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Abstract

The FETs with asymmetry device will be architected using ZnO nanostructures
(n-type) as active channel via current heating process. These devices were tested toward
ammonia vapor at various concentrations. The results show that the threshold voltage
(V4y) of field effect transistors devices with ZnO channel has a value of 0.3 V. After these
devices were tested with ammonia, the threshold voltage changes to be -1.4V, -1.3 YV, -
2.5 V at concentrations of 100 ppm, 500 ppm, 1000 ppm respectively. Moreover, the
conductometric ammonia sensor based on ZnO nanostructures decorated with graphene
quantum dots (GQDs) also have been investigated. It can be seen that the ammonia
sensing characteristics ZnO:GQDs sensors at room temperature have optimum sensor
responses at an ammonia concentration of 1000 ppm with a value of 6047. The ammonia
sensing properties of ZnO:GQDs sensors are due to the GQDs’ carboxyl and hydroxyl
groups, which produce more oxygen-containing groups leading to a high H* molecule
density. This further contributes to their highly responsive and selective performance for
sensing ammonia at room temperature.
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'ﬁ@‘%’mdﬁ%oLﬂuﬁavl,@ﬁﬂ%‘wﬂd’ﬁa@;Léﬁﬂ&?LLaaaﬁﬁ@l%ﬁ@auﬂ?ﬁéu § i lwanunsnuia
w390 bn LLa:ﬁmi@@ﬁﬁJmmmaﬂﬁu‘ﬁ'maLLazﬁLaﬁmmwifumﬂl@TﬁﬂﬁWLLamﬁau

PCDTBT {5261 HOMO Uaz LUMO Aa -5.4 eV uaz -3.6 eV a1ud1au gas
luiana @a (CasHarNaSs), @TﬂLLa@ﬂugﬂﬁ 7[10]



| O
CaHﬁ*CeHn

st 7 Tassa3nsluianaves PCOTBT [10]

ﬁ&gﬂﬂ’)ﬂ%ﬁ&ﬂi’lﬂ% (Graphene quantum dots, GQDs)

mqmmaum”uﬂﬁﬂmﬁuﬂﬁﬂungamaam%‘uau Hngnsiasasfiduwaszaum
TuNay nedrdenududduuugudia WHudrufitiaannmfAusmwedniiduwawos
L’Tial,?{ﬂﬂ@masiluifz@”u 3-10 nm LLa”Lﬁumiﬁ'ﬁwamawmm:@”umauéfu WUANIDUAN
ﬂﬂWummauwmame mmsn@@ﬂaml,mvl,@ Tofug mammmaumumw\mﬂau
auumadmsﬂﬂLﬂual,aﬂmaumm (quantum confinement effects) uaﬂa’muﬂmawum
“n’]\‘iLLa\‘]’i]w"lluE]ElﬂﬂJ“llu’]@]LﬂuElEl’]\‘lﬂJ’]ﬂ I WTE9I19BIUAUNA I (Band gap) VBINYA
maumumﬁﬂmammmﬂmLﬂaﬂu"l@@rmmm@ [11] mwv\mmaﬂmsaﬁmq@mau@mﬂ
NRuwiulndAssRUazaauLdEIINn @T@ifu?idLLamﬂmﬁmﬁ'@ﬁmuﬁ"l@?{umﬂmima‘umad
FDTUTAIBUAN LTH AUENTANITLTBIUE mimvl,wv’\f'mao MIdIunIuNIAaY §Azen
WAl ALRDEIAIN LAz Lﬂuumﬂmun@aau uaﬂmnwmmau@mmﬂwuﬂwm@lmmu
uﬂuuummmmmwﬁnzlmvl,@@slummawmUaumﬂaﬂmﬂ [12]
mstianvelaauas PCDTBT laanynnlauaanI1 i (GQDs)

asanaInIsasTa i I nanTAIainTie ptype S9asinnedianasondase
() éﬂmuﬁaﬂﬁaglmmuﬁﬂwﬁﬂ (CB) udvziinnzlandaszdrwawinnagluunuriaud
(VB) 59 PCDTBT 3@ UWAa391% HOMO / LUMO fig1n318138un38an lasfszay
WRII% HOMO uaz LUMO ayj"ﬁ' -5.4 eV Uaz -3.6 eV aNuA1AU [10] UATWHAAIBUANNT
A (GQDs) T5zAUNRINULULDLINLARS (VB) aglj‘ﬁ' 6.3 eV LAz T AUNWAIINW LN
(Conduction Band, CB) aglj"ﬁ' -3.8 eV [13] DIunULausvas PCDTBT AnasnugIniuay
Miaudvainyanloudunifin (Gabs) Ml e luszauiWaidvas PCDTBT a1u13n
mﬁau{hﬂvl,ﬂim”uW\Ias’ﬁmamq@mauﬁmﬁﬂﬂﬁ i lrnnelaadaszluuauniaudues
PCDTBT 1A% sanalianansaiumnelaauos PCOTBT lagldwyamauaunniluld a9
LLa@ﬂugﬂﬁ 8



Vacuum Energy (eV)

-3.0— -3.6 eV

-5 [ B miid
4ol I s
-4.5— ] 1.8 eV

-5.0— 2.5 eV
55— I s

pe(l “h4ev I Ve
-6.5—

70k PCDTBT g 3
-7.5— h+ GQDs

-8.0

:lill‘ﬁ 8 NMILlARWENININZULAZLOLNAI9 WYY PCDTBT NU GQDs
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5@ HN132Y

a 4 i 4 6 @y 1 o
1. wsganausanassmn il laaldsenaanlamidntosiinszualaad
v v
3EN1VLAINEIALD A DN IR D LT

Zn0
N Source

Drain

P ° 6 ' v a 6
zll‘ﬂ 9 LRAINININNDIDIALUIZNAUGN 9 lumiaﬁomwusﬁamaiau’mvl.wv"xh

1.1 TABWNNINNANNFLAIANTTIN SIO,

1. sn3zan sio, ladinines uaslaine=glauanriunszan sio,

2. ihdninaslue 1. ﬁﬁmmazmmﬁué’am%“ﬂfﬁﬁﬂm’mﬁguﬂunm 15 W7l

3. v 1 uas 2 wiasuainazdlaniiuiafiaueanaged uazinylsaan
lasauaudan

1.2 TABWNILATINTHETAIAUN

1. 8zan8 PVA 10 n3u lwindsaanntlasan 50 da8das suin3asauansazans
@Tmu;im%ﬁqmﬁgﬁ 90 IANTALTOR U PVA RZAN8IURNA

2. %1 Zn Powder anualiazidue

3. E382a18 PVA fitesuuluts 1. sawauny Zn Powder fiuaazidsaluda 2.

VINFNLND S LT

4. GAU Zn Powder finguiy PVA TwSumadszanos 1 ioufiiuny

5. ¥U¥19 Zn Powder "lﬂLm@TwLmLmﬁqm%Qﬁ 400 B9ANTALDOR LWIAT 10
77134
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P ' P (Y a = I o
E'll‘ﬂ 10 LLRAILNY Zn ‘V]LN']@]?E]QW“J;}N 400 AFNLTALTYR LW 10 ﬁQIN\‘]

1.3 Buaanmsiareansudainasawa i

1. %1 Si0, IWIA 2 x 1.5 LTUALNAT NFNANNEZaNaLESSIUTENINIIBNY
3% afazyniiludniaswiazaamos 1INtinganNnEneused SIo,

2. 9n3=an Si0, ANTANs 3 1853UNNTassL Zno nwedaslwlannuan

3. 11 SiO, ﬁgﬂmﬁauﬁm zno antasaslilannuson lumnte3atunaae
gownnd 400 adeniaios wan 2 72134

4. nwdseasmasouasoudr lunesou

n1218%

3111 11 a4 Sio, ANNIIWN AN T U A TULRLIITOR

;sﬂﬁ 12 LEAY SiO, ﬁgﬂmﬁauﬁw ZnO laoews o891 aNINITINT LazaIwIIH
mitmﬁwqmﬁgﬁ 400 avanLaLgys Lwaan 2 Tl
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/
74 \
Uq ¥ \
AUATH /. L AAN

= . Aa & o v A & & o A&
3111 13 uaas Sio, NN LA WTILAD TIATWLAZTITOF LASFIUUINATILAN
a 4 { [
2. \@spanudanasawa lWifidgiwiu PCDTBT uaz FisCuPc
v
1.1 YHADWNITLAIYNFEITAZAY
1. 1938NENIAZa1Y PCDTBT ANl uTw% 10 Ia8nTd azanuluaniazaiy 1,2-1a
= a aa v di v 1 = dl a Y |
AaalIluunTw 1 188807 azaulaslfiaIadauanIcuuaLnan Ngunniives (25°C) 1w
1981 2 Tl
2. 1O3UNENIAZANY F1sCuPc ANNLTUT W 10 A8ANTY azauluanIazany 1,2-1a
=) a aa U di U 1 = ni a |
Analalundn 1 188807 azanalayltinIasansIeuuuInan ngunnd (300°C) Ll
2 1139 30 W
3. 1ASNRIIAZAY P3HT @uLtuen 10 4a8n3y azaneluansazans 1,2-laase
laiudu 1 faddas azanplavlfinissauansdiouiindn Namngiives (25°C) uam
2 1134
4. 193UNRITAZANY SIN-rGO ANNULTUTW 10 UadnTd azaulua1sazaiy 1,2-1a
=) a aa U di v 1 = ni a Y |
AaalIlunTw 1 188807 azaulaaliaIadnnanIeuuaLRan Ngunniines (25°C) 1w
1981 2 Tl
5. L AIUNEITRLANUNRNTLHINIRITALANY P3HT ANt uT%h 10 Uaansuda
TR8867 NUATAZANHAZAY SINFGO AMULTUTW 10 AaAnIN6a ARARAT MaATIEIW
1:1 Tapdsunes wanlasltiaSasana1Ia 18 Lutnan nogmnniives (25°C) tilutaa 1
134
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311 14 GuaaulaIouaIazans FsCuPc TaglmiaIasanaIIeuLLuIRan
1.2 m”u@auﬂ’ﬁmﬁammumgmaa OFETs

a A

1. turw sample 'lu) Surface treatment do39&yIdunia 15 wfl

2. 15 lulasdidagaansazais P3HT/PCDTBT Y3unm 30 lulasday woaasuu
wWt sample Aoy i]’m‘lfumﬁauLLUU%&J%@T’JU@’J’]NS 1500 saudiawfl tJutaan 15
N

3. kU sample mmauwuumsmsa A1W§3 P3HT/PCDTBT 14 Surface
treatment 6833y TUINN 15 W1l mnuumwmaummﬁnu 80 ayALTaLSoE LOu
LA 10 W

