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WFFERE R OMEEE (J£30) : N-type semiconductor oxides with different band gap (TiO,: 3.0
eV, Sn0,: 3.7 eV) were deposited inside p—type carbon nanotubes (CNTs). It was clarified
that the resistance changes of these materials to 1 ppm NO, depended on band—gap of oxides
corresponded to the magnitude of p—n junction. Besides, the current differentiated by
bias voltage was examined for CNTs and Sn0,~CNTs by means of scanning tunneling
spectroscopy (STS). As the result, the formation of p-n junction for Sn0,~CNTs was
confirmed from the band-gap evaluated from CNTs and Sn0,-CNTs.

SATRERA
(BHAHANL : 1)
(RSN RSN & gt
2010 £EJE 1, 700, 000 510, 000 2, 210, 000
2011 1, 000, 000 300, 000 1, 300, 000
2012 R 700, 000 210, 000 910, 000
F 3, 400, 000 1, 020, 000 4, 420, 000
WFFEsT e« A HTHIR
BB DS - fiH . T/ -~ A7 i
F—U—R: FIKTF-F/Fa—7, NO:

1. WFERRAES IO 5

SRR 19 ARSI AT (A) TERIRE L7z T
—RoF ) Fa—T-EE L P
£ D NO, RABERE DOfER] | ORkF & LT, K
DO 3HEHAHALNT L, (1) p BHEAT
HHI—IRF ) Fa—7 (CNT) T n Hif
MIKTH LML Z 7 2T (W0,) . kA
K (Sn0,) 7¢ & DALY 2 M &R0 L T2 REIZ,
p—n $EEDIERIZ & 7R WEMNIFAE LW
Zefi A g S AR T ISR S D, (2)
NO, 7¢ & DFR{VE AT A I3 Z D22 [l i Jg |2

BT D ER—BPEAZI, BEXIEH D
T 5, (3) Ee{k#% CNT D50 NN A
% Z LT, NO, DA B KIBICHEINT 5,

(3) DERIZX, K 1 IR TEHIRET LT
BT 5 Z LN TE D, ONT NEEIZ Sn0, 2375
129 5856, W& OHARHE (p—n #5657 H)
ZE L U CZERIEME DR 0 N TEEL S
N3 (K1), TDIRNY A CNT OFBERE IZ
F TR, WERBENEART S, NO, TR
& T OWERESE DAFAEEDY NO, WA RO
KIZHORMND, £, Sn0, 1% ONT DNBEZLFE



£ 578, NO, 1% Sn0, I &ET 5 =2 &ldie
VW, L7223 o T, ZERIEME OB Z 5
7200,

ZDOETIINESZET D=0, Ok
A CNT |23\ T ONT DEEDJELIT L 5 ZEE
g DREARELE B FRE L LTHNITS
ZE, QN RX Y v INRR D 3FEOm
b4 (W0,: 2. 8eV, Ti0,:3.2eV, Sn0,:3.6eV) &
W UJEAD ONT ICNE &5 Z & T, pn #
AL D2 EBREDOELNELT HNE
IMEETREOFHUFERE L THDLZ L,
@MW & 5 bW DR T-£5 5 22 [ BB 1 g
DEHIZED L S 72 Bh2 52 DD %H
HTHE, BDUELRD,

02 or NOg----_

EHEHE -~ Do oo
> F 9:
7‘1"“7@% --—-F . -+
FACIRIT o
= i
psiE - 08 &8
DR ST

X 1. E{E#ANE CNT (2B 5 H =
WAEET L.
KFEIOF A prn HEA S

2. WEO B

n BPSERTH Db % p BPEARTH D
H—R_RrF ) Fa—7 (CNT) I[THNE SET-
BN A CNT I8 W T, CNT OF 22—~
BEDE I NEI2 H56 D225 M, NO2 1oz
MEMEOESZ{LZ2EREL L TEH
T5, o, N RX Y v 7 NEAR D 3
DOEt® (SnO2, WOs, TiO2) 125> T pn
BRIC L DB E DR % 2L S,
NO: W A% TEDREAD EDOFREEFRF S

NDOmaEFREE LTEHIIT 5, SbIT,

CNT [ZNE X E LI ORI TR L H2E
MEME OISO THEHIIT 5, b
OWPEFERN S, NO RAIZE T 5 pn #25
MREHGICT D, W, E AN
BRAOEREREHAEE Y 0 — 7 HKSE
(SPM) % Hw 5%,

3. WFFED ik

PRk 22 FFECIE, BEEEGECIEIC L D ER{L
Y& CNT IZNE S ' 5, Bk & CNT Oz
ARmERERE LTRSS 22 E N E
DEEN CONT OF 2 —THEDEIIZ L > T
COBREZLTD0nE2E5F ., NO2: FTO
ERE L U CTBRMICERT 5, £/, ~
A7 aXy v Au ERICEE L 72BN
& CNT mzZEMEREDOE S #2259, NO2
FCeoBESEIAN E L TERPICHEIES
%o WEk 28 FETIE, N R¥ v v 735

