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Abstract It is proposed to grow VO, nanoparticles on the surface of porous silicon using a chemical vapor transport
deposition method to form a porous silicon-based VO, nanoparticles composite structure for improving the sensitivity of
porous silicon to NO, gas at room temperature. The size of VO, nanoparticles is altered by varying the VO, deposition
pressure and research is conducted on its effect on the gas sensitivity of the porous silicon-based VO, nanoparticle
composite structure at room temperature. The microscopic morphology, phase, and crystal structure of the composite
structure are characterized and analyzed using a field emission scanning electron microscope, X-ray diffractometer, energy
spectrometer, and transmission electron microscope. The experimental results demonstrate that the composite structure
obtained at the deposition pressure of 330 Pa has the highest room temperature sensitivity (13. 15) to the mole fraction of
5X10°° NO,, which is 5.95 times the sensitivity of porous silicon, and has good selectivity. The excellent NO, gas
sensitivity 1s due to the surface activity enhancement of VO, nanoparticles with small particle size and the formation of a
wider depletion layer between the smaller VO, nanoparticles and porous silicon, thus improving gas sensitivity. This
research will help to improve the application of porous silicon in NO, gas sensor.
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TEM images of porous silicon/VO, composite structure deposited at 330 Pa. (a) High resolution transmission electron

microscope (HRTEM) image; (b) FFT corresponding to square area in (a)
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Fig. 7 Dynamic response curves of samples with deposition pressure of 330 Pa. (a) Dynamic response curves of porous silicon/VO,

composite structure; (b) response curve of different NO, concentrations of porous silicon/VO, composite structure

N T 3RAR Z FLAE L VO, 9 K Uk 52 4 45 H 1 SR
BEBEE N HUEAT T NO, AR ST 2
NH, %5 52 56 22 5 A R 808k, 45 5% an &1 8 ir
No MEHATLLE 1, X T 100X 107 ° By 7 BE IR 23 B iy
PR SN EE LT F R 5 10 1Y NH, X 5 Fh A
Fe vt , H R BUE S 1.03.1.09.1.02.1. 16 Fi1 1. 28,
1t T 8 X BE IR AR BR 510 ° 1 NO,, R 8 ik 3
13. 15, K FHAM S M REE . XA, Bl &1
52 G B R AR B X X 5 AP SR L AN BUER 1T X NO,
HE R k£ .

3.3 HRENESW

ZALEEFR VO, YK R K2 A 25 M e 7 = IR T Xt
NO, £ B H B4 S BERE , A X 5 & B ik
B S IRZE L5 A 56 . VO, 8 NI SR H I sk 5k
5.4 eV, 25 TEENO0.7 eV, 28R F T £
fEh P AL SR I R ER 4.95 eV, 25 S E N
112 eV, ZHER T HE . BT ZH I RECA
6], Wi l&l 9 Frzs , 1 BB 2 BRI mT A, 24 8 & AR 2 il

4r 5107

Sensitivity

6 6 —6 6 —6
100X10° 100X10° ‘1oo><10‘ 100X 10 %
0\ N 0\ 0\ X\%
Q}X\%‘\ P&QK’O < OQ(&\ S\e,‘\s\‘bl‘\ $
°

$0~1

Gas

B8 UUBUR RN 330 Pa iy 2 £L ik K VO, 94 K 0K 52 45 4544 X
ANTR) MR R A
Fig. 8 Sensitivites of porous silicon/VO, composite structure

for different gases deposited at 330 Pa

2116003-5



$£59% F218/2022F 11 B/HtEXBFFHE

(a) vacuum level (b) vacuum level
. -~
interface
®D=4.95eV | E—x ®=5.4 eV
E, E——
E=1.1eV e
pok FE L wan E, 1 . E
B E=0.7 eV e
. mrmsmememn X ... E.
P-PS PR SRS
N-VO, C r——

P-PS E,

K9 PRIZALAEEA N VO, B RE 5] (a) 4 il il s (b) s
Fig. 9 Energy bands of P-type porous silicon and N-type VO,. (a) Before contact; (b) after contact

B N Z FLEE R [ VO,, X 5t 5 80P Y 2 fLEE A9 5L
AR 1l T RE 2 T N BV O, 98 2K R 26 1f A8 T %
HL AL B2 T T 3k £ FLRE A9 4t 78 B i Ak ) A
Hi LT VO, [ S5 7 AL AL ] R, B E SORREYGA
2 P77 P B fk 1) b 7 BB & AR S R TR R S R
g4

MZALaEE TP, A0 T oW EZ AL
fE T, IF1F A8 N B TR B T B A (O,
WE10 frs . M7 2 fLEER T TTBUR R RS VO,
YRR, T2 T BN E 2 fLEE S VO,

YRR LA T B TRERZE . M E A ST A
SR, W E 10(b) (10(d) , &R Tl 9 J/E H L
O, %I W B 78 22 FLAE 3£ VO, 9 K ki 5 & 454 %6
i, N (D) ~(2) fin . ME A E T NO, K
Bl b, & 10(e) L 10(e) TR, NO, 4 F il 1 2 5 {73k
HL o} 5 2 T B S (O, 45 ) O, ansX (3) ~(4) fir
RLIERNO, WK B2 A e Fm . BEE VO, 48K i
B RSEASWE /N, — 3 2 R FERZE R IR 58, 530
NO, W bt 22 J5 51 5 K i o AR Ak 38 210 42 & R
AEmH M.