4. MAURZENAVBLIUHY Sample e 1,2 Vlmﬂaaiimwnu woldliAam s lva
209N TUF NN T2 TANARUEIATH 38 99 INARUTATE R

5. lndumunswinnssusiarndLasuuassos m;sﬂ‘?i 15

6. ﬁwvlﬂlﬁﬂaﬂu%“auﬁqmﬁgﬁ 80 a9eLTaLTos twaan 10 wifl e lwn1Sw
LAY

7. domunasuasiafanuaaing 99105% Laz1aTas ¢28 Conductive Paint 9NN
ﬁﬂﬂ‘lﬁmm%uﬁqmwgﬁ 80 aseLwaLdoa tJwaan 10 wifl Lwels Conductive Paint

A
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l:. a 1 o | a A 6
;S]J‘Yl 15 NIUDRLADINTIUNIZUR T URNTDUNTE

PCDTBT

Sio,
Si wafer

d. o a a € A A a ¢
;S‘]J‘I’I 16 Eﬂfﬂ’]ﬂﬂdLLﬁ@]x‘iﬂ’]iL@liﬂNﬂi’]%‘ﬁﬁL@]ﬂi“ﬁuﬂﬂu‘ﬂiﬂ

Aa A Aa s a A (4 1

3. MmInadavlszansnnsainudainasawin iniaiadwnid (nsdtlanasay
)

o o | a & A a a6 \ A o o ¢

idadimmudaaaiauuinihsiedunidanded99y iNegnmnanusunus
LRI Ipg N Vs @93UN 17 URZANMUFUNBTIEAIN Ips AU Vs 29510 13 rnlilsunsa

u u

KickStart g Keithley SMU 31 26128

SMU 2

LO

311 17 N300 9NN IMNANUFURRTIZAIN Ipg U Vs
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HI

SMU 2
SMU 1

31U 18 N30T NEANTINANUTNRUTIZNII Ipg N Vpg

4. MInadavdszansninzasnswdainasawian W siadunsd (nsdnaaau
)

1. NMINAFDUNITBLONWOR

- L@TBUENTASANDLENIUDAANNULTUTY 100 ppm IUFAFINLENIBER 0.47 NN
azangluiin DI 1,000 N3W uaz LomueaaMUTUTH 1,000 ppm lugadiuianiuan 4.70
3y a=anelwih DI 1000 N3k

- ddaafoian naannuLTuTh 100 ppm Waz 1,000 ppm a1NE1QU Lﬁiagmi
WAL I8 INTINANUTUWUETZENING [og TU Vg UAENINAMNENRUEIZNING fyg NU
V,s ludazanuidudv

2. MmInadaumauanlaibe

SraSuNEITazatsLeNlu oA Nt TN T 100 ppm bUEA &I B
wanluifley 04237 n3w azanslusia DI 1,000 n3w wazwowluiisaudus 1,000 ppm
Tugasan wewluily 4.237 nsy azaneludin DI 1,000 N3k

- dassfouanluitaanuidudu 100 ppm waz 1,000 ppm a1UE1AU L‘ﬁia@ﬂ’]i
WAL I8 INTINANMUFUWUETZENING [og TU Vg WRENTINANMUFNRREIZNIN [og N
V,s ludazanuidudv

3. MsnadaumBazaln

S L@TUNRITATANLDLT LAUAMNLTNT Y 100 ppm lusasInazFlan 0.0395 N3N
azaneluin DI 1,000 n3W uazaz@lawanuidud 1,000 ppm ludasiwazdlan 0.395
3y a=anelwih DI 1,000 N3

- dUaaufwazFlanainuidudu 100 ppm waz 1,000 ppm ANNRIAL Lﬁia@ﬂ’li
WAL I8 INTINANMUTUWUETENING [og TU Vg WRENTINANMUFNRREIZNING [og N
Vs baldazanaiutis
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a 6

A A v o eV A a [<f & a [
4. MInadavilsransnmwvasiiasduiaifigiwmduddeanlodngnifauni
mgﬂmam"funsﬂu
[-% > (2] Q v &/ § a =)
#0323 UM TLULATITTanNUAIwNMuINIe BN T U N aAn Uiz AnTaw
windulasldBiteanladngnindienyameuaunfudugiu lunszuunaeioua:
v =) &
L@%‘UNTQNamoNaumhmﬁaaﬂvlﬂmﬁmumiummzwa@]LLazLLuuakLmﬂqumQﬂm%'mJ
TasnteurnnslianuTanar18nIz s WA mumﬂﬂﬁwﬁl%:agﬁ 50 waNLls 1N
& A a o ° o o P a = o o
iwwmasngniaisaldazi lnaseunuiauenludie uazilSouiisusniwlnus
=) 1 4 { =) o % Q. (27 { U &/ %
7RAE19 9 1NN U T AnANNIUANZINLIIVBIRIATIILANTNFIILUAN T2UUMTIA
azugadlugii 19

Air
=
Side view
Cylindrical
zinc

a
-w

o

31 19 "l,@aummLLa@ﬁzuumam‘i’uﬁ”ﬁsﬁLLaquLﬁﬂﬂﬂlﬁﬂidﬁ%ﬁduﬂuﬁoﬁaaﬂvl,en@?ﬁgﬂ
wudonyanlauaunWwdugu
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NAN1529Y

Y] a 4 a 4 ¢ @y [
1. Han13@3293uNITBaINI nsaiaasanIn NN laaldsedoanlaaidusas
WINILHE
a A a ¢ A A .
nan1Inagaulscansnnnsusaiaasawin WNINA ZnO nanoparticles
[~ [l o
s aInINISILE
NANINARBLUTEANTA N VaINT I UTaaaszu N IWANAS ZnO nanoparticles 1w
FIRINTEURNUINAINTEURLAT TR T N INTUALANNANIANSLANTa T WATNUTII
a o A ' o & ' & o A
NIUEDNALIaANNFIANSINNTARNINATN 6 1286 muamlugﬂ‘n 20

Vas (V)

q' [ o 6 1 [ a A a 6
3UN 20 ANMUFNWUTIENIN Ves MU Ips ZaIMTNasaulsz@nininninudaiaas
g3 WAL ZnO nanoparticles Lugasinnszus
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1.0x10”

8.0x10”

~ 6.0x10° A
< 7

(%)
o
4.0x10° 4

2.0x10* A

0.0

0.0 0.2 . 04 I 0.6 l 0.8 1.0
Vps (V)

‘:' [ o 6 1 [ Aa A a 6
U 21 ANUANWUDIZNIN Vos NU Ips J@IMInasaudsz@ninwniudsiags
g3 IWANAT ZnO nanoparticles Lugasinnszus

] —a—Vpg =0.4 v‘

V, =03V
I‘ I
n
|
-9 u .
1077 Air
T 7T T T 7T T T T T Tt T T T 1T TT
54321(1123456789101112131415
Vas (V)

‘:' > L 6 1 a ] ni a a
31U 22 ANUFUWRTTEWIN Vas NUAIIINNRDIVEY Ips VINTNARBUUTEENTNN
NuGaaasawN IWANAE ZnO nanoparticles 1JuTa9i NIz Nl Vos = 0.4 V

n3UN 21 uaz 22 ugaIlEiAUI NIIWANNFNRUTTTAINT Vas N Ips VBINTT
a A a 6 Aa . | [ o A
nagauUszENIA NN UG aa3awIN IWR1NT ZnO nanoparticles 1uzasinszus Lo
NANTI Vps = 0.4 V Adneanainzainszusidasdanszuala (On-Off ratio) = 719.82 uag
di a s e 6 1 [ ] d' a‘ a
WWaNNTMINTINANMUTUNBDITZRIN Vas NUAITINNREIVDS lps N1 Vps = 0.4 V JALTS
audaizn (Vo) = 0.3 V uazlinszualWingegaagf 0.427 pA nsldennniiaadzad lps
' o & A . ' v & AN v a
anuaangiasurasadn Ldunsnieanua1adng Threshold V,, Alasuanufioulu
szoznatuazidwnafiafidrlndifoinuanuiduadengadmnivnnwndansuedu s

curve
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HANIINAFILUNIIADUERAIADAIBLONIWDAVDININWTALAD I aUIN INNINA
. [ 1 o
ZnO nanoparticles tiura9h1nIziLd

107

—a— Air
—e— Eth 1000 ppm
—4a— Eth 5000 ppm

Ips (A)

L o S A B B o e e e S B

31U 23 AMNFURUTIERTIN Vs NU Ips VOINITNAROUUTEANTAINNIIUSRIADT
g IWANAS ZnO nanoparticles 1ugasinszua e lasufmanuaandanuitusu
UANGIN
dl Y & 1 s o 6 1 >
N3UN 23 UFAIIRIARIIMTINAMUFUARTIZNTN Vs N Ips VBININAROL
UszAnTnuniudaiaaszaunWiNE Zno nanoparticles LJuzasiinszus tla'lasy
[23 { v v 1 L e [ Qq/l Qq// 1 &/
Mo UaaNIANNTNTULANA1INH NTUE RN TZRIITUATHLRZ I I TaRTANINT Y
di a A Rt ci £ 1 Y ey di a s o 6 1 o
WaldSsuisunuan1aengslalasufe e s nTWANNFUNBETZAI19 Vas AU
a a a 6 Aa . [ 1

Ips VaINTNAFALUTzANTA NN BT aLaaTau I8 WAL ZnO nanoparticles 1w a3
o A v o A v o A A A
nszua Walasufmaaniuaanianuitudu 1000 ppm wazRINTN Vos = 0.4 V fen
asndInvadnseumidadanszuala (On-Off ratio) = 591.98 uaztlaWarswm1nI1N

v o & ' o A A oA v A a
AMUFTUNBDIZNIN Vs NUAIIINTNIRDIVEY Ips N1 Vps = 0.4 V WUAINAALII0UTALIY
(Vi) = 0 V uazlinzualwingegaati 0.381 pA asuaaslugii 24
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With ethanol gas 1000 ppm

L e L L B e e e
12 3 45 6 7 8 9101112131415

q' > e 6 1 [ 1 d' a a
31U 24 ANMUFURUTTLNING Vas NUAITINNREIVBY Ips FBINITNATBUUTEENTNN
NIUTRLAD3FUIN INRIAT ZnO nanoparticles LTuTa3NIZUaN Vos = 0.4 V Liale3U
MoaNIHaaNIaNNTNT® 1000 ppm

