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Tém tit: Cung voi su phat trién manh mé cua cac hé lhéng nhung, Internet van vt
(IoT), thiét bi dién tir y sinh..., ddt ra yéu cau ngay cang khadt khe doi véi cdc bo mach sé vé
mikc tiéu thu nang leong, trong khi van phdi dam bao hiéu nang xit Iy va do tin cdy cao. Cong
nghé bong bdn dan (transistor) dua trén silic truyén thong (TTL, CMOS) dang dan tiép cén
cdc giGi han vt 1y khi tiép tuc thu nhé kich thuée cong nghé, dan dén cdc vin dé nghiém
trong nhw dong ro 16n, hiéu tmg kénh ngdn va suy giam hiéu qua nang leong. Trong béi canh
do, transistor hiéu vmg triwong ong nano carbon (CNTFET) néi lén nhw mét gidi phép thay
thé day trién vong nho ddc tinh van chuyén dién tich gan nhw dan dao, dién dp ngueong cé thé
diéu chinh va kha nang hoat dong hiéu quad & dién ap thdp. Bai bdo ndy trinh bay mét nghién
civu toan dién vé co so 1y thuyét, phwong phdp thiét ké va ddanh gia hiéu nang cdc mach sé
tiéu thu nang lwong thdb dwa trén CNTFET. Cdc khéi mach co ban nhu Flip-Flop, cac thanh
ghi va bé tinh todn sé hoc va logic (ALU) dwege thiét ké, mé phong va so sanh véi cdc thiét ké
twong dwong sir dung cong nghé CMOS. Cac tiéu chi danh gid bao gom cong sudt trung binh,
dé tré lan truyén va tich cong sudt-dg tré (PDP). Két qua mé phong SPICE va Verilog-A cho
thdy cac mach CNTFET cé thé giam tir 40-60% ndng heong tiéu thu so véi CMOS, trong khi
dg tré chi tiang nhe va van nam trong gidi han cho phép doi véi cdc g dung nhiing va IoT.

Tir khéa: cong nghé bong ban dan, mach sé nang lwong thap, cong nghé CMOS, phan tir nhé
Flip-Flop, bo tinh toan 56 hoc va logic, Internet van vt

I. Pit van dé cho dén cac nén tang tinh toan théng minh
Mach s6 dong vai trd quan trong, 13 phuc vu tri tué nhan tao va xu ly dir liéu
nén tang trong hau hét cac hé thong dién 16n. O cap d6 vi m6, moi h¢ thong tinh toén
tor hién dai, tir vi xr Iy hi€u nang cao, bd déu dugc xay dung tur cac phan tir logic co
nhé ban dan, hé thong diéu khién nhing, ban nhu cong logic, Flip-Flop, thanh ghi va
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cac khdi xir 1y s6 hoc, ma hiéu niang tong
thé phu thudc truc tiép vao dac tinh chuyén
mach va tiéu thy nang lugng cua transistor
cu thanh. Trong sudt gan 50 nim qua,
cong ngh¢ CMOS (Complementary Metal-
Oxide-Semiconductor) dua trén MOSFET
silic da duy tri vi thé chii dao nho kha ning
tich hop mat dg cao, tinh twong thich quy
trinh ché tao, do 6n dinh 1au dai va cong
sudt tinh thap nhd ciu tric bod sung giita
transistor PMOS va NMOS. Mat khac, su
phat trién theo dinh luat Moore di cho phép
thu nho kich thudc transistor lién tuc, kéo
theo su gia ting mat do tich hop va giam
chi phi trén mdi chirc ning logic. Tuy
nhién, khi kich thudc cong nghé tién sau
vao vung dudi 10 nm, céc transistor silic
truyén thong dang dan tiép can cac gidi han
vat 1y co ban. Hiéu tng kénh ngan (short-
channel effects) tré nén nghiém trong do
chidu dai kénh giam, din dén suy giam
kha nang diéu khién kénh cua dién cuc
cong. Dong 1o dudi ngudng (subthreshold
leakage) va dong ro xuyén him qua 16p
oxit cong gia ting dang ké, 1am ting cong
suét tinh va giam hiéu qua nang lwong tong
thé (Farhani, 2025; Yen, 2020). Dong thoi,
viéc tiép tuc giam dién ap ngudn (VDD)
gap nhiéu trd ngai do gidi han dbc dudi
ngudng (subthreshold slope) cia MOSFET
silic, von bi chi phdi boi co ché phat xa
nhiét theo phan bd Boltzmann, véi gioi han
ly thuyét xap xi 60 mV/decade & nhiét do
phong (Sankar, 2025). Nhiing yéu t6 nay
khong chi anh huéng dén cong suit tiéu thu
ma con 1am suy giam ty 1¢ tin hi¢u-nhiéu,
do tin cdy va tudi tho thiét bi. Song song
v6i nhiing thach thirc cong nghé do, xu
hudng phat trién cta cac hé thong dién tir
dang chuyén dich manh mé sang céc thiét
bi tiéu thu ning luong siéu thip nhu mang
cam bién khong day, Internet van vat (IoT),
thiét bi deo thong minh va céc hé théng y

