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TOM TAT

Transistor mét dién tir (SET) la mét yéu té quan trong trong linh viee nghién citu cua chiing o1,
hoat ddng ciia linh kién dwa trén sw vin chuyén ting dién tir mot qua kénh dan sur dung hi¢u umg khéa
Coulomb. Trong bdi bao nay, ching téi cung cdp mét cdi nhin tong quan vé nhitng phat trién trong
nghién ciru ciia SET. Chiing t6i sir dung phwong phdp ham Green khéng cdn bang (NEGF) dé tinh
todn ham truyén, dao déng Coulomb va nhitng dic trung dong-thé cia SET. Chirong trinh mé phong
diege viét nho giao dién do hoa nguoi sir dung (GUI) trong MatLab. Nhitng anh hwong ciia dién dung,
thién ap va nhiét dé lén nhitng ddc trung dong-thé ciia SET ciing dwoc trinh bay.

ABSTRACT

Single electron transistor (SET) is a key element in our research field where device operation is
based on one-by-one electron through the channel utilizing the Coulomb blockade effect. In this paper,
we provide an overview of research developments of SET. This is achieved in this model by using
Non-Equilibrium Green Function (NEGF) method to compute transport function, Coulomb oscillation,
and ultimately the current-voltage characteristics. The simulation program is written by using graphic
user guide (GUI) in MatLab. The effects of capacitance, bias, and temperature on current-voltage
characteristics of SET are also presented.

1. GIOI THIEU

Cong ngh¢ COMS Ia cong ngh¢ chinh cua
cong nghiép ché tao vi mach (IC). Ngiy nay,
khoang 95% IC dugc ché tao dua trén cong
nghé CMOS. Kich thudc cia MOSFET trong
IC 1a 32nm vao nam 2009, va theo du bao kich
thuéc MOSFET giam t&i gioi han vat 1y cua
n6 1a 10nm vao nam 2013. Nhirng ting cu vién
thay thé MOSFET trong tuwong lai c¢6 thé la:

transistor SET thu hut sy cha y ciia cong dong
nghién ctru gan day do chiing c6 thé ché tao bang
cong nghé CMOS, tdc do cao, kich thudc nano
va cong suét tiéu thu thip va dic biét hon 14 hoat
dong cua SET dya trén sy van chuyén tung dién
tir mot qua kénh dan sir dung hi¢u trng dao dong
Coulomb va khoa Coulomb.

Transistor duong him céng huong (Resonant
Tunneling Transistor, RTT), Transistor truong
6ng nano carbon (Carbon NanoTube Filed
Effect Transistor, CNTFET), Transistor nguyén
tur (Single Atom Transistor), Transistor mot dién
t (Single Electron Transistor, SET), ... Nhing

Gan day, nhiéu nhom nghién ctru dat dugc
thanh cong nhit dinh trong viéc theo dudi xay
dung mé6 hinh va mé phéng cho SET [1, 2] nhu
nhiing mé phong Monte Carlo SIMON [3],
MOSES [4], KOSEC [5] va phuong phap phuong
trinh chinh (Master Equation-ME) [6]. Hon thé,



trong nghién ctru nay ching t61 st dung phuong
phap ham Green khong can bang (NEGF) [7] dé
tinh toan ham truyén, dao dong Coulomb, hiéu
ung khoa Coulomb va nhitng dac trung dong-
thé cta SET. Chuong trinh mé phong duoc viét
nhd giao dién dd hoa ngudi sir dung (GUI) trong
MatLab. Nhitng anh hudng cia dién dung, thién
ap va nhiét do 1én nhing dic trung dong-thé cta
SET ciing dugc trinh bay.

2. CAUTRUC CUA SET

SET la linh kién chuyén mach ba cuc, c6 thé
truyén dién tur tor cyc ngudn dén cyc mang tung

Cuec cong (G)

Crcngudn (S)

=

' Cwcmang (D)
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dién tir mot.

Céu tao cia SET gém c6 cham luong tir kich
thudc thang nanomet bi bao quanh bdi ba cuc:
cuc cong (G), cuc ngudn (S) va cyc mang (D).
Trong d6 cuc ngudn va cuc mang dugc ghép véi
chdm luong tir thong qua tiép xtc dudng ham.
Cuc cong ghép voi cham lugng tir thong qua 16p
cach dién ngan khong cho dién tr di vao cham
luong tir bang xuyén ham luong tir. Do dé, dién
tir chi c6 thé di vao chdm luong tir qua 16p tiép
xtc duong ham.

Vo

Vs

— Lép cach dién

Tiép xic duong Chim lrong tir

Hinh 1. Céu triic va mach twong dwong ciia SET.