—a— Air
—e— Eth 1000 ppm
1.6x107 - —a— Eth 5000 ppm

Vi =6V

311 25 ANNFUNWTIZWIN Vps DU Ips WDINITNAFAUUTEANTATNUDINI USROS
g WIS ZnO nanoparticles ugasinszue e lasufimanuaandanuirusu
LANANIN
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ATNAITILATIZRTVIIAWRIANINITUIAINUTNNUTTZHING Vs NU Ips U
a [ 4 Aa . IS 1 o A 1 Yo ey Qs
NuGaaaTzy IWANNT ZnO nanoparticles tJutasinnszus WWalulasumouas ey
ATLANIHIANAANVLTUTWLANGEIIN WINTWIN Vps = 0.4 V mmmagﬂ@hé“@mdm
PinTeuaidadanszuala (On-Off ratio) WAzALSIARTASN (Vi) 9905197 1
A19191 1 LFAIALIIaRTAISNLAzaaTRIMwIaInI LA D adantzuada 1o lasufnaan,
dld v v 1 Q d'

BAANAA MU VT ULANGNINY N Vps = 0.4 V

Arafifianadn AsIaudasa |AV | | 8andmaasnszualila
LANAIIN (Vi) (V) (V) fanszudla
Talasufne 0.3 - 719.82
MBLANIWDAN 0 0.3 591.98

AMNLTNTH 1000 ppm
NBLANIWDA 0.3 0.6 875.47
AMNLTNTY 5000 ppm

a A a ¢ { .
nan1Inagaulssansannsmsaiaasawiniiwna zno nanoparticles
& ° P ' v a A ¥ W ' )
wwraswinIsud L&IBIIZ‘IBEIﬂ']‘ﬁLLEJNTNL%EINﬂT]NL’ll&l“ll%tl(ﬂﬂ@l’]dﬂ%

—a— Air

—e— AM 100 ppm
—a— AM 500 ppm
—v— AM 1000 ppm

Ips (A)

q' [ o 6 1 [ Aa A a 6
31U 26 AMUFUNUTITNIN Vas MU Ips VaININagaulsz@nTaiwniudaiaes
g3 IWANT ZnO nanoparticles 1Jutassinszus e lasufawenludionlanududu
UANGIN

t=; v & 1 s o 6 1 >

93U 26 uaalAiAuI NIUANNENRUTIZNIN Ves MU lps 28IN1TNAROY
UszAnTnuniudaiaasaunWRNE Zno nanoparticles LJuzasiinszus 1lalaiy
Moo laiaNfa Nt NTwLANA19AY NTZLR RN TZRIITUATULAZTITER JAN1N
J 4 Qs s [l U (27 4 ~a = Qo 1 [-%
Fwfafounugslilasuiie e T nTINANUFNAWSIZHING Vs AU Ips VBINNT

a A a 6 Aa . | [ o A

nagaudsAnsamwnnudaiaasawin IWiAE Zno nanoparticles 1Jutastinszus 1l
lasufauanlaitoNdanuiduds 100 ppm wazNITaNN Vs = 0.4 V JA18and11289
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nyzuamiadanszuala (On-Off ratio) = 1,871.07 uastlaRNTMINTINANNTNNUTIZAI
Ves NUANITINATBIVDI Ips N1 Vps = 0.4 V FAUIIABTALIY (Vrn) = -1.4 V Uazd
nazua Wingigaagf 0.253 pA aagiln 27

—I—VDS=0.4V /

107" 4

Vas (V)

31N 27 ANUFUAUTITRINI Ves NUAIIINNRBIVBY Ips 28IN1INATBULTZRNTNIN
NIUTaaa TN IWANT ZnO nanoparticles LJusasinTzuan Vos = 04 V iile
lasufauwanluiinianududu 100 ppm

4.0x10° _= Air

—e— AM 100 ppm
—a— AM 500 ppm
3.0x10° —v— AM 1000 ppm

—_
) 2.0x10°
()]

1.0x10°

0.0

00 01 02 03 04 05 06 07 08 09 10
Vps (V)

‘:' % o ¢ 1 [ Aa a a 6
3U11 28 AMUFURUTIEAIN Vps MU Ips VaIN1INaseudszdnininveinsudaines
g3 IWANAT ZnO nanoparticles 1Jutastinszus e lasufawenluiionianuutu
UANGIN
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ATNAITILATIZRTVIIAWRIANINITUIAINUTNNUTTZHING Vs NU Ips U
a [ 4 Aa . IS 1 o A 1 Yo ey Qs
NuGaaaszn WANT ZnO nanoparticles tJugtasinszue el ldsufouazlasu
e Ui NA AN UL NTWULANG1IN Y WANTIWN Vps = 0.4 V mmmagﬂmé“mqmu
yainseuaidadanszuala (On-Off ratio) WAZATLIIAUTALIN (Vrn) AIRNS191 2

P ! v A a o ) A | 2 v o A da
M13799N 2 ALIIABVALINULAZDAINFINVBINTeURLTasiade L&JE]VL@i‘.IJﬂ’IGIiLLmJINLuEm&I
v v 1 Qs Ci
AN ULVNVBLANANINNY N Vps = 0.4 V

fanfanudasn | eussandaEy |AV | DAINEINVAINILUE
LANAISNI (Vi) (V) (V) e - nszuala
lai'lesuie 0.3 - 719.82
fauanluiiie 1.4 1.7 1,871.07

AMNLTNTH 100 ppm

feoanlaiie 1.3 1.6 1,245.55
AMNLTNTH 500 ppm

feoanlaiie 2.5 2.8 1,703.14
AMULTNTY 1000 ppm

A a A 4 [~ 1 )
2. HANIINAFDUNIMNTALA 3TN INH B RADWNTENH PIHT 1ilwsasiinszua

a a a € A

ANBULLANIZVDINIINTALADS a1 N W BHADUNT NS PIHT tiuzas
WINILUS

IINNIINANUFUANUTILNING | AU Vasdnanisnagaudsz®niainued
nudaaataun R sfiadunssg nydils P3HT (Spin Coating 1 581) {uzadtinTsus
AAMUAIANITZAIN99 A TH-TOF(V ) WU 0.4 V, 0.6V, 0.8V, 1V WUINTSATIEI%
nyzuadadanszuala (on/off ratio) AALYINAL 1278.8, 785.8, 815.7, 759.3 aus1aL @4
LLa@ﬂugﬂﬁ 29
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1E-6 -

1E-7 4

1E-8 4

1E-9

— Vds=0.4V
——Vds=0.6V
— Vds=0.8V

— Vds=1V

-25
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31U 29 ANNANNUTIZAIN lgs NU Vs tlalTANNEIANSaTU-T85 0.4-1 186t nadild
P3HT 1dutasinszus

a o & ' a a 6 a A aeda

NATINANMURUNBTILHING | N V Tﬂdﬂi’]%‘ﬁﬁL@]ﬂiﬁuﬁ&Jleﬂ']ﬁ%@]E’J‘WY]?EJ‘Y]?J
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—&— W ith Acetone gas 500 ppm

—¥— With Acetone gas 1000 ppm
—4— W ith Acetone gas 5000 ppm

0.000006
0.000005

0.000004 4

IDS

0.000003 +
0.000002
0.000001 +

0.000000 4

-0.000001

Vbs

q' % a 6 1 s a a
3UN 45 n3IWAUFNWUTILWINI Ips NU Vps BBIHANNITNARBULTZENTAINT B
NUTRLAIFUIN IR TRABUWNSE nYobld PCDTBT 1usadsinnszug iilalsaufmaszd

TawNANUTNTUANN® N1 VGS = -8 V
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fwsunITnaUsnaIdafTanuaaInndaaasawn i siie Sunsgngd
PCDTBT Lﬂwﬁaaﬁ’msmagﬂLLa@ﬂugﬂ‘ﬁ 46 BTN TINANUFNRHEIZAIN Ips BAZ Vos
eddaufaianineafinnuiTugu 100 ppm, 500 ppm, 1000 ppm L&z 5000 ppm 7
AMUTH 4-5% LT8R Vos = 0.2 V wuinnsinisnwmeidenldnisdne b
vsmﬂmmdwmméﬁmmaﬁﬁnaﬂamuz opened stale la51a4 aasaIwnIzuadadanIzus
30 (on-off ratio) MalausstnmaUn@iiayinny 440.86 wazaanaiunszhaiadanicus
@ (on-off ratio) tHatsasfaaniueafinauTuTw 100 ppm, 500 ppm, 1000 ppm W&
5000 ppm HeLYinNL 711.29, 338.11, 370 ez 63.1 ANE1AL

—8— Air

—e— With ethancl gas 100 ppm
—&— W ith ethanol gas 500 ppm
—%¥— With ethanol gas 1000 ppm
—4— W ith ethanol gas 5000 ppm

Vos=02v

q' s % 6 1 a a a
3UN 46 NTIWAUFUNUTILNI Ips NU Ves VBINANNTNARBULTEENTAINT B
NMUBRLO SRV N TRa 8 UNIS Ntk PCDTBT Liatdasfaianinaanainuit i
@N9N% A8 Vps = 0.2 V
INATINANMUTUNUTIERIN (Ips)? UL 3 3 TR wL
s (Ips)"? WaE Vgs 209N UTaiaaiawa lWioiia
’ A eda IS ' ° ' v A o o
Aun3INad PCDTBT tutastinntzus snunInwia1aasnssawiasylalasn1saintaunass
' o P a o ' o . & §
NIUAINNTUT I AN LU UL TILTFUAANIUAINNAIANHIZRINIT1NA-TaF (Vas) LT
a A & ' o A A A A a A o
NINTUIN Vos = 0.2 V (ANNTH 4-5%) WULTIaudalsudaaaadlaidIouinaunuen
usdantasumalausssnmetnd lagarussaudaisunisldusssnnialn@ieavinny -4
V WWaddasmwianiwaananuiiutis 100 ppm, 500 ppm, 1000 ppm e 5000 ppm ¥
TR IaudiaSuieaIny -4.5 V, -7.2 V, -9.5 V uaz 13.8 V ausdau @T\‘iLLamlugﬂﬁ 47
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—8&— On gsas

—&— W ith ethanocl gas 100 ppm
—&— W ith ethanol gas 500 ppm
—w— W ith ethanol gas 1000 ppm
—4— W ith ethanol gas 5000 ppm