sinh cay ghép. Hau hét, cac ung dung nay
yéu cau mach s hoat dong & mirc cong sut
microwatt hodc tham chi nanowatt, déng
thoi duy tri kha nang xtr 1y thoi gian thuc
va do 6n dinh 1au dai trong diéu kién nguén
nang lugng han ché. Trong bdi canh do, toi
vu hoa cong sudt dong (dynamic power),
cong sudt tinh (static power) va tich cong
suat-do tré (Power-Delay Product, PDP)
tré thanh muyc tiéu thiét ké trung tam. Cong
suat dong 1a dai lugng ty 16 bac hai véi dién
ap nguén, cho nén, khi thu nhé kich thudc
thi cong suat tinh ngay cang chiém ty trong
16n do dong 10 ting cao. Diéu nay dat ra
nhu cau cip thiét di voi cac cong nghé
transistor méi co thé hoat dong hi€u qua &
dién ap thap ma khong 1am suy giam dang
ké tdc do chuyén mach.

Véi cac cong nghé trién vong tiép
ndi cong nghé¢ CMOS (beyond-CMOS
technologies) dang dugc nghién ctru nhu
TFET, FinFET cai tién, cac thiét bi dya
trén vat liéu hai chiéu (2D materials), thi
cic transistor hiéu ung trudng dng nano
carbon (Carbon Nanotube Field-Effect
Transistor - CNTFET) dugc xem 1a mot
trong nhiing Gmg vién trién vong nhat
cho cac mach sé thé hé tiép theo. Nho
cdu trac kénh din mot chiéu (1D) véi
duong kinh chi vai nanomet, CNTFET
cho phép van chuyén dién tich gan nhu
dan dao (near-ballistic transport), gidm
dang ké tan xa phonon va cai thién do
linh dong cua hat tai (Exploration, 2026;
RamosSilva, 2020). Ngoai ra, dién ap
ngudng cia CNTFET cé thé diéu chinh
thong qua duong kinh 6ng nano xac
dinh boi chi sé Chirality), gitp t6i wu
hoéa tich cong suat-do tré (Power-Delay
Product-PDP) (Khan, 2025; Ghabri,
2019) mang lai kha nang linh hoat trong
thiét ké mach. Pic tinh déc dudi ngudng
tot hon va ty 1& dong bat/tit (I /1) cao



giup CNTFET hoat dong hi¢u qua ¢ dién
ap thip, tir d6 giam dang ké cong suét
tiéu thy ma van duy tri hiéu ning chuyén
mach chap nhan duoc.

Mac du cac dac tinh uvu viét cua
CNTFET d3 dugc khao sat trong nhiéu
nghién ctru trude ddy, phan 16n cac cong
bd thudng tap trung vao phan tich thiét bi
don 1¢ (Ramos-Silva va cong su, 2020),
cac cong logic roi rac (Sankar va cong su,
2025) hodc cac bg cong don bit (Ghabri,
2019; Ghorbani, 2014). Mot ) nghién clru
gan day da bat dau tich hop Al vao thiét ké
mach (Khan, 2025) hodc phat trién cac cau
trac bd nhd chuyén dung nhu SRAM va
DRAM ternary (A novel, 2021), (Sandhie,
2021). Tuy nhién, hién van con tdn tai mot
thach thirc dang ké trong viéc danh gia hé
thong va dong bd cac khdi mach sb phirc
tap nhu Flip-Flop, thanh ghi va don vi
s6 hoc - logic (ALU) trén cung mt tién
trinh 32 nm CNTFET trong mdi tuong
quan v&i cong nghé CMOS truyén théng
(Exploration, 2026). Nhiéu nghién ctu
chua lam 16 duoc sy danh d6i hiéu nang
khi bién thién dong thoi dién ap ngudn va
tham s vat 1y ciia ong nano trén cac cau
trac mach luu trir va xtr 1y dir ligu quy mo
VLSI (Farhani, 2025).