@ o o © 0 0o 0 o

\J

(&

NO, NO;

(7

K10 2 ALk 2 2 ALk 5k VO, 9 R ORI 5 45 K Y i) 152 AL 3R A o () 22 Lk A i 2 AL P 5 (b) ~ (o) BRI B9 VO, 5 Z LEER &
ZJi B AL 5 (d) ~ (e) B/NBDRL Y VO, 5 2 fLIk A2 & 22 Ji (9 M B AL P

Fig. 10 Response mechanism of porous silicon and porous silicon/VO, composite structure. (a) Response mechanism diagram of

porous silicon; (b)-(c) response mechanism diagram of larger particles of VO, after composited with porous Si; (d)-(e) response

mechanism diagram of smaller particles of VO, after composited with porous Si

0, (gas)e O, (ads), (1)
0,(gas)+ e <O, (ads), (2)
NO,(gas)+ e < NO, (ads), (3)

NO,(gas)+ O, + 2¢ < NO, + 20 (ads), (4)
o5 — D5, NO, G FAE R 52 F ol 8 i /U

RIZE G4 5, R 7, S B2 LS VO, 90

2116003-6



$£59% F£218/2022 F 11 B/HXEXBETEHE

/ 1\
/ I\
/ J“ \ l-reducmg gas
< fi
air \
/ !’ \ \ oxidizing gas
/0 | Y\ \
. ’ \ %
Ve 7 AN ~N \
s * e - e o 7 ~

potential barrier

BI11 2 ALRERE VO, 2K OB & 45 45 K 0k AN ] PR 34 42 e
A Ak
Fig. 11 Change of barrier height of porous silicon/VO,

composite structure to different gases

K IBURE 22 [ F) S J00 45 4 42 g E I, A 5T 11 ez, A
S T, BN BT VOLGOK URL 5 2 FLRETE B
[ &4 B[R], B0 0 22 FLEE S A Y L R AR, B A 4
1 NO, B BURE . DG, 8 42V O, 98 5K 0K A4 kL
P RSE fdE 45 =35 Z A1 o B A% 5 T4 ik v AR R e
FM A, TR KA i 2 ALk SR VO, 98 K UK 52 5 25
FEAH LG T B — 45 4 1 R A

4 4’

i A S A DR R A Z L RE LR R
DU VO, 90K Uk, T i T 2 FLEE S VO, 9 K ik &
B UM RS TS A ORI 55 X B A A5 R NO, S
e R . PR R VIR EREZWE &
SER R RE M E R . VO, g1 K ORI RUE 3
k330 Pa T JE WU &2 & S5 40 X NO, 26 B fe A 1 R
TR s 3 13,15, S P S Eem B R, B &
FURER % & F RBUEM 5. 95/ EULRER N
330 Pa I JUr i % (1) 2 FLEE 3L VO, 95 K ik &2 & 451
18 HAl 5 FhF AR T, X NOLS AR R B R4 1
PR, [A) st o 7 o B A T T . AR SRR TR £
FLAE SO S A U 2 B A e HL N 4 B A
EE N,

Z % x M

[1] Wu Y C, Joshi N, Zhao S L, et al. NO, gas sensors
based on CVD tungsten diselenide monolayer[J]. Applied
Surface Science, 2020, 529: 147110.

[2] Bme, ARl Kb 3 s P iy 42 1 5 0 Ui )2
NO, 3 B HE ¥ B2 ¢ R BF 5T ). O 1% 2 506 3% 4 #r
2021, 41(2): 345-353.

Zhao X R, Li Y H. Study on the relationship between
urban traffic flow and tropospheric NO, vertical column
density in oasis on the north slope of Tianshan Mountain

(4]

(5]

(9]

(10]

[11]

[12]

[13]

[14]

(16]

2116003-7

[J]. Spectroscopy and Spectral Analysis, 2021, 41(2):
345-353.

Baratto C, Faglia G, Comini E, et al. A novel porous silicon
sensor for detection of sub-ppm NO, concentrations[J].
Sensors and Actuators B: Chemical, 2001, 77(1/2): 62-66.
Foll H, Christophersen M, Carstensen J, et al. Formation
and application of porous silicon[J]. Materials Science and
Engineering: R: Reports, 2002, 39(4): 93-141.