— V=4V
o — Vi==-45V
z
» -
o Vie=-72V
Vie=-95V
—Vr==-138V

~n
<<

-20 -138 -16 -14

Vas

A ' v A a I ' & o o & ' 12
3UN 47 uaasnImAuTIaUlalsulag A INERINNNTINANUENNHBEIZNIN (Ips)"? N
Ves VRINANIINARAUUITZANTA WU aINT UG ataasaw1 N A1 sRadunse nydhld
PCDTBT iilutadtinnizus tlalsdaufinaaniuwaananu iyt udan 1agn Vps = 0.2 V

q@‘ﬁ”ﬂmnﬂﬂﬂwmmé’uw”ufszmn los BAE Vps TaINIIWTRLA0I a8 WK
a a = {d‘d | 1 ) dl 1 23 dl U U 1 % dl
PRADWNILNN PCDTBT tusasiinseuailalaa s nsaniwaana Nl Nana1dnis 7
Vgs = -8 V (ANT% 4-5%) WUINNTTUR RNITTHIN0ILaTUTaRanad tlannudutu
o X o 4
PYAINBLONIORLNNU muamlugﬂw 48

—8— Ongss
7 —#— With Ethanol gas 100 ppm
0.000003 + —&— W ith Ethanol gas 500 ppm

—w— With Ethanol gas 1000
0.000007 ! no'9 ppm

—&— With Ethanol gas 5000 ppm

0.000006
0000005

0.000004 4

IDS

0.000003
0.000002

0.000001 4

0.000000

-0.000001

Vos

q' a Qo 6 1 [ a A
;S]J‘I’l 48 NI INANURUNHDTIZTWING Ips NU VDS°1]E]\‘1Nﬂﬂ’]i‘ﬂ@]aaﬂﬂita‘ﬂﬁﬂ’w\ﬂlﬂd
m’ms'fim@la%amﬂvxlﬂwﬁmﬁuw?ﬁ ﬂifﬁl’ﬁ PCDTBT (Jusasiinszius Lﬁaﬂdamamuaa
P 2R 7 o A
NANULVNYWAINY I@]EJ‘Y] Ves =-8V
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HaRansonnanmageunudsiaasawnininsiasunisng PcoTBT 1u
BIHINTEUAAAINNAIANTTZAINIT A TU-T O (Vps) tNNL 0.2 V wasandsaafing
wanluile azflauuazionines fANUTNTH 100 ppm, 500 ppm, 1000 ppm L&z 5000
ppm L°IJ’IE<I§'W1J1J mmmmﬂwamsaLm’lmwl,@mmﬁaﬂ 5
A3197 5 LLamma@mmwuaam“umﬂ@@am%mﬂ@ (On-Off ratio) WAZFUTIAHTASUT
Vos = 0.2 V iladsasiouenlufio axdlauuszianuan fnnududuednsg

gasInvaInIzuaia
ganszuaila (On-Off ratio) usdandaisu (Vo) (V) VTH(W) Vg
ANNTNT U
wia
wauly ~ wauly ~ wanly 2% 5

- asglan LANUOA . asdlan | Lamues .

Wi Wiy Wiy Tau | mues
Iuﬂﬂﬂ’]ﬂ 440.86 440.86 440.86 -4 -4 -4 0 0
100 ppm 415.49 543.80 711.29 -4 -6.8 -4.5 2.8 0.5
500 ppm 401.07 742.66 338.11 -5.8 -11 -7.2 1.8 7 3.2
1000 ppm 409.79 145.60 370 -6 -12 9.5 8 55
5000 ppm 386.66 338.91 63.1 -9 -14.5 -13.8 5 10.5 9.8

1 [ I‘ ~ 6 I‘ a 6 \1 €

8. HANIINAFIUNIIADUAWDIANDNIBLLINLNL K HUDILBULBDIWILWDINDDN %ﬂﬂg‘ﬂ

LRNAIBNAAIaBANN T

[IRRUSET Umuﬁg"?ﬁ‘f ylaFanneilassanomn udetoan loandlassaoununay
sninlueazweanvagmamludisnszuiunmslianuioudin iy angddne
NNNdaIanTIANBianaTanLudaINTIauaad iR RIMIA8E I 100-500 1 lwnas
a9 LLamlmﬂﬁ 49 (a)-(b) wasanLAndrIonyanIanaNnIARNUI lassaTraw ludard
aE]ﬂvLGIiG]wL&JLﬂaﬂuLLﬂa\‘i@NLLﬁ@\‘iluiﬂﬂ 49 (c)-(d)

Luaﬂ@aaumsJmﬂuﬂmnamLuummdmaﬂeﬁwmmmﬂaaﬂvl,emmimamw
u,mJLanﬁnﬂﬂuaaLL@i"I,&hJngwaﬂﬁWummﬁ@mﬂmsLaumUﬂ%mmwuamuﬂﬂ AILEFAI
Iugﬂﬁ 50
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dl 1 U o A & i 1 ' » ) =3 1
3171 49 (a)-(b) JUtBIINNFasRaNnIIABIANaTEULLLFBINTIANUFAIR AN B UL
paslavsamnludeiaanlodfigndianzilasnszuiunisldanuiaudan i (c)-(d)

U :ﬂmaa%“nuﬂu"ﬁaﬁaaﬂvl,sn@i‘ﬁg]mamﬁ pryanlIuaNNTIAN

(101)
Zn0:GOQDs

(100)
(002)

(ALOs)  (102) (ALO3) (110)

L \JL\J\,\_

(ALLO3)
(ALO3) Zn0O

M

30 35 40 45 50 55 60
20 (degree)

E‘i.lﬁ 50 NANMINATOLMBNARANITRLUUUAILTIRLANSD

Intensity (arb.units)
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v o o L oAaA & A
nasannnaraumsadnlatsladwasiunizananuindnNavadsasuaunen
& ) P @ a ' o P A &
adflsznaunanvaInIIWn muamlu;;ﬂ‘n 51 (a) SumInasaudsinaiaisenaue
WatuBunsasmunlasaladuaadlugud 51 (b) wuiWavesdeieanlodndudionye
o P ' a A & VL :I A A R T A =<
ANARANNIINULANAIINNNAVDITINAAN b1a LagWLNAN 1,380 cm™ L UwNANLEAID
a { I { ') P B { = {
WUy C-O, WaN 1,480 cm™ L uNANURAIDINWEE C=C T TuNANLTILIININNNIIN
ANBHSLANIZVAINTVING, Nafl 1700 cm™! LT UAANLEAIDINUTL C=0 wazNaN 2,850
cm™ uaz 2,920 cm” LlugasNaNUEAINIWHEE COOH AANIRNANLANAIIININNAD B
a { v Q a J 1 & =) g
smﬁaaﬂvl,sﬁﬁl,ﬁmmaaﬂumim@mumaaﬂqu carboxyl Wag hydroxyl TIN1NNNITIAATU D
aaﬂ%wulum@mamﬁmwﬂu

—~ Zn

2 (a)
=

=

€

~

>

=

&

% CO Au /n 7n
— i K Au K Au Au

o
-
N
w
=
w
=)
-~
@
©
-
o
=

Energy (keV)

(b)

Intensity (arb.units)

ZnO
Zn0:GQDs /

COOH

I
1000 1500 2000 2500 3000 3500
Wave number (cm™)

311 51 Haves (a) awnlasaladwasnunszans (b) Wisuinuanesudunsasinla
salad
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mmﬂ‘n 52 (a)~(d) LﬂmﬂﬁnﬂﬂaawamsmaLaﬂmammuaaamuml,am‘lﬂmu
mﬁmmau@uﬂﬁﬂumm aouuwummmmnaaﬂ"lsm Ltammmau@unﬁwummﬂ
Laaﬂag‘n 2.6 W LUuas

(b)

0001

- (rl]l

o1io

100fin

20 nm

317 52 (a)-(d) \Juganndasaanssaididnasauiuudadrin
a 6 6 A v a A (2
INNMARNzRaIalTznaumtaicrmaiasidnlasalndlnladianasandly
v A o \ A € & A € & a o o
TIRLENGLEN® Cls ez Ols maasﬁqnaaﬂvl,smLLa:Gﬁaﬂaaﬂvl,smmﬂmumwmmau@uﬂ
5’1Wumumﬂmﬂn 53 (a) uaz (b) nNe Cls maamﬂaaﬂ"lsmmm@mmwmmaumn
ﬁWunﬂW@mwmmummum 4 ¢n leun Aindanw 284, 8 eV AednunRLD: C=C 18
amﬂﬂm AWRI91% 286.1 eV, 287.5 eV LAz 288.8 eV LABITaIRURUEE C-O, C=0 Waz
o @ ° ) o a £ a a
COOH ANY&I9U F1RITUNWTEVa9 COOH LAAU%IINeaNTLauyaITInaan koawnay O-H
stretching maamfuauﬁmamamq@maué’uﬂswﬂu NALARIBULRAI LA R WA INITRIN
ImaeﬁnLLUULaaLﬂaiss:ﬁdwa%aﬁaaﬂvl,sﬁ@ﬁtazw@mau@”mﬂﬂu
o % { [ A & { @ %
FRIUNA Ols nﬂﬂmﬁwaamu 530.1 eV WAz 531.8 eV TINANIRNALNLITDINY
msaﬁ’m 0O-C 3¢ ‘mnaaﬂsﬁmu‘lumnaaﬂvlsmﬂummaumawmmaumuﬂﬁﬂu
WANANNARAVEI 532.7 eV LABITRINUMIETIINUT: O=C Bnaan
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CI1S a
— Zn0:GQDs ( )
5
o) C-0
&) COOH
2
@ C=0
8 \
£ \
v y ,“
I T I T I T I T ]
290 288 286 284 282
Binding energy (eV)
O 1S Zn0:GQDs (b)

)
g
=
=
o
2
‘B
E) Zn0O
=
[T
T | T | T
534 532 530 528
Binding energy (eV)

Ui 53 (a) uaz (b) NTALATzwasRlsznaunstaddarsmainmnlasalndlnla
LWBNATEUBTIFEND L UENU Cls waz Ols mad%aﬁaaﬂvlﬁli@il,a:s'f‘mﬁaan%ﬁﬁgmﬁmﬁU
WHAMIBUANNIIAL
Namsmaauﬁ”ﬁmmuiuLﬁwaaLsnw,eﬁa{s’i‘mﬁaaﬂvlfm‘ﬁgﬂL@N@T@ﬂm@ﬂuaum”uﬂ
ﬂﬂugmmmlugﬂﬁ 54 (a) a2 (b) G'fiaLflumim?iwuﬂmmmﬁmmumawﬁmma{ﬁgﬂ
L@mﬁﬁ%&;ﬂﬂaau@]‘”&ﬂﬂﬂuﬁﬂ%u’lm 5mL, 10 mL, 15 mL uaz 20 mL uazgni lunaseu
Aufauenluiis (ANuB% 65% RH) @‘i’dLLamlugﬂﬁ 54 (a) HANITABURWAINLIN
mmma%ﬁmwﬁmmua@mLﬁaﬂﬁiaﬂﬁ”’mmﬂwLﬁﬂL?TﬁgjizuuLLazmm@ﬁumuLﬁu%u
Lfiaﬁ”’lsﬁgﬂﬁ’]aaﬂﬁnm:uu ugasliifusniifuesn1sneuaneIfafng reducing VaIRI3NS
fnaialan aRuanuduTusasmasenluiiswuindaniwlh SanAudwuasd
.