72 51k (SnOs, TiO2, WO3) % CNT (2N
HAEWDZETERMEMBOREINEDR
FEZEA D D H A RTR OB « EARAHEIE
ICL - TIN5, Fhk 24 5 TlE, B
DR A X322 A g OJE S KIET
SRR - BEARBICIET B, 2EET
ISR A FEhE T 5, TEM Al RS
Y - kY (1pm) & AW T CNT NEE
EBRALWRL - & OBEE FURNIZ BT D BoE
E L ZEREMEORES EOMBEEI S NI
T 5,

4. WrR7ERkE
() BAtMANES—ARr T ) Fa—7 O

BE IR ITTIEIC L Db N e — R T/
Fa2—7 (CNT) OFH#, BN e CNTO
NOW A5 K2 35 1) % CNT D F = — 7 BEJEA)
. BREM & CNTOHEA F I 3BT 5 it
EEIER, AL LT,

A5 RS X B RATIK O RIC L 0 ()l
fEA X (Sn02) . (b) “F&{LF % > (TiOs2)
DN ZE R T,

O MEAZXH AR (SnCls-5H20) LB
e (IM HCl) OIRATANRIZ 8 1 FE R
52 LT, RFTRIAR K R % J A4 &
B, KiEigfb A2 X (Sn(OH)x) DitEY %
CNTHAMIHTH SH 72, otk ., JEHEme
CNENS 5 = & CCNTAMNEED UL Bed %
BrE L7, AL, B OBRENAR 5
e, TI R TTOELE (7

20 nm

X 2. M{bAx XA CNT
(a-1) BATREHE
(a-2) Eofrret(a-1) o ARELK]



T RER) bITo T2, BL b A X B ohE7o7, IEHEE Sn0,(110) i [3. 350
NAEICNTOTEMEE % [Z212 5, (€2 (a=1) Al X U\/I/?/I/ﬁ”@Eﬁaa Ti0,(110) fi
5. BRI T AR SN TS Lt | [3.247 AJASONT RS o THE LT,
75)50 if:\ 2 (8—2) ZJ’%C(O(B) W—?’E}’) P“J@LLI'@Z]‘ CNT nga OTE‘ZEL %%Eﬁfci
TSHOZ(IIO) Zﬁﬁj—dﬁ L/fl/ \fco Tﬁ/\ﬁ@%ﬁ/ﬁk L/“C‘/\f;\_ (lf Z)‘bﬁl’) 71@

MatE b7 % Vi (M TiCl,y) 13225 o
KT TEGITIKGIEL . TI0,BERKT 5
7o IRERRIRIZ UG LT 2 IR & D
i{%T—é—é ETCTFH Uy EA A Ak
SHTo, HEERRS, WETF ¥ o ORE

[(2) BE{E®N/L CNT O NO, W, 35 25 5]

1 ppm NOLIZHRRER L 7= BE D E SIS 23N
INTWAHER L OFEFEIZ L > TELT D)
Y9 inE#EAT,

@f&m@iﬁﬁi TV UBERTR EDSRIFIT 0 - ' '

V. EX500 nmOCNTONEBIZAEET D Gas out

Tk ORI, BB L5, 10, 20T | & l

HIEC & 7z, BETFZ o NEIONTOTEMEZ | -10

K312~ 9, X3 (b-1) 1Z10{# /500 nmDH}L g 15

FRERIED —FEAE T D, [3G0b-2) | & T

ORBR BT 5, Ti0,(101)25€(002) | 8 | Gasin

> THRE LTV &35, Sno, £ -25

PNALCNT & Ti0, N ONT O WAk it | 2 _ap
CNTWE$®ﬁ*ﬁT/\j3EIEIC(002)ﬁ[3 376 E 35

A] of«rmlt&ﬂ%/wvﬁkﬁb ) (a)

fmé L IR RRETIC L 0 | 405 z 10 15 20 325

Time (min)

BN l 'ﬂ”“!

ll- -
&J’

50 nm

Resistance change (%)

0 3 10 15 20 25
Time (min)

(b-2)

c(10
C(002)

Rﬁ?1) ‘w
cumz) GI;ED? R(311)

R(110)

Resistance change (%)

351 (@)
405 5 10 is 20 25
Time (min)
4 3. kT % A CNT 4. CNT (a). SnO2CNT (b).
(a-1) HATREHG TiOz CNT () @ 1 ppm NO2 (Z%xd 5

