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FABRICATION PROCESS FOR SINGLE ELECTRON TRANSISTOR (SET)

Lé Hoang Minh
Truwong Pai hoc Sir pham Kji thudt Thanh phé Ho Chi Minh

Ngay tda sogn nhén bai 12/8/2016, ngay phan bién ddanh gid 26/9/2016, ngay chdp nhdn dang 28/10/2016

TOM TAT

Tinh toan va mé phong SET la buéc dau dé xdc dinh cac thong sé can thiét cho mét cdu
triic SET va ciing la buwdc quan trong dé phuc vu cho qud trinh ché tgo. Cdu trdc SET phdi
ddp vmg dwoC CAC YBU CAu Vé dong dién va dién thé phl hop. Piéu dé cho thdy rang, viéc md
phong can phdi dwoc dau tw ding mirc, dé thudn loi hon trong qud trinh ché tqo, tiét kiém
dwoc nguyén vat liéu, dé co thé san xudt nhiing san pham cé gia tri thuc tién cao, sdn xuat
san phdam thwong mai c6 gia tri. Trong bai bao nay, tac gia da sir dung ham Green khong can
bang dé tinh toan ham truyén, md phong ddc trung dong - thé ciia SET, chuong trinh mé
phdng diroc viét sir dung GUI trong Matlab va dung phan mém Intellisuite dé thiét ké mét quy
trinh ché tgo SET.

Tir khoa: Transistor don dién tir; ddc trung dong thé;ham truyén; ham Green khdng can bang
qué trinh ché tgo.

ABSTRACT

Calculation and simulation of SET (Single Electron Transistor) are the first steps to
determine necessary parameters for a SET structure, and also very important before the
fabrication process. Structure of SET has to satisfy criteria about the suitable current and
voltage. Accordingly, simulation of SET structure takes a key-role and must be invested fully
in order to support the fabrication more advantageously save materials significantly, produce
highly practical products having commercial value. In this research, the authors used
non-equilibrium Green's function method to computer transport function of charges, the
simulation of current-voltage (I-V) characteristics was programmed by using graphic user
guide (GUI) in Matlab and the software Intellisuite in design of fabrication process for SET.

Key words: Single Electron Transistor; current-voltage characteristic; transport function;
non-equilibrium Green's function; fabrication process.

1. GIOI THIEU

SET c¢c6 dac tinh cua mot linh kién
chuyén mach, c6 kha nang diéu khién
chuyén dong timg dién tor mot, nhd d6 cong
suat tiéu tan ctia SET thap hon nhiéu so véi
MOSFET, thich hop trong mach tich hop
chira hang ti linh kién. Viéc xay dung mo

hinh SET chuan ung dung cho thiét ké vi
mach thuc van con dang trong giai giai doan
nghién ctu. Gan day, nhiéu nhém nghién
ctu dat duoc thanh cong nhat dinh trong
viéc theo dudi xay dung md hinh va md
phong cho SET [4, 6] nhu nhitng md phong
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Monte Carlo SIMON [7], MOSES [2],
KOSEC [5] va phuong phap phuong trinh
chinh (Master Equation-ME) [8]. Trong bai
bdo nay ching téi sir dung phuong phap
ham Green khong can bang (NEGF) [9] dé
tinh toan ham truyén, dao doéng Coulomb,
hiéu ung khéa Coulomb va nhiing dac trung
dong - thé cia SET. Chuong trinh mé phong
duoc Vviét nho giao dién d6 hoa ngudi sur
dung (GUI) trong MatLab va tiép theo dua
ra cac bugc ché tao SET, tir d6 dung phan
mém Inlellisuite ¢ md phong quy trinh ché
tao SET. Phan mém IntelliSuite 1 san pham
cua cong ty Intellisense cung cip cho céc
cong ty MEMS va céc nha thiét ké mot moi
truong thiét ké day du. Phan mém nay co
mot moi truong thiét ké chat ché lién két cac
phan MEMS lai véi nhau.

Phan mém Intellisuite [1] c6 nhiéu
chirc nang nhu:

e 3D Builer: xay dung cac l6p trong
khong gian 3 chiéu.

e 2D Builder: xdy dung cac lop trong
khong gian 2 chiéu.

e Intellimask: ding dé tao ra cac mat na
trong viéc tao hinh céc I6p mang.

e Intellifab: giéng nhu mot phong sach
lam tir nhimg budc co ban nhu dé Si
véi huéng tly chon, dén tao mang,
chiéu tia UV va quang khac.