1 { 1 { v v & I 1 { a
A1g9gaN 6047 Lvi1 NaaTuTU 1000 ppm FaidudraniwlinuraniswisasF
aanloangnidndisnyanlauaunnAunUInm 15 mL asuaaslugii 54 (b)
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1000 ppm

Sensor response

| |
0 500 1000 1500 2000 2500

Time (s)
A A o ca & & A @
311 54 (a) mmJawuﬂaamwmummmLsnmsﬁmmﬂaaﬂ"lemﬂgmwmUmgﬁ
amaunaunIWuasldusssrmeatndnuussennmeavadmaovenluiio (b) Aaniwli
FUNWTALANLT U
dq’ 6 1 :l/d o 1 6V a di =} o ey

WANANNHLTULTDITIREIHT AN NI NNz T LU Tl U ol NgUALANTLaNI %A

LazasTlan @T@melugﬂﬁ 55
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s Q
aﬁgﬂwam‘nw
a a a 6 t:i =
1. ﬁ‘gﬂNaﬂ']‘J‘nﬂﬁﬁﬂﬂixﬁﬂﬁﬂ"nﬂﬂi’]%sﬁﬁlma‘sﬁ%’1&11ﬂﬁ’1‘nm ZnO
. [ 1 o
nanoparticles LiwBasUINISUA
INNMTAATIERNTINANUFUNWEIEH I Vas DU Ips VaININagaulszansnIw
NIUTaaa eI RANL ZnO nanoparticles LHuzastinIzua 1iaNNTNN Vps = 0.4 V
fanoandinveinseuabdadonszugda (On-Off ratio) = 719.82 wazliawan s INIINW
o o ¢ ' o A ~ A o A A
AMUFTUABTIZHIN Vs NUAITINNREIVDY Ips 71 Vps = 0.4 V FAUTIAUTALIH (Vry) =
0.3 V uaziinszuavihgigaasf 0.427 pA
INNMTUATIERNTINANMUFNNUTITENRIN Vs DU Ips VaINIINARDUUIZANT AN
A & Aa . = \ o A v o Aa
nuGaaasawin IWANAE ZnO nanoparticles tJusasinszug e lasufaianiuaand
mmn]”mTu 1000 ppm NIUTHELADIAAMNEINITO IUNINARBLALMBLONIUOA L6 LiD
NANTUA Vps = 0.4 V umamﬂmwnadmeLmﬁ@@]amemﬂ@ (On-Off ratio) = 591.98
RS Luawmsm’maumwxlmmauwuﬁiwmw Vas RUATINTAigaUas IDS i Vps = 0.4 V §
AULTIAUTALSN (Vi) =0 V LLazuﬂizLLaVLWV“\hgaq@agw 0.381 YA DIABAIFINV D
nyzusidagdanizusda (On-Off ratio) LLazm:LLaVLWV"\hqoq@ﬁ@hmﬂﬂd%ﬁaﬂ'dvlajvl@i”%vuﬁ"ﬁﬁﬁ
UAALTIAUT AN (V) Rensteanindagslalasuie
PYHENNITILATIZANIINAMUIFNANUTILRING Vs N Ips VBIN1INAFAL
UszAnTnuniudaiaasaunWwNE Zno nanoparticles LJuzasinnszus tlalaiy
fauanlutitsndauidudy 100 ppm gidauaursalunsidunsudaiaas
s lniuazagluaniuuz Open State 1iaWaITUITN Vps = 0.4 V Sid18aTdIuval
neuatdadanszuala (On-Off ratio) = 1,871.07 WALLUANNTNNTIWANNRFNNUTIZHAIN
Ves NUAIIINNRIVDI Ips N1 Vps = 0.4 V A UIIAUTALIN (V1) =-1.4 V Wazd
LA = 1 s ' a ] .
ﬂiZLLavLWW’IQGq@IQQﬁ 0.266 pA TednaasInvaInTziaidasdanszusda (On-Off ratio)
LLazmzLLa"lWﬂ’lgaqmﬁﬁ’m’mﬂd’]Lﬁaﬂ'dvl,ajvl,ﬁ%'uﬁ”w LAATLIIABTALIN (Vo) Heaanin
agslulasume
[ a 6 a a t:l' =
2. ANHMIIANIZVINITNNTILADIAWIN IHN1BTRADUNI N P3HT 1T uzag
WINITUE
A = = , A \ A . >
nudamaasniasonlaisansiunszuadadanszuala (on/off ratio) LAy
1278.8, 785.8, 815.7 uaz 759.3 NANNUGIIANGLaTH-TaR LT 0.4 V, 0.6 V, 0.8 V LAz 1
V UL Suh I wdaisuNanuengeng Ve 32nINTaTh-5as 1Ny 0.4 V, 0.6 V,
0.8V, 1V J@w¥i1ny -2.1875 V, -1.71875 V, -1.5625 V, -1.25 V eNN&1AL
a 4 a a & [~ 1
3. HANIINAADUNINTILADIIWIN AN TRADUNITHNN P3HT:N-rGO tilnzag
WINITUE
nIusrinatiaanawnusidadanszualarinny 11993, 362 waz 130 v N
ANNGIIANSLaTU-TaR 1% 0.4 V, 0.6 V 1az 0.8 V @MU&10U &1l IandaLIuad
nNugsaasawd WA TRa 8 NI NG P3HT:N-rGO Liutasinnizus Jeauin 0.3125 V,
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1,875 V uaz 6.875 V in1ud9andszninetaiasw-vas 10w 0.4 V, 0.6 V uaz 0.8 V
MAUEIA
4. wanmInagaunTwdaiaasawin i rRedunTduuuaasa (AOFETSs) #i#l
PCDTBT uaz Fqg CuPc Liluzsasiinszus

NANITNAREUNTIUTRLAasaw 8 WA siadunIfuuusadan (AOFETs) Ni
PCDTBT uas Fqg CuPc Lilugastinnszugwuindaaaiwzainszusidadanszuadaiiln

548, 1377, 26535, 914 WAz 529 AANNAIAN 32 WINITINATU-TOF LHNTTD 0.4 V, 0.6V,
0.8V, 1V uaz 1.2V awdeu uaznisiddonudsinszualiiniasu-sos nuainudis
dndinn-mas Janwouuuaidadusnsaemsiiuuusesn lagussaudaisuas
sianavanuazlaadianiu 3.75 v, -0.937 V, 0V, -5.625 V, -5.625 V uaz 3.75 V, 5.625 V,
1875V, 7.5 V, 7.5 V anugau ilaldanudsdngiasu-sos 71 0.4 V, 0.6 V, 0.8 V, 1V,
1.2 V §%f1 Sub-Threshold Swing 3zii@Ldu -2.05 V/decade uaz 2.06 V/idecade §1%3U
wnzlaauazdidnasen awday lagldanudisdngiasu-ses 1Jw 0.8 v

5. wamInadaunwiaaatamalnisiadunIduuusena (AOFETSs) #i#l

P3HT uaz Fqg CuPc Liudasinszus

NAMINARELNTNUTRLA 038N N siedunsSuuuaasdd (AOFETs) Nl P3HT
waz F1g CuPc tugasinnszua Joasaiwvainszuaidadanszusilain 905.7, 518.7,

453.8, 1077.9 Uaz 254488.2 AAANNGIANETEHINIIALATU-TOF LN 0.4 V, 0.6 V, 0.8
V, 1V uaz 1.2 V 1ilanien Sub-Threshold Swing 3z la@tdu -3.17 Videcade waz 3.30
V/decade dwiuwnzlaauazdianasou anday laslsanudrsdndiasu-ses 1Ju 0.8
V ATHeNuauRRBEIERIg | B V vasnudmaatawny Wi oie Sunssuuuaesnand
PCDTBT uaz FqgCuPc HusesinnszuadnmaasuudasnszugWiiesu-ses fuay

drefinn-zas danwasuuudiidedusnsmensi lWiuuusesds lasussaudaisa
yasdianaveuuazlaadadu 3.75 v, -0.937 V, 0 V, -5.625 V, -5.625 VV Uaz 3.75 V,
5625V, 1.875 V, 7.5 V, 7.5 V anugau wilaldarnadrsdndiasu-sos 7 0.4 V, 0.6 V,
08V,1Viuar1.2V
6. wWisuisunansnagaunsudanasawinliisiaduniduuuaasio
(AOFETSs)
NITURLATU-TOR VOINTIUTRLABIALT P3HT/F4CuPc tutastinzus Hengs

NI udaianasnls PCDTBT/F1gCuPc tiutastinnizus sauanswmenisoialan

Nz N danemelnalAuIn LLazﬁﬁnHmzmimUIauﬂi:ﬁ;Lﬂmmugﬂﬁﬁﬁmm@’m
ANEITRINTIATI-TAR LYNNU 0.8 V LUaTLATIzAA L TIa T LT UUINTUT IO TN
nIudaiaasnld PCDTBT/F1gCuPc tiusastinnszuaddiusiandasuvasninzlas

WAL 1.875 V hasialIiawlaisuaadnIne BIanaIawyinny 0 V 4NN uwdsiaasn
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14 P3HT/F4gCuPc 1utasinnszua dawssaniaiiusaswinelaaviing 5.625 V uazdl

