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ABSTRACT

We report the simulation results of the field-effect transistor (FET)
with various gate structures in order to find the FETs having the best
electrical properties. We changed the “gate configuration" with different
arrangement gates (single-gate, double-gate, ordinary triple-gate, Pi-gate,
omega-gate and gate all around (GAA)). Based on the simulation data, we
drawn the Volt-Ampere characteristics lines (I-V). Then, we calculated the
physical parameters affecting the operation of FETs including: threshold
voltage, subthreshold slope, saturation currents, the on-off current ratio.
Our simulations showed that the gate all around structure has better
properties than the other structures, especially this structure restricts the
short-channel effects.

TOM TAT

Chiing t6i bdo cdo cdc két qua mé phong transistor hiéu img truong voi
nhiéu cdu tric céng khéc nhau nham tim ra FET c¢6 dac tinh dién 16t nhdt.
Chung toi thay doi "hé cuc céng vOi cdc cdch sdp xép cuc cong khac
nhau (mot cong, hai cong, ba cong thuong, cong dang 7, cong dang 2 va
cong bao vong quanh). Duya vao két qua mé phong la b di liéu s6, ching
16i vé cac dwong dic tuyén Véon-Ampe (I-V). Sau d6, ching téi tinh cdc
théng s6 vit Iy anh hieong dén hoat déng ciia FET gom: dién dp nguong,
dé doc dwdi nguing, dong dién bao hoa, ty I¢é dong dién o trang thdi mo
va trang thai déng, do dan tmyen Chiing t6i ghi nhdn dwoc rang, cau triic
cong bao vong quanh cé nhiéu tinh chdt toi wu hon cac cau tric cong
khac, dac biét la né han ché duoc hiéu ung kénh ngan.

1 GIOI THIEU

tién duoc ché tao trén nén Si va liy SiO, 1am chét

Transistor 12 nén tang cua nhiéu thiét bi dién ta
hién dai. Transistor ra doi nim 1947 tai Bell Labs
do ba nha khoa hoc John Bardeen, Walter Brattain
va William Shockley tim ra dé thay thé bong dién
tir cong kénh. Cac thiét bi dién tir ngay cang c6 xu
hudéng nhoé hon va doi hoi phai hoat dong nhanh
hon, mdt trong nhiing viéc giam kich thudc thiét bi
la giam kich thudc cua transistor. Lic dau
transistor chi 1a linh kién vat liéu khéi voi 16p
chuyén tiép p-n cua vat liéu Si pha tap, dén nim
1960 transistor oxit kim loai hiéu tng truong dau
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cach dién. Nhiing thiét bi dién tur chay cang nhanh
thi s6 lugng transistor trén mot chip thuong phai
cang lon. Nam 1965, Gordon Moore da tién doan
rang ¢ moi hai ndm mat do transistor trong cac
chip sé tang 1én gip d6i [1]. Theo thoi gian, ching
ta thiy rang sy tién doan cua Moore 1a phu hop, vi
thé né dugc dat 1a "dinh luat Moore".

Tuy nhién vi¢c thu nho transistor trong nhiing
nam gan day gap nhiéu tré ngai khi kich thude cua
vat liéu & vao khoidng nano mét. Sy thu nhd cua
linh kién lam chiéu dai cua kénh cling thu hep dan
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dan dén xuét hién hiéu Gmg kénh ngin. Nhing van
dé cuia hiéu g kénh ngén thuong gip phai nhu su
ro dong dién, nhiét do tang cao. Hon nita, khi vat
lidu tién dén kich thudc nano thi xuét hién nhimng
hién twong vat Iy méi nhu vén chuyen dan dao va
hiéu g chui ngdm, vin dé quang khic clng anh
huéng (mot ky thuat quan trong trong ché tao
chip). Nhiing hi¢n tugng nay lam anh hudng 16n
dén viéc hién thuc cac transistor & kich thudc nano.
Nhu vy can c6 cac ciu tric méi, vat liéu méi dat
tinh thyc thi cao hon. Kém oxit (ZnO) 1a mét trong
nhitng vat liéu ddy trién vong dé thay thé Silic
trong cac transistor hiéu tmg truong. Gan ddy, vat
liéu ZnO mot chiéu ching han nhu thanh nano hay
day nano di dugc nghién ciru dé sir dung trong cac
transistor thay thé cho mang mong bang Si thong
thuong [2]. Cac nghién clru transistor hiéu Ung
truong dua trén day nano (NWFETs) ZnO c6 tinh
kha thi vé d0 linh dong dién tir, d6 dbc dudi
nguong va ti 1¢ dong-mé dong dién da dugc xac
nhan [3]. Pé mo ta cac dic tinh va gi6i han hoat
dong cua nhiing transistor mdi nay, mé hinh chinh
xéc 1a rit quan trong. Trong nghién ciru nay, chung
toi st dung mot cong cu dugc cung cép b6i Dai
hoc Purdue va duoc tai trg béi dy &n nanoHUB [4].
Cong cu nay c6 tén la Multi-gate Nanowire FET,
cho phép ching ta nhdp vao cac dic tinh, tinh chét
cua ZnO, thong qua cong cu mo phong ching t6i
thu duoc cic dic tinh dién va cac thong sé linh
kién tmg véi cac kiéu cau trac khac nhau cia FET
Vi cac cau hinh cyuc cong khac nhau (tir mot cong
dén bdn cong). Chiing t6i so sanh, phan tich cac két
qué va rit ra cac két luan ddi véi NWFETs ZnO.

