rid & vk 452 1 i ( Hartree

potential ); % = 3 V_ [ns (17)} Fi 5 2 3% B 7% & ( exchange-correlation potential) » &

<k

FETF SR GFEpI FF S SRR AR PERTII Y 5 T UL s
% 11 Norm-conserving Pseudopotential # 75 cP3+ =4 » ™ % ¢F KF T H > 40T 3
2.12) :

per =y prad gy (2.12)

4% 2R R 4258 (2.9) peF v |- kAT F g

SN
ﬂ
i
=
e
iy
EH
44
=

Bon(r) 40T 8(2.13) % 7 ¢

— N —
n(r) = Z| 41 (2.13)
dpbwonaE 2 - B et B4R 0 fE 5 P o8 H(self-consistent field, SCF) a3t

¥ HiEARACR 2-1 757
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h 4
BEETEAR -
n.o= ﬂﬁ‘ +(j .B,}narrﬂm éi-ﬁ—n(r:]
Iy
= § n(‘;/jarfgm . n(;)m

C Vqﬁfcp = V“H[n] )

Bl 2-1  ® R L3I s Sl a § i AR( © jr[17] Fig. 1)

BRA T T B R, 0 38 BB RV R E TS 2R QOF T
=+ ﬁiﬁk ¢l ’ i%’*:%/\ ¥ —5.1: :hl%q—ﬁj?,; I-le)i n(;)ngw ’ ;‘Z’_n(;)newﬁki n(;)origin ’ ﬁr% 5 ﬂ%
T RASDLIE IR AEL > R S AR P e @I %R v

F2 % PAFETIFIBE LT EFHNTE Flcacs ok oo
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A3t Atomistix ToolKit(ATK) version 2008.10 it 88 & {7 o i i & L

Wh3E R K R RORAP TR - £ L 5 Two-probe System

%$

4o 2-2 P70 3% kAL WG 2 TR T - 78 ( scattering region )fr+ T & ®
BEREERIEDES CAHFALFEIFZIARELRA PR RATIARE
%R 0 Jf T E 2+ % @ & (Surface layer ) » 3%k 5 B NEF 5 b chflf 1R T R AX

< RURARS > A R Aot A G B it e LS B

ﬁ%@

D

ngl = i it

(ol [ @ T
(ol [ @Y

I&l =l i oot

B 2-2 Two-probe System % F H. T_%& [

K. Stokbro et al.[17]# 72 1 ] 2-2 &t B 542 > 4o B 2-3 977F 0 § AR 2
B s BELTNE RIALEE SRR S 0 H# s RS SIoF 22 (%
Bood THREALEFpEF ket E > @A THRE9h 8 it ( self consistent
potential ) » 3+ p £ iy £ ( self energy ) » ZL\ZR S R R T
¥ 13 szt (effective potential ) &5 F B (real space )t enif % & > FRIATH %
s R A N A TS B¢ ot e (2.11) 0 P i

FaEA R E S oL R p Eal 358 4k 3 3k( Green’s function ) 1 3+
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BEEEE &
&Y 2 o] B AR

WAL
RBAHHEY,

3+ 5G] .G

LD WEPI

RA#HSES
EFEEnN

HE

o

h 4

BEszEE HE
n = fn'+(1- B G@E)=le-H-3,->,; ]
G B E T EEN

& o

n=n

H.

=
( dxen )

B 2-3 Two-probe 3+ 5 inAzBl( ~ }1?6[17] Fig. 5.)

FrEE 2 A (s 0 T EE 70 iE 0 & Landauer- Biittiker 238 ¢ o 7 v AL
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3 2 b gk e F 5 {r( summing the electron flow of all occupied waves) » 14 2&
T 74 4% 5 #i(Non-equilibrium Green's functions, NEGF)# iz & Landauer- Biittiker

AN A ET Y T N(2.14)F ]

1= 2 [ 1o 1) =y (e - e (2.14)