(a-2) HIFRAEBF T2 [(b-1) > 5] LY




[44 (a) DCONTELIMIZ b~ SnO2N4ALCNT, Ti02
WELCNT O S 2R BE 5% 18 C do 5 BRE 13, Z2[H]
T Anf JE OFEFIR LD RN EIZBHRT 5 &5
265, K3TERRILYIZCONTNEE & 846 i
NERENTWS, ZOREZEELEE LT,
Ze RS DOPED U BONTIMNBIZ o S #
DILRAEA & CNTAER NS D — L AT &
5 ZE BT BRI OBGE N T 5 526
NnNo, Lizn-7T, Kab), () DXk ITeE
HEEDREIC /D, — ., Ti0,NECNTOHEHT
P SRITHI30% (BHVEIRE 1 150 “C) . Sn0,NE)
CNT DHEHTIHD 135940 % (EEIRSE 1150 °C)
Thotz, BIUDROZETRIL 3% (40/30
) ThV., Zom|bubFEOE (TAREE
D7) Idp AT L D ZEREME DR Y D
EIIHIET D EEZOND, BRILEA D
v RE¥¥ v 7%, Sn0,7%3.6 eV, Ti0,733.0 eV
Thd, NURXx v 7DEFL2 (3.6/3.0
) fETHY ., BRI EOE (91,3
fi5) Lt Enbnd, AN ECONT D%
W OFLS D IINE SN DB L DR
R¥ v v K GETHEEBELZBND,

(3) Ad F RS (STS) 12k %%
AR EACE 7L O

zei i L Eze T -Vl (K5(a)) 72515
SNDMy Xy A (dl/dV, X5 (b)
) ERAEY . EIAELSFE LRV BN IR
ENURE v 7L LT, ONT~DER{L A XD
WINZ X % 22 @ fm7 g DYEN ¥ & BRI IR
FEL T,

ZE R IT EE IR E 3 5 < (ca. 105 Pa ca.
2.1x105 ppml]), FLZEHEERFR IR AME (ca.
107 Pa [ca. 0.21 ppt]) . FEFE A L EHAIZ

Band gap
—

Bias (V) Bias (V)

X 5. (a) I-V #if, (b) dI/AV Bz

K1 EXJPLEEERONY RFEy v

Band gap inair  Band gap in vacuum  Difference of band gap
Materials [ Eg(air) ] [ Eg(vac) | [AEg |
eV eV eV

CNTs 0.89 1.16 =027
$n0;, 359 351 +0.08
CNTs-8n0; 1.62 3.73 =211

EMFARICKET D, LER-oT, XL
HZERTONRY R¥ v v 77 (Eglair] -
Eglvac. 1=/Eg) DNIEDEE ITInf ek b L
TIRDE, ZNDNADOEA I TIpR 8k L L
TIRHDEH Z L 2BWT D, —FH, N RF
Yo TENE LRSI, EREMED
TR BRENZ EEEWRT D, RN, B
B AZXDONT~DIWINZ L DN RE¥ v v
72T -2.11eV THY ., INTHITONY RF
¥ v 77 (-0.27 eV) DFI0fE S KX VOGS
NELNTZ,

PIEX Y, AR Rich B & ER LT
EERXD,

5. R mICE
(WFFEEAE . WFFEHE R ONEEEITIEE 12
ES )

UdEstamse) (R4 1)

(D M. Omae, T. Hashishin, K. Kojima, J.
Tamaki, “The effect of palladium
deposition on carbon nanotubes array
micro gas sensor” , Chemical Sensors,
29, 37-39 (2013).

@ T. Hashishin, M. Omae, K. Yamamoto, K.
Kojima, J. Tamaki, S. Ohara, “P-N
junction effects of multi-walled
carbon nanotubes array on gas
detection” , Trans. JWRI, 41, 23-26
(2012).

® M. Omae, T. Hashishin, K. Kojima and
J. Tamaki,. “Carbon nanotubes array
electrodes and gas selectivity” ,.
Chemical Sensors, 28, 106-108
(2012).

@ M. Omae, T. Hashishin, J. Tamaki and
K. Kojima: “Fabrication of
Multi-walled Carbon Nanotubes Array
Electrodes” , Proc. of the 28th
sensor symposium, 1, 655-659 (2011).

ra3R] GE15 1)
<FAfFaEEE (9 1) >

O BH W, “h—RrF /) Fa—T7
VAN X DR A DR,
[ iR st ] (BER KT , 2013
6 H3H.

@ T. Hashishin, M. Omae, H. Ikenoko, T.
Kishi, K. Kojima, J. Tamaki, Gas
sensor based on multi-walled carbon
Nanotubes and its modified with
metal oxides, GOSPEL  WORKSHOP
(Yufuin, Oita, 2013 4E5 H 26-29 H.