2 MO HINH VAT LY CUA HE
NGHIEN CUU

Nhu thao luin & phén trén, viéc giam kich
thuéc FET lam tang hiéu ung kénh ngin, hay lam
d6 doc dudi ngudng va dién ap ngudng thay doi.
Nhimg hi¢u tmg kénh ngin xuat phat tir sy mat tac
dung diéu khién cua cyc cong do co ton tai dién
truong gitra cuc ngudn va cuc mang. Nhiéu thé hé
linh kién méi d3 duoc phat trién nhdm loai bo
nhitng anh huéng cta trudng nay, nhu lam day
ving nghéo trén 16p cach dién bing cach dé dién
truong xuyén qua l6p oxit bi chén vui trudc khi
anh huéng dén kénh. Tuy nhién, khi 16p oxit bi
chén vii cang mong, s& lam ting dién dung tiép
giap va xuét hién nhiing hiéu Ung khéi [5]. Mot
giai phap giai quyét cho van dé nay la su dung
nhiéu cong, nghia 1a thiét ké cac cong trén cac mat
bén cta kénh. Dé khao sat nhitng anh huong cua hé
cac céng dbi v6i thue thi linh kién, chung t6i su
dung cac kich thudc linh kién gidng nhau va thay
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ddi su sép xép cuc céng. Chiéu dai cuc céng, Lg,
va chiéu dai kénh, Lc, duoc dit 12 50 nm. Oxit cuc
cong c6 @6 day 1 nm va kich thude day nano dugc
chon 1a d6 rong W va d6 cao T déu béng 25 nm,
cho céc linh kién nay hoat dong & nhiét d6 phong
(300 K). Day nano mé phong la day ZnO loai n
theo hudng [10 To ]. Hinh 1 1a minh hoa tiét dién
ngang cdc hé cong khac nhau cua FET gébm hé
cong don (single- gate) cong doi (double-gate),
cong ba (Triple-gate) gdm ca cong dang T (Pi- gate)
va cong dang Q (omega-gate), cong  bdn
(Quadruple-gate), va cong vong quanh (Gate-All-
Around-GAA).

Cuc céng —-4_ Onit
X1
ZnO —T

Cuc cong

Kiéu cong don

Oxit bi
chon vui

1l

Cac ki€u cong doi

O

Cac ki€u cong ba

Céc kiéu cong vong quanh

Hinh 1: M6 hinh cac cau tric cwe cong
khac nhau
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3 CACKET QUA MO PHONG
3.1 M5 hinh cong don

FET hé cong don gidng v6i nhitng FET truyén
thdng ¢6 cuc cbng phia trén (Hinh 2). M6 phong &
day duoc thyc hién véi cac thong s6 nhu do day
16p oxit cong duge dit 1a 1 nm, do day va chiéu
rong 16p oxit chén viii phia dudi duge dit lan lugt
1a 50 nm va 30 nm.

