YAP CHi PHAT TRIEN KH&EN, TAP 12, 013 - 2009

MO PHONG PAC TRUNG DONG - THE
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Pinh Sy Hién, Huynh Hoang Trung
Truong Dai hoc Khoa hoc Tu nhién, PHQG-HCM

TOM TAT: Transistor tmong phan tir la ung cir vién ddy hira hen d@é thay thé transistor
truong MOSFET trong twong lai vi kich thuéc nhé, cong sudt tiéu thu thap va téc do cao. Trong
cong trinh nay, ching t6i gidi thiéu mé hinh transistor truong phdn tir ba chan. Cau tricc ciia
MFET giéng MOSFET truyén thong, nhung kénh dén dwoc thay bdng phdn tir benzene ghep 1-
4. Ching toi swr dung phzrong phap ham Green khong can bc}ng dé tinh ham truyén va cudi cing
ddc trung dong thé cia MFET. Chuong trinh mo phong sir dung GUI trong Matlab. Chung t6i
nhén thay sw khdc nhau dang ké giita ddc trung dong - thé clia MFET va MOSFET truyén
théng. Thém vao dé, anh hwong ciia vdt liéu, nhiét dg va dién thé thién dp dén ddc trung dong -
thé cia MFET ciing da dwgc khao sdt. Nho GUI trong Matlab, nhitng két qua mé phong duwge
thé hién mét céach truc quan.

Tir khoa: Transistor truong phan ti, truong MOSFET

1. MO PAU
Dién tir hoc nano la linh vyc tinh toan va diéu khién hé théng ¢ kich thudc nano sur dung
nhitng thudc tinh dién tir ciia vét liéu. Nhirng linh kién dién tir nano bao gom transistor Si kich

thu’érc nano, transistor don di¢n tir SET, diode xuyén him cong huong RTD, transistor xuyén
ham cng huéng RTT, nhfrng linh kién spin tir tinh va nhimg linh kién phan tir.
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Hinh 1. (a) Cau tric cua transistor truong phan tr MFET. (b) Phdn tir dung lam kénh dan dwoc mé
ta béi todn tir Hamilton H va dién thé self — consistent Usc. Hiéu zmg cua ttep xiic mo rng dwoc dién ta
bang nhiing ma trgn self — energy 6, Qua trinh tan xa cé thé dién ta bang ma tran self — energy khac
6, Nhitng nep xuc dién cuc S, D diroe xac dinh lan luot bang nhitng mir¢ nang lwong Fermi P, va P

Dién tir hoc phén tir 14 linh vyuc nghién ciru cho céng nghé thong tin twong lai. Trong tim
cua cong trinh nay 1a nghién ciru vé linh kién phan tir ¢6 ba dién cuc dugce goi 1a transistor
truong phan tr MFET. MFET la {ng cir vién day hira hen dé thay thé transistor trudng
MOSFET trong tuong lai vi kich thudc nho, cong suét tiéu thu thép va téc dé cao. Ciu tric
MFET duoc xay dung c6 dang nhu cia MOSFET truyén thong. Kénh dan cua MFET la phén tir
benzene ghép 1-4 (BDT) tiép xic véi cac phan tir vang (Au) lam dién cyc ngudn (Source - §)
va dién cuc mang (Drain — D), dién cyc cong (Gate — G) dugc cach ly véi kénh dan phén tir
BDT béi 16p cach dién Silicon dioxide (SiO,). Dién thé 4 ap vao dién cuc cong V; diéu khién mat
d6 dong dién tir bén trong kénh dan phan tir BDT. Kénh dan phan tir BDT gom cd.cac mirc nang
lugng dugc phén thanh ba ving rd rang ving dén, ving cim va vung hoa tri (viing can béng)
Mutc ning lugng Fermi clia cac tiép xuc dién cuc S, D véi kénh din phan tir BDT ¢ trang thai
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cén bang (Vps = 0V) & khoang giira vung c4m gi6i han bdi mirc ning luong thip nhit cia ving
dan LUMO va mirc ning luong cao nhét cia ving hoa tri HOMO [1, 2, 3].

2. PHUONG PHAP HAM GREEN KHONG CAN BANG (NEGF) VA MO PHONG
MFET

2.1. M hinh kénh din phan m$t mirc ning lwong

Nhung tiép xtic dién cuc S, D duqc x4c dinh 1an luot bing nhung muc niang lugng Fermi
1y va . O trang thai cén b{mg, dién thé ngoai ap vao dién cuc D d6i v6i S, Vps = 0V nén mic
nang luong Fermi p; = po. S dién tir trén mot murc ndng lugng dugce xac dinh béi ham phén b
Fermi (ham x4c suat Fermi — Dirac).

