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ABSTRACT

This research has focused on fabrication of hybrid graphene/polymer-based
composite laminates for flexible sensor to detect vapors of volatile organic
compounds (VOCs) and to explore a potential use of chemical vapor deposition
(CVD) -erown graphene. Composite laminates were fabricated by spin coating
polymer on CVD graphene and transferring to polyethylene terephthalate (PET)
substrate by wet transfer technique. Two pads of electrode metal were deposited on
the composite laminates to make an electric connect. The sensor performances of
the composite laminates to vapors of acetone, chloroform, dichloromethane and
benzene were evaluated. The polymer used in the experiment was selected by
considering from the solubility between the polymer and VOC. It was shown that the
composite laminates were sensitive to VOC vapors higher than that of the pristine
graphene and showed different sensing performances to each vapor depending on
the type of polymer. The composite laminates based on polymethyl methacrylate,
ethyl cellulose and polyisoprene show the highest sensitivity to dichloromethane,
chloroform and benzene, respectively, with the 18-, 8- and 4-fold improvement of
the response magnitude, respectively. The sensing mechanism of the composite
laminates could be explained by dielectric constant of the VOC molecules, and the
swelling of the polymer owing to the Hansen solubility parameter, resulting in an
increase in the resistance. These results show a potential use of the composite
laminate as a flexible sensor for VOC detection at room temperature operation with
a good selectivity.
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3989 0.25 x 108 cmZ/(V-s)

o v s
AMNN2.2 Taseasauaundsnueens iy [32)

2.1.1.2 auUANIuas

\lesnnnaituimiumuifuegmeuaiuey viliuasansansq
ildreutnad lasilovinismaaeumiAUefidudiiuasgnaandu wuinsiftuiinis
ganduuasUszinn 23 % [33] vesuaswmwiniu lnsAeugandukaswesnsiuasll
Fuegiummenedutas witusgiviwuturensity fafunstuiadutaniaully
nmsirluusegnaldnulugunsaiiauassieg iy FlWiTuseuas  (Transparent

conductive electrode)



2.1.1.3 auusgena

nsuiueidutasiiieuudusuazBanguinninn Tagihiomin
Wee 077 me/m’ wasiiFAmuudauswiumiunisuaniin (Breaking strength) 42 N/m
uanvniideiiangslugda (Young’s modulus) Usvana 1 TPa (15, 31] feauiRudauseus
favguil  vildnsfugninvussgndldlunisasiegunsalliudenayszim
Nanoelectromechanical system %38 NEMS 1%y \WuwesAui (Resonators) Wusiu

2.1.1.4 auiiniemnussu

o v A - g 1 t 4 - a e v
waauauTauiaiinlusrdinalviuanfivvesTaqiinnisdu
. . - v ° Vo i s o = 1
(Lattice vibration) wadavnlyiianisUanuassndsnuriaviassnia WWuau (Phonon) 38
s al a - a W ot o v & -
ApusNYeInauLaniy  laslnusulvindauniiuinginiinisduimsanuiiides o
AISIMueY (Phonon velocity) wUstumsatuAnsiiauiou nsuludivanu
v d J Ad -] v L U 1 L3 -
Touvealeuniininimuiougatia 5300 W/m/K [34] Tasgeniwvieasueuuiluing
w o ' °

(3000-3500 W/m/K) [31, 35, 36] Aam151991 2.1 WaAIAINISUIAINTBUTRINS I ULaYENS
J s o - 1
NeFTAA1

- ' ° v =i 4 w o a1
AN 2.1 UARIAINITUIAINTBUTDINTINULAZATNINIUITUARIN [37]