2. TRANSISTOR PON PIEN TU VA
PHUONG PHAP HAM NEGF

2.1. CAutrucSET

SET 1la linh kién chuyén mach ba cuc,
6 thé truyén dién tr tr cuc nguén dén cuc
mang tung dién to mot. CAu tao cua SET
gom c6 cham luong tir kich thudc thang
nanomet bi bao quanh bdi ba cuc: cuc cong
(G), cuc ngudn (S) va cuc mang (D). Trong
do cuc nguén va cuyc mang dugc ghép voi

cham luong tir thong qua tiép xuc dudng
ham. Cuc cong ghép véi chim luong tir
thong qua 16p céach dién ngan khong cho dién
tor di vao chdm luong tir bang xuyén ham
luong tir. Do d6, dién tir chi c6 thé di vao
cham luong tir qua 16p tiép xac dudng ham.

Ve b)
Hinh 1. a). Cdu trac SET, b). Md hinh mach
dién tuwong duwong SET

2.2. Phwong phap ham NEGF

Thuat todn ham Green khéng can bang
(Non - Equilibrium Green Function, NEGF)
ung dung giai phuong trinh
Schrédinger-Poission va két hop tinh xac suat
truyén cua dién ti. Trong thuat toan, su
“khong can bang” thé hién do chénh léch vé
nang luong giira hai mac Fermi ¢ hai tiép xdc
cuc ngudn S va cuc mang D. Nho hién tuong
khéng can bang nay ma cac dién tir di chuyén
qua kénh dan. Viéc xay dung mé hinh SET
v6i chdm nhiéu mic ning luong luong tir
dugc md ta bang ma tran toan tar Hamilton
[H] va hiéu tng cia su ghép ndi cham lugng
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tor ¢én nhing tiép xuc duoc tinh toan chinh
Xac bai nhirng ma tran self-energy [Z1(E)] va
[Z2(E)]. Nhitng ma tran self-energy co kich
thuéc bang kich thudc cia ma tran toan tir
Hamilton cua chdm luong ti (hinh 2).
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Hinh 2. M6 hinh SET véi cham heong tir
nhiéu mire ndng lwong

Ham phan bb ng voi mic Fermi dugc
xay dung tai nhiing tiép xdc cuc ngudn va
cuc mang:

1
EXp[(E - P-l)/kBT]"'l @D

fl(E)Efo(E _Hl):

1

FE)=lo(E-we)= eXp[(E_Hz)/kBT]"'l @)

boi dién thé &p V: pa - 2 = V.

Trong d6, E - nang luong, ke - hang sb
Boltzmann va T - nhiét do.

Ham ma tran mat do dién tir dugc cho boi:

p= L fIaERE AERERE @

—00

Dong dién Ips chay trong mach ngoai
duoc xac dinh:

o= [TENE)- e @

Phuong trinh (4) 1a phuong trinh Landauer.

Ham sé truyén T(E) duoc tinh toan tir
phuong phap NEGF:

T(E)=Trace[l,GI',G"]=Tracel[,GI',G"] (5)
Trong do:

G=[El-H-%,-%,]"

r,=iX,-%,]

A,(E)=GI',G*

A,(E)=GI,G*

G"= [A1]f(E)+ [Az]f(E)
A=i[c-G*]=[A]+[A,] (6)

I - ma trdn don vi, H - ma tran toan ta
Hamilton, X1 va X2 - ma tran self-energy, I'1
va I'> - ma tran mé rong 1a phan 4o cia ma
tran self-energy, A1 va Az - ham phé thanh
phan, A -ham phé 1a phan 4o caa ham Green
G cho cham luong tir.

2.3. M6 phéng dic tuyén I -Vciaa SET
2.3.1 Pic trung Ip=f (Vps)

SIMULATION OF SINGLE ELECTRON TRANSISTOR USING NEGF

Id - Vds Characteristics
Parameters
uuuuuuuuu

— Vgi=0mV
TR

id (nA)

02 ]
Vds (V)

Reser

Hinh 3. Ddc trung Io - Vs cua SET vai cac
thong sé dau vao 1 vt lidu SiOz;
Cb=Cs=0.1aF; Ro=Rs=1M¢2;
L=10nm; W=10nm; tox =0.6 nm;

T =300 K; Vas thay doi.

Tai gbc toa d9, khi chua cip dién ap
vao cuc D so véi cuc S (Vbs = 0) thi muc
ning lugng Fermi cuc S va cyc D bang nhau
(L = M1 = H2), bén canh d6 dién ap cong
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Ves= 0. Do do, khong c6 dong Ip chay qua
kénh dan (Ip = 0).