HY e, Wi am T~ TPt T(e) 27977 L+ it T e TH ZT &Y
I+ R A B ﬁie?l % #c( transmission coefficient ) > n, £ % F & #c( Fermi

function ) » u, fv p, 77 = + 7 & 01 5 i ( chemical potential ) » %% 4 % o i

Fie-A TRV, PF 0 5 38 (2.15)508 %

Hy =y =eV, (2.15)
AR EST RS RBERT(E) T UABS L pdE B g
T(E)» :
T(E)=) T,(E) (2.16)
§ 6T LR W 6B ( zero applied voltage )T 0 T P E F R T ¥
( zero-bias conductance )17 3 §7& -V eh&l F » 7.5 5 7 ;4(2.17) ¢
26
G ==—T(E;) =G (E,) 2.17)

B L RE R AT A T(E) 47 % K i prenif Al Go 2 7 T B8

3 B gL 7.7481x107° Siemens o
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3% B 28K T

AT R R BoR BOREIE THORR > MR AT S R Y R P S T R 3-1 %

20 N ARRT KOF S L ARSI F o

« & * #itk¥ . Material Studio version 4.4 )
e P KR M bulk P 2l RE e )
. & * # % : MOPAC version 2009 A
C PR A RS R R R AN R K )
. & * #4801 ATK version 2008.10 )
C PR AR LM L P et )
- & * #it4Y : Virtual NanoLab version 2008.10, Jmol )
« Bl EFHCERE R AT )

W 3-1 BB ARS @ F oA

3.1 Hixgr

301 & 44 v & (100)¥ = 5 %

SR B LY B B dept Bk nE R A2 B o Ao ]

32~ B 3-34c@ 3-4 977 0 F o5 Hw 5 (100)G o 2 18 - R g AR & g A

4L 5 & 45 1 (pristine )#7 (100) ¥ = &% » 2B 3-2¢ > Y 3w+ 53 - 3# R
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HE % 1.061 2
£ /((“ , H B

A E A ehE T 2

PEEAE > S Z T

T g 20 [ enpE

i-—fr'ﬁxfimf

4ot Z B0 b 7 L
B 32 #(100)¥ =5

o '8 X g™ % 7 L ]
B 3-3 #(100)¥ =g,
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B 3-4 #(100)E =& Y #h> + 7 3. B

28 (100)H 8% fow B3 ¢ 5 (110)# » 47 F) 3-5 7 o

B 3-5 #(100)¥ =% % XY #hiple = 2 B

Hez 2o @ aw (100)E =8 BaP >n Ba (110)> 3 BFa 5 (100)

WE 4 D5HEF R F ~203FE R ¥ b LB 4 kA & (100)E £

w7 P

£

PE R Rhem it HES 1.692 3k 0 deB] 3-6 om0 P H h e G

493FF B+ ~28¥FA RS 0 2 Ba iR r Ba 2(110) A B % (100) e
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254
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7

A

Bl 3-6 # (100)E =& 2 (~)Z $h~> o 7 £ B

3.1.2 R-APTES

F et it * ch APTES S5 4T B 3-7 ¢

OC,H;
NH; —CH;—CH; —CH —8i-0C3H;
OC.H;

Bl 3-7 APTES % ﬁ_;“ (k& : http://baike.baidu.com/view/1836188.htm)

SR EE O BAPTES 3% - B R+ féz’v’”l&éﬁl‘ff v P Z3FF W A en
e fh+ +73% 0 450 15 ¢ APTES 44 & Reduced-APTES » 4 5 #-f§ % 5 R-APTES -
H 4 3 ;% % CHs0;Si » 12 Material Studio T B4~ B 3-8 #777 » H ¢ %

FomAG ARRRG 5 AFERT BE I AFPRT o
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Bl 3-8 Reduced-APTES & 1‘%;‘

#8 (100)H = 8 7% i F Z i 8la = > 2,2 = B (=8 % > 4o B 3-9 %77 o

B 39 #(100) = ¥ =& 7 LW

2t FenE e Y #ho p Rl R 0 B BIAERP -

BB~k B 3-8 AT HEAcT™ Bl 3-10 #7T e
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B 3-10 Si(100)= ¥ =4t R-APTES 7+ &, Bl

4o@ 3-20 F1E Z 3w b 5 (100)% £ - & "4/%’f# B3 & R-APTES 4% &
4 % (corner )& Eif h(side)pF > iR B # B R L ST A 3 RS
B A R TR (10008 L fher £ 52, w2 BREAF g A
B PR T S8 2 f2(21] 0 R-APTES 4 & & 4c ] 3-11 > &b & B 4o