Jan) ANTALTEU (W/m/K)
N5 MU ~5000
AsupuwluiinYg ~3500
QL] 1000 - 2200

anvislassadreniludsnaaiiosnmislugumniias uenaniemshauieuen
sudsannsassyanuanysaivedlasiaians fiuld Tnedansiuiimnisihnnuieudigs
szdeiimwanysalvewdnuin sgnslsAmunsiudegnmitlunsuuwdiusesiy Ly
#aneulasenlus (Silicon dioxide: Si0,) axAnnsdalvavaslnuauszninsossevaans iy
uazwruseady Tneddnistihanudoutsyan 600 W/m/K [29,36] figaumaiivies usnddl
Anstheudeufiinimeuns Inensanasasrinisthaufeu ieananuiiavesusiy
5993U MInszedivesliuey uasswusurensity dnfunisiudddsuniseeuivegs
nirnsliilduiagauauauiou  Tnediludssynaléidusssuisanusoulugunsal
dlannsaiindsngg



2.1.2 N1589AIEMNT WY

2121 miLLEJﬂ‘i‘i.:ut‘nNﬂa (Micromechanically exfoliated)
Duasusaiignlélumsinieunsiiiu - feiinisasntunsilng
(Graphite) ponidutuung Tensidafianny lunisaentuns ity [13, 39, 40] Fanwil
2.3 psnusssenindureansindiduusenaeand (Van der Waals) fegauuannniian
wasuites 2 ev/nm [41] vilinsilwianansagnasneeniuduq lasensldinunm [42]
uwrogslsAmumaiiniliannsouiurunnld weeldnsitulutinuites famngdmiy
msthluAnwnaudfnug WeeSurednvurmaAiuarAnaNTRse sy

AWt 2.3 ns1iufildiinadin Micromechanically exfoliated ULLHUTBA3Y SiO, [39]

2.1.2.2 M3dunsziuuuiewiuwini@ea (Epitaxial growth)

Wuwaiiaiinsfundsdugnugnuudaneuriluduuusdniien
(Single-crystal silicon carbide) 1aan151% Vacuum graphitization laen1surda SiC s
aufeu (Thermal treatment) 71 1300 ssmwaidea neldagainmahlmianisseia
vosozmonddnou  Tuvusiinuiigaaludoaiveuildsumsuiulaseadilml  way
Graphitization fatfuSaAmMIENsTHUINUAIULWHY SIC lFuainnismvaunITsELin
pUTRAsEIY [40, 43, 44) Tmamnwuwamswﬂuﬁuagquwn"ﬁmwaau (Annealing
temperature) {Hundn uenvniifaiinasnaninal waveumianeveInILMUITEY
wiuseadu [45, 46] YeRwesitine neuamseaaduainansld Tneldisalnnsit
M3§1U (Standard lithography method) Fsannsmirluuszgnaléiiu Usylomidmiuu
Tudidnvsetind Fmstgmitluszgndldiuiuialavy Suq wy swillen (Ruthenium: Ru) Tu
nsKARTuNSIHY [47] usegnalsfinna wiafiniliguassavatsedrsfidesidadeuiantd
WA Usznisusn mismvuaueunuivesniiuduiiesenlunisudaniuuni
Usgmsiiaes ntunuunmstuiansisesshvensituudasfuitliiiusadeu Wesni
JUuvumsigAvlamugluuuiiuandeiuresitivesin - Sic Failnadoaudd
NUMENINUEZNIIWAN [48]
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2.1.2.3 duas1esimiaail (Chemical method)
AsduATIEINTNUMIEIIMaAL Iaannsaiwiineandiadu Todu
naindoenled [49] Fanguileidunieg wu senled, lansenda, mivendan uay Amsuetia
1 [ 5 « -1 ; - o v 1 5 § v :
i lUunInIEnItetuaans InALasinEfussUIUNURY Y lrusastureanst indniety
[y ' - v ' v oo =
wazansausneennfuduusunsiiueenledldfmeusinszdu wu nsldrduninungs
N . = P ol wa o 5w va I o = ° '
(Sonication) N WU panlerinmauianiazareurlafualiitiliiy - Feansuisadingy
o o 1 Ly s 4 -
Wandu wattieanlalaenislaarsidanunud wl lessi@ulawmse Favlonlu Shagns iy
¢ w o v & o ¢ o Vv aa P wa
ganlyd M 2.4 wandliiiudunsunsduassinsfudiieiBnuell Alinuaudd
" - ) o o o - - a oo 1 ' W ¢
WulianuATINUNFUATIEARULEYY  FeteRveunalialiie deranisdunsizins iy
Y o ' v - o w - o i w ol v oo °
aunuat  dwutaidendrdgreunaiiaiifie  nsfunlassiilassaiiandinuaine
\Wntaunnsasgeanmvianeenvaenguilaidu [50]