3. PHUONG PHAP NEGF

Thuat toan ham Green khong can bang (Non-
Equilibrium Green Function, NEGF) dugc
Supriyo Datta dua ra vao nam 2000 va dugc
nhiéu tac gia sir dung dé tinh dong truyén qua cac
linh kién dién tr c6 kich thudc nano [2]. Thuat
toan ham NEGF tng dung giai phuong trinh
Schrodinger-Poission va két hop tinh x4c suat
tmyen cua dién tu. Trong thudt toan, sy “khong
can béng” thé hién do chénh 1éch vé nang lugng

gitta hai mac Fermi ¢ hai tiép xtc cuc ngudn
S va cuc mang D. Nho hién tuong khong can
bang nay ma cac dién tir di chuyén qua kénh dan.
Viéc giai phuong trinh Schrodinger mot chidu
va két hop giai phuong trinh Poission cho phép
tim dugc thé cho SET. Phuong phap NEGF co
mdi lién hé v6i phuong ‘phap Landauer va nang
lugng cho su van chuyén dién tir qua kénh ddi
v6i1 nhitng linh kién dién tir kich thudce nano da



Mo phong transistor mt dién tir trong mé hinh nhiéu murc
str dung phwong phap ham green khong cin bang
dugc chung minh

Chung t61 xay dung md hinh SET véi cham
nhiéu mirc nang lugng luong tir duge mo ta bang

ma tran toan to Hamilton [H] va hiéu ung cua sy

ghép ndi chdm lugng tir dén nhiing tiép xtic dugc
1

tinh toan chinh xac boi nhitng ma tran self-energy
[2,(E)] va [E,(E)]. Nhiing ma tran self-energy c6

kich thudc bang kich thudc ciia ma trén toan tir
Hamilton cta chdm lugng tir (hinh 2).

Ham phan b6 tng voi muc Fermi dugc
xdy dung tai nhiing tiép xtc cuc ngudn va cuc
mang:

f(E)=1,(E

Ham T(E) xuat hién trong phuong trinh (4) 1a
ham s6 truyén. Trong phuong thirc chuyén doi
dan dao cua dién tir, ham sb truyén T(E) duoc
tinh toan tr phuong phap NEGF su dung moi
twong quan nhu sau

T(E)=Trace[l',GI ,G"]

Trace[[,GI',G'] (5)
Ma tran toan tr Hamilton [H] mo ta cho
ham luong tir nhiéu mirc nang lugng
i 1 2 N-1 N |
2, -, 0 0
20—t 2t 0o 0 B
) 1 H= (0)
~pl(E — 1, )/k,T]+1
e SRl N-1 0 o0 2, -t
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boi dién thé ap V- V. 2
T pVv:i-H™q Trong do, t, = khoang cach lan cén gan
rong do, E - nang luong, k, - hang s6 Boltzmann hét
va T - nhiét do. nha \
gitra hai muc nang lugng, a: do rdng cua rao
thé.
Ma tran self-energy tai tiép xuc cyc ngudn va
Trace[[ AJf/2n=> <—Trace[,Alt,/2n cuc mang lan luot 1a
S
: i 12 N-1 N|
| wms 2 0 0 0 0
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Hinh 2. M6 hinh SET voi cham lwong tir nhiéu 5 0 0 0 0
murc nang luong dwoc mo ta bang ma trdn toan ST (E) =
tir Hamilton [H], ma trdan self - energy [X (E)] = N1 0 0 0 D
[2(E)] mé ta sy ghép noi dén tiep xiic cyc nguon - iv
va cyc mdng. N 0 0 0 =
Ham ma trdn mat d6 dién tir dugc cho boi Nhiing phuong trinh twong quan NEGF thu
duoc:
= I8 EE)AELENE  6) Go[FI-H-T
- T
Dong dién I__ chay trong mach ngoai duogc
xac dinh

A
[ TE)[E(E)- £ (B)]dE

1H(E) =

A, (E) GI,G*

= [Al]f .E

(4)
Phuong trinh (4) 1a phuong trinh Landauer.

+[A,]JE(E)
—I[G—G*]= [A,]+[A,]

®)



Trong do, I - ma tran don vi, H - ma tran toan
tr Hamilton, £ va X - ma trin self-energy, I',
val, -ma tran mo rong 1a phan 4o cua ma tran
self—energy, A va A, - ham phd thanh phan,
A -ham pho 14 phan ao cua ham Green G cho
cham luong tir.