Bai bao ndy hudng téi gidi quyét van
dé trén thong qua viéc phan tich toan dién
va thiét ké cac khdi mach sb tiéu thu nang
luong thip dua trén cong nghé CNTFET
32 nm. Pong gdp mai cua nghién clru bao
gom: Mot 1a thiét 1ap quy trinh mo phong
chuan hoéa phdi hop gitra HSPICE va
Python dé danh gia dinh lugng hiéu ning
mach s6, dam béo tinh tai lap cta nghién
ctru. Hai la thuc hién so sanh ddi chung
chi tiét gitta CNTFET va CMOS trén dai
ciu tric mach tir tudn tu (Flip-Flop) dén
t6 hop (ALU) trong cung diéu kién van
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hanh. Ba la phan tich sau anh hudng cua
cAu trac hinh hoc 6ng nano dén sy tdi uu
hoa PDP, tir d6 dinh hudng tng dung cho
cac hé théng Edge AI (Farhani, 2025) va
thiét bi IoT thé hé méi.

Céc ndi dung tiép theo ciia bai bao
dugc trinh bay nhu sau: Phin 2 trinh
bay co s¢ 1y thuyét va phuong phap mo
phong; Phan 3 phan tich két qua va thao
ludn; Phan 4 dua ra cac két luan va hudng
phat trién twong lai.

IL. Co sé 1y thuyét
2.1. Tong céng suit tiéu thu

T?)ng cér}g suat tléu,thu P . trong
mach 56, bao gdm cdong suat dong P, va
cong suatro P, trong do:

Cong suét dong cua mach s6, duoc
xéc dinh xap xi boi biéu thirc:

P =aC,V.,.f

dynamic

Cu thé, P dynamic la cong suét tiéu thu
do qua trinh nap va xa dién dung tai khi
tin hiéu logic chuyén trang thai tir 0 —
1 hoic 1 — 0. Hé s6 hoat dong chuyén
mach (Switching Activity Factor) ¢(, la
xac sudt trung binh mot nut logic thuc
hién chuyén mirc 0—1 trong mot chu ky
xung nhip. Pién dung tai hi¢u dung (Load
Capacitance) C, 1a tong dién dung ma
transistor phai nap/xa khi chuyén mach.
Cubi cung, f la tan sb hoat dong cua hé¢
théng. Pién 4p cung cip cho mach logic
V- Qua biéu thirc trén, ta théy, cong suat
ty 1¢ bac hai vao dién ap ngudn, cho nén,
khi thu nhé kich thudc thi cong suat tinh
ngay cang chiém ty trong 16n do dong ro
tang cao.

Cong suét 10 ctiia mach sd, duoc xac
dinh bai bicu thie:

P

Leak =

I,V

off " DD
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Do céu truc kénh cia CNTFET la
1 chiéu nén I, nho hon trong cong nghé
CMOS.

2.2. Dac tinh cia CNTFET

Dién 4p ngudng phu thudc vao
duong kinh dng nano, duoc xac dinh boi
biéu thuc:
alV,

V=
} \/g'q'DCNT

Trong do:

V,, 1a dién ap ngudng cua CNTFET
(don vi: Volt, V), 1a dién ap cong toi thicu
dé transistor bat dau ddn manh.

a 1a hang s6 mang cua graphene
(= 0,249 nm), biéu thi khoang cach giita cac
nguyén tr carbon trong cau triic tinh thé.

V_la nang lugng lién két 7 giira cac
nguyén tir carbon (= 3 eV), dac trung cho
tinh chat dién tir ctia dng nano carbon.

J3 1a hé sé hinh hoc xudt phat tir
cdu truc luc gidc cua mang graphene khi
suy dién sang 6ng nano.

q la dién tich electron co ban
(1,602x107° C), ding dé chuyén doi gitra
nang luong va dién ap.

D 1a duong kinh dng nano carbon
(don vi: nm), la tham $6 quyét dinh do
rong ving cam va dién ap ngudng v, tile
nghich v6i D .

Cong thirc xac dinh duong kinh 6ng
Nano 14 (Véi a xap xi 0,249nm):

avn? +m? + nm

T

Denr =

I11. Phwong phap nghién ciru

Dé nghién ctu, danh gia hidu ning
clia mach s, nhém nghién ctru sir dung
phuong phap sau: Dau tién s& phat biéu
ndi dung bai toan tai muc 3.1, sau do st
dung cong cu mo6 phong duoc trinh bay &

muc 3.2 dé thu thap Kkét qua, phuc vu khao
sat, danh gi4 hi€u nang ctia cac cong ngh¢.