A 'z ar =l v = el
AN 2.4 Funpunsdsasieinslumewmaiianiaail [50]

- - [ o Pu] " 2 a &
FeanunsngnuanlaINMIinernauiuane1  (Heteroatomic) Avuloussnain
ad a P ' =i & U « -
STIUYANANINATIINA T InTzazseninansulunsilug arslunguauinasunaaiis
(Intercalating agents) anunsnunsnegszninguniunelduiisomiand Fuguiduns

IWsuvuunsngou (Graphite intercalation compound: GIC) [51]

2.1.2.4 nsduasizinislosemeiadl (Chemical Vapor Deposition: CVD)

weiln oD duilumedeitldsuanuienlunisdaaeinsfud
[ a 1 w o ' a - ? a o
agun Tnedunisdansieilaenseasvunausassunidulany wu dnda (Ni) uwanRu (P
%39 ouas (Cu) 3NN1sdNMvBIAISUBNIINMsduRanuuialalasmsuau wu T (CHY)
- o - < ' a °
Binu (CHe) Ngumailga [32, 52, 53] wisuwniusosiugnviflviiiuas mrvawnsalunmsazany
F9IAT5UDLULLKHLTDSUT1anae wazatsuauTIAnNIS S saIANALn U D A3 1ILHY
' ar nl ¢ -l e o § W <,
NINUVULNUTEISU e nAsuauiimuaunsatunisazately Cu a1 vild cu Ju
] a A 1 Q a L « -i' 3 1 A
wnusassunurauladmiunisdunsieinsiNunilatu 521 lawuku Cu gnaun
=1 l‘; - | -] v ] d
1000 aaruwaldoa luusseimalalasiau nnduuialalasiauuaziiny gnundagszuuiiie
Fumsduamsingitu lasaziianisuandauulessuvetezneuaiveu uarlossugadu
wazdaoaiuuuLIRIiy war sruugnIzuimuseuasivguugiviemdinslugnaing
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v
=

w o v a aclaa wa [ -y '
P [18] MNN 2.5 TeAraNIsliAe annsamuauAuantivenTiulas lnelivaunnsos
v v v a ¢ - - -l 1] - 8 v
mulasagsnetes aunsodansizvnsulalulSunaiiuin wazdunaunisuandie deide
) - P < o v ° I al
alufie msmuguAIuTanTiuduiEesn (18] wazdsulussainisloudrensiitu

s ] a A 13

Tudaupusaesunmunraunanislgau

d ] 1 sl '3 ¥ =
AN 2.5 (a) wnunmegnadglumsdaasizinsiflusewaia CVD uay (b) wansnaln n1s
N NSIMUUUWHY Cu [55]

2.1.3 n1slaudensanu

nsthnsfunldnusududedinsleudenswuludgwsesiuivanyay
s nsldauiug Tasmedafiedldde 38nszvaunsdon (Wet process) Tne3anns
Toughedy svhnisindeunedweivunsiiludeiduyuinise  Tnowedwesiteuldde
wodldiaumilasian  (Poly(methyl methacrylate): PMMA) uaznedlawiialelaiwu
(Polydimethylsiloxane: ~ PDMS) Lﬁasaﬁunﬂﬁu'lu'umzmﬂmué’w‘lﬂt’fugwsaﬁuﬁ
mnzausennhlvldnulugunsaling delu anduinsituiiinisedeunedwesluug
Tuansazaneiniiiansou (Wet etching) grusesiuitldludunountsdunsisnt Tnsansazane
unndaduleseulusuiuigiusesiuiinufitonadl  vildgiusesiugnazatsaunsevia
widsusinituwasneded nuinhnstuwsrwedweslivhamuaretn fouloudie
égwsesimnzaudensléoutiug finm 2.6 vimfuvharwaveans iy Taons
ihlutansazansesdlau [18, 56] iethweAweioeninns ity