4. KET QUA MO PHONG SET
St dung cong cu GUI trong MatLab két hop
véi thuat toan NEGF, ching t6i d@ m6 phong
duoc nhiing dac trung dong -thé , V A
V) cua SET voi cham luong tir nhleu muc
va khao sat anh hudng cua dién dung, thién ap
va nhiét do.
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Hinh 3. Giao dién chuong trinh mo phong
SET. Dac trung I, - V (dao dong Coulomb)
cua SET dwoc mo phong cho V, =10mV tai
nhiét do T=300K. Nhiing thong 56 ciia SET
L=W=10nm, ¢ =3.9, tox—]nm, CS C,=0.5aF
va R=R =IMQ .
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Hinh 4. Dac trung 1, - V cua SET voi
cham lwong tir 6 nhzeu mirc nang luong
dugc moé phong cho V,=100mV, V =50mV
va V,=20mV taqi nhzet do T 300K,
L=W=10nm, ¢=3.9, t =Inm, C=C =0.laF
va R=R =IMQ.

1d (nA)
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Hinh 3 cho thiy dong dién (dinh dao dong
Coulomb) qua chdm lugng tir véi nhidu mirc
nang luong (mau do) thip dong dién qua chdm
mét muc nang luong. Hinh 4, su thay d6i theo
chiéu tang dién thé ap V,, thi dong dién I, qua
chim ciing ting va ngugc 1a1

Monte Carlo
simulations

— Master equation 0000
1,2107

1107

810* |
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Hinh 5. Dac trung 1,-V “ctia SET véi cham
liong tir ¢6 nhiéu mirc nang luwong dwoc mo
phong cho V., thay doi tai nhiét @6 T=300K
theo phwong phap Phuong trinh chinh-ME
va phwong phap Monte Carlo-MC [3-6,8].

Trong nghién ciru nay, chung t6i m6 phong
déc trung V -V, cua SET v6i chim luong tir co
nhiéu muc nang luong theo phuong phap NEGF.
So sanh hinh 4 va hinh 5, ching t6i nhan thay
c6 su twong dong trong md phong theo phuong
phap NEGF va phuong phap ME, MC [3-6, §].
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Hinh 6. Dac trung I, - V cua SET dwoc mo
phong cho V., ]0mV tal nhiét do T=300K
khi thay déi vat liéu cdch dién cuc cong.
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Hinh 6, thay d01 vat ligu oxit cach dién cua
cuc cong ¢ hang sd dién moi tang thi dién dung
C, tang lam cho dong di¢én dinh I, qua chdm
luong tur giam.

Hinh 7 cho chiing ta théy SET bét ddi xtmg thi
cho dong nho hon SET dbi xtg vi R vaRanh
huong dén tan s6 xuyén ham cua dlen to tal tiép
xUc cyc nguon.
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Hinh 7. Dac trung I, -V cua SET dirgc mo
phong cho V, =10mV tal nhiét do T=300K
voi R=1MQ, RD = IMQ va R=5MQ, R, =
1MQ.

Khi ap vao cuc ngudn va cyc mang mot dién
the Vs € tao nén sy chénh léch mirc Fermi tai
tiép xuc cuc nguon cyc mang p, - u2 =eV,.
Pién thé ap cuc cong thay d6i V= = 10mV va
vV, =100mV thi cho két qua nhur hinh 8. Vi dién
thé V lam dich chuyen cac muc nang lugng
trong cham 1én hodc xubng dén khi mic ning
luong nam vao khoang giira ctia sy chénh léch
muc Fermi tai tiép XUC cuc ngu(‘Sn va cuc mang,
khi d6 c6 dong dién chay tur tiép XUc cuc ngué)n
xuyén qua cham luong tir dén tiép xtc cuc mang
va tao ra dong dién 1.

(Mo phong transistor mgt dién tir trong mo hinh nhiéu mirc

su dung phwong phap ham green khong cin bang
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Hinh 8. Dac trung [ - V, cua SET duwoc mo
phong cho Vgs=]0m V(mautim)va VgSZI 00mV
(mau xanh) va tai nhi¢t do T=300K. Nhitng
thong s6 ciia SET L=W=10nm, SiO, (¢ =3.9)
t =Inm, C=C,=0.5aF va R =R =IMQ.

Két qua thé qua hinh 8 cho ta thiy do rong cua
Vung khoa Coluomb phuy thugc vao dién thé ap cuc
cong V, , khi thé cbng Vv, cang tang thi do rong cia
vung khoa Coulomb cang giam.

Coulomb Oscillations
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Hinh 9. Dic trung G-V, cua SET duoc mo
phong cho Ve IOthal nhiét do T=300K.
Nhitng thong s6 ciua SET L=W=I0nm,
Si0, (¢ =3.9), t =Inm, C=C, =0.5aF va
R=R =1 MQ.



x10° Coulomb Oscillations
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Hinh 10. Dac trung G - V, cua SET duoc mo
phong cho VgS=5OmV va Vgs=5mV tai nhiét do
T=300K.

