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Possible application of single-walled carbon nanotube
transistors for humidity sensor

Pil Sun Na, Hyojin Kim, Young Hwa Lee, Jeong-O Lee*, and Jinhee Kim**"

Abstract

The influence of water molecule on the electrical properties of single-walled carbon nanotube field effect transistors
(SWNT-FETs) was reported. Conductance suppression was observed with the increase of the humidity. This can be
explained by doping of the SWNT-FETs, which has p-type semiconductor characteristic, with the water molecules acting
as an electron donor. However, after 65 % of humidity, conductance of the SWNT-FETs started to increase again, due
to the opening of electron channels. Upon annealing at 400 °C in Ar atmosphere, conductance increases more than 500 %,
and the threshold voltage shifts toward further positive gate voltages. The results of this experiment support possible
application of single-walled carbon nanotubes for humidity sensing material.
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Fig. 1. A schematic diagram of the operation of single-
walled carbon nanotube humidity sensor.
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Fig. 2. Flow chart of fabrication process of CNT humidity
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Fig. 3. The optical microscope images of humidity sensor
and atomic force microscope image of SWNT
which was bridged by metal electrodes.
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Fig. 4. The sensing part of a SWNT humidity sensor
which was covered by interceptive PMMA layer.
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Fig. 5. I-V characteristics of SWNT humidity sensor with
varying relative humidity.

200 T T T T T

150 ~

I{nA)

I(nA)

100

37 %
41%

50 %
55% 1
60 %
annealed

50

LB B ]

i

4

v, ()

32 6 97w R el @A A e 1]
4 54}
Fig. 6. Change of I-V,, characteristics and I-V, characteri-
stics of SWNT device with annealed at 400°C.
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Fig. 7. Change of /-V, characteristics with varying relative
humidity. Inset shows the threshold voltage as a
function of relative humidity with the fit to the
exponential decay function (Solid line).

9] FE A W(Threshold Voltage; V)] 29 wHgo =

Fadhe AskE 2 Sl

=] uh2 SWNT FETQJ 8 kel #A
& Vyoe e A5 BANE 2 i5she A4S
Els # At 74 b AUFE0l AL g Bl dEo)
th Fxo og e Age] MalE B33 A e o
£ 2N = RPN 358 §i0,2] T
F3E EEA7F AAAQ charge trapo. 2 13 B

YR A7]A B4 wskE Ausiant. e 2
Aol A= T3] charge trap & Q13 A7) 4 B4
st 28 5ellA 9 Zho] AR TR o) dolA] Fxd)
3 AF] AS/HFEYE AHT F oS ¢ o o
Nom, o2| g ol o8 M| HEA ] sk

=72} AR} g A (electron donor) ¥ el 7)1 35
Aoz AR 7 vk 71FdAM dadieFRe p
G k=R 540l vehs @48 dYsie o% 5
sh7E dl7)5e] AR A SRR Qg A ole
AbaBAke] AR} 48 (electron acceptor)d & 913
Aoz AR il o] = ol oM
B Ve fEe) 3 BEARE AR 29 V)5

2 st pd WEEA] BaA b

FEA JoidzE F
o] ¥a V=FE ] A F AR ¢ (hole carrier)e] 224
THESRE, AR AR YehA HE Aotk o
AU F527F 65 % o1 B ARV F7shE Ao
HEE A=, ol = 9% Ao wkdog 7
g Ao Hojdir) & APE B3 B va

AX 8 A A 1478 A 535, 2005

o4 - 473
& charge trap “6‘4 AR 7]
AoE F4Hr} Zahab 5L €& V=R
ol g8t &AL AL FoAA o Lelec-
tron donor)yg K.} TH,

