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Enhanced HCHO Sensing Performance of NiO-decorated In,O; Nanorods
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Abstract

Formaldehyde (HCHO) is a major primary indoor air pollutant with various adverse effects on the human body, includingsuch as sick
building syndrome, lung cancer, and nasal cancer. Therefore, gas sensors for effective HCHO detection detecting HCHO are crucial for
maintaining a healthy indoor environments, and research is being conducted to develop high-performance sensors for this purpose.
AnOne of the effective methods for enhancing the to enhance sensing properties is involves modifying the p-n heterojunction structure,
which improves sensing through via electronic sensitization based on the expanded depletion region and chemical sensitization that dis-
sociates specific gases. In this studyHerein, weWe fabricated NiO-decorated In,O; NRs using an e-beam evaporator based on the glanc-
ing angle deposition technique by optimizing the NiO thickness (0, 1, 2, and 3 nm). When exposed to 50 ppm HCHO, NiO-decorated
In,0; NRs showed a 3.91%-fold enhancement in the gas response (Ra/Rg-1=23.9) and a 41.47% faster response time (40.7 s) than-
compared to bare InyO; NRs with an extremely low theoretical detection limit of =~approximately 9.3 ppb.
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Fig. 1. A schematic of the fabrication procedure for NiO-decorated In,O; nanorods based gas sensors.

)
o
J
o,
ofl
oX,
s}
2

o
Y
IS
I
Y

W
P

2
)
p=) oX,
e
tlo
+

o
oo
o
2

o
P

3

>~
>
ro

i

A

n203§‘

<2 (Glancing Angle Deposition, GLAD)2 %
(NRs) T-2A 2 A Za1TH17,18]. 7244 EAS

oH nanorods
A sa

S7h HERAE 7
£ 50 2

N
8.

N

o
319

WA dolut =2 A 5S YERiAl dnk
Fp-n S FAs] S8l NiOE AR 245t
EA4E A7, 2 nm F2ES o 7P w2
FS el At} o] 23 NiO-decorated In,O; NRs 7]

ful
T
an

o
% o

Eaiga

N
_,d

5
)

N
o

1

3

> oo
>

T

Al

—-40

Al
ste] 7

Z 2= 0l 7
ETME

0 ppm ©]3te] AF %= HCHOE g3 o= 3+
o] S gEska Q17 kel A el =
Aoz 7|thet}

gul

= 10
=273

do X
o

A
.=

u@

2.1 NiO-decorated In,O; NRs MIA{ X|Z} et

Interdigitated electrodes (IDEs)Z- lift-off 719} photolithography
3745 E3ll AlFsiitt. WA Si0,/Si712he CH;COCH;, C,HOH,
D.I waterollX] 242t 584 223} M| 2314l /450l photoresists
(LOR 5A, MicroChem Corporation)E 3,000 rppm®l|A] 30% &<
23 I” AT Soft-bakeS #13H 190°Co A 58 &<t 7HE et
T 0]%2] photoresists (AZ GXR 601, AZ Electronic Materials)

F o]

311

= 3,000 pmollA 23 FEhT, 150°CelA] 1 & Eet 71ds)
Atk A YA E=37] (MDA-400S, MIDAS System)ll 4120
el A= Atelo] ZHA] @919] 7HA©]5 um?l IDEse] SHEIdS
% &, A5 B2 A7) 9131 E-beam evaporator (EBX-
1000, ULVAC)E Auw/Pt/Cr (100 nm/70 nm/30 nm)S 52}t
E-beam evaporator 7]¥F GLAD 7|9 & 3l
% NiO-decorated In,0; NRsE #|2}sl= 342 /NF=E Fig.
1] YERHITE. GLAD 7[H< o83l 7] 7o) dojd
o], vapor flux®] YAFztol| whel @AY & =self-shadowing effect
£ ol teFe 1A S5 Ak U FRAE AR
t} o] 2 7|te 2 7 P In0; NRsS A %Ha}l7] 9al,
99.99% =% 2] In,0,} NiO granule (iTASCO)S AH&-3lod, 5
x 107 torr ©]3}] H g0l A 80° AA, 3.3 rpme 2 33}
= 71l 1 As9 52 £E2 In,0; NRsE 52511t} pn
e 5] 98l 0.1 Asise] £=2 ZATE §10] In,0; NRs
o] Wl 1,2, 3 nme| T4 Z NiOE A3 th 53 &=
Sl E-beam evaporator W3-l 28 QCM (Quartz Crystal
Microbalance)® 2, 21 =+= Bayard-Alpert ©]< Al0|A] 2 =4
3} T} NiO-decorated In203 NRse] 2A4 3 98 #7204

