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Abstract

Formaldehyde has attracted great attention due to its wide source and serious harm. Hence, it is
urgent to develop an efficient and sensitive formaldehyde detection sensor. In this article, adsorp-
tion behavior of formaldehyde on the surface of ZnO with O vacancy defects was investigated via
density functional theory (DFT) method. The calculation results revealed that the adsorption be-
tween formaldehyde molecule and ZnO was physical. The binding distance and the binding energy
between formaldehyde molecules and ZnO are 2.123 A and 0.496 eV respectively. Meanwhile, ad-
sorption induced electron migration from ZnO to formaldehyde. The formaldehyde molecules
trapped electrons from the defective ZnO by 0.055 e. Calculation of the variety of the density of
states before and after formaldehyde adsorption was conducted and it is demonstrated that the
adsorption of formaldehyde produced impurity levels in the interstitial band and affected the
conductance of defective ZnO, thus generating formaldehyde sensitive signal. This study is expected
to provide theoretical reference for the research of formaldehyde gas sensor based on ZnO film.
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1. 518

FREE SRt 5 B s PR e —, B BT IR H AR VE ). AT, R —
P AUA, O bR e SN 51— R EBUEPI, KIEAAU N AR WPIGE . )k 2456
FEA T, B g R AR AR R AR B ISR AR (2] bR R SR 1 = N ST G g RS TN e R
Hide N RSEANE [ 5 br e F 22 b R AR UEY BlE: & 320 W 1 f s SO VPR FE D 0.08
mg/m® [3]. DR, AT AT B AR RE, AR — b R A T BRI 7 2 /e SR I . PB4 R SR AR
P PR AR H AT 2R R RN VA —, RS R A N Sk, Zn0 BAAMTRRE. B
TR SR AL, BT TR RENT 20 n BRESEMEA4]. ZnO AR AL B3 A% AL A f T21
SR SR, XA SR BB R JE M BCRAME B B AR U S OIS LS & R A Sk
KA PSR B, BRI SATE ZnO R TH 1R B R S A A5 R3S 1A 1 e A 4 1 2R

ILAER, % 2 B ¢ (Density Functional Theory, DFT)/ZHF 7t ZnO <44 Bt ) 35 2 7322 — . Wei An
[6]5 NHIESE 7 Hp, CO, NHg, O, Fll NO, 7E ZnO FREEGNKAT bW I, 5], CO F1 NH; (W b
FE o T HAE A ZnO YKAE, 1T Hy K1 O, JUIAH S, T BA B I S AR I ME SR RE A 1 i I RE 7 1), X
L TR TR LA 7 B 3R I[7] [8]. BhAh, KEMFFTKIAE Zn0 HB&FEE. TSR
g R AP BE AT 2L i ZnO MR AR I UM SR BRI /B . Oleg Lupan [9]%5 i@t Ag 1145 4%,
BRI & T BELE IR T 0 Hy PRsmi B 1 g KA K 35 . X, Chang Z5[10]4RIE T CdSO, #5741 ZnO & &a%
BB TE = IR o0 RS R AR s i R B, AT ISR BB T 1 ppm, R K v 50T FHY S 11 v UK )9
KT Cd™ F1 SOF KITHFIVEF, 452488 1 30 1 3 5 FEPRAR 1 2 1hI 1 I8 B 75 AL B
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FERATZ AT RIBT T RIE 1 BELETCBRIE ZnO SR AW E R [11]. HE O JR 5 skiE ZnO [ Zn
J5 T Z AN B 45 5 B B9 2.081 A, 255 6B 0.496 eV, W it ik 2 v HL 7 M ZnO [l IS 43 74475 0.089 e
ASLLL O ZEALHRIE ) ZnO ooony AW TEXT R, % B2 bR BRIR T 2 S EAE O S (SLRIE ZnO 2RI VB Bt
PERE, 23T O A B EExT FH R PR IR B PERE (50, X ZnO 2R TH A Bt 5 T 1) Ji5 82 T iE 2 S %R

2. itE5E

A SRR S 73 TR B LA, 6 F Material Studio 7.0 H ) Dmol3 # - 4u[12]. 28kl 5492 8%
GGA T PBE #71E[13]; B ieit#r, /23 Spin unrestricted i1 Use formal spin as initial; Jy{#iiE 15065 &
(IR, AP 52 5, A BE R Medium; %0040 38R 1 DFT Semi-Core Pseudopots (DSSP); 143
2 34 FH OB R A JE(DNP) [14]; A3 BRI IX K AU B A E0E A TR A K 2544 ZnO R TH AR BHME 1 1 >
1x8[15]; SABEHENTLENS0A; fei. 7). Ak HIBEE N 1 x 10° Ha, 0.002 Ha/A #10.005 A.