AusInuTaIsuTaININe BLaNaTO WAL -1.875 V
7. WHANIINAFOUNIIABUEWDIRDNIBLANLNLIY LaNThoaLALANTOLTLAK VDI
nwdaaasawn it sRadwn3gRa PCDTBT iugdasinnszus
AINFIANETENINITUATU-TOR (Vos) L¥INATL 0.2 V, 0.4V, 0.6 V, 0.8 V uazd
é’@mmummmﬂmam“u,afl@] (on-off ratio) L¥iNNU 391.3, 419.71, 437.69, 4154
AUEAL mmnmummm (VTH) am’n,mnu 4V,-35V,-26V,-23V AUEINY D9
WsIaudasy (Vo) SAnAnd ol Ruanuasfndseninetalasu-1aa (Vos) biniy
OFET WaZa1NNNILATIEANIINANUTFNANBTIZNING Ips NU Vos VBINIIUTRLABS
sun Wi un3sns PCOTBT ugosinnizus ﬁﬂiﬁ&@iﬂdﬁﬂﬁi:ﬁ’i’]dﬂ%Lﬂﬂ -“TOR
(Ves) WinAu 2V, 0V, -2 V OFET % \Nganue closed stale Saflenannninenusiauda
53 uaz Lmaamm opened stale ﬂmmmmﬂmmmamm‘ﬂmaa (Vas) WNNL -4 V, -6
V, -8 V Geilentasnindiussaudasy
Havdosfmowenlutfofianututuaanui Vos = 0.8 V samaiwnszusile
danszuada (on-off ratio) luanmadLinAL 440.86 Haddesfauanluiisfienududu
100 ppm, 500 ppm, 1000 ppm W&z 5000 ppm JAILYINNY 443.18, 437.36, 451.08 L2
417.38 awinau ussandasuluarmeadaninny -2.3 v ifadsesfawesnludiafianu
LuT% 100 ppm, 500 ppm, 1000 ppm Waz 5000 ppm AAWHINY -4 V, -5V, -6.2 V LLaZ -
7.1V anugau efdtasninussaudasuluaime §unsaansRnIsuaasn-roany
AMUAIANSLATU-TaE WUIENzuaRananadtdannudutuyasfiouanlufioden
RN
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Keywordfr This paper presents a highly selective ammonia sensor based on ZnO nanostructures combined with graphene
Ammonia sensor quantum dots (GQDs). Novel graphene quantum dots (GQDs) have an average lateral size distribution of 2.6 nm.
é‘é?)s Various amounts of GQDs were combined with the ZnO nanostructure surfaces. Prior to the ZnO:GQDs inves-

tigation, field electron py (FE-SEM), energy-dispersive spectroscopy (EDS), Fourier
transform infrared (FTIR) spectroscopy, transmission electron microscopy (TEM), and X-ray photoelectron
spectroscopy (XPS) were used to intensively characterize the surface morphologies, existence of functional
groups, and chemical compositions. ZnO:GQD heterojunctions are crucial candidate materials due to their highly
selective response to ammonia (NH3) vapor. The ia sensing ch istics of bare ZnO and ZnO:GQDs
sensors at room ure were ically i i d via exp to acetone and ethanol vapor. The
ammonia sensing results show that ZnO:GQDs sensors with a volume of 15 pL have optimum sensor responses at
an ammonia concentration of 1000 ppm with a value of 6047. The ammonia sensing properties of ZnO:GQDs
sensors are due to the GQDs’ carboxyl and hydroxyl groups, which prod more oxygen: groups
leading to a high H* molecule density. This further contributes to their highly responsive and selective per-

p-n heterojunction
Room temperature

formance for sensing ammonia at room temperature.

1. Introduction

Ammonia (NH3) volatile organic compounds (VOCs) in the sur-
rounding atmosphere have become a major concern due to their indirect
contribution to global warming. Ammonia is widely emitted from live-
stock, the agricultural sector, and chemical plants [1-3]. It is also
emitted from industrial factory leakage, vehicles, catalytic reactions,
and gas combustion of wastes [1-3]. Ammonia is a colorless toxic gas
that is harmful to humans. It inhibits cell growth, destroys the immune
system, causes cancer, interrupts breathing, and irritates the skin, nose,
and eyes [4-6]. Typically, the ammonia concentration limit causing
serious human risks is 25 ppm at an exposure time of 8 h and 35 ppm at
an exposure time of 15min [5]. The detection of ammonia in human
breath can be used as a biomarker to diagnose diseases and explore
physical disorders of various organs such as the kidneys, liver, stomach,
and mouth [7,8]. Various effective methods are used to monitor

ammonia vapor concentrations, including mass spectrometry, rotational
spectroscopy, infrared spectroscopy, and gas chromatography [5,9].
However, these techniques are difficult to use and require experts for
data evaluation. Therefore, resistive gas sensors are well-known
methods of precisely detecting ammonia vapor concentrations at room
temperature. Interestingly, they are basically utilized to produce active
layer in the prototype of monolithically integrated chip for tuning sensor
response and selectivity which indicate versatility potential such as low
cost, low power consumption, ease of use and preparation, rapid di-
agnostics and high mass production [10-15].

Resistive gas sensors measure changes in electrical resistance under a
chemical reaction between adsorbed oxygen molecules and the target
analyte gas [10]. The resistive materials used are commonly based on
metal-oxide semiconductors such as WO3 [16,17], SnO2 [18,19], Co304
[20], CuO [21], and ZnO [22,23]. Among those metal-oxide semi-
conductors, ZnO is a well-known smart material that provides a highly

* Corresponding author at: School of Science, University of Phayao, Phayao, 56000, Thailand.
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tailored sensor response. Its electrical properties change when it is
exposed to different types of analyte gas, especially ammonia vapor
[24-26]. Moreover, ZnO has high chemical stability [27], easy prepa-
ration using various nanolevel morphologies, high electron mobility,
and cost-effective preparation [2]. For use as ZnO ammonia sensors, the
sensor response, selectivity, and signal characteristics must be
improved. However, most ammonia sensors based on pure ZnO exhibit
high sensor responses only at high working temperatures. They also
consume a considerable amount of power, necessitating frequent battery
replacement. Typically, at high working temperatures, more conduction
electrons easily react to oxygen molecules in the air and form large
numbers of adsorbed oxygen molecules [26]. These return more elec-
trons to ZnO’s conduction band after they react to the analyte gas,
leading to a high sensor response. Fewer thermally stable adsorbed ox-
ygen molecules are found on ZnO's surface at low room temperatures,
which are difficult to extract from the surface [24]. This leads to a low
sensor response to analyte gas at room temperature.

To overcome these obstacles, a variety of techniques are available to
improve ammonia sensing performance at room temperature, including
inorganic conjugated polymer materials, carbon-based materials, the
additon of noble metals, UV activation, and p-n junction formation [3,
16,18,26,28-30]. Carbon-based materials such as graphene oxide and
carbon nanotubes (CNTs) can respond to ammonia vapor at room tem-
perature as previously reported [31-34]. The combination of
MOS/carbon-based materials is a new approach to significantly improve
ammonia sensing. Nanoscale engineering of p-n heterojunctions with
carbon-based materials and ZnO is an effective method of improving
sensor response and has been tested on ammonia at room temperature.
Graphene quantum dots (GQDs) are carbon-based materials used to
produce p-n heterojunctions with ZnO. GQDs are generally the first few
layers of graphene with a separately dispersed lateral proportion of less
than 10 nm [35,36]. Their superior physical properties provide quantum
confinement [35], light emission with size adjustment [37], high con-
ductivity, a high surface-to-volume ratio [37], and superior electron
transport [38]. Additionally, GQDs’ numerous carboxyl groups make
them preferable to other carbon-based materials [37,39,40]. Combining
GQDs with ZnO improves the sensor response and selectivity toward
ammonia at room temperature. The carboxylic group is a carbonyl and
hydroxyl group that produces oxygen-rich content in their lattices [35].
Many highly active sites toward ammonia vapor are created on the
sensor surface, leading to a high sensor response at room temperature.

Previously, there are some reports on low temperatures gas sensor
based on ZnO wire-like structures [24-26]. Although, the sensor
response can be improved at low operating temperatures. But the lower
sensor response and selective detection with level of 100 ppm are still
major concern that need more investigation. In this work, the nice
novelty is first time to produce the mixing morphologies ZnO with
nanotetrapods and spherical shape via current heating approach which
is cheap, rapid and high mass production. The GQDs are focused to
combine with ZnO nanostructures for ammonia detection at a level of
1 ppm. Moreover, the gas sensing mechanism is proposed with H' ions
creation from COOH group and adsorbed water molecules which dom-
inates the number of O, ions due to proton hopping. This mechanism is
an important understanding in enhancing ultrahigh sensor response and
highly selective response toward ammonia concentration at room
temperature.

Therefore, in present work, GQDs materials are decorated onto a ZnO
surface to form p-n heterojunctions leading to a surface chemical reac-
tion change around the junction of symmetrically connected materials.
The amount of GQDs vary according to the volume of colloidal GQDs on
the ZnO surface. The selective and responsive results toward various
ammonia concentrations are investigated and the response mechanism
is determined.

Sensors and Actuators: B. Chemical 326 (2021) 128983

2. Materials and methods
2.1. ZnO nanostructure synthesis

An analytical reagent grade of 99.99 % pure zinc powder was formed
into a cylindrical shape via compression molding. The cylindrical zinc
had a uniform height and diameter of 1 cm and 6 mm, respectively.
External heat was generated from a DC electrical current to transform
the cylindrical zinc into ZnO under an air atmosphere. A high-voltage
DC electrical current was applied through cylindrical zinc to produce
plasma via ionized gas as shown in Fig. 1. After the switch was turned
on, the electrical current was constantly maintained at 50 A. The rapid
thermal oxidation of zinc spontaneously occurred under an air atmo-
sphere. Alumina substrates with interdigitated patterns were directly
exposed to the plasma to produce ZnO at a distance of 1 cm, 2 cm and
3 cm from cylindrical zinc as shown in Fig. 2 (a)-(c).

2.2. Graphene quantum dot (GQD) synthesis

GQDs were prepared via an electrochemical method using graphite
rods as the source material. Two graphite rod electrodes 3mm in
diameter and 5 cm long were cleaned in an acetone and ethanol solution
via sonification for 10 min. Next, the electrolyte was prepared by mixing
1.00 M of citric acid and 0.45 M of KCl in 50 mL of deionized water (DI).
In the electrochemical method, a direct electrical current from an Agi-
lent E3633A was operated at 8 V for 15 min to bias both graphite elec-
trodes. They were then diluted with ethanol and DI water (pH~5).

2.3. Characterization

The morphologies were investigated via field emission scanning
electron microscopy (FE-SEM) and transmission electron microscopy
(TEM) (JEOL JEM-2010). The chemical composition was analyzed via
energy-dispersive spectroscopy (EDS). The phase transformation was
confirmed by X-ray diffraction (XRD) with monochromatic Cu K« radi-
ation (26 ranging from 30°-70°), demonstrating the oxidation reaction
of Zn to ZnO. The X-ray photoelectron spectroscopy (XPS, PHIS000
Versa Probe II, ULVAC-PHI, Japan) used a monochromatic AlKx X-ray
source (1486.6eV) to assess the chemical states and composition.
Fourier transform infrared (FTIR) spectroscopy was used to confirm the
presence of the bare ZnO and ZnO:GQD functional groups.

