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Figure 1 The theoretical simulation results on performance and power consumption of carbon-based and silicon-based integrated circuits [13]. (a)
Device models of a silicon-based FINFET and carbon-based planar transistor. (b) The EDP advantage of carbon-based integrated circuits compared to
silicon-based integrated circuits under different threshold voltages. (c) Comparison of Si and CNT MOSFET roadmaps down to 5 nm node [37] (color

online).
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Figure 2 Schematic diagram and key parameters of aligned-CNT to meet the needs of industrialization [40] (color online).

1459



R fRSRAE: BREECMOSTE R LB HOR: R FEBLR 5 ARk

KA BB I 1 AR A I ) £E 13° L. 20204 1% 1R 4H, S
R T 4 P PR ) F 20 2% (Dimension-limited  self-align-
ment, DLSA)” UK “DNAR# B 23 i 5=, fr#
EEEH AA T — A2 =S IR RS 2 &
AR SRR BRI, RS SEIN99.9999% 4L 2,
W2 T Ve RE B K B L B AR SR ik
R FRYURE BSR4 = 4P b,
W e AT RN, 5T e — 4 77 [ 4k,
11 =y 1 Y e B AT 0 2 b = E e A
— Y g Y R B o R SR T, T G R HES R B g
KA. X BRI VE T R oK A B A 1 % T AT DA
FEHIFE100~200H/pm, [ A2 iy 12 e B 5k B2 s FEL I
SRR ESR (F3). BRibz oh, ARYE RS 6 1E 1)
SEIRIR, BRANKAE B Z R EX R A 42 R 7E 8.3 1 Y
W, BRGKE I B AR A 6 7 1.45£0.23 nm, %7 {43
BRI BB GHAKAE 15 UR BBk 550 1l L B 1 A
FrRfE. 2 Fp“DNA B 431 77 U2 R FIDNA S X
TRIRAE PR REVE, A AR B K A [ 72 7E N DNA
ST, PRSI AT S FRDNA S Tt il LA 2
Vi) 25 A H ] — 8 (R AN OK BB, X k7 =15
BRI BRI AR GF, 45 56% HI BRI 4345 n] LA3E il 7E
1°LLA, 90% HIBH AR K A B I 3 A 42 I AE 7° A

22 BAOKE

RAOKE A IR PR, X5 T 24 R
] 4 T 1040 K B8 1F, CMOS FLBR R ~) g pd R4t
T RRRTT S, R T RANIRGOK LR AT T A
MEARA LA T2 T AE ), 35T B ARBRYN KA 1 31
LB 2P 2000 AT R A IR R T
— MBI, FPAEfl S PR RS, FScElY
Fefh S BINTY AR, H P RINTY )P BE X FR UG AT
(El4). % TAEER THHC T pm B AR E 7201 VI
JER, PR SRR A] DASE IS AN S L M G L, 7 R 5 #28
M (Subthreshold swing, SS)#190 mV/dec, ¥ Fg,i&
17.0 pS, MINZYGEAARE AT LSS AN I FF e tt, DA
J100 mV/decltISS, # Fg,N14.5 uS. NEIHIPHY () &
AT T AER AT BAEI2x 107" s, 3 BLBE 2 MK 19 45
T AZ /N, Franklin®F %0 20 620 104F 458 %6 7 T2
MR A 9K P A ik () P AR 8 1 RS 4 ek AT 2, AT
WS 7 VK E 3 umB 15 nm K80 R, Eix
ANIVEE K A 2 15 nm &4 Rl LA B =T

1460

a b) 100
@ (b) - =
104 o
Target CNT Top Gate S o ] 3
Pitch: 5-10 nm ‘ X T X e iion b
o ¢ NT ¢
4 o o
o.
=10 ol
o i
""" Oty trget 00001%” u
5 This
work:
usiity
T : P\Ic'h target: 5-10 nm. Reglon

1 10 100 200
CNT density (CNTs per um)

B 3 Bk 07 A AR B R o R R A 5 ) L SRR
KU (a) T RRIVKA M TMFET R B8, 3F HURRgAK A 7]
FRAES~10 nm, SAFRVE G, DRI, (b) &I TAEF S
TR 1) 55 P 5 2 AR B A P ) JRR s, 3 R 8 P 5 oK
F0 52 P v W R [X 35, 3 0T A ) 4 R PR €6 IX 35 o £ i
BRIR (LR