3-12 #7
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C

>

B 3-11 R-APTES 4’ & (100) & % 7+ % B

C A

Bl 3-12 R-APTES 4% &# (100):8 % 7+ & B

d #% R-APTES £z £ & - $F3F R 3 2~ 03] 0 & Bt 7@ 2535 03] vk

£ i 0 4 RAPTES 424 # 5 A Mehd B WAL Sin ¥ Y fh= o i &

22

24 60, 120, 180, 240, 300 & > 4B 3-13 0 & Bl dieT AR 0 £ &7 B A

lpkpf#ﬁui oo
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B 3-13 R-APTES 4% & (100) & % i 7+ & B

32 BHsErPy

ZREP o Rl

’F_k

Bmit e BEH - R RS BT RS
d MOPAC version 2009 i& 7 ;Hﬁﬁa B E 2R PR e £ RN AR
( Eigenvector Following routine, EF )[18] ; i# 5t f # -5 3 & * ##r7 = % ( Austin
Method 1, AM1 )[19] > 3% 2 ¥ *t 8 2 K ek E 415 [6],[9]: Gradient

& 001 3ZiEehs [ &mgFLF LR > £351» PRECISE 454 » 7 U ¢

-E‘V%

norm g
RF-FROVFERNE - HIBRBHEEHFRAEL 00001 ; THTH» £
( Translation vector, Tv )% 8 = f* = B> ek & > gt ol »F @B R ix 2
( Periodic boundary condition, PBC ) > d 8 2 Xk M E L F ZdhehE 47 H ~ > kit
H Z > w5 e 7 b5 (free )[6] °
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321 @& (100)= B = &% Bk iz it

% 32 &arik 2. SBK T B (S it Al 4e™ B 3-14 ~ B 3-15 47 ¢

Bl 3-14 Z> vt 2 Gfpd g (b ehd 44127 (100) = B =& % 7 & R

Bl 3-15 X o b 23 ho it ehd 4417 (100)= ¥ =8 % 7 & B

BB 3-15 2Bl 3-10 v- > ¥ g A (100) e + B 2§ pl 7l e g > &
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TR O CRITRIAE T AG R Z e T e AT
Bocho Bz SHRZTH» &4 16.29 Angstrom 5] | 16.09 Angstrom > g 7
1.23% » FiEim g < fris % 7 £ [6] -

R SEHCOT ] 0 BB 127 hE 451 (100)E =52 7 gipd g i o
L Z 2w T H e £816.09/3=5.3633 Angstrom T F T B E {8 B %5 A40T B

3-16 -

@316 X“‘?’P%’ﬁ:\;F,’f%&l;_l“mgfﬁﬁg;(]()())ﬁ,__BB :F"E:F_%]

3.22 R-APTES = ¥ i §& % b i

H =7 4% R-APTES h¥ =5 %> S8k R 3.2 49 e T W] 3-17-F] 3-18

U FUR-APTES # & & i foll s cni fhde i 1 2 %
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Bl 3-17 R-APTES &t &4’ (100) & % & 7 5 H s 2 1 87 & W

B 3-18 R-APTES 4% tf’ (100)if 538 (7 S48 £ 1 {27 . B

R RS —‘F,'z i £ 18 % I R-APTES 4% & & % i £ 5 -8320.77366 7 +
k4> @ R-APTES 4% B % anida £ 5-8320.60234 7 + R$F > vtz T 4

R-APTES 4t o & it £ 1 M(<0.17132 § 3 k4 )> %4t % R-APTES %4 4+
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e, N .
ShdFay o

2 {5t g R-APTES fo b f5 P & A 4o %08 & & B 1 (5 i & > A 5o ]

3-19 ~ B 3-20 ~ B 3-21 ~ @] 3-22 fc@] 3-23 #77% o

L oL 2% ‘_l—_l—_
F s %

B 3-19 A= & 60 & e i
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7 Ve 24 A
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gt & 120 & i B

Bl 3-20 A= 4>

/7 Ve 24 A
Fitfs s

Bl 3-21 A4k & 180 & chigfpse
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AR
3t

Bl 3-22 A4l & 240 R DG HEd i 108

Bl 3-23 A=4oEd & 300 R g fib it B %

4o A 3-1 97 o

"