1
f(E) = TEwET L] T fo(E-p) (1)

Murc ning luomg Fermi khong ddi trong toan bd hé théng, khi d6 khong c6 dong dién tir
chay trong kénh din phan tir BDT, dong dién I, = 0.

Pién thé ngoai ap vao dién cuc D ddi voi S, Vp # 0V tao nén su chénh léch mic ndng
luong Fermi ¢ hai dién cuc S va D 1a y; — py = qVp, kénh din phéan tu BDT dugc dit trong
trang thai khong can bang mirc nang lugng Fermi & hai dién cuc. Dién thé ngoai ap vao dién cuc
G (Vg # 0V) lam dich chuyén cdc mirc ning lugng cia ving din hay ving hod trj cua kénh din
vao khoang gi¢i han giita cua sy chénh léch mirc nang luong Fermi w, va p,, dong dién tir chay
tir tiép xuc dién cyc S sang kénh dan rdi dén tiép xtc dién cyc D, dong dién Ip trong mach ngoai
duogc tao thanh [3].

Vi sy lién két giita cac nguyén ti, trang thai mirc ndng lugng dugc md rong thanh méot dai
trong khoang gi¢i han giira cua sy chénh léch mic nang lugng Fermi p, va p; c6 mét dd trang
thai (Density of states - DOS) D,(E) cho b&i ham toan tir Lorentz cé trang thdi mirc ning luong
E =& ¢ trung tam:

D,(E) 2y

(E-¢) +(r/2)
Xét mdt kénh din BDT c6 bé dai L va bé rong W xac dinh thi mat do trang thai Dy(E) 1a:
m WL

s Y=uty (2)

D,(E) = 0(E-E,) 3)

v6i 6 1a ham bude don vi, Ec 12 ning lugng viing dan.

?V(, | CE=Cs+Cg +Cp |

Hinh 2. M6 hinh transistor mt mirc ning lugng va mé hinh mach dién twong duong.
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Dua vio phuong phép 1y thuyét ham Green khong cén bing NEGF s6 dién tir N dugc xédc
dinh:

‘ ntr

va dong dién I cling dugc xac dinh:

2 +x

I, = =L [dE 22 D,(E-U) DL [£(E)- £(E)] (s8)

h -0 }’l 72

29 ¢ .. =
hay: Ty = 7‘] j dE T(E-U)£(E)- £,(E)] (5b)
trong do: T(E)=2x D,(E) hWh e : hé sb truyén.

h+r (E 8)2+(7/ )2
Trong biéu thirc (52) va (Sb) co U xudt hién & vé phai, dugc goi la thé néing bén trong kénh
din va n6 1a ham cua s dién tir N. Thong qua md hinh mach dién twong duong, U dugc xéac
dinh:

2
U = UL+g—(N—No) 6)

E

trong d6: U, = gi(— qVe)+ %(- qV),) 1a dién thé Laplace véi Cg = Cs + Cg + Cp [5).
E E

2.2. Mb hinh kénh din phén tir nhiéu mirc ning lwgng

Sir dung todn tir Hamilton H va dién thé self — consistent Usc thay thé cho muc néng lugng &
va thé nang U dé mo ta cho phén tir dung 1am kénh din. Hiéu Umg cua tiép xtic m& rong dién
cyc ngudn S va dién cyc méng D duqc dién ta béng nhitng ma trén self — energy X, va Z, thay
thé cho y, va y». Qua trinh tin xa c6 thé dién ta bang ma trdn self — energy khéc Z,. Tuy nhién,
trong nghién ciru nay chi khéo sat sy vén chuyén dan dao nén Z, = 0. Nhimng tiép xtic dién cuc
S, D dugrc xéc d;nh 1an luot bing nhimg mirc ning lugng Fermi p; va p, (hinh 1b). Trong vige
mo phong bao gom viéc: dua vao H, Usc, Z;, Z,, p; va pp xdc dinh ma trén mat dé p b{mg viéc
sir dung nhitng ham tuong quan c6 trong phuong phép ham Green khong can bing, mat d6 dién
tr va dong dién dugc tinh todn dugc xac dmh tr p; ma trdn mét d p dugc tinh toén khi ching
ta giai phuong trinh Poisson thu dugc dién thé self — consistent Usc [3, 4].