HE > T75 ZnO HI4E A RE By 2 SUN:

E, = E(ZnO)+ E (HCOH) - E total)
Horf E@ZnO) R B AR 4540 R I RE &, E(HCOH) A F AL st 45 44 R I e &, E(total) v FF S W T 7
ZnO R MBI H 4 RE &
JRRIE ST B A ) A ORI L, ZnO TR 5 HR R ] 1) FEL A 4% #2 (Charge Transfer, CT)F Mulliken
L AT JR F AT 20 AT 7 V2T [16]
3. BR5V
3.1. RESFiEE
RS o T A, Jeimid KB 1.200 A (U85 4% C IR 11 O JiF, Fil CJRFE BRI H R T

BBz, WD E AT W Y TR RE R MU S 9 R 2y T A A S5 R A ] 1 iR HL O TRI B A 121.350°
A1121.389°, H. H A8y 117.261°; C. HE#KHN1.110A, C. O KN 1.234 A,

121.350

17.261

Figure 1. Formaldehyde molecular model
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3.2. A4 O ZAIkPE ZnO Fhibata

O TALhkRE ZnO AP JE ZnO 73 F 1, B35 1 42 4 Zn JE-1H1 41 4> O Ji-¥, O FhifiT ZnO
K, BAKZEREE. A ZnO BIRRTH K O M7 A2k 2 5 BB FE B & =M P AN 5L 8- 1 Zn
JEiF. HFERNE, X=A Zn B THA AR Zn-0 B S Kt BB g aens K, i —A4> zn JiF
PN Zn-O BEKARSE, N 1.965 A; SAMNHAS Zn JEF A Zn-0 S #5510 1.978 A F1 1.957 A, Tiiz
25 0 ZE0f) Zn-0 BB KN 1.913 A, Wil 2 fok.

Figure 2. Intrinsic O vacancy defect ZnO model
2. AE O Z{LERPA ZnO #RA

3.3. REHEGHY

THE TR R AR A ] 3(a) T, O AL BRIG ZnO Ry 4544 S AY IR o SR A, BEA Il XA
TN, Herb, A (VB M) AT IR (CBM)EL F- 4 LK XK G midl, G RiBI F s 2 8] i R A
Yty TSR HGL AT D6 #2k, RER A R ZIAR I, R p i B Al 3 E AL Tl K, IR 45 /AR,
THEPRHK S, BRMERA G EOR, HRERT, JFBCA KA O BALEEE ZnO Z IR AR -
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Figure 3. Intrinsic O vacancy defect ZnO band structure (a) and overall state density (b)
& 3. ARfE O kB ZnO BETELEM () FI R RS E (b)
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GG ZnO BRI Re i ai kit — 2 M, Wl 3(b) s, AT 1.451~3.958 eV [HRETT A
Sir, 0.0eV LN A, M B AN L, 43 9—6.884~0.0eV ¥ iy X F1-18.163~-16.868 eV
MR My . B G5 Ae B s T S RN iy TR R . A R B AR, REBRME NP B 2 25, 4 1.451eV, 57
B ZnO AHELIG N T 0.356 eV [11].

3.4. WRPHHER

W BRI B BRI B b, 5 A PR (D) RS A BE(Ey) . 45 AR B LR A H AR, 45
MR G B /NSRS, 5 E IR BUE DN, A FaEWBRE: SaREJLVNHRTINE BHIREE & RN
— /N AR TR RE R, S5 REEUER, PR E . TERHE O TALEFAR) Zno H, O 11
LR 2 F ZnO IR S AMUS A B Zn JR 7, 5 HAD Zn R TR D T AN, %
oy Zn JRF S TR S 3l Zn R E R, ASCETHE RS, BHEBES THE T =A 2n
JEF ], R AR AR S A R 4 s B O JE 75 =A Zn JR 7045 & 75 4 5l 3.815
A.3.663 A 12123 A, FiL 45 & E 3R 2.123 A, ELTEHEFE ZnO i 1 0.042 A, #1A4E 588N 0.496 eV,
FeTCHkEEA ZnO /b 1 0.175 Ao AR, R FE IR S B ZnO 407 A B KB AL

Figure 4. Adsorption structure of formaldehyde on the surface of
O vacancy defect ZnO