B

T AR B B 2 1

# 3-1 R-APTES 4t & BB G i 4ph T4
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kR AR [P
BREHRE
(B) T RE)|(FaF))
0 0.08509  |-8320.77366| 01:15:02
60 0.0987  |-8320.78181| 00:41:33
120 0.041  |-8320.78107| 00:38:59
180 0.0582  |-8320.78878| 01:01:54
240 0.09541 |-8320.78888| 00:58:01
300 0.05636  |-8320.77629| 00:46:50

PRt i £ 0 F MAcR 3-21 fo®l 3-22 ¢ - R-APTES ¥ 17 J & RH &b

R

Lk

i

(s

A fEPE o B —?gv‘ﬁxﬁ‘éfé_ﬁxft&ﬁﬁ&‘ji 240 R BA)F S 2 (8 i

BnH - fre i oo

33 Fi2 FMmeEid R-APTES chfird|z §
d 32 Sl e SRR B 0 BT LY R $ - 1R L (First

Principle )3+ & » i@ * ATK 48 » =R B 2-2 & T - Z& % & 441 #(100)2 5 4t

% R-APTES 2 # (100)% + s3] -
3.3.1

a4t (100)2 F s

W 3-16 2 & 44 1t & (100)F 8 v i F Z ™ o G o 0 P 2 4 TR A
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WEEFoBHEELE 2L Aa ki - BHEERY PR R ZBE R
TR T L G T BH S F R 2 L RE R S 5.3633%5=26.8 Angstrom
= 2.7 nmo HeE R R EORCAIFE S 22 (100) 213120 H P ol £om & R H
B do e gD o 4o B 3-24 47 5 A (100)E 8 e (X ) sr fEehp 2 ok MU T2

B 3-24 #(100) 21312 7+ & M

332 #4517 (100) 7 F &4t R-APTES -7

4% R-APTES fiCd] » A KR 3-22 B4t ®echz BH = fve » L8 2w

(100) 21312 R-APTES » &2 ] 3-24 L | H_ %4t - £ R-APTES £ 3 » 4o §)

3-25 #157 o
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B 3-25 #(100) 21312 R-APTES 7 %,

34 RMELTE

7. ATK version 2008.10 ¥ - % 4r chifi 13 RV, {f‘%‘d BEramHILTH
( constant shift ) % # 7 ( mimic )% %t B &7 B gk » W38 (2.12)n V& 38 > 538
e rFA A E S - E ISP i H Rt B § Y [20] 0 ATK R R TR

hH K RE o 2 BB sl B S H e TR R M AR

=zt _
Z=

|4

BRE SR KL LR b A A R RO R ] RS R Sl

BT R ho ] 326 4 o
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Bl 3-26 #(100) 21312 £ | H &7 B>c% 2 7 X B

35 ATKAp M F¥K T

5 Jp+ fhik A3k % ( basis sets )i * double-zeta plus polarization( DZP ) % 3
M B4 @ * Perdew-Zunger &k %¥cit & % % & 1T 127% ( Local density approximation,
LDA ) ; #= {24 ( norm-conserving pseudopotential )* %4y it #75 R+ i T
F 5 £ i £ ( cutoff energy )k 5 150 Ryberg * k8% Z > w3 5 100> XY

SRl s 1o pisHacER s 107
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BRI (100) i F S o HlETE e AT LA B d e 2 oM
A A p e R E 2R8> oA BB 8% 47 2 B]( Transmission spectrum )
f& % & (Density of states ) e H ¢ it # B - BE M HF L LR ARG LM 57 54

Tg] 4_10

1.5 \ r
¢
L @ | v | ©
o y [
: ~ f@
g L 1 1 [ !
GAP GAP GAP
0.7 ~— —
(.8 — -
-(1.9'( — . —
r x 0 Conductance 5 eDOS {arb.units)
Bl 4-1 0 B e &% A HRR( Kk 2 (8] Figure 2.)