Khi c6 mdt dién ap dat vao cuc D so
voi cuc S (Vos # 0) sé tao nén su chénh 1éch
muc ndng lugng Fermi cuc D va cyce S 1a p1 -
M2 = eVps. Khi dién thé céng Vs dat vao cuc
G c6 cac gia tri 0 mV, 100 mV va 200 mV
thi c6 két qua nhu hinh 3. Vi dién thé Vs
1am dich chuyén muc ning luong cua dao 1én
va xudng dén khi mtrc ning luong nam vao
khoang gitra cua su chénh I¢ch muc nang
luong Fermi cuc S va cuc D. Khi do s€ co
dong dién chay tir tiép xuc cyc S xuyén qua
kénh din dén tiép xtc cuc D va tao ra dong
dién Ip (Io #0).

Qua két qua & hinh 3 ta thiy d6 rong
cua vung khoa Coluomb phu thudc vao dién
thé cong Vs, khi thé cong Ves cang ting thi
do rong cua vung khoéa Coulomb cang giam
va bang khong khi Ves = e/2Cc. Trén hinh 3
Ves=200m V thi viing khoa Coulomb bing
khéng.

Tiép theo, khi dién thé Vs tiép tuc ting
s€ lam muc nang lugng Fermi cyc mang 2
thip, nén dong dién Io ting cham. Néu tiép
tuc tdng dién thé Vbs 1én cao nita s& 1am cho
dong Ip ting cham va gan nhu 14 béo hoa.

e Két qua cua Nicholas Allec, Robert
Knobel, Lisang [10]
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Hinh 4. Dac trung Ip - Vos cua SET vai cac
thdng sé dau vao 1a Ce = 3 aF;
Co=Cs=1aF;Ro=Rs=1MZ T =5K [10]

Qua két qua ¢ hinh 4 ta thdy khi dién
ap Ves tang thi vung khdéa Coulomb gidm,
tiép tuc tang dién ap Vos Ién thi ving khoa
Coulomb bang khong. Két qua nay tuong tur
két qua mo phong trén.

2.3.2 Pic trung Ip=f (Ves)

Id - Vgs Characteristics
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Hinh 5. Dac trung Io- Ves cua SET vdi cac
thdng sé dau vao 1a Cp = Cs = Cg =1 aF;
Rs = Ro=1 M«2; Ves =400 mV;

T =300 K; Vbs thay déi.

Qua két qua ta thiy khi Vos thay doi sé
lam anh huong dén dic trung Ip - Ves. Cu
thé, khi Vps cang tang thi dong Ip cang ting
va nguoc lai.

e Két qua cia moé hinh ME va Monte
Carlo [3]

Trong hinh 6 biéu dién dic trung Ip —
Ves phu thudc vao thé Vps. Qua két qua ta
thdy, khi Vps cang 1én thi Ip cang 16n va
nguoc lai. Bong dang két qua hinh 5 khi Vos
cang tang thi dong Ip cang tang va nguoc lai.
- Monte Carlo

simulations
T T L]

Master equation
1,2107

Cj=0.1aF
Cg=0.2aF

1107
R=1MQ
810° T=300K

Ip (nd)
)
)

Hinh 6. Dac trung Ip - Ves cua mé hinh mo
hinh déi ximg Ce= 0.2 aF; Cs = Cp= 0.1 aF;
Rs = Ro = 1 M«2bT = 300 K [3].
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O hinh 5, xét Vps =50mV ta tinh duogc
cac gia tri cua dién ap cuc cong tai cac dinh
tha nhat va tha nhi 1a e/2Cc (80mV) va
3e/2CG (240 mV) tuwong ung. Hai dinh dong
cach nhau khoang e/Cc (160mV).

O hinh 6, xét Vbs =50 mV ta tinh dugc
Cac gié trj cua dién 4p cuc cong tai cac dinh
thir nhat va thi nhi 1a e/2Cc (400 mV) va
3e/2Cc (1200 mV) twong ung. Hai dinh dong
cach nhau khoang e/Cc (800 mV). Dong Ip =
4.2 nA So sanh hai két qua trén ta thdy hoan
toan phd hop véi ly thuyét dao dong
Coulomb cua SET.