(@) Graphana grown @ Potymer cosing @) corper sicn

A 2.6 Tnezunsunisleudons iy [56]
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2.1.4 miuszgnaldaunsiu

Jaguunsiftugnuinnldnudusieg fusgreaninawans danmd 2.7 lesan
fipuantaminauledtluide 211 Tasfimsthnauuvssgndldiuanlugiudngeg
Toiu
(1) FUN§NIU WU wuAmes (Battery) lwaduaseniing (Solar cell)
(2) AunTuwnd 1wy wwweiaeinmudy  ueAglaInes
(Actuator)

(3) fuUMIAREEN 1Y lwuwaIvIaALl (Chemical sensor)

@ dmmsnhenuieu Wy gunsalszuisanuieulugunsaldidnvseing
WAILED (LED lighting)

(5) dunsEavgu wu qunsaididnyselinduuuiangu (Flexible electronic
MNIBUUUANEE (Touch screen)

(6) shugunsaifedani 1w wswdawmes (Transistor) Lwuwas (Sensor)
NUNNBUUUAURA (Touch screen)

(7) eulagwadiwesuilumroulndn (Polymer nanocomposite materials)
Wwunedlitaueanssea woddlnsu

High speed Transistor Conductive ink
RFIC, Sensor EMI screen ink

Flexible Display
Touch Panel

Chemical sensors

Gy y ‘

Graphene

LED lighting

g . Automobile
Air plane components

awil 2.7 msUszgnaldnsiiulugunsaisineg [57]
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2.2 \WuUIas

2.2.1 druusznaunarlonuvauwuYes

wuwas A gunsnl (Self-contained device) fianansaiinsieiteyamanil
wioWandiisauansiegnaldedaiuii  (Real-time) [58, 59] lawansdasgraienin
MAATIEN  (Analyte) Tapigwiwas Usenausme 2 dwumsvinu Ae dwunsivg
(Recognition) waw drun1sutasdiysyind (Transduction) alunmil 2.8

Biosensor
© .8 o= |
- : ! optical
ntibodies * | acustic
O o O :mdekac-ds :tmﬂmm
element -

o ¢ ¢ =
NN 2.8 DIAUTENDUTDITULTDSIAN [60]

Taufieseiezyujdunusiu  Recognition Tasasiinauduwizuinvietesila
Juagfuriadinsis Tasasusznounsnsraiaviediiuf (Sensing element) 193¢
Usznause wﬁ'aaimaqaﬁtmmhqﬁu 150077 Recognition receptor wisludnniamils
peAUsEnaUmFUdyg I (Recognition element) anansnifufaniiusznavegluue
Auvsues Recognition sites wintludaniadisaiuiu Recognition sites Aild usidusndl
Uijduius dudiiaseild Tasluiwueesiadiifaidures Recognition wag Transduction
agnyveglu gunsaileniu Tnsgunsaiiisesinlaifiileridu Recognition Usznouagaylai
Dhusugedindiudidumudasdyginmiududu (Concentration transducer) 1wy iA3ads
Dusiu

Taukannn1stUJauiussenindains ey Sensing element 3uvi1l¥ Sensing
element uwanauUANIMIBnIMIaRiiutegn  lasusnanduluaiuanudutures
iaeed Jaieligldaunsausaidiusandfedoyals lwuwodindiazuasmaudsuntag
autAdnaniifetudevufaterdudieset  Wuviinumamenwiiannsedald
nsrUIUNIEENdt Msudasdtyana (Signal transduction) n3on15ddnyeyInu (Signaling)
Hugunsaliluateyaviianiewesszuulubudnuiin wils 1wy wasantivmaeiiludu
autAvanenm JsazSendauiiin Transducer (61]