4o 4-1 w0 pE-FENEE- ik TREFTHEZ B BERIRA
o SR E - Fa A 0 RIEBT B e 5 - 9F R ( plateau )
Booas BRREHATT - 3 RESNEE 0 WL SRR S (spike ) > 2 &
BEAHE R FEIZAE €T " (dip) 0 F#(100) 21312 #3 £ F A
FEE o T BB R REF AT

BiEAPHB Y by T A B AcE(Eigenvalue ) A T F IR EER T AR
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B THET O S S B B B F 0 B o3 e i ( Bigenstate ) ©

LT et B AR AT

4.1  # (100)F @& % it F B

# (100) ¥ = & % ehii % S Rl4oFl 4-2 -

Band structure

Energy (eV)
o

Bl 42 & (100)F =8 5 chic F S

# (100)F i 8 76 (2 )i F S Hfar®) 4-3 67
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Band structure

,ﬂm
[\
W TV U 1

i =
= ==

Energy (eV)
o

B 43 & (100)F =& % (% )nic ¥ B
W 42 0B 43 BRI AKke EAT R AREE N D F X 2
B B W A2 N 25 RS RER 43 MR 18T R
" g% R[91[220,[23] 7 o (100)K i 8 #% hii F BSR4 B 35 T35 B %

B R SRS o AR B s B BT B S AR o B HARR AT H

el Hig i 112 5 R4F o

42 WEAEHF AL H
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Bl 4-4 3 13 305 Z 5w j8 5 7 &% @ % ( propagate )|+ T & F 8 E A7
#5028 L 00)E g5 ~ i d BAEF(100)H = f o5 (4 )5 A ulas

I:T']:':_ /—r’i’ﬁ ';i':ﬁbb‘7‘?‘}%Clxlﬂﬁﬁjﬁﬁ‘g’d@mlﬁnblﬁy’%vg Oo

—(100) — - & (100)_K

12 !

> 10 ' .L;

g f"r'.ll- o P

St 4 v ET | B
Oj,_‘_l = 4 .
w y 2 |

) -1 0 1 2

Energy(eV)

B 4-4 & (100)2# (100) + 21312 Vg 0 hid % 45 25 ]

Bl 4-4 % SFSHR( stepwise B 0 S TR (100) 21312 £- % % &4

(perfect crystal )4 > § T F /v & Z $0> & @ﬁs?JB?? » ¥t# — i i (channel )@ 3 >

T AWEBOT AL R 0 TS - i B AT e
oo TEFNET M- BRIAGF 50 BLET i B E[12] ¢

- =

£ VB 4-4 G BEAE R en— P o 'FT AZBF LG AR S

V“tﬂ

Fil £

“T"_“l\ “\

%

LEFF| T - B FR > T UARTE LS £ T3 ReFhe B if‘ug*ﬁ ¥R

Y

GHENT IAEHI T T - Bl ZET UL SR LR EL LYY

(valence band ) » ¢ cF & Tk 0{7 5 ;5 i & 5 L A% (conduction band ) > 5
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E R F TR AGEKELS TN ERF AT ¥ B (band gap ) 0 APV Ry ¥
BT EEIE D At B TR (100)508 F B S 2.55 % 5 Ka s # (100)
A F RS 183 7 F KRBT ITS ’ﬁt%?f‘; F g 3 BPUOTR[22]

"EEMAE AR o BIAR S e R A § 0 SR R R

SR EEE 0 ARG M) il > MR BRcE R PEE S BT

a4
"
s
40
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| EHRTE S END T RY RATRENEHNAS - o0 BEMHT
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MR R - R W SRR R -

422 #(100) 21312 * 4 f &7 R

Bl 4-5 ZIpI %4 L PR T R BEAF B 0 4 BF 4l 0.1 KEFF 0.3
K> FIREFH T OF BT REF AN E R GHRKEE X TLF 5T
BT RS FRaad AR n & T WL+ ) R barrier )m $# 7 F )=
H(well)> #7 A F T BEF RINNGEE TS LEZFEARBET RS
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10
8
g .
- — O . . .
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¥ . ;.
) -1 0 1 2
Energy(eV)
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Energy(eV)
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423 #(100) 21312 4+ % R-APTES
Vg=0 — - R-APTES
g .
o . i -
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Energy(eV)
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MFOREod § 47 BF 5 - BOAKEL TmaiEs - 14823 K
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1 ehgh e 5 111 §5F RFde » 3325 36% ke ™% i 15858
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43 BRALSI
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