Trace[X)" Al /2x =—> é é <S—= Trace[ZF A) /20
1 —

oy ———13

Trace[[[G*)27 <—= —=> Tracc[[;G")/2x
Source Drain

'——.—'—'F“—.'—*—J

Hinh 3. Md hinh tinh dong dién tir truyén qua transistor phan tir sir dung phuong phéap ham Green khdng
can bang (NEGF).
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Self - energy: Ma trén self — energy tiép xtc T dugc tinh qua ham Green tlep xtic bé mitg
va nhitng ghép ndi phén tir va tiép xitic 7. Ham Green phén tir cho phén tir ghép ndi hai tlep Xuc
dién cuc S, D tai ning lugng E c6 thé viét nhu sau:

G(E) = [EI-H-Usc-2; - 5]’ (7N
¢ day, I: ma trédn don vi, H: toan tir Hamilton phan tir, Ugsc: dién thé self — consistent.
Trong d6 ma tran self — energy tiép xiic 1a:

Zl,z (E) =715 &2 Ti2 (8)
Ma trén mét d¢ dugc xac dinh rd théng qua ham twong quan — iG(E):

p = [dE[-iG*(E)/2x] ©)
Ham tuong quan thi dugc xac dinh tir ham Green G(E) va nhitng ham mé rong I’} 5:

-iG(E) = G(fil; + /o[ )G" (10)

P =i(zl,2_ |+2) (11)

‘Trong d6 f) »(E) la nhitng ham Fermi véi nhitng muc nang luong Fermi p, 5:
£2(E) = s )l/k,rl +1 (12)

Ma trén mat d¢ dugc sir dung dé tinh mat d¢ dién tir n(7) trong khong gian thuc sir dung
nhimmg vector trj riéng cua toan tir Hamilton ¥, (¥) trong khdng gian thyc:

Z‘I’ (F)¥5(7) pos (13)

Phuong trinh P01sson duqc giai cho sy thay dbi mat do dién tr va phu thudc vao thé nang
bén trong kénh dan:

.(eV U(F)) = —¢*(n(F)-n,(7)) (14)
véi dién thé self — consistent Usc dugc tinh theo Usc = UI (I: ma trdn don vi) cung kich
thuéc véi ma trdn toan tr Hamilton H [4].

Tdng sb dién tir N c6 thé thu dugc tir ma tran mét 46 p nhu sau:

= Trace (p) (15)
Dong dién giira hai tiép xuc dién cuc S, D dugc xac dinh nhu sau:
2 +x0
I, = =L [dET(E)[(E)-£(E) (16)
trong d6 hé sb truyén T(E) (ham truyén) duoc dinh nghia béi: :
T(E) = Trace [F, GT, G*] (17)

2.3. Két qua mé phéng

Mb phéng céc dic trung dong - thé cua transistor truomg phan tr MFET 1a muyc tiéu co ban
cua cong trinh nay Thém vao dé, anh hudng cia vat liéu, nhiét d6 va dién thé thién 4 ap dén dic
trung dong - thé cia MFET ciing duoc khao sat. Nhy GUI trong Matlab, nhitng két qua mé
phéng dugc thé hién mét cach truc quan.
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Hinh 4. Dic trung ciia MFET: a) Ip = f(Vps), b) Ip = f(Vgs)

Pic trung dong - thé cua transistor truong phén tir dugc md phong tai thé thién ap khac
nhau dugc trinh bay trong hinh 4. '

Pic trung dong - thé cua transistor truong phén tir duge md phong dudi sy anh hudng cua
vét liéu 1am kénh dan dugc trinh bay trong hinh 5.

i 407 1d-Vds characteristics of MTs at 300K 4 g% 10° Id-Vgs characteristics of MTs at 300K
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(a) | (b)
Hinh 5. Dic trung cia MFET phu thudc vao vét ligu lam kénh dan: a) Ip = f(Vps) va b) Ip = f(Vs).
Khi thay doi phén tir benzene ghép 1-4 BDT lam kénh dan lam cho d¢ dai L va d¢ rong W

cta kénh dan thay d6i. Dién dung cia tu dién dién cuc G tao ra giita kénh din phan tir BDT va
16p cach dién SiO, thay ddi theo biéu thirc:

e WL
CG=_0_5__ (18)

tO.\'

Trong d6: toy 12 d9 day cua 16p SiO,, & = 8,854.10" F/m, &, = 3,9 Ia hang s6 di¢n moi twong
d6i caa Si0,. Pién thé Laplace U, ciing s& thay dox theo sy thay dbi gié trj ctia dién dung cta ty
dién Cg.