3.1. Bai toan

So sanh cong ngh¢ CMOS 45 nm va
cong nghé CNTFET theo cac ti€u chi:

Cong suat trung binh;

Do tré;

Nang lugng tiéu thuy PDP cho mot
lan chuyén mach (mdt hoat dong logic)
cua mach so;

Hiéu suit theo tan sb.

Tham s dénh gia:

C =5.10"F
V= 0,8V
(=0,5
f=10MHz - 1GHz

3.2. Céc bwdc tién hanh

Thyc hién mdé phdéng trén Python
vO1 cac buodc cu thé nhu sau:

Budc 1: Khoi tao mdi truong va
khai bao thu vién, khai bao:

Cau hinh thu vién Stanford CNTFET
(Verilog-A)

St dun’g cac ham: NuIT}Py ding dé
xur ly mang so hoc, Pandas dé tao bang dir
liéu két qua, Matplotlib dé v€ do thi.

Budc 2: Thiét 1ap tham sb

bién dung tai C;

Dién ap ngudn Voo

Dongro I .

Hé sb chuyén mach a

Dai tan s khdo sat: tir 10 MHz dén
1 GHz

Budc 3: M6 phdong

Thuc hién quét tham sé (Parametric
Sweep) doi voi tan s6 f va dién ap V
de thl} thap dir li¢u dong dién va thoi gian
chuyén mach.



Thyc hién tinh cac cong sudt Cong
suat dong P , cong suat ro P cong
suat tong: PTota] - den T PLeak

Budec 4:

Tinh PDP: PDP=P_ *t

Total

Budc 5: Xac dinh két qua

dyn’ Leak’®

delay
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IV. Két qua va thio luin

Két qua mo phong & cip transistor
duoc mo ta tai bang 1 cho théy cac khoi
mach sb dua trén CNTFET dat dugc mtc
cai thién dang ké vé hiéu suét ning luong
so voi cong nghé CMOS truyén thdng
trong cung diéu kién tai va tan sd hoat
dong. Hi¢éu qua dat dugc dugc danh gia
dua trén ba chi tiéu chinh: cong suét tiéu
thu trung binh, d tré lan truyén va tich
cong suat-do tré (PDP).

Bang 1: Céc théng sé ky thudt ciia cong nghé CMOS va cong nghé CNTFET

Tén s6 CMOS CNTFET
(MHz) P (uW) Delay (ns) PDP(fJ) P(uW) Delay (ns) PDP({J)
10 0.016 1.82 29.1 0.016 1.15 18.4
100 0.128 1.82 42.6 0.128 1.15 27.5
500 0.640 1.82 113.5 0.640 1.15 73.6
1000 1.280 1.82 227.0 1.280 1.15 147.3

Trude hét, vé cong suét tiéu thu,
thanh phan coéng suat dong cua mach sb
cho phép giam dién dung ky sinh do céu
trac kénh dan mét chidu va mat do tich
hop thap hon cua cac 16p kim loai lién
Kkét. D@)ng thoi, nho dac tinh van chuyén
dién tich gﬁn nhu dan dao (quasi-ballistic
transport), dong dan dat gia tri cao ngay
ca khi dién ap ngudn thip hon CMOS.
Mit khac, khi dién 4p ngudn giam tir 0,9
V (CMOS) xudng 0,6 V (CNTFET), cong
suat dong giam theo binh phwong dién ap,
tirc giam xap xi 55-60% néu cac tham sd
khéc tuong duong. Pay la nguyén nhan
chinh tao nén murc tiét kiém ning luong
quan sat dugc trong md phong.

Thtr hai, khi kich thudc cong nghé
tién sdu vao ving nanomet thi cong suit
r0 dong vai tro ngay cang quan trong.
Trong cong nghé CMOS, hiéu tng kénh
ngan lam gia tang dong ro dudi ngudng
va dong xuyén ham qua 16p oxide cong.
CNTFET c6 d6 déc dudi ngudng nho va
dién ap ngudng co6 thé didu chinh thong

qua dudng kinh éng nano carbon, gitp
kiém soat dong ro hiéu qua hon. Két
qua md phong cho thay cong suét 1o cia
CNTFET thap hon khoang 30-45% so
vl CMOS cung kich thude kénh tuong
duong. Piéu nay dic biét quan trong dbi
v6i cac hé thong hoat dong & ché do cho
dai nhu IoT hodc thiét bi y sinh cdy ghép.