biac trung Io - Ves cua SET khi thay
dbi cac thong s6 duoc chon trong pham vi:

v Pham vi d6 day cua 16p dién méi cach
ly cuc cong G v6i kénh din tox tir
0.6nm dén 1nm

v' Pham vi d6 rong cia kénh dan 10nm
dén 30nm

v’ Pham vi do dai kénh ddn 10nm dén
20nm

v/ Dién tré cuc méang va cuc nguon 1IMQ
dén 10MQ

Pham vi nhiét d6 300 K dén 400 K
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Hinh 7. Bdc trung Io - Ves cua SET; bé day
lop cdch dién cuc Céng thay doi .
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Hinh 8. Bdc trung I - Ves cua SET; bé réng
cua cham thay doi.
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Hinh 9. Ddc trung Io - Ves cua SET; bé dai
cua cham thay doi.
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Hinh 10. Ddc trung Ib - Ves cua SET; nhiét
a6 T thay doi
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Id - Vgs Characteristics
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Hinh 11. Pdc trung Io - Ves cia SET doi
xing va bdt déi ximg

Qua két qua ¢ hinh 7 khi giam d6 day
l6p dién mdi cach ly cuc cong voi kénh din
hay khi tang kich thudc d6 rong ¢ hinh 8 va
d¢ dai ¢ hinh 9 cta kénh 1én dac trung dong
dién — dién thé cua SET. Cac théng sé nay
anh huong dén ty cuc cong, tu nay cang 16n
thi dong qua cham luong tir cang giam.. Qua
két qua & hinh 10 anh huéng cua nhiét do 1én
dic trung dong dién — dién thé cua SET, khi
nhiét do tang thi d6 rong vung khoa Coulomb
giam, thé nguong giam, bién do dong dinh
giam. Qua két qua ¢ hinh 11 anh huong cua
hién tugng ddi xtng va bat dbi xung cua céac
dién tré cuc ngudn va cuc mang 1én dic
trung dong — thé cua SET khi tang gia tri
dién tré cuc ngudn thi dong qua cham luong
tor giam. Tir day ta chon kich thuéc téi wu
cho SET kich thudc cham lwong tir 12 10nm.

3.  QUY TRINH CHE TAO SET

3.1. Cac bwéc hinh thanh cdu trdc cac
l6p mau SET (hinh 21)

Buwéc 1

I

inh 12. Lam sach phién Si

17

Lam sach phién silic trén chat cach
dién (SOI — Silicon On Insulator) voi chit
acetone va hydrofluoric dé loai bo tap chat va
SiO2 tu nhién tir bé mat. Sau d6, rira phién
voi nude khir 6xy hoa (DI - Deionized) va
lam kho. Trong d6, 6xit silic ngdm (BOX —
Buried silicon Oxide) dugc phat trién trén
nén silic.

Buwérc 2

N T T T T T AT A
B e e n -
e e e Nén - S1 ﬂ

|

monn e
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o
Hinh 13. Phu lép SiO2

Phu SiO2 mong 30 nm va amorphous
silicon 40 nm duoc lang dong lién tyuc trén bé
mit phién dung k¥ thuat ling dong bay hoi
hoa hoc gia tang vat ly.

Buéc 3

Hinh 14. Phu l6p can quang

Mot 16p can quang thuy tinh hitu co
(PMMA - Polymethy methacrylate) méng 50
nm dugce phu trén 16p amorphous silicon dé
tao khuoén mau.
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Budéc 4

Oxit cong

Ngudn

Mang

Hinh 15. Mdt na thiz nhat

Mot mit na tha nhit duoc in trén 16p
PMMA dung quy trinh quang khic chum
dién tir. Sau khi phoi bay ra, phién duoc sy
kho & 95°C truéc khi nhung vao dung dich
trang rira. Cudi dung, 16p oxit dugi PMMA
bi an mon dung k¥ thuat an mon plasma mat
dd cao. Lop an mon trén Oxit s€ tro thanh
nguén, mang va day nand cua SET.
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Hinh 16. Lang dong lép Poly - silicon

Mot 16p Poly - silicon mong 60 nm
duoc léng dong trén Oxit céng. Sau d6, mat
na thir hai dugc in trén 16p 6xit cong dung
quy trinh quang khac chim dién tu.

Budc 6

Coéng
Poly - silicon
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o Nén - Si I
o en 1 I
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Hinh 17. Céng Poly - silicon dwoc hinh thanh

Sau khi vung khong mat na bi an mon,
cong Poly - silicon duoc hinh thanh trén 16p
oxit cong.
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Hinh 18. Qué trinh quang khdc
Bwoéc 8

Ké tiép budc quang khic khac duge sir
dung dé khuon mau 16p oxit tao thanh cac 15
tiép xuc, thong qua d6 dém dau do nhom tiép
xuc voi silic.