Pancheri L, Oton C J, Gaburro Z, et al. Very sensitive
porous silicon NO, sensor[J]. Sensors and Actuators B:
Chemical, 2003, 89(3): 237-239.

Korotcenkov G, Rusu E. How to improve the performance
of porous silicon-based gas and vapor sensors? approaches
and achievements[J]. Physica Status Solidi (a), 2019, 216
(22): 1900348.

Choi M S, Na H G, Mirzaei A, et al. Room-temperature
NO, sensor based on electrochemically etched porous
silicon[J]. Journal of Alloys and Compounds, 2019, 811:
151975.

Li M D, Hu M, Liu Q L, et al. Microstructure
characterization and NO,-sensing properties of porous
silicon with intermediate pore size[J]. Applied Surface
Science, 2013, 268: 188-194.

Sainato M, Strambini L M, Rella S, et al. Sub-parts per
million NO, chemi-transistor sensors based on composite
porous  silicon/gold nanostructures prepared by metal-
assisted etching[J]. ACS Applied Materials &. Interfaces,
2015, 7(13): 7136-7145.

Ma S Y, Hu M, Zeng P, et al. Synthesis and low-
temperature gas sensing properties of tungsten oxide
nanowires/porous  silicon composite[J]. Sensors and
Actuators B: Chemical, 2014, 192: 341-349.

Yan W J, Hu M, Zeng P, et al. Room temperature
NO,sensing properties of WO, nanoparticles/porous
silicon[J]. Applied Surface Science, 2014, 292: 551-555.
Wang D F, Liang J R, Li C Q, et al. Room temperature
NO, gas sensing of Au-loaded tungsten oxide nanowires/
porous silicon hybrid structure[J]. Chinese Physics B,
2016(2): 504-509.

Degler D, Weimar U, Barsan N. Current understanding
of the fundamental mechanisms of doped and loaded
semiconducting metal-oxide-based gas sensing materials
[J]. ACS Sensors, 2019, 4(9): 2228-2249.

Wl e, Rk, RN, 5 Bee R A Yk SRR
B I A5 M e 1 B R SR (D). S M BRI A L 2020, 35
(6): 15-22, 27.

Cao G L, Li T, Pan G F, et al. Research progress of
doping metal oxide semiconductor gas sensor[J]. Electro-
Optic Technology Application, 2020, 35(6): 15-22, 27.
Yan D L, Hu M, Li S Y, et al. Electrochemical
deposition of ZnO nanostructures onto porous silicon and
their enhanced gas sensing to NO, at room temperature
[J]. Electrochimica Acta, 2014, 115(1): 297-305.

Qiang X Y, Hu M, Zhou L. W, et al. Pd nanoparticles
incorporated porous silicon/V,0; nanopillars and their
enhanced p-type NO,-sensing properties at room
temperature[J]. Materials Letters, 2018, 231: 194-197.



$£59% F£218/2022 F 11 B/HXEXETFEHE

Staerz A, et al. WO,

based gas sensors: identifying inherent qualities and

Somacescu S, Epifani M,

understanding the sensing mechanism[J]. ACS Sensors,
2020, 5(6): 1624-1633.

Zhao S F, Li Z C, Wang G J, et al. Highly enhanced
response of MoS,/porous silicon nanowire heterojunctions
to NO, at room temperature[J]. RSC Advances, 2018, 8
(20): 11070-11077.

FRYL, RAY, B, AL ST AU L RO 2% 1 R R
Bl A& AT I TE A W AR T] WO SOt Tk, 2021,
58(3): 0316001.

Gong J, Zong R, Li H, et al. Dynamically tunable
broadband terahertz metamaterial absorber based on
vanadium dioxide[J]. Laser & Optoelectronics Progress,

[20]

[21]

[22]

2116003-8

2021, 58(3): 0316001.

Liang J R, Zhao Y R, Zhu K L, et al. Synthesis and
room temperature NO, gas sensitivity of vanadium
dioxide nanowire structures by chemical vapor deposition
[J]. Thin Solid Films, 2019, 669: 537-543.

KA. T BB A AL TR L i i A S S
PEREWFFE[D]. K KEARAA, 2018: 19-21.

Zhu K L. The research on fabrication and gas sensitivity
performance of noble metal-decorated vanadium dioxide
nanowires[D]. Tianjin: Tianjin University, 2018: 19-21.
Massera E, Nasti I, Quercia L, et al. Improvement of
stability and recovery time in porous-silicon-based NO,
sensor[J]. Sensors and Actuators B: Chemical, 2004, 102
(2): 195-197.



	1　引 言
	2　实 验
	2.1　样品制备
	2.2　结构表征与气敏测试

	3　结果与讨论
	3.1　微观结构分析
	3.2　气敏性能分析
	3.3　敏感机理分析

	4　结 论