Oxit cong

Oxit bj chén viii

Hinh 2: M hinh cong don

Hinh 3 1a két qua md phong dic tuyén I4-V, cia
mot ZnO NWFET cbng don véi sy thay ddi dién
ap cuc mang Vg= 0.25; 0.5; 0.75 va 1V. Ching t6i
xac dinh dugc do giam rao thé boi cuc mang
(Drain Induced Barrier Lowering: DIBL) tur hai
duong dic tuyén I-V, (v6i Ve=0.75 V va V=0.25
V) co gia tri 1a 100 mV/V. DBay 1a mot gia tri tuong
d6i 16n va khong mong mudn. Dong dién “ON”, I,
thu duge 14 6.95x105 A tai V=0.5V (V4=0.75V),
trong khi dong dién “OFF”, L,#=1.97 x10® A do tai
V=05 V (Vg=0.75 V). Ti 1€ ILo/losr thu dugc
khoang 35.3, gia tri nay rét thép.
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Hinh 3: Dic tuyén Ie-V, ciia NWFET ZnO mgt
cong rng véi cac gia tri Va khiac nhau

3.2 M0 hinh cbng ddi

Mot phuong phép dé gidm hi¢u tmg kénh ngin
kl}i giérp kich thudc FET 1a viéc su dung nhiéu cuc
cong, cau truc hai cong da dugc phat minh lan dau
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tién boi Sekigawa va Hayashi nam 1984 [6]. Mo
hinh duwoc vé ¢ Hinh 4.

Oxit cng

Oxit bj chén vii

Hinh 4: M hinh cdng doi

Chung t6i mo phong NWFET ZnO hai cong véi
d6 day 16p oxit gitra hai cuc cong va 16p kénh day
nano la 1 nm (nhu da s dung voi hé mot cong o
muc trén). FET hai cong nay cho thdy su truyen
dan da dugc cai thién nhung khong dang ké, bén
canh d6 dong dién dugc didu khlen van con thép.
Két qua mé phong cho ta dic tuyén Ig- -V, thé hién
trong Hinh 5 tng v6i nhing thay dbi dién ap cuc
méng tir 0.25 V dén 1 V va vé6i dong dién bio hoa
cuc mang thu dugce khoang 2.23x10* A so véi gia
trj 1.85x10* A ciia FET mot cong. Dbi véi sy thay
ddi dién 4p cuc cong khoang gia tri 1V (tir -0.5 V
dén 0.5 V), ta thu dugc ti 18 Lo/Ioi khoang 958 véi
V¢=0.75 V, cao hon khoang 27 lan so v6i FET mét
cong.
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Hinh 5: Dic tuyén 1s-V, cia NWFET ZnO
hai cong ung véi cac gia tri Va khac nhau

3.3 M0 hinh ba cong

H¢ ba cong 1a thém mot cuc cong khac so véi
hé hai cong, vi thé kénh dan dugc bao boc ba bén
boi cac dién cuc cua cyc cong (Hinh 6). Transistor
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Si ba cyc cong dau tién dugc phat trién boi Intel
véi nhiing cai tién trong di€u khién dong dién va
giam dang ké dong dién ro o trang thai tat (off-
state) so voi FET mot cong [7].

Oxit cong

Oxit bi chém wii

Hinh 6: Mé hinh ba cong

Chung toi md phong NWFET ZnO ba cuc cong
c6 do day 16p oxit cuc cong 1a 1 nm bao xung
quanh kénh va d¢ day 16p oxit bi chon vui la 10 nm
dat & mat thi tu ctia kénh. D) thi biéu dién cac dic
tuyén I4-Vg thu dugc trong Hinh 7. Khi thay do6i
dién ap cuc cdng 1a 1V (tir -0.5 V dén 0.5 V), ti 1
Ion/loge thu dugc khodng 7.3 x10° dd duwoc do &
V¢=0.75 V, cao hon khoang 762 1an so voi FET hai
cong.
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Hinh 7: Dic tuyén I:-Vg ciia NWFET ZnO ba
cwe cong thwong wng véi cac gia tri Va
khac nhau

3.4 M5 hinh cong dang ©

Mot ciu triic khac ctua FET lién quan dén hé ba
cong da dugc nghién ctru dé loai bo hiéu ing kénh
ngin 14 céu trac cong dang m (Hinh 8). Céu trac
nay c6 hai cong doc hai bén va mot cuc cong phia
trén cua kénh dan, c6 mot phan mo rong cia cuc
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cong bén dudi kénh ban dan sdu vao 16p oxit bi
chon vui. Piéu nay gitip bao vé kénh tranh dién
truong thang cua cyc mang vi thé linh kién thuc thi
t6t hon. Céu triic cong dang m dwoc cho 1a dé ché
tao hon cau tric dang cong vong (s& dé cap phan
sau), cau tric nay chi doi hoi bo sung thém mot
man chin va thuc hién phan ting khéc ion 16p oxit
chén viii dn mon trong cac bude ché tao transistor
thong thuong [8].