24. A

ia sensing i

To uniformly prepare the sensors based on the bare ZnO nano-
structures, the products were titrated with 20 L of liquid ethanol. They
were then heated at 80 °C for 10 min. The samples were annealed in a
ceramic furnace at 400 °C for 4 h. The temperature was then reduced to
room temperature and they were maintained in the chamber under 1
torr for 12 h. To compare the gas sensing performance of the bare ZnO
and ZnO:GQDs sensors, graphene quantum dots (GQDs) were dropped
onto the bare ZnO nanostructure sensors at 5 pL, 10 pL, 15 pL, and 20 pL.
The sensors were called S5, S10, S15, and S20, respectively. The bare
ZnO nanostructure sensor was called SO.

To produce ammonia sensing systems, the sensor samples were
mounted onto a quartz tube. A valve was used to control the constant
flow of reference air into the tube at an adjusted flow rate of 1 L/min.
The required ammonia level was prepared from aqueous ammonia
(NH3.H,0) which was injected into Duran bottle container. Then the air
as carrier gas was flowed through the headspace of a bottle chamber to
take the individual gas entering into the gas testing system. The indi-
vidual gas concentration was controlled by valve to attain the required
gas level in gas sensing system. Specific ammonia concentrations were
adjusted in a range of 1-1000 ppm to record the gas response data at
room temperature (27 °C) at a relative humidity of 65 % RH. The
ammonia sensing response under a relative humidity of 90 % RH was
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Fig. 1. Schematic diagram of the sensor fabrication heating process.
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10V was applied through the sensors and the electrical current was
recorded using a Keithley 6485 pic The sensor e was
calculated as the ratio of electrical voltage and current and used to
investigate the sensor performance. The sensor response was defined as
the ratio of the r e in an air phere (Rg) to a gas atmosphere
(Rg), which was used to improve the sensor response. Increasingly, the
sensor impedance characteristics were investigated by LCR meter with
frequencies ranging of 150 Hz —100 kHz under AC input signal. The
selectivity of the ammonia sensors to ethanol and acetone was
compared.

3. Results and discussion

3.1. Structural, hological, and comp

1 characterization

The products prepared on the alumina substrates were white. This
confirmed that the metallic zinc transformed into ZnO via an oxidation
reaction. Fig. 2 (d)-(f) shows a visually disclosed physical property by
putting 3 cases of linear substrate distances (1 cm, 2 cm and 3 cm) from
cylindrical zinc. It can be seen that the top view of synthesized sample
pictures depicts the evolving surface of ZnO layer. The uniformly syn-
thesized ZnO material on alumina substrate is found from moderate
distance of 2 cm as shown in Fig. 2 (e). However, the ZnO product ex-
hibits a surface cracking network along a layer at a small distance of
1cm as shown in Fig. 2 (d). This is due to the residual stress creation
from larger temperature gradients. Consequently, the rapid solidifica-
tion of ZnO nuclei affects to crack mechanism [41,42]. Finally, the ZnO
layer is rarely performed onto the alumina substrate at a large distance
of 3 cm due to injection distance limit as visually expressed in Fig. 2 ().
Therefore, in this work the moderate distance from cylindrical zinc
source for uniform ZnO synthesis is clearly obtained from 2 cm and it is
utilized to further investigate the understanding of room temperature

i ing. The ZnO produced on the alumina substrates was

Fig. 2. Photograph of ZnO synthesis via heating process and ZnO p
substrate distance of (a), (d) 1 cm, (b),(e) 2 cm, and (c), (f) 3cm.

at

also assessed. To control the relative humidity level, the ultrasonic hu-
midifier was used to continuously generate the saturated water stream
that was passed into the testing system by inlet valve. The actually
relative humidity level is d via hyg To measure the
ammonia sensing characteristics, a constant DC electrical voltage of

approximately 40 microns thick.

The X-ray diffraction (XRD) patterns shown in Fig. 3 confirmed the
formation of crystalline ZnO. XRD at 20 ranging from 30-70° had sharp
peaks at the (100), (002), (101), (102), and (110) planes corresponding
to lattice constants of a=b=0.325nm and ¢ = 0.520 nm. This demon-
strates that the cylindrical zinc transformed into hexagonal wurtzite
ZnO via external thermal energy excitation. The Alz03 substrate peaks
were also obtained using the diffraction patterns. However, the XRD
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Fig. 3. XRD patterns of the bare ZnO and ZnO:GQDs.

patterns of the ZnO decorated with the GQDs (15 pL) did not indicate the
presence of strong or broad GQD peaks due to the relatively low amount
and small size.

Morphological images of the ZnO were depicted via field emission
scanning electron microscopy (FE-SEM). FE-SEM micrographs of the
bare ZnO and ZnO:GQDs are presented in Fig. 4 (a)-(d). The ZnO
exhibited nanotetrapod and spherical ZnO structures. The average
diameter of the nanotetrapod ZnO legs was 30 nm and their lengths were

several hundred as displayed in Fig. 4 (a)-(b). The spherical
ZnO particles had diameters of 100—~500 nm as shown in Fig. 4 (a)-(b).
The repr ive morphologies of the ZnO:GQDs (15 pL) are illus-

trated in Fig. 4 (¢)-(d). Their morphologies had identical structures.
The chemical compositions of the ZnO:GQD sample with a GQD

volume of 15 pL are shown in Fig. 5 (a), confirming the presence of C,

Zn, O, Au, and K. The potassium (K) element was produced by the
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Fig. 5. (a) EDS spectra and (b) FTIR spectra of the bare ZnO and ZnO:GQDs.
electrolyte solution in the GQD synthesis process. The Au peak was due

to the ultra-thin sputter coating of gold during FE-SEM. Fourier trans-
form infrared (FTIR) spectroscopy was used to evaluate the molecular
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Fig. 4. FE-SEM micrographs of the bare ZnO at magnifications of (a) 25,000 and (b) 50,000, and the ZnO:GQDs (15 L) at magnifications of () 25,000 and

(d) 50,000.
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vibration of the lattice structure expressing functional groups in the
GQDs. The FTIR spectra of the bare ZnO and ZnO:GQDs is shown in
Fig. 5 (b). Interestingly, additional peaks in the ZnO:GQD spectra
occurred in a wavelength range of 1000-3500cm . The peak at
approximately 1380 cm ™! was due to C—O bonding, which exhibited
stretching vibrations [43-45]. The vibrational peak at approximately
1480 cm ™! was caused by the strong C=C vibrational mode resulting
from the formation of graphite [39,40,43,46,47]. The peak at approxi-
mately 1700 cm ! was related to the C=0 functional group [37,45,46,
48]. The peaks at approximately 2850 cm™! and 2920 cm ™! indicated
the COOH functional group [48]. The strong peaks in the FTIR results
were due to the carboxyl and hydroxyl groups, which exhibited
oxygen-containing groups in the ZnO:GQDs [49].

TEM analysis was used to confirm the nanotetrapod and spherical
ZnO morphologies as displayed in the TEM bright field image in Fig. 6
(a), which correspond to the FE-SEM micrographs shown in Fig. 4 (a)-
(b). In the nanotetrapod ZnO, the Zn tetrahedral core was produced by
the nucleation mechanisms of the Zn blend [50-52]. ZnO formed due to
the rapid thermal oxidation reaction of Zn tetrahedral seeding heated
from thermal plasma during the growth process. The ZnO 3-D structures
abruptly formed in the low surface energy direction. The nanotetrapod
ZnO grew preferentially along the [0001] direction as demonstrated via
the selected area diffraction patterns (SADPs) shown in the inset in Fig. 6
(b). The GQDs were also characterized via TEM analysis as presented in
Fig. 6 (c). The GQDs were relatively dispersed without agglomeration.
The average particle size distribution was 2.6 nm. The GQDs contributed
a volume of 15 pL to the ZnO nanostructures. The GQD particles were

100 him
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spread uniformly on the ZnO surface as shown in Fig. 6 (d).

High-resolution XPS spectra in the C1s and O1s regions of the ZnO
and ZnO:GQDs samples are illustrated in Fig. 7 (a) and (b). The C1s peak
of the ZnO:GQD sample fit into four characteristic binding energy peaks
as shown in Fig. 7 (a). The strongest peaks at the binding energy of
284.8 eV were due to C—C bonding in the graphite-based GQDs [39,45,
46], while the three peaks at the binding energies of 286.1 eV, 287.5 eV,
and 288.8 eV were caused by the oxygen incorporated into the C—O
(hydroxyl and epoxy carbon), C=0 (carbonyl group), and COOH (car-
boxylic group) functional groups, respectively [39,46]. The COOH
functional group was mainly due to the bonding between the oxygen in
the ZnO and the O—H stretching of the carbon atoms (C—O—H) at the
edge of the GQDs [53]. This result confirms the creation of hetero-
junctions between the ZnO and GQDs, which generated more
oxygen-containing groups [46]. Furthermore, the Ols spectra of ZnO:
GQDs sample fit into three peaks at binding energies of 530.1 eV,
531.8eV, and 532.7 eV, suggesting the occurrence of oxygen species in
the Zn-O bonds [54,55] as shown in Fig. 7 (b). The strong peak at
approximately 530.1 eV demonstrates the oxygen ion in the crystal
lattice. The peak at the binding energy of approximately 531.8 eV in the
Zn0:GQDs sample was attributed to the strong O—C bond between the
oxygen in the ZnO and the carbon in the GQDs in the ZnO-GQD heter-
ojunction [26,56,57]. The peak at the binding energy of 532.7 eV was
caused by the O—=C bond. These results demonstrate the electronic in-
teractions due to the heterojunctions between the ZnO and GQDs, which
show the adsorbed oxygen species established on their surface [46,54,
58].

20 nm
——

Fig. 6. TEM bright field image of (a) nanotetrapod and spherical ZnO, (b) individual nanotetrapod ZnO growing along the [0001] direction with an inset of the
selected area diffraction patterns (SADPs), (c) GQDs, and (d) GQDs spread uniformly on the ZnO surface.
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Fig. 7. High-resolution XPS spectra of the (a) Cls peak of the ZnO:GQD het-
erojunction and (b) high-resolution XPS spectra of the Ols peak of the ZnO and
Zn0:GQD heterojunctions.

3.2. Ammonia sensing properties

The dynamic r vs the time d d of the of
bare ZnO SO sensor and S5, SlO §15, and S20 ZnO:GQD sensors are
illustrated in Fig. 8 (a). The characteristic signals were systematically

ded at room p in an air atmosphere with a relative hu-
midity of 65 % RH and exposure to an ammonia concentration of
1000 ppm The sensors’ resistances decreased sharply under an
at here. The r e rapidly increased to nearly the
original value after the ammonia vapor was removed from the system.
The n-type semiconducting characteristics have potential applications in
sensors. The dy ic sensor resp vs the time dependence at various
ammonia concentrations ranging from 1 to 1000 ppm is shown in Fig. 8
(b). The response of the sensors based on bare ZnO and ZnO:GQDs
increased as the ammonia concentration increased. Their response
d d an especially attractive rep bility in the presence of
ammonia vapor. All of the ZnO:GQDs sensors had better responses than
the bare ZnO sensor and the S15 sensor had the maximum sensor
response to exposure to 1000 ppm ammonia concentration.