T3 B Ao 18 4o)A Zo] SWNT =41
Ao PMMAE ©]8-3l SWNTHE &= L% |

=0, o] AL Ak oz wiEA] A71F S5l
9\)\01)\-] _§_;q_x4 o] Oﬂtfok_ F= /\E7] X}tﬂ(Schottky
(224 w87 Sl o). 912k 22
ARE Foto] SEAFe] F2hdl o3 1714 Wt
£E7] Bulo] )9 ol luThE Ba thmpy
o] A= el g ANE & & AU

thefue] F4oR
) _
[<]
=

barrier)®] &

5 &4 =

£ AqdiM e vhieA o ga YRR A7)H

FEE JAM Y FEEEAH] G A

A7 65 % e £EZ7le] wat vheA] a7

B iR AYEAE 7hASIEEY 2 Yo

23 SWNT9 %Z.‘El% ERRbe AA}; g Al (elec-
3 b

tron donor) & & 5l =4 SWNTS t}= A
el FFA ol AEE 7HH 7] wEoltt 12
I A YR FAEHE EreEE)e] o8 v
=FEe A7AEA Wl AFslth Fe-EE A
[V Ag= B BA (Vo ey & F D539
th £ A7exe FHY FEETADY TS i
FB A% &84 A 5 gS-E AFFG oA, o
‘3161- Fiol o8 J3g HFA SR o]-&-3 SWNT
FEAAE AT AZE e g5 A=

65% oIRl Gl AFH RO WAsIe), AF
no} Fro N7He AR AL SWNTY| E3to
N AHe) ZAPEE 20 SEANZS $-40) s
¢S Aoz dEn)

e—

o

Mo

[1] M. Dresselhaus, G. Dresselhaus, and P. Avouris,
“Carbon nanotube synthesis, structure, properties,
and applications”, Springer-Verlag, Berlin, 2001.

[2] S. lijima, “Helical micro-tubules of graphite car-
bon”, Nature, vol. 354, pp. 56-58, 1991.

[3] S. J. Tans, A. R. M. Verschueren, and C. Dekker,
“Room-temperature transistor based on a single car-
bon nanotube”, Nature, vol. 393, pp. 49-52, 1998.

[4] A. bachtold, P. Hadley, T. Nakanishi, and C. Dekker,
“Logic circuits with carbon nanotube transistors”,

~334-



Science, vol. 294, pp. 1317-1320, 2001.

[5] V. derycke, R. Martel, J. Appenzeller, and P.
Avouris, “Carbon nanotube inter- and intramolecu-
lar logic gates”, Nano Lett., vol. 1, pp. 453-456,
2001.

[6] M. S. Fuhrer, B. M. Kim, T. Durkop, and T.
Brintlinger, “High-mobility nanotube transistor
memory”, Nano Lett., vol. 2, pp. 755-759, 2002.

[71 M. Radosavljevic, M. Freitag, K. V. Thadani, and
A. T. Johnson, “Nonvolatile molecular memory ele-
ments based on ambipolar nanotube field effect
transistors”, Nano Lett., vol. 2, pp. 761-764, 2002.

[8] K. Besteman, J. O. Lee, F. G M. Wiertz, H. A.
Heering, and C. Dekker, “Enzyme-coated carbon
nanotubes as single-molecule biosensors”, Nano
Lett., vol. 3, pp. 727-730, 2003.

[9]1 A. Star, J. C. P. Gabriel, K. Bradley, and G. Gruner,
“Electronic detection of specific protein binding
using nanotube FET devices”, Nano Lett., vol. 3,
pp- 459-463, 2003.

[10] J. Kong, N. R. Franklin, C. Zhou, M. G. Chapline,
S. Peng, K. Cho, and H. Dai, “Nanotube molecular
wires as chemical sensors”, Science, vol. 287, pp.
622-625, 2000.

[11] J. Zhao, A. Buldum, J. Han, and J. P. Lu, “Gas mol-
ecule adsorption in carbon nanotubes and nanotube
bundles”, Nanotechnology, vol. 13, pp. 195-200,
2002.

[12] T. Someya, J. Small, P. Kim, C. Nuckolls, and J.
Yardley, “Alcohol vapor sensors based on single
walled carbon nanotube field effect transistors”,
Nano Lett., vol. 3, pp. 877-881, 2003.

