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Fig. 1. Schematic illustration of the AuCls-doped CNFET

device.
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Fig. 2. (a) Optical image of the CNFET device; (b) AFM image; (¢) SEM image of AuCl;-doping CNT; (d) energy-dispersive X-ray

spectroscopy (EDX) mappings of the Au element.

105

(a) —— Undoped

. —— Doped
10-%F
10-7F
< 10-%¢

=

109
10-10L

10-11 L L L L L

—40 —20 0 20 40

Vi/V

| (b)

Iys/nA

—15F

—20} =

—25

-5 -2 -3 -2 -1 0
Vds/v

3 BIRTE AN SRS e R R TR I 28 LA S4B 20 S5 b A 387 10 o R P o 2
Fig. 3. (a) Transfer curves (I V,) of pristine and AuCls-doping CNFET; (b) output curves (I Vg,) of the AuCls-doping CNFET.
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Fig. 4. Modulation of the AuCl; concentration on the electrical performance of CNFET: (a) Raman Spectra of the CNT under dif-

ferent doping concentrations; (b) the transfer curves (I V,) of a CNFET device with different doping concentrations, with the

g
drain-source voltage fixed at —1 V; (c) threshold voltage value of the doped CNFET device as a function of AuCly concentration.
The inset illustrates the calculation method of threshold voltage extracted from transfer curves; (d) ON/OFF current ratio (I,,/ L)

and the field-effect mobility ratio (#ratio = Maopea/Hpristine) a8 @ function of the doping concentrations.
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Fig. 5. (a) ON/OFF current ratio (I,,/I) and threshold

voltage value as a function of annealing temperature; (b) field-
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annealing temperature.

3.4 AuCl; BZEAMNIES

RIRA ST AuCly B2 %] TRk 9 K HL 745
R RENA, SR FH T2 B pR O I 5 — PR SR T
T IERTR K AE TN 4 /GRS REHAT T RSE
PERIIFSE . AR SCHTR FH B2 p BLP SRR KA,
TEFEAT AL S BN IR A KA 1 T HEFR B0
(10, 0), FHARIREE R 75T M, SR DRAEAS [R] Al 4 oK
BRI T Z M H/NMEE AT 10 A, i
Bk E Ha=0b=2006,c=427, a=08=090°~=
120°, WA 6(a) Fi7R. X F 4 /BRANKAE B4 &

238801-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 23 (2021) 238801

gt R T 1x 1x 3N, Ml f—a
J7F, MRS 6(b) BiR. T X BR RGN
REAT S A EA T RS B IR A, SR GGA-PBER)
17 R IR LT B S OCHRAE . e S0 M, Syl 6 %
XTI L T PR B DR A IR, 2RI T
i (PAW) J7 1% 26271 S i J5 48 T R I &
520 eV . i i Monkhorst-Pack 77X} 7 HLPH X 28]
BEATRAE, b 25 ARAEEE BN 0.03 x 2n. 7RI
THMHT, X TR RGE AT I8 s AL, t
SRR E A BT ZSIAKTF 1.5 x 107%eV/A.
FETHA IR 2257 B BERT, SR Ap = pawsont — pau—
pont BYFE SC, T R 223 v fr 5 FE A% 6(c)

(e)

Jis. T RE A5 AT, BTk E R —4ELh
My, T RREERR R R T — 7, BRI RE 45
AU 6(d)—(f) Fias. (10, 0) BRAKAT 1 RE
G P BIVE ORIV S NN I <
15 2 (192 B R 0.509 eV, fi i FL - 1A R
—0.128mg. M 5] A S XK EHATHB I, W
Kl 6(e) AR, 2507 H 51 AT — 5540 R STMk 0 24
FEfe, T MR IEHEE R 1.5V, BRGUORE M
FIEE— 55 L E A R R A SR T S
AZIEEF iz Re s, WiE 6(c) PR, gk
BT SRS A IR, NI 28 7
ABIBRGOKAE R, 774 p BIB A, XIS T A4S

(@ 2.5
2.0

1.5}
1.0F
0.5

0

Energy/eV

—0.5}

—1.0}

—1.5}

—2.0k

—2.5
r

S]
Energy/eV
=
o

O

2.5
)
2.0
15}
1.0 M
+ PBAND _C > 05 — Total DOS
« PBAND_Au < — PDOS_C
% 0f PDOS_Au
[}
5 —o05f

DOS

6 (a), (b) RN 54 /MUK E B RIS ; (c) & /BRAUKRAT I R 220 IR (d) (10, 0) B 40 KA 1 REZF 45 44 ],
HEZ R PR BELL; (o) & /BRINKAE R RET A MBI BT, KON EA kAU BRIT R B, @0 80T R X
BIALTE ; (f) 4 /IROK T RIS M BB RS, BOATLANBEEE, KEOLL B RMRTRNSEE, B 6L NH

R B ITR IS

Fig. 6. (a) (b) Crystal structures of CNT and Au/CNT are presented in; (¢) Au/CNT difference charge density plot; (d) band struc-
ture of (10, 0) CNT, with dash line the Fermi energy; (e) band structure and projected band structure of each element, with solid
line the total bands, gray bubble the projected weights of C, orange bubble the projected weights of Au; (f) total DOS and projec-
ted DOS, with black solid line the total DOS, gray solid line PDOS of C, orange solid line PDOS of Au.
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Modulation of electrical properties in carbon nanotube
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Abstract

Carbon nanotube-based field-effect transistors (CNFETSs), as a new generation of nanodevices, are still
difficult to apply to actual logic circuits due to the lack of a mature threshold voltage control mechanism. Here
in this work, a feasible and large-scale processing surface doping method is demonstrated to effectively modulate
the threshold voltage of CNFETs through the p-type doping effect of gold chloride (AuCls). A comprehensive
mapping from electrical parameters (I,,/ I, Vi, and mobility) to doping concentration is carefully investigated,
demonstrating a p-doping effect induced by surface charge transfer between Au®* and carbon nanotube
networks (CNTs). Threshold voltage of CNFETs can be effectively adjusted by varying the doping
concentration. More importantly, the devices doped with low concentration AuCl; exhibit good electrical
properties including greatly improved electrical conductivity, 2—3 times higher in mobility than intrinsic carbon
nanotubes. Furthermore, the effects of annealing on the electrical properties of the AuCls-doping CNFETSs are
studied, demonstrating that the p-type doping effect reaches the optimized state at a temperature of 50 °C.
Finally, first-principles calculation method is used to verify the doping control mechanism of Au?* to carbon
nanotubes. This research provides important guidance for realizing large-area low-power logic circuits and high-

performance electronic devices in the future.

Keywords: carbon nanotube networks, surface doping, threshold voltage modulation, density functional

theory
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