4. FAREFE O Z{UERFE ZnO R IR MILEHIE

I AR AT, AT LA TR TAE O AL ERIA ZnO T W B T S 4 HAer A AT AN RS A L, A
Tt HLA A AR A T R DAE— 20 1 AR LA P P 2k RS R B 3E R R 4 T PR S AARGE S F A ) A
TR REY], ML HEE > T &R 7T AR 707l 2.914 e(C), 0.452 e(H), 0.453 e(H), 4.181 e(0O),
YR TR T ZnO K J5, &R AT R 707l v 2.933 e(C), 0.453 e(H), 0.470 e(H), 4.199 e(0),
RITE H 7 T B T ZnO RS AR, g 771y C138] 1 0.022 e, H, 155 7 0.001 e, H, /3% 7 0.011
e, O 133 1 0.021 e, R 1T L%y 0.055 e, 15 HLT LL FIEELE TG HR I ZnO WL FH I/ 1 0.034 e b4,
788 ZnO KM H R TEATCBEAAEN, CHM O R MBI, 46 ZnO KM H R Fikz, 1
ZnO K 5 HEEH O JEF45 G s i i Zn [+ 24 H0N 0.052 e, X ZKIAHEE 7>+ O Ji
TRA®WZM AN, EWRERET, BRI m 2 M e, M Zno Rkt r, FEs 1
) O JE¥5 ZnO KM Zn JEFAHEAEA, RN A e 4 4%
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T BRI R B oL A e R RS S L, HE— P W ORI R AT L, Al 5
Ny LR ORI T R, B RS IZ X TR FDBAIR. Az BT BLE Y, B O SRR
Mgt BT R EEPE O BT, O T AT # LR, Zn i1 AT H /. HH IS TR O
EALEREE ZnO R, ZnO R AT AL TARM, WA A BB, W] T i1 ZnO 21 A H g 7> 1
Fers, XEHTATR AR

Figure 5. Charge density of formaldehyde molecules before and after adsorption on the surface of O vacancy de-
fect ZnO

5. RS F7E O =IERMA ZnO REWMATEHI BT ZERE

Nt o b R 73 FAE O B ALERIE ZnO R W B, AR SCUT B9 FAse 1 R BRI S ) e iy
SERIRAS AR, S5 R 6 Frn. HEERIRETE O 25 AL ER I ZnO 2 I WK B A1 J5 IR S B A K
KIAL, SRl B 40 1£-6.918~3.899 eV, NA/ili i 4> £-18.150~-16.483 eV, {HFEEI Bt 5 7E
W R NS BN SR 2 A=A T B R R 0 A R U, X AN A B 58 A
B 5T TR o A A () S WA 2% O 2 AL ERIE ZnO T 1 L = AR S, HF B A] 77 A= 1) ) S e
B T AR Re S, I Al B IR B T AR R IS, R T i A S N R A £ 2% T RE AR
WOR B LA RISy, DTRG0 Sy B TR, 0% O BEALERFE ZnO HiL ST, AT 2R R U S 5 .

ZEE 5T O ZEALERIE ZnO FHLT 4574 DL A FRIELE FLR T W B T, F 546 ZnO kAT EuAs, AHE
R, O Zfr2xAf ZnO AR 58 LE G N, [RINHe > Sl IR S A TR T2, 230 ZnO 13 HLPE R B,
M FEAR T RS TE HL R T PR PR P B . s b, R R FE R W S 5 B P I 80 5 S A I B B AR Ak
HIEFKIKE R, Chen [17] et al BT fEIRAKE H 544 Cu, B AE% T 0.48 eV, SR SHIKE
gE A IE i 3.346 A 4% v 1.987 A, 454t 0.005 eV K% 0.715 eV, & EM G T SRR RE
£ Hadipour [18] et al. 7T H, Al Ji 4 Zn [ F)4B5AE ZnO #7 B9 fEIRD> T 2.93 eV, $2&1m 1 ZnO
e, FRHEE T ZnO X CO 7 FIBURME. 25 1, O TALERIMEFIK T ZnO - A S it X H
U A AR, RS

4, &Eig

AICRH T EEZ R TT I, BEFE T HEETE O S ALERME ZnO RIH AWM MHE L, ZIRRWALE O
FhLEM 2 3 Zn0 RERRIE R, HIRES O BALIGIE M Zn 45 G HE N 2.128 A, Hi4 65 0.496 eV.
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Figure 6. Changes of the overall density of states before and after formaldehyde adsorption on
the surface of O vacancy defect ZnO

6. FAEETE O =fUGRPA ZnO REWRMBIEH 2 ASEETL

[, HERIR B 2 ZnO SR 1 HLr 35 P AR, s T 1R P 648, Wl T3 LT 509 0.055 e.
X VP B BES I PO AR A 8 B AR A T A B, PRV P 2 2 B0 b DU B RE 4, O HLAE A R AR %,
A2 O kB ZnO FIH ST, AT R RURAS 5o 0 L PR TSI ZnO R FOWR PR 1% O »
KL O HALERIE FEHEE 7> 75 ZnO Z B4 SRR, 456 REM/DN, (EIR PN AT S SR 3 AR AL
M AZHTFUPE R T ZnO R I I AL AR BT TR e S .

HEE&mE
AAER) T Em R R AR S 3 (2682020CX05) At 5 B4R F IR H (K8
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