Céng Poly — silicon pha Phétpho

f.:.:.:.:.IIIIIIIIIIIIIII---------:I
e A .
e e e e e e e e e s Nén - Si 5

Hinh 19. Hinh thanh tiép xiic 2 dién cuc
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Buwéc 9

Mot 1an nita tiép xuc duoc mé ra, mot
16p nhém 200 nm dugc bay hoi trén toan bé
mit cua phién dung modun ling dong bay
hoi vat ly (PVD - Physical Vapor Deposition)
nhom.

MANN\\
Al

Al

.:.lllllllllllllllllllllll Nén - Si [
e A e

Hinh 20. Qué trinh quang khdc
Bwoc 10

Budc quang khac cudi cung duge dung
dé tao khuén mau dém dau do va tiép xuc.

Al Al

Hinh 21. Cdu tric SET
3.2.

Trong phan nay tac gia mo ta cac budc va
ché tao SET bang phan mém Intellsuite.

M@ phéng quy trinh ché tao SET

Hinh 22. Quy trinh ché tao SET

Busc 1: Tao dé Si huong 100, bé day
70.000nm, duong kinh 100nm, dién tré 0.5
ohm-cm, phua 16p Si02 bing phuong phap
PECVD ( Physical Enhanced Chemical
Vapor Deposition)

Hinh 23. Tao @ Si va qué trinh phu cac lép

Buéc 2: Phu l6p can quang day 300nm,
quang khic bang phwong phap X-ray dung
mit na (mask 1), bé day 100.000nm. An mon
I6p can quang, thoi gian an mon 5 phut, nhiét
do dn mon 20°C.

Hinh 24. Phui |6p can quang, quang khdc,
an mon.

Budc 3: An mon 16p Amorphous Silicon
bang phuong phap Dry —SF6 plasma, thoi
gian an mon 15 phat, an mon hét 16p can
quang con lai.

Hinh 25 Qud trinh an mon hét 16p can quang



20 Tap Chi Khoa Hec Gido Duc Ky Thudt Sé 39 (12/2016)
Trwong Dai Hoc Sw Phagm Ky Thudt TP. Ho Chi Minh

Budc 4: Phu I6p Poly Silicon bang phuong
phap biang phuong phip PECVD, bé day
100nm, pha 16p can quang. Quang khic bang
phuong phap X-ray dung mask2, an mon
chét can quang.

Hinh 26. Phu lop Poly Silicon, 16p can
quang, qua trinh quang khdc.
Budc 5: An mon 16p Poly Silicon bang
phuong phap Dry —SF6 plasma, dn mon hét
chét can quang con lai.

Hinh 27. An mon I6p Poly Silicon

Budc 6: Tiép tuc pha 16p can quang, quang

Budc 7: Phu 16p can quang, quang khic ding
mask3, an mon chét can quang.

Hinh 29. Phii 16p can quang, quang khac
mask 3, an mon.

Budc 8: An mon 16p Al bang phwong phap
in mon udt, an mon chit can quang mau
vang con lai.

Hinh 30. Cdu tric SET dwoc hinh thanh.
4. KET LUAN

Dua vao mé hinh SET téc gia tinh ham
phan bd, mat do trang thai, mat do dién tu,

khac dung lai mask 1, &n mon chat can quang, dong dién ngudn-mang cua SET dua vao

an mon 16p SiO2 bang phwong phap dn mon
udt, an mon hét chat can quang con lai. Pha
Al bing phuong phap Sputter magnetron bé
day 100nm

Hinh 28. Phui |6p can quang, quang khac
mask 1, an mon.

phuong phap ham Green khong can bang,
nhitng két qua md phong dic trung dong-thé
duoc so sanh véi cac két qua md phong da
dugc cdng bd [10,3]. Khao sat sy anh hudng
ctia bé day cua lép oxide cach dién, chiéu dai
dao, chiéu rong dao, nhiét d6 T, su dbi xtung
va bat d6i xung cua cac dién tro cyc nguon va
cuc méang lén dic trung dong — thé cia SET.
Bang céch str dung phan mém Intellisuite, tac
gia da dua ra cac budc dé tao ra cac dién cuc
SET va m0 phoéng cac budc trong quy trinh
ché tao linh kién SET tru6e khi dua ra san
xuit thir nghiém va hang loat. Tién trinh ché
tao va cac tinh chat cua linh kién duwoc quan
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st rd rang trong Intellisuite, nho vay ma dam  thanh san xuat duoc giam di dang ké va giam
bao dugc tinh thiét ké cua linh kién do d6 gia b6t sai hong trong san xuat.
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