Oxat céng

Hinh 8: Mé hinh céng dang

Céu tric NWFET ZnO dwgc mé phong dang
cong niay co do day 16p oxit 1a 1 nm bao xung
quanh kénh nhu cdu tric ba cong & phan trén, va
d6 day 16p oxit bi chon vui 13 10 nm. Phan mo
rong vudng goc cua cuc cong xuyén xudng 1p oxit
bi chon vui dugc dat 1a 4 nm. Cac dudng dac myén
I4-V,, thay d6i ddi véi NWFET cdng Pi dwoc mo ta
trong Hinh 9 cho thiy mét d6 déc dudi ngudng dat
duoc khoang 67 mV/decade. Khoang dién ap cuc
cong tir -0.5 V d&n 0.5 V da duogc sir dung dé tinh
duoc ti 18 Ton/Togr 12 1.5 X106 voi gia tri Ve=0.75 V.
Gia tri nay cao hon so véi FET ba cong thong
thuong.
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Hinh 9: Pic tuyén Is-V, cia NWFET ZnO cuc
cong dang w @ng véi cac gia tri Va khac nhau
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3.5 M0 hinh cng dang Q

Céu trac cdng dang Q (Hinh 10) gan gidng nhu
cua céng dang Pi, v& ban chét ca hai linh kién déu
la hé ba céng véi mot dién cuc mo rong xuéng phia
dudi co tac dung giam hiéu ung kénh ngén. Tuy
nhién, nhiing linh kién cong dang Q cé phén bén
dugc che sdu vao kénh phia bén trong vi thé ciu
tric nay gan gidng véi cau trac cong vong quanh s&
trinh bay ¢ muyc sau. N¢ la cAu truc trung gian gira
hé ba cong va hé bon cong. Cau tric nay ciing hap
dan vi qua trinh ché tao tuong ddi don gian so voi
dang cong vong/cong bdn [9].

Hinh 10: M hinh céng dang Q

NWEFET ZnO cong dang Q ma ching t6i mo
phong c6 kich thudéc day nano la d§ rong W= do
cao T 14 25 nm véi d6 day 16p oxit cong 1a 1 nm
(gidng nhu cac hé phia tru6ce) va do day 16p oxit bi
chén vui 1a 5 nm. Phin cuc céng mé xuong phia
dudi kénh 1a 11 nm. Cac duong dic tuyén I4-V,, thu
dugc trén Hinh 11 cho chiing ta thidy FET hoat
dong & ché d6 nghéo va gia tri SS vao khoang 61
mV/decade, gin giéng nhu linh kién FET cong
dang 7. Khoang dién 4p cuc cong tir -0.5 V dén 0.5
V véi V4=0.75 V, ching t61 thu duogc ti 1€ Ton/Logr 12
3.95x109, 16n gap hai 1an gia tri nay ciia FET cong
dang 7.
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Hinh 11: Pic tuyén I¢-V, cia NWFET ZnO cuc
cong dang Q ving véi cac gia tri Va khac nhau

3.6 M0 hinh cdng bao vong quanh

Viéc bo sung nhitng cyc cong & cac bén cia
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kénh nhu linh kién hai cong, ba cong, cong dang ©
va cong dang Q dat dugc két qua t6t hon trong
thuc thi linh kién, hé cuc céng bao vong quanh
(GAA) (Hinh 12) dugc mong doi, bdi nd cho ta su
didu khién t6t nhat cua cuc céng v6i kénh tir nhitng
cuc cong xung quanh trén tat ca cac mit cua kénh,
vOi gid tri tmyen dan cao hon va han ché hiéu ting
kénh ngén t6t hon duoc mong doi [10].