@ T. Hashishin, H. Ikenoko, K. Kojima,
J. Tamaki, “Modification Effect of
Muti-walled Carbon Nanotubes with



@

®

®

@

©)

<#

@

@

®

Oxides Nanoparticles on Oxygen
Adsorption” , International Union
of Materials Research.
Societies—International Conference
on Electronic Materials 2012
(Pacifico Yokohama, Japan, 2012 49
H 23-28 H).

W |, “H—ARrF ) Fa—T0
2t o —AEIRINRI R, [

ERPEF N +—F & 2011)] (UHB
TEESAE) , 20114511 H 18 H.

T. Hashishin, M. Omae, K. Kojima and
J. Tamaki: “Characteristics of Gas

Sensing Electrodes with
Multi-walled Carbon Nanotubes
Array” , Proc. of the 3rd Int.

Workshop on Nanotech. Application,

[The 3rd Int. Workshop on Nanotech.
Application)] , p. 125 (20114F 11 A
12 H).

B |, “h—RoF ) Fa—TH
Aot —RERER ) & OEE R
Be—7 TR X R g it iA = ]

(7% a—7KMK) , 2010 4 12
H9H.
T. Hashishin, “P-N Junction Effects
of Carbon Nanotubes Modified with
Semiconductive Oxides on NO, Sensing
Behavior” , [The 5th International
Workshop on Advanced Materials
Science and Nanotechnologyl] [Hanoi,
Vietnam] (2010 4E 11 A 10 H).
W |, "R —R ) Fa—
THARY ZOMEELIGH”, [H
223 FEFTHIFEM ] RO TR
), 201049 A 11 H.
B W, "h—ARF ) Fa—T -k
{EMEETIH A& YD p—n HEELHE
7o T 16 BT WIT AL HRESEAI
Bt B— =75 —F 4] (h
e —rIL) , 2010 £ 7 A 27
H.
PR (T 14) >
KATBOE, & W, hes—%, E&E
Wi, h—ARoF /) Fa—TT1LA~A
Ja ALY A~ORT U AHEER)
. % 54 BHbFE VR RE]

CRAERS) . 201343 A 29 H.
M. Omae, T. Hashishin, K. Kojima, and
J. Tamaki, “Palladium
Nanoparticles Deposited Multiwalled
Carbon Nanotubes for Gas Sensor
Application” , 2012 MRS Fall Meeting
& Exhibit (Boston, USA, 2012 4 11
A 25-30 H).
M. Omae, T. Hashishin, K. Kojima, and
J.  Tamaki, “Control of Growth

Density of Multi-walled Carbon
Nanotubes Array and Its Gas Sensing
Properties”, Pacific RIM Meeting on
Electrochemical and Solid-State
Science 2012 (Hawaii, USA, 2012 4
10 A 7-12 H).
T. Hashishin, H. Ikenoko, K. Kojima,
and J. Tamaki, “Enlargement of Space
Charge Layer by P-N Junction of
Multi-walled Carbon Nanotubes
Modified with Tin Oxide
Nanoparticles”, Pacific RIM Meeting
on Electrochemical and Solid-State
Science 2012 (Hawaii, USA, 2012 4F
10 H 7-12 H).
KATBCE, @8 Wl /NS — 5 il #,
[MWCNT 7 LA HAB DT T
LEFHE ) h—7 v U —A TN
2012, (f&Mfl, 201249 A 6-7 H).
H. Ikenoko, T. Hashishin, J. Tamaki,
K. Kojima, “P-N Junction Effect of
Multi-walled Carbon Nanotubes
Modified with TiO, Nanoparticles for
NO, Detection” , [ Seventh
International Workshop on
Supramolecular Nanoscience of
Chemically Programmed Pigments
(SNCPP11)J [Shigal ( 20114E6 A 11
H).
H. Tkenoko, T. Hashishin, J. Tamaki,
K. Kojima, “Preparation  of
TiO,~MWNTs  Composite  for  NO,
Detection” , [Sixth International
Workshop on Supramolecular
Nanoscience of Chemically
Programmed Pigments (SNCPP10) J (2010
£6 H 12 H).

(XF) G 31)

o)

@

6

B W, “h—=RoF ) Fa—T70
HAY o ~OIGH” , 2013 F 7 J1—
NUoHMRE 8 3 W % 4 %, pp.
53-60 (2012411 A 1 H).

B W, “h—RoF ) Fa—T7H
A KM ~CNT 7 A 0
DR L ZOERREZFER~" , &
F ¥ —F I, pp.1~106 (2012 4E 7
H2H).

B W, “h—RrF ) Fa—T7H
2wV oFRm” , k¥t Y, 28,
pp. 16-23 (2012).

W FERH R

()W EE

& M| (HASHISHIN TAKESHI)
KRR « BEEFHAWTET - FHEAFSER
WFFeE 85 : 20336184