. ar ‘4 ] ar 2
Sensing element wa¢ Transducer mmsnLi‘.lmaqmmnmaﬂu'luqﬂn'imﬂlm wazly
vlszimreasuwesiadl Alifiauuand1amanienmsgning Sensing element uag
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Transducer ufag1alsiny AMUANANSSENINHINTY Recognition wa¥ Transduction
Tnglawragebanszurumsmemenmuagmuaiingdansdet

wauAnvadsuwesluana (Molecular sensor) Usinguaeadsluauidy lag
< ol ' P ' s [l o e [ da o
wugeluanalluluanandl 2 milsnunuandiu  duiindsaunsadudunfniu
ar = 1 .‘: o - @ Ad d' 1 A
i Aasiedt 1w lesau Tutunaunisfnidenninainans Tususndnnisduazilasuutas
aren ey e i ] a 1 i CJ
andfmaaiifdndunetn 1wy mIgaduuas msvassuas Wudu 9nnsnevauseiil
HauINMIKNARAUAAATIE  [62]  Anudiuiuiuardiunisuuasdygyinazgn
aliunisiaeluanaifieniu

222 na'lnm'i"i'ui' (Recognition Methods)

2.2.2.1 &nwazinly

lumuvainua1evesisnisiug (Recognition methods) ﬁgnﬁ'lm'lﬁif
Tuwuwes Tasdnwazvhluveanssuiumsiviunuazesuisldenidesaniivarsdnemy
Twazduaringg ¥esisnsiug *uﬁmaanszmum3‘%"Uﬁ'cyty'\mtﬁmﬁyumugﬂwuﬂﬁﬁ?ms‘fq
aunsii 2.1 [58]

A + R b p (2.1)

i
- < al

T A fa MAATIed, R Ao MFudygu uar P An navaliisenseninediinsisiuay
vy gnaslundunandfiivitnszuiumsiviiunsruiunsdounduldideagyn
auga MstfaundureanszuIumsiinainuandn P MAsdasiuiussail 1y Wuselessin
vustlalasiou uazufdiusiumenad nszuiumsiuiansadunmasiiaugaves
Ka [58] 3agnrimvualsininamnnisi 2.2

Cp

K, =
4 CaCr

(2.2)

@ -

' S v ' o & v W o« )
Tﬂﬂ C Ll‘ﬂu@']ﬂ'l"lllLﬁuﬁu%aa'ﬁu@]mqgﬂﬂiﬂﬁ‘}ﬂi’iﬂﬂ ﬂ']ﬂ\‘i'ﬂﬁuﬂlﬁuuquﬂﬂﬂ')“lﬂﬁll“ﬂﬁ“ﬂadﬂ?

Yo o a < @ el )

v val = P v
U3 ﬂ'UV]'J'Jlﬂ'i']S“Na'ﬂﬂ\'1Fn"INENWUﬁ‘VIﬂﬂQNal“uﬂqﬂ'ﬂﬂauﬂa'ﬂ?&@ ﬂ'lﬂ']‘iﬂﬂUﬁuaﬂL‘UUL‘Uﬂ%

e

aft

&

v
o e

FuagfuAratudurenanin AaluNITRBUANBIREgNiIMuA Tnsaandudure
fAnseiluiiedie dnvusiididguenszuiumsivg Assfudiiwizianzas Faudy
UseAnnmusasuwesiiensvaussaiminseiiluiiay warlinevausreviindu 7
ﬁaq"luﬁ’mti*mt.azﬁwﬁ'\ﬁwﬂ'mmmﬁ’uﬁ'uﬁ'szwi’w mTui Teedisunuanunsaunuiu

aunsladaunisi 2.3 [58]
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G
—

Q (2.3)

o L o s a o e - 1 4‘ s A
Audiusvesiiudygudmiueiia B gnuandlasAnafiaunadsaunnisi 2.4

Co
Kp = e (2.9)

AMUTUNITLINE BN UDTAMS UM emluoguuuay  laealudnsidiuves
' o ° et M v
AAsaNfawarA NI nd inen Ky /K » 1