D6 dan G trong truong hop SET véi cham
luong tr nhiéu mirc nang lugng thi thip hon so
v6i SET véi chdm lugng tir mot muc ning luong
(hinh 9). Khi V__ tang thi dinh d6 din G dich ve
phia bén trai va ngugc lai nhung gia tri dinh thi
bang nhau (hinh 10).

Khi thay d6i nhiét d6 hoat dong cta SET v&i
cac gia tri 200K, 300K va 400K chung ta ¢ két
qua duogc thé hién trén hinh 11 va hinh 12. Nhiét
do cang ting thi d rong cua ving dan cang dugc
m¢ rong nhung dong dinh lai gidm. Dong dinh
trong md hinh SET ¢6 nhiéu muc thdp hon dong
dinh trong mo hinh SET c6 m{t mirc.

Id - Vgs Characteristics
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=N

Hinh 11. Dac trung I, - Ve ciia SET véi chdm
lwong tir co mot miec nang lwong dwoc mo
phong cho V, =10mV, L=W=10nm, ¢ =3.9,
t =1.3nm, C=C =laF va R=R =IMQ va
tai nhiét do T=200K, 300K va 400K.
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Hinh 12. Bac trung 1 -V, cua SET voi cham
lieong tir ¢6 nhiéu mirc nang lwong dwoc mo
phong cho V, =10mV, L=W=10nm, ¢ =3.9,
t =1.3nm, C C =laF va R=R, =IMQ va
taz nhiét do T 200K 300K va 400K
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5. KET LUAN

Dya vao mé hinh SET, chung toi sir dung
thuét toan NEGF tinh ham phan bd, mat do trang
thai, mat do dién tr, ham so truyen dién tir va
nhing dic trung dong-thé, 4o dan-thé cua SET
v6i cham luong tir nhidéu muc. Chuong trinh mo
phong duogc viét nho giao dién d6 hoa ngudi sir
dung (GUI) trong MatLab. Nhitng anh hudng
cua dién dung, thién &p va nhiét do lén nhiing
dic trung dong-thé cua SET ciing dugc trinh bay.
Nhimng két qua mé phong kha phi hop véi nhiing
két qua md phong duoc cong bd dya trén phuong
phap ME va MC [8, 9, 10] trong thoi gian gan
day trén thé gioi.

6. GHI NHAN VA CAM ON

Béo c4o ndy la mot phan nghién ciru ciia dé
tai NCKH trong diém PH SPKT TP. HCM nim
2011 (T2011-22 TD). Nhém nghién ctru cam on
su thao ludn cua nhom nghién ctru linh kién di¢n
tr nano DPH KHTN Tp.HCM. Xin cam on céc
dong gop hiru ich tir cac gido su phan bién nham
hoan chinh bai bdo céo nay.

TAI LIEU THAM KHAO
[1]. K. Uchida, R. Matsuzawa, J. Koga, R.

Ohba, S. Takagi and A. Toriumi, Jpn. J. Appl.
Phys. 3, 4B, p. 2321-2324 (2000).

[2]. S. Mahapatra, A. M. Ionescu and K.



[4].

[5].

[6].

Banerjee, IEEE Electron Device Lett., 23,
p.366-368 (2002).

[3].

str dung phwong phdp ham green khong cin bang

C. Wasshuber, Computational Electronics,
Springer-Verlag, New York, 2002.

R. H. Chen, A. N. Karotkov, and K. K.
Likharev, Proceedings of Device Res. Conf.
1995, p. 44-45.

Y. S. Yu et al., Proceedings of Asia Pacific
Workshop: ~ Fundamental  Application

Advanced Semiconductor Device, 2000, p.
85-90.

K. K. Likharev, SETTRAN — “A simulator
for single lectron transistor.” Available:
http://hana.physics.sunysb.edu/set/software.

[7].

8].

Mo phéng transistor mét dién tiv trong mé hinh nhiéu mirc

S. Datta, Quantum Transport: Atom fto
Transistor, Cambridge University Press,
2005.

Benjamin Pruvost, Hiroshi Mizuta, and Shunri
Oda, “Voltage — Limitation - Free Compact
SET Model Incorporating the Effects of Spin
- Degenerate Discrete Energy States”. /[EEE
Silicon Nanoelectronics Workshop, pp. 51 —
52,2007.

. S. Mahapatra, V. Vaish, C. Wasshuber, K.

Banerjee, and A. M. lonescu, /[EEE Trans.
on Electron Devices, 51, 11, p. 1772-1782
(2004).

[10]. B. Pruvost, H. Mizuta, and S. Oda, /EEE

Trans. on Nanotechnology, 6, 2, p. 218-224
(2007).