Oxit |:|”ing

Hinh 12: M hinh céng bao vong quanh

Trong phan nay, ching t6i mé phong linh kién
NWFET ZnO céng bao vong quanh dy nano ciing
¢6 dudng kinh 25 nm (giéng nhur nhiing hé trude
déay) v6i mot 16p oxit day 1 nm (glong nhu trong
nhimg hé trudce) ¢ déy cac cong trén tat ca bén mit
bén ctia kénh dugc noi chung. Hinh 13 mé ta cac
dudng dic tuyén I4-V, d6i v6i su thay doi dién ap
cuc mang khoang tir 0.25 V dén 1 V cho thiy FET
hoat dong & ché do nghéo va do doc dudi ngudng
khoang 53 mV/decade tai V4~0.75 V. bdi voi dién
ap cyc mang V4=0.75 V, ti 1¢ Ion/Iogr dugc xac dinh
trong khoang thay dbi dién ap tir -0.5 V dén 0.5 V
la 1.74x107. Gia tri nay t6t hon so voi cong
dang Q.
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Hinh 13: Dic tuyén 1s-V, cia NWFET ZnO cyc
cong dang bao vong quanh trng voi cac gia tri
Va khac nhau

Tir cac két qua mo phong ching t6i ciing tinh
thém cac thong s dic trung khic va so sanh cac
gi4 tri cua chung twong mg vai cac kiéu cong khac
nhau liét ké & Bang 1.
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Biang 1: Cac két qua md phéng ciia mdt sb thong sd vat Iy dic trung cia FET ting véi cac kiéu cong

khac nhau

R S Cong Cong Cong Cong Cong Cong bao
Cac thong so vat 1y don doi ba dangm  dangQ vong quanh
Dién ap ngudng Vi(V) -0.46 -0.33 -0.30 -0.29 -0.26 -0.263
Do doc dudi ngudng, SS
(mV/decade) 176 107 70 67 61 53
khi V¢=0.75 V
Dong bdo hoa, L4s(104 A) 1.85 223 1.94 1.24 5.91 7.33
Ton/Tott 35.3 958  7.3x10° 1.5x10% 3.95x10° 1.74x107
Do din truyén g, (10* uS/um) 1.35 1.56 4.15 431 4.45 5.44

Tu cac két qua trong Bang 1, chung ta thay
réng tinh thyuc thi linh kién da duoc cai thién tir
FET ¢6 ciu trac mot céng dén céu trac GAA. Pién
ap ngudng thay doi khong nhiéu, 6n dinh quanh -
0.3 V. Két qua mo6 phong ghi nhan c6 su cai thién
dang ké cac gia tri cua do déc dudi ngudng thay
d6i tir 176 mV/decade dén 53 mV/decade khi ting
s6 cong. Viéc ché tao nhiéu cong da loai bo dan
dugc dong dién ¢ trang thai tat (off-state) khi
khoang dao dong dién ap cuc cong khong ddi. Ti 1é
dong dién Low/loge duge ting cuong khoang sau bac
d6 16n tir 3.5 dén 1.74x10° khi ting sb cong. Tuy
nhién, dong di¢n ¢ trang thai md (on-state) va bao
hoa thi c¢6 gia tri thip theo két qua mo phong, day
1a nhitng gi tri dan truyén binh thuong. Trong khi
do, dong bao hoa las tang khoang 6 lan va do dan
truyen gm tang 1én khoang gan 4 lan, khi chung ta
tang sO cac cuc cong lén.

4 KET LUAN

Vi viée str dung cong cu Multi-gate Nanowire
FET, ching t6i dd nghién ciru cic cdu tric anh
huong dén tinh thyc thi cua NWFET ZnO. Chung
toi thay do6i cac hé cuc cong khac nhau nham cb
gang tim ra cdu trac tbi uu cho NWFET Zn0O.
Chung t6i khao sat sau cdu trac cuc cong khac
nhau (mot cong, hai cong, ba cong, cong dang T,
cong dang Q va cong bao vong quanh). Chung toi
ghi nhin dwoc rang transistor hiéu Gmg truong day
nano ZnO véi cdu trac cong bao vong quanh cd
tinh thyc thi tt nhét trong cac céu triic chung toi
mo phong.

Dé tim céu tric t6i wu hon ching t6i can tiép
tuc nghién ctru mo6 phong theo hudng gidm duong
kinh day nano, thay ddi chiéu dai kénh dan, khao
sat d6 co ngang cyc cong va thay doi ty 1& chidu
dai va chiéu rong kénh dan. Hon thé, viéc nghién
ctru moO phong theo cac hudng phan cuc khac nhau
cua vét liéu ZnO ciing can thiét.
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