2.2.2.2 magaduuiiauagle (Gas and vapor adsorption)

s s d ' : lﬂ. 1
nmsTauRauazloumdemiraulaunluiuiisieg  saulufansid
sERANAM 91M1A  waznsmuANuiadunTeuarlaluanmuIndeudugnans sy
o aal W v o o & " s s nI:' a‘&‘ = = = s <l L4
Inevluismsfuidmivuiauazlotusgivnisgaduisiiuloviegadunelutanignld
& o ow v ' o ' [ | < [} L I =
Wumiug uegnuansmedn Tageneg Agnianldiduiiviufauarle suludslanzu

<

yila Tagnedied vivelaneluvid migaduuazgeduannsaduusingnmsainieidnd

L

= ' -t < w ' aan ad o al

WesegufigvisavansailuiuunaniuseninUfisonaiiiviuasuaausmanil
U e ‘ L A a ar

YDA VioNvasTaniul

2.2.3 nzurumsuUasdnyyand (Transduction Methods)

2.2.3.1 dnwauelaeiily (General aspects)

Bnsulasdygaamsousnuezeanidu 2 35nmdng  ldun
msulasdygrumaail ildlasnisasaasunisidsuutaslussrvsenauniaaiiveq
Sensing element Tun1imouausdsanszUIUNTIUS

a"aumiLmaqﬁmmwmmamtmeL?Jumn‘iaLﬁuﬁﬂmamﬁmamﬂmwﬁmwwmm‘um
Sensing element Miavnmsiufduiudiuasiinset Fsuasdygraummanenmialy
thudusgiumsiamna assviivnm audRladidnvn wiemmudumuliih

2232 mulasdyguunuuinmiiunu wag  wuuinAinsiivlsey
(Resistive and capacitive transduction)
prudfugsErianTinTeiiutaniuintianudmzegignie
ansmilugnmsiasuuadluantinaliheesian drfuauduiusvesuialalniy
Taveoonlusivos arsiadanh (Semiconductor metal oxides) dswalyfiAanisiasuuva
sl aiteituresnududuvesansiiasedt fuduiuguesnsiauas
dygrninuuInAuAIunIY (Resistive transduction)
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dv ey v v o ' ﬂl
venndautEinialiiilaSunansenuainnszruiunisulasdyginfe Aas
1adidnvi3n (Dielectric constant) ArAsTiladidnvEnannsausziiiuldlay Wiagiufiuiey

[ a o £ v ooa o v @ o e [ '
Wuladidnvinlulassadrivesdiufivuszquasiinanuguesiiiulszy dadadnduan
Fudasdyguuuininsiiuusey (Capacitive transduction)

2.2.4 93AUszNaUYRNTUIYDsUATNISUTYAEY (Sensor configuration and

fabrication)

ar = l‘cl o @
Whinegegevssmswausugesfiensiduguniainanansaiaunlusediu
v o v 3 y | ! ) |
eld ieliussauving wuwesmsasduuuuite ulauss wazdresemsldan ludiu
v v o [ v € 1 I
gunsldau wuwesdesaunsonnmld  lusazanisldaududinisunndaiulng
2/ e‘ o v - a 1 - =l ar o &
gaansiwuweinidluaieazld  iiensnsiaialusninievesriinaisialivesnuduwus
o a - o g W fal < & o & ¢ o
meassiner  lunsdliinnsvilvgunsaifivunadnastudeulandulu  gunsaivuiaian
. u . . at [~ a a @ [ @t " - v ot
(Miniaturization) Faduds drdgdimiunisandiuiusinedafiseanisuazdniv
dl ﬁ' < o J o |
nSHANNATUMATEY  wulweslueniisd iaiuuSuudnenmyhaunaansavilauazan
dryeuadsunIu

< & & a Vv oo o = v v fuw a
wuwasvuadnidunisiiuten Aoanulululdveinisainauguiwessasee (Smart
o - L= - - fdl L d
sensor) MULULEBRIDIRIEY wuwaﬁgnimnmwﬂﬂﬂsaLéﬂiwsunawmmumw'swL‘T‘Ju
rq'} [ 1 1 d o ) L3
Haidunagyinmsuszananasgewellie uavtihveyagguniainiouen

o - & o [ o [ P a dv w
AUNUNIUTAveBTULEasa ui1savinle lnemluasldwalulagnisuanndudou
¥ e ‘Jd -3 1] A ; - s ar (-]