FRo 7 HY

_—
x4

(<3

500°C7HA] B9 5°C & 5 | A7Hs0 Sx|8la, LA 3
R =
2200H 7= Y A Tx B uhy

AA W FA AR} A7 (FE-SEM, JSM-7610F-Plus, JEOL)

=2 715 15 kV, AE AR 8 mmol|A] NiO-decorated In,0;
NRse] Hw 2 vhel @S 2l o) E1 ojulAle] 7]

E,—%‘— w23817] 918l MATLAB Z2130] ARS-E|QiTh F7F
2 A4 F2E B8] 9l Cu-Ka (0=1.5418 A) XA
(X-ray Diffraction, XRD, Empyrean, PANalytical)= 40 kV

30 mA2] AFellM s

o K

ML e Lol
m& 2l

HIHd
oH

2.37t2 HM &F

J. Sens. Sci. Technol. Vol. 33, No. 5, 2024



Zion Park, Younghun Kim, Youjune Jang, Yujin Kim, Soohyun Han, Jac Han Chung, and Young-Seok Sim

7¥2 AA Z4 AHE 1249 Z 2 H(MPS6000, PHOCOS)
7} 22 100 mL %%—1 A, 1~50 ppm Y NA 7t2 FE
& AYsl 288 5 e FEEZ(PHOCOS), 18|32 &=
Z47](PHOCOS)E = o] 218™ 1000 scem 2] 742
2 &3t I aird) air balance 73 7+~(HCHO, C;Hg,
CH;COCH;, H,, CsHy, C;Hp)S WHEs) 48l 25 25
silicon nitride E+¢} 31812 2@ 3}e] 150°C, 200°C, 250°C, 300°C,
350°C, 400°Cell A RE-g-7d-& H7Fstdtt. ojw o] A HEe
LV. Solution ZZ 1L o]&3] oF 1% 7HA0 2 A3

Azt g D@

3.

Bare In,O; NRs9} Th k3l 7 2 NiO7F 4 ® In,0; NRs
9] A4S gstr] Asted 2 9 9 FE-SEM ©| v X &
Fig. 20l YeRISIT). Fig. 2(a)= Bare In,0; NRs9] 3™ 2 o
olm|z]o]m, GLAD 7]"je] o]Fojglo mz}, 80°¢] & YA}
B3l 70.2%°] =2 7lF=rF AN 7] IS
NRs7} 7|3)| 5281 wisko 2 A#Aw A AAst A-S 3
S 3lom, ojmj o] FAA= oF 400 nm O = YEFRTE. Figs.
2(c)-(h)— NiO-decorated In,O; NRs || x]o|t}, NiOE oJ&] F
A2 Z2181L-o)| = NiO-decorated In,0; NRs2] 7| WH3}7} §1
o] NiO 72| #7804 In,0; NRs7} &2 P& 7AW &
o] FFE A RS & F Uk T3 A Mt glo

71F =0 Ws}h gk Jep A esh3-S glsksith o= Nio
7} InyO; NRs el & Uiz FAZ v A F218 d3=2
Alg =)

In,0; NRs®} NiO-decorated In,O; NRse] A4 += 2 NiO %+
2] o 5= 8Ho13}7] 93 0-20 XRD #4] A 7= Fig. 39 W}

H

o o\-m i [‘E

=
=

ERAATE 9F 30.6°, 35.6°, 51.1° 91x]1¢] 314 H=a7}t &
. ] cubic 24 74191 In,O; (ICDD 01-074-1990)2} < =] 3}
717} (222), (400) 2 (440) HollA 3]do] dojt o= &
AT B3 A FEE fAFste] 54 Aol gk vk
glo] et A & 7 vk AR 3 FA A o
o] AAHA e, EAF] FA-S B3l cubic 2H T

2

e oox 4y & £

Z7t A BAAEUSES skt v, NiO= XRD 3
=7} FelEA] et} o]= Nio7} w9 v 7;1]; zmg
7] W&olH, 2o dA ZA s EE 0,9 -3 244

o

S 2 2l NiO 3|d 9] gio] A2 Zlog A9 & Ut
In,0;= n-type HA EAZE, 7] T =&AL o A4

(Oy7F ERell F2t=o} 4 Asla 258 AAE 3l

o] A (0,, O, 0")E W35}, electron depletion layer (EDL)

(222)  (400) (440)
WW Dbt +_M
2nm i

1nm

Intensity(a.u.)

Ref. In,04
(01-074-1990)

40 50
2-Theta(degree)

20 60

Fig. 3. XRD patterns of the bare In,0O; NRs, 1 nm, 2 nm, and 3 nm-
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Fig. 4. Resistance curves of the bare In,O; NRs and NiO-decorated In,O; NRs to 50 ppm HCHO at different temperature; (a) 150°C, (b) 200°C,
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