Figure 3 Transistor structure and material target for CNT-FET-based
digital IC technology [48]. (a) Schematic diagram showing a CNT-
based top gate FET with an ideal 5 to 10 nm CNT pitch. S: source, D:
drain. (b) Semiconducting purity versus the density of CNT arrays and
the utility region is marked as a blue hollow box. The result of this work
is located in the pink region, with a typical one marked as a red star
(color online).
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Figure 4 (a) Side view schematic of CNT-CMOS devices with a pair
of P- and N-FET. The P-FET is constructed by Pd-contact and the N-
FET is constructed by Sc-contact. (b) Symmetrical output characteristic
curves of the P-FET (blue lines) and the N-FET (red-lines). From
bottom to top, |Vgs| ranges from 0 to 2 V with a step of 0.05V [56]
(color online).
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Figure 5 Schematic diagram of carrier transport models of an on-state
transistor under the limit size. (a) Many carriers contribute to the
channel current in silicon-based MOSFET. (b) Only one carrier
contributes to the channel current in CNT-FET with 5 nm gate length
[4] (color online).
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Table 1 Comparison of key device metrics for various FETs and theoretical limits [4].

Si-based CMOS

CNT-FET CNT-FET

Limit (10 nm node) (10 nm) (5 nm)
Gate length (nm) 1.5 13.4~16.8 10 5
Gate delay (fs) 40 220 57 43
EDP (J s/um) - 6.79x107% 1.88x107 6.95%107"
Carrier density (1/um) - 1745 338 (2.7/CNT) 169 (1.35/CNT)
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Figure 6 (a) Schematic of Co-60 y-ray irradiation of radiation-damage-immune CNFETs. (b) Performance comparison of radiation-damage-immune
between CNT-FET and other FETs (the performance of CNFET in this work is marked as a red star) [68] (color online).
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Figure 7 Medium-scale integrated-circuits based on carbon nanotube films. (a) Image of a 100 mm carbon-based integrated circuit wafer. (b)
Microphotograph of a fabricated 4-bit adder based on network-CNTs [56] (color online).
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Figure 8 CNT-based multifunctional sensing platforms [84]. (a)
Small chip integrated with “gas”, “biology” and “light” sensing
functions. (b) CNFET-based 100 mm wafer integrated with gas sensing,
gene screening and cancer diagnosis modes. (c) 3D-integrated circuit
model integrated with signal detection, data transmission, storage and
computing system [84] (color online).
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Figure 9 CNT-based flexible intelligent integrated sensing system
[19] (color online).
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Figure 10 (a) Schematic images showing the “DLSA” process of preparing a wafer-scale aligned CNT array [48]. (b) Optical image of carbon
nanotube array deposited on 4-inch silicon wafer by “DLSA” method and cross-section TEM image of aligned-CNTs. (c) Power spectra of 65 CNT-
ROs under Vy=2.5 V. (d) Power spectrum of the best RO with the highest stage switching speed of 8.06 GHz (color online).
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Figure 11 A carbon-nanotube-based universal computing chip, chip RV16X-NANO [59]. (a) The flow chart and 3D to-scale rendered schematic of
RV16X-NANO. (b) Process schematic diagram of CNFET-CMOS. (c¢) 150-mm wafer containing 30 dies with 10400 CNFET-CMOS digital logic units.

(d) Symmetrical output performance of P-FET and N-FET (color online).
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Figure 12 EDA platform acts as a bridge between users’ demand and
semiconductor manufacturing (color online).
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Figure 13 Development roadmap of carbon-based electronic technol-
ogy [19,101] (color online).
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Carbon-based CMOS integrated circuit technology: development
status and future challenges
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University, Beijing 100871
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Abstract: Carbon nanotubes, with their unique electrical performance, quasi-one-dimensional size and stable structure,
hold great prospect to be the most ideal semiconductor material in post-Moore era. Significant process has been made in
carbon-based electronics. High semiconductor purity (better than 99.9999%) and high density (100~200 CNTs/um)
arrays of CNTs can be obtained on 4-inch wafer. The gate length of CNFET can be scaled down to 5 nm with better
performance than that of Si-FET. And the first carbon-based modern microprocessor, RV16X-NANO, has come out.
This paper reviews the development of carbon nanotubes in materials, devices and integrated circuits, as well as their
potential applications in some fields such as optoelectronics, sensor, display and radio frequency. Furthermore, this
paper lists a series of challenges faced by carbon-based CMOS integrated circuits to realize continuous development and
industrialization, and makes a further prospect for the development of carbon-based technology.

Keywords: carbon nanotube, CMOS transistor, integrated circuit, nanoelectronics
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