1N uuagmslitaniifistnuns Jahlugsamginvesdum lumanduiunsininuees
€ i v oo v ) = = F1 o - ' w
uuuuziasua'iqﬂ'ﬁ'lmnawaoﬂumswﬂaamﬂiuumamuaamuuazLaaul-nmq'] GERRN
° 1 - W [ ) o = [ ) [ & =
msvinuluusazsou Juiuliienagilalumaauiumisnisidaudnlunedinianisgua
& o . . . v & - ¢l o d
Juiaw (Point-of-care application) faewail luunensaliguigesiesnuuusimgniuiu
dn 1 v 15 : o s QBJ at n‘{
fiten Wy  wuwesldudrfsdnsunisitnuasafer  n1sinvuInveueeslduaIng
' ° Vo - o o = a v ) w a v
Ldarursaviald adudedudunnaluladnisudndeesuusenunisnanlvanwue
P o ' o a v o e o ° [ -
nnevausnnlusasynle ﬂmaumwgnua::mﬂm'immmminwflﬂ Tnunisentan
Jumaun1sudaildanu dlelumaluladadvlmivesnisndneuiresiuegivisnisly
‘:J s LY a T @ h.:' n‘ 4’ ﬂl -l
wrsaednsszaululas (Micromachining methods) lagwanduisusuluiunveavalulat
a s " " " . = - as s
waslulasadnlnsiind (Microelectronic circuit technology) wiafialaasdnsseauluasou
] Qs o L3 -:i
fedmiunmvheure nndnLazMsNaNNaLYBWAaNE ) wuwaslunlasuigeianiisg

nmsquinegeagritegnldnu lasigueeialaaninad  (Capillary fill  sensor)
muma%éﬁ’qna'na]sLﬁmmnaaau,w'waaLLf'hﬁaanmnr’i’u’lma-tiaa'hwmm1.5nLﬁutfnaiﬁgﬂémﬂu
Aauvrsasvuiadulureauiuuds  fetvsdiggunsaiffinsialuvinamibulas
wsamUaans (Capillary ascension) [63]
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wuwestlunioiruwesiugulugunsaliilddmiumssuiusgiitevesiaiu
msfudnndudumziefiaglfleumesdmiviniinssinie feglunguifisaiu Tnevly
wuweimlvussneulusefuasdygauararsifianiu  (Additional element) 747
msysunsvesiiuluisiheuas s

2.2.5 auanlAvauYUIYDT

2.2.5.1 MsAnaTIUaANINIE (Selectivity and specificity)

o ar sy s d‘ 1 :ﬂ A
sUuuudAgresnuaniifonsnasIveutules Jeusditeveulan
L o o o =l 1 dl
Wwulwes aunsanvuamieseilasiante  leglilniinissuniuaindiudsenauansduy
s 1] d A - s  ar a ﬂ‘ -
Y9IPIDE1N  INBNZESUNNISARETS WINTUN1SRSI9TARITUSENBUMIE a3 0d0935
P - - o @ W e ar '
WY (Additional terms) ALAAINTITTUMUIBIATISUTENRULUAUMAASIZTlUAIBE1
s 1 1 u. 1 s - d s v =i s Al
fwansenuYBIvBNAINaIBgRININTERUANRANEIA BN TULA IwueTRziinIAnaTIN
] ] [} 3 « v ala. J v
Unels lwutiwuwasszlvnanianainuaraaineaoule

N13ARATIVDUIUITR SAILNINGNAMUAIINNTARLEBNYBIANE RS TENI 19N
a fu W oW v o o w = [y <o w
Ansizdiumiu  Tudusudureneugesiall msdnassidulsuaunddgunuandu
3 ot - s v ﬂv = s . “I s A 12 s vV o ol e €
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2.2.5.2 MInsRdukazAmanIalun Ui (Detection and quantification
capabilities)
Tnsmluwuiwesgneanuuulvansonsivasuanuutuinnninly