[13] J. Kong, M. Chapline, and H. Dai, “Functionalized
single walled carbon nanotubes for molecular
hydrogen sensors”, 4dv. Mater., vol. 13, pp. 1384-
1386, 2001.

[14] A. Star, T. R. Han, V. Joshi, J.-C. P. Gabriel, and G.
Gruner, “Nanoelectronic carbon dioxide sensors”,
Adv. Mater., vol. 16, pp. 2049-2052, 2004,

| egEAd $87RY 4 45

[15] R. J. Chen, H. C. Choi, S. Bangsaruntip, E. Yenilmez,
X. Tang, Q. Wang, Y.-L. Chang, and H. Dai, “An
investigation of the mechanisms of electronic sens-
ing of protein adsorption on carbon nanotube
devices”, J. Am. Chem. Soc., vol. 126, pp. 1563-
1568, 2004.

[16] W.Kim, A. Javey, O. Vermesh, Q. Wang, Y. Li, and
H. Dai, “Hysteresis caused by water molecules in
carbon nanotube field-effect transistors”, Nano
Lett., vol. 3, pp. 193-198, 2003.

[17] B. G Streetman, Sanjay Banerjee: Solid state
eletronic devices, Prentice-Hall. Inc, 2000.

[18] S. D. Moss, J. Janata, and C. C. Johnson, “Potas-
sium ion-sensitive field effect transistor”, Anal
Chem., vol. 47, pp. 2238-2243, 1975.

[19] J. Kong, H. Soh, A. M. Cassell, C. F. Quate, and H.
Dai, “Synthesis of individual single-walled carbon
nanotubes on patterned silicon wafers”, Nature, vol.
395, pp. 878-881, 1998.

[20] A. Star, T.-R. Han, V. Joshi, and J. R. Stetter, “Sens-
ing with nafion coated carbon nanotube field-effect
transistors”, Electroanalysis, vol. 16, pp. 108-112,
2004.

[21] P. G. Collins, K. Bradley, M. Ishigami, and A. Zettl,
“Extreme oxygen sensitivity of electronic properties
of carbon nanotubes”, Science, vol. 287, pp. 1801-
1804, 2000.

[22] A. Zahab, L. Spina, P. Poncharal, and C. Marliere,
“Water-vapor effect on the electrical conductivity of
a single-walled carbon nanotube mat”, Phys. Rev. B,
vol. 62, pp. 10000-10003, 2000.

[23] V. Derycke, R. Martel. J. Appenzeller, and P.
Avouris, “Controlling doping and carrier injection
in carbon nanotube transistors”, Appl. Phys. Lett.
vol. 80, pp. 2773-2775, 2002.

[24] S. Heinze, J. Tersoff, R. Martel, V. Derycke, J.
Appenzeller, and P. Avouris, “Carbon nanotubes as
schottky barrier transistors”, Phys. Rev. Lett., vol.
89, pp. 106801, 2002.

L} ® M (Pil Sun Na)

< [AAE3A) A 14, A%, p. 22] B2
< B B AR upek

-335-

Z1
=

Fol

Tl (Hyojin Kim)

+1993. 2. FEAN e SAGE
- A et Augstat W

J. Sensors Soc., Vol. 14, No. 5, 2005



46 WA - HEX - 0|93 - o]F L - A1

Ol ¥ s} (Young-Hwa Lee)

=

« AAMEEA] A 144, A1E, p. 22] B2
A Fddizhe A7 g vy

ook

Z T 8| (Jinhee Kim)

+1995. 2. 3T ZH(|3Hh
+1997. 8. NIST A7

a7el

A &3 A A 144 A53E, 2005

- EA) BEDATH AREATE A9

0l 8 2 (Jeong-O Lee)

+2001. 8. AR Y18}

+2001. 9. YAF= dzE Faoet 4hA97Y
- EA) =T NYAT

« Z2FHA RO} ; Hlo| 2 AM, LA T

—-336 -