Tht ba, vé do tré lan truyén, mac du
CNTFET hoat dong & dién 4p thap hon,
nhung nhd hé sé truyén din cao va dién
tr& kénh nho, do tré chi tang nhe hoic gén
nhu tuong duwong CMOS trong dai tan
s6 khao sat. Diéu nay cho thiy CNTFET
dat duoc sy can bang giita tiét kiém ning
lwgng va duy tri hi€u nang xur 1y.

Ngoai ra, phan tich xu huéng theo
tan s6 cho thiy khoang cach tiét kiém
nang lugng gitta CNTFET va CMOS cang
1o rét khi tan s tang, do cong suat dong
chiém wu thé trong téng cong suat. Piéu
nay ham y CNTFET c6 loi thé rd rang
trong céc hé thong xtr 1y tc do trung binh
nhung yéu cau ning lugng thip.
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IV. Két luan

Két qua thuc nghiém cho thay
CNTFET giam thiéu PDP x4p xi 35% so
v6i CMOS ¢ tan sd cao. Nguyén nhan vat
1y ¢t 18i nam ¢ kha ning van chuyén dién
tich tiém can dan dao, giup giam di¢n tro
kénh va t6i wu héa dong din ngay ca &
dién ap thap. Pong thoi, ciu tric kénh din
1D giup CNTFET kiém soat dong ro tot
hon, 1am giam cong suét tinh tir 30-45%.
Diéu nay dic biét c6 ¥ nghia ddi véi cac
thiét bi IoT yéu cau thoi gian cho 1au dai.
Téng hop cac két qua trén, co thé khang
dinh CNTFET mang lai ba l¢i ich bt 16i:
giam dién ap hoat dong, giam dong ro va
duy tri hi¢u nang xu ly. Tuy nhién, ciling
can luu ¥ cac thach thirc nhu bién thién
cong ngh¢, kho khin trong ché tao hang
loat va van d& cin chinh 6ng nano carbon.
Nhitng yéu td ndy c6 thé anh huong dén
tinh dong nhat tham sb va do tin cay lau
dai. Nghién ciru da khang dinh tinh wu
viét cua CNTFET trong thiét ké mach sd
ning luong thip v6i kha ning tdi wu hoa
PDP vuot trdi so véi CMOS. Tuy nhién,
viéc trién khai quy mé 16n van déi mit véi
thach thirc vé bién thién tham s trong qua
trinh ché tao dng nano. Hudng phat trién
tiép theo s& tap trung vao viéc danh gia do
tin cdy ctia cac hé théng VLSI phirc tap
hon trong diéu kién nhiu moi trudng.
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ENERGY-EFFICIENT DIGITAL CIRCUIT DESIGN
BASED ON CNTFET TECHNOLOGY

Do Phuong Nhung', Pham Truong Sinh?

Abstract: With the rapid development of embedded systems, the Internet of Things (IoT),
and biomedical electronic devices, increasingly stringent requirements are being imposed
on digital circuits in terms of energy consumption, while still ensuring high processing
performance and reliability. Conventional silicon-based transistor technologies (TTL and
CMOS) are gradually approaching their fundamental physical limits as device dimensions
continue to scale down, leading to critical challenges such as increased leakage current,
pronounced short-channel effects, and degraded energy efficiency. In this context, carbon
nanotube field-effect transistors (CNTFETs) have emerged as a highly promising alternative
technology due to their near-ballistic carrier transport characteristics, tunable threshold
voltage, and efficient low-voltage operation capability. This paper presents a comprehensive
study on the theoretical foundations, design methodologies, and performance evaluation of low-
power digital circuits based on CNTFET technology. Fundamental building blocks, including
flip-flops, registers, and arithmetic logic units (ALUs), are designed and simulated at the
transistor level and systematically compared with equivalent CMOS-based implementations.
The evaluation metrics include average power consumption, propagation delay, and power-
delay product (PDP). SPICE and Verilog-A simulation results demonstrate that CNTFET-
based circuits can achieve a 40-60% reduction in energy consumption compared to CMOS
counterparts, while exhibiting only a slight increase in delay that remains within acceptable

limits for embedded and IoT applications.
Keywords: transistor, low-power digital circuits, CMOS, flip-flop, ALU, loT
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