The sensor response vs ammonia concentration of the S0, S5, S10,
$15, and S20 sensors is shown in Fig. 9 demonstrating the corresponding
response to ammonia concentrations ranging from 1-1000 ppm at room

p e at a relative humidity of 65 % RH. The $5-520 ZnO:GQD
sensors had the best response to various concentrations of ammonia
vapor. The bare SO ZnO sensor had the least response to various
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Fig. 8. (a) Resistance response of the bare ZnO and ZnO:GQDs sensors to
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Fig. 9. Response of the S0-S20 sensors to ammonia vapor concentrations
ranging from 1-1000 ppm.

concentrations of ammonia vapor.

The effect of humidity on the sensor response to ammonia of the S15
ZnO:GQDs sensor is illustrated in Fig. 10. The resistance response curve
of the ZnO:GQDs sensor to a 100 ppm concentration of ammonia at a
relative humidity of 90 % RH was lower than at a relative humidity of 65
% RH. The sensor response at a higher relative humidity was better due
to the aggressive adsorption between and water molecul

Selectivity is a crucial requirement for improving gas sensing
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Fig. 10. Resistance response curve of the S15 ZnO:GQDs sensor to exposure to
a 100 ppm concentration of ammonia at a relative humidity of 65 % RH and 90
% RH.

performance. The responses of the ZnO and ZnO:GQDs sensors were
systematically recorded during exposure to ammonia, ethanol, acetone,
and water to determine their selectivity. The best selectivity to ammonia
vapor was found in the sensors based on ZnO:GQDs as shown in Fig. 11.
The S15 sensor had the best response to a 1000 ppm concentration of
ammonia vapor. The sensor response during exposure to ammonia at
room temperature was also compared with previously reported sensor
results as shown in Table 1. The ZnO:GQDs sensors had the best selec-
tivity during exposure to ammonia vapor at room temperature.

3.3. Ammonia sensing mechanisms

The ammonia sensing properties demonstrated that the relative hu-
midity is related to the sensor response at room temperature. The sensor
resp toward ambient increased significantly as the rela-
tive humidity increased, especially at a relative humidity higher than 65
%. Gas sensors are not typically used in dry air environments. The effect
of relative humidity on ammonia gas sensors used to detect ammonia in
human breath must be thoroughly assessed. In this study, the ZnO:GQDs
sensors had the best response and selectivity to ammonia vapor at a high
relative humidity. Over 65 % RH, water molecules continuously covered
the sensor surface. When a strong electrostatic field was constantly
applied to the sensors, it dissociated the physisorbed water molecules
into hydronium and hydroxide ions. This is expressed by the following
chemical reaction [19,59-61] and is shown in Fig. 12 (a) and (b):

7000
7 m|m Ammonia
6000~  wmmm Ethanol
1 . Acetone
2 5000~ ww=DI
=
g |
2 4000
i)
o ]
5 3000
@ 4
5
32 2000+
1000
0 -
S0 S5 S10 S15 S20
Sensors

Fig. 11. Selective response of the ZnO and ZnO:GQDs sensors at room
temperature.
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Table 1
Sensor response during to ia at room in the current
study compared with previously reported sensor results.
Materials Relative Concentrations ~ Sensor References
humidity (% response
RH)
PANI-TGO 90 15 13.7% 31
PANI-WO; 40 100 121% [16]
PANI-SnO» 40 100 29.8 [18]
GQDs 35-80 400 ~44.5 % [38]
PANI-flower- 25 100 201 [n7n
like WO3
Co304 - 100 9.5 (201
ZnO:Au - 100 ~11 [23]
ZnO:Mn - 100 4.2% [22]
Al-Zn0O:CuO - 100 131.1 [21]
Meat toluic - 100 12.2% 141
acid:GO
Zn0:GQDs 65 1000 6047 This work
100 760 This work
21,0 (1)=1;07 + oI~ (¢H)

The electrostatic field broke the strongly attached OH™ ion move-
ment on the surface due to the creation of chemically bonded Zn?* and
O—H, which is difficult to prevent [19,60]. The hydronium ions (H30™")
had dominant charges and moved freely along the sensor surface. They
also dehydrated to create a Grotthuss chain reaction as illustrated in [19,
59]:

H;0% + H,0 (1I)»H:0* + H0 (1) ©))

The hydronium ions (H30™") then significantly decomposed to form
conductive H" ions with high diffusion coefficients. These rapidly
migrated on the surface as shown by the following chemical reaction
[59,62]:

H;0*>H,0 (1) + H* 3)

The highly adsorbed water molecule concentration covered the
entire sensor surface, exhibiting liquid-like behavior. The H" ions freely
moved in the hydrogen bonding network in water and jumped from one
position to adjacent H' ions, which is called proton hopping [50,59,60]
as shown in Fig. 12 (a) and (b). This reduced the sensors’ resistance in
relative humidity. The ZnO structures exhibited various morphologies
including spherical ticles and which created
grain boundaries and structures connected between adjacent wire-
s/particles. However, the proton hopping from the H* movement
continuously covered the entire sensor surface due to its liquid-like
behavior. This causes H' to move over barriers of nanotetrapods or
grain boundaries of spherical nanoparticles. To further understand the
effect of ZnO:GQDs on sensors in relative humidity, GQDs have more
oxygen-containing groups due to their carboxyl and hydroxyl groups
than bare ZnO sensors. Therefore, strong hydrogen bonds between
oxygen-rich GQDs and water molecules is created on their surfaces. This
bond is stronger than van der Waal force and holds throughout GQDs,
giving ZnO:GQDs a higher density of adsorbed water molecules than
pure ZnO sensors as demonstrated in Fig. 12 (b) [49,63]. Consequently,
this promotes proton hopping in ZnO:GQDs sensors and their resistance
is considerably lower under relative humidity than pure ZnO sensors as
shown in Fig. 8 (a). ZnO:GQDs sensors have more carboxylic COOH
functional groups as confirmed via FTIR and XPS as shown in Fig. 5 (b)
and Fig. 7 (a). These compounds can be slightly ionized in water to form
COO~ and H". Also, high H" density plays a crucial role in decreasing
sensor in humid envirc When vapor sys-
tematically flows into a gas chamber, it reacts spontaneously to H* ions
to form NH; ions, decreasing sensor resistance in an ammonia atmo-
sphere as expressed in the following chemical reaction [1,22,27,28,38,
64,65]:
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Typically, oxygen molecules (O;) in air react to the conduction
electrons of n-type ZnO nanostructures and produce adsorbed O, mo-
lecular oxygen ions as shown in the following chemical reaction [24-26,
61,66-68]:

0, (g) +e —0; (ads) 5)

The chemical reaction between adsorbed molecular oxygen ions of ZnO-
based sensors and ia is partially exp d by:

4NH; + 30, =2N; + 6H,0 + 3e” 6)
The adsorbed molecular oxygen ions (05 ) are less dense and exhibit
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Fig. 13. AC lex imped

y (CIS) of Zn0:GQDs.
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With RH 7

®) e

Proton
Hopping

under relative humidity of the (a) ZnO and (b) ZnO:GQDs. (c) Schematic diagram of the ZnO:GQDs under NH3 with a

thermal stability at room temperature. Therefore, the chemical reaction
as shown in Eq. (6) demonstrates that it is difficult to remove the O, and
return the electrons to the sensor surface [26]. Under high relative hu-
midity (RH over 65 %), liquid-like behavior is created throughout the
sensor’s surface. The number of H'* ions dominates the number of O,
ions due to proton hopping throughout the sensor’s surface. The

h | reaction exp din Eq. (4) g more NH; ions than Eq.
(6). This gives sensors a high response and selectivity to ammonia at
room temperature.

The ZnO:GQDs’ i d sensor resp to vapor at a
relative humidity of 65 % RH is clearly explained by the highly active H"
ion migration due to proton hopping that produces a high number of H*
than pure ZnO sensors. The increased number of H' ions increases the
number of NH; ions. As a result, more NH; ions fully occupy ZnO:GQDs
sensors and freely migrate throughout their surfaces under ammonia as
illustrated in Fig. 12 (¢) and (d) [69]. Moreover, the effect of ammonia
concentration flowed into the system is also explained from the change
of NHj ions concentration. The higher settled ammonia molecules cover
through sensor surface and it leads to an increasing of NH; ions as
written in Eq. (4). A basic property of NH; ions is the conductive protons
that increase the surface conductivity of sensors [65]. This increases
sensor response and lowers sensor resistance in ammonia. This is why
the Zn0:GQDs’ sensor resistance in ammonia was lower than that of the
ZnO sensors as shown in Fig. 8 (a). Additionally, the AC complex
impedance spectroscopy (CIS) of ZnO:GQDs under air (with a relative
humidity of 65 % RH) and ammonia surrounding is investigated at
frequency range of 150 Hz—100 kHz to further confirm the increasing of
sensor response toward ammonia at room temperature as indicated in
Fig. 13. Under air atmosphere, the CIS show the semi-circle character-
istics with large impedance because it is intrinsic polarization interfer-
ence effect of ZnO:GQDs. Whereas under ammonia atmosphere, the CIS
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characteristics clearly decrease closing the straight line with an

q

(2]
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G. Korolcenkov Gas response control through structural and chemical
ion of metal oxide films: state of the art and approaches, Sens. Actuator B

increasing of ammonia concentrations as known Warburg imp e
(Zw). This is due to high H" density from proton hopping which also
generates more NH; ions fully occupy through ZnO:GQDs sensor [70].
These results show the significant potential of ZnO:GQDs sensors for
advanced utilization suggesting as a functional layer integrated with
silicon-based waveguides for high accurate and selectivity in biosensing
application [71].

4. Conclusions

Graphene quantum dots (GQDs) were successfully decorated onto
ZnO nanostructure surfaces for heterojunction formation. They play a
crucial role in improving at room e. The
experimental results showed that the sensor based on ZnO with GQDs of
15 pL had the optimum sensor response and excellent selectivity during
exposure to ammonia. The improved ammonia sensing of the ZnO:GQDs
sensors was due the GQDs’ carboxyl and hydroxyl groups, which pro-
duced more oxygen-containing groups. This gave the sensors a high
density of adsorbed water molecules. The adsorbed water molecules
were important for the creation of H' molecules to
molecules in the air under relative humidity, which unproved the sensor
response. ZnO:GQDs sensors demonstrate a superior response and
selectivity for g at room e

P
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