Kich thudce cia phan tir benzene ghép 1-4 dugc trinh bay trong bang 1.
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Bing 1: Phan tir benzene ghép 1-4 khéc nhau c6 chiéu dai L va chiéu rong W khac nhau.

Phén tir CsHS; CeHal, CsH4Br, CsH4F CsH4Cl,
Chiu dai L (nm) 0,8460 1,0321 1,0025 0,7957 0,9340
Chiéu rong W (nm) | 0,6542 0,6637 0,6714 0,7460 0,7365

Pic trung dong - thé cua transistor truong phén tir dugc mé phong tai nhiét do khac nhau

dugc trinh bay trong hinh 6.

Nhiét do tang bd sung nang lugng nhiét cho dién tir va lam dich chuyén cac muc nang lugng
bén trong kénh dan phéan tir BDT Ién cao nén duong dic trung dong - thé cang ning cao khi ting

nhiét d¢.

<107 Id-Vds characteristics of MTs
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Hinh 6. Dic trung Ip = f(Vps) va Ip = f(Vss) cia MFET tai nhiét 46 400K va 300K.

2.4. Biéu thirc giai tich ciia djic trung Ip = f(Vps)

Iowy = SrimaColta=h)’

‘ﬂ“'
3 —Tarasy
i
B =
'I"v)'-‘%
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; w
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Hinh 7. Ho déc trung dong thé cia MFET va biéu thirc giai tich.
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Tu dictrung [, = f (VDS) — duoc thé hién trén hinh 7, khi dién thé 4p vao dién

cuc G (Vgs) thay déi thi dudng dic trung dong - thé ciing thay ddi [6].

Puéng dic tmg [, = f (Vos) ‘ dugc chia lam hai ving: ving tuyén tinh va

Vs =const

vung bdo hoa védi diém chuyén la:

Vpssay = Vas — V1 (19)
- Dong mang khong bao hoa khi Vps < Vpssay:
oy = KZ‘&‘;&[Z(VGS_VT)VDS”V& ] (20)
Khi Vps rit nho, (Vps)® rat nho cé thé bo qua nén:
Iy = VZ!‘BauC (Vos =2 ) Vos @)
- Dong méng bao hoa khi Vps 2 Vpg(say:
Ipw) .= %&%& Vos %) +a (22)

Ty s6 W/L 1a dai lugng co ban dic trung cho nhimng dic trung dong - thé mong muén cua
transistor truong phan tr MFET. Nhimg phuong trinh (20, 21) gidng biéu thirc giai tich cua dac
trung dong - the MOSFET truyén thong Biéu thirc dong bdo hoa cuia MFET (22) c6 d§ nghiéng
o = dI/dV khéac véi MOSFET truyén thong [7]. Thé ngudng cia MFET trong trudng hop nay
kha nho (V1 =0,2V).

3. KET LUAN

Dya vao m6 hinh transistor phan tir, chung t6i tinh ham phan b6, mat do trang thai cua dién
tr. Mat do dién tir trong transistor phan tir, dong dién ngudn - mang cua transistor phén tir dugc
tinh dya va phuong phap ham Green khéng cén bing NEGF. Mot s6 két qua md phong dic
trung cua transistor phan tir, anh hudng cua vat li¢u, anh hudong cua nhiét do, thé thién ap lén
dic trung ciing da dugc trinh bay. Nhiing ket qua md phong kha phu hop véi nhitng két qua
thue nghiém dugc cong bd trong thoi gian gan day [8].

SIMULATING CURRENT - VOLTAGE CHARACTERISTICS OF
MOLECULAR TRANSISTOR FIELD EFFECT TRANSISTOR

Dinh Sy Hien and Huynh Hoang Trung
University of Sciences, VNU-HCM

ABSTRACT: Molecular Field Effect Transistor (MFET) is a promising alternative
candidate of traditional MOSFET in future due to its small size, low power consumption and
high speed. In this work, we introduce a model of three-terminal MFET. The structure of the
MFET is in shape like traditional MOSFET, but its conductive channel is replaced by a
benzene-1,4-dithiolate molecule. We use non-equilibrium Green'’s function method to compute
transport function of charges and ultimately, the current-voltage (I-V) characteristics. The
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program is written by using graphic user guide (GUI) in Matlab. We have found significant
difference of I-V characteristics between MOSFET and MFET. In addition, impacts of types of
material, temperature, and bias on I-V characteristics of the MFET have been considered.
Using GUI in Matlab, obtained results of simulations are intuitively displayed.

Keywords : Molecular Field Effect Transistor
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