v oo v ) v v o = ¢ w o o 9 v o= '
iSﬂUﬂn'}wum1qwu§']u ‘SBﬂUﬂ’J’lﬂJL‘ll:.l‘?.luﬁl'IE‘IﬂViL“ﬁuL‘ﬁE)'iEJﬁa’m'l'mL‘Uaﬂawaawﬂﬂﬁ]miaﬂﬂ

dodrinveansnsavaey (Limit of detection: LOD) LOD uanududusinganiousunu
s o a T a4 & vowd v
Y93a13mganasauenuezIIngenlifiasaelureuiuniweiolanseyll (58]
o A 1 ' = o v o -l v -
AuneasiteInludumiiavestionn LOD Maniuansluaunisn 2.5 61y, uay s, A9
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Yiop = Vp + ksp (2.5)
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AnutndulazuIne y,, Inensldfaidunisinvunaveasuiges Tu1uves LOD Higaulv
Wuddmsfiwesiduagiu 2 Yedeldun msneuaussvesualall (Blank response) uay

o L. = o ar

AndeduuNInsgIu (Standard deviation) LOD #dléan Blank response #11 wavdnyay1od
a a dF o ° ¢ & " a
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doyeyrauualadilan  (Blank  signal) nsturruualatenaiinaunandyissuniuain
nszuaumsluisidusueed Wy dygrusununneugeiuarainniniendayasin
gunsnl
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nsnavauadlvanwuees  wansliiuniswisuulaslunismevaussitinuain
(] i v L 2 n' Ve 1 r-d Qs
mheauwanasluauduty Baiuladain LOD Wanlesfuaulinisnevaues ng
Var i ar 1 1 5 4 U Vo s
LOD 1asuanen y, o, ArufiuAnsmauaues Useassiinisnevauessunguldiudnenmly

msinnslaiing 1 liduumsgiuves IUPAC

Nnusgianveirulgesatusansivdaevauidudunisludieninunitsees
ANUTNTULREVENNINLA  F58NI19N1TRBUAUDY  TATINAENUDITINTITNDUAUDIAD
4 o 1 v d" o ) - IA/IIJ 1 qy = - o ar 1
LOD  Mminausnsunthilnisimuasmisiweiilvgndssunniude Jadrinaaves
s o L2 1 v Y -l 1 v -:;q‘ aJ
N19MSI9TA VATINAVUVDITNAUTUTY  ApAIAINTNTUNTINITRavALS LT HIULIIN

Ls & ar ar i . " = oas a ot 1 i i
NIMANSUTHINYUNITIA (Assumed calibration) eeeiivsedfty snfetay @
< - XY i3 as [ A 3 .
Wenvunwiuladn (Marked deviation) ananduaunisidunss (Linear calibration)
L3 -l o e ot 44 : 3 ar [ [
fuadulnsnauuyein1msaia msilsauuiianansagnimualag Jadusneg wu ns
duFrewfuiuMAeTIe snsdusznindadifianmsasivindnarsiulauu uanudu
Jaelauniinveawuiwes TautianisnevauswaruIaUsEuuduin tufe Yaelaundn
Uszana 10 Wumu@eanistusi [58)

2.2.5.3 naninauaues (Response time)

Taovhly  wuwesgninanldiiedidunisimsisigavesiodig
nagevat1raiier MsiuYenszuIuNTIATIEgnivualasatiidesldaan
mavhouiiudun Wy sumsianuareasuses doulvwesiiethe (ramidud)
way talifedemeuiuiu natlumsneuausiveasuweionafmusldnnveunves
Usinuansibilutisnamils namsnevaussienaniinusndudiiinsisignifisndng
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ﬁaﬁunmmwauauaamminn"wum1nmﬁm§1'lumsu,w-§maa€fﬁLﬂswsﬁﬁﬁzuuﬁ’ui 3o
Pndasmuduiussewiniieneituiiug viesnvig lunsdiinarlunisreuaues
ANt 1wl dedeenbon uasindeguszana 10 wiit Adaiiednlunadiimels Tuvaed
hansevaussiuuntmesuly Hsssumdvesnsruaunsmanaiimenwlueuees
Ligeulduivye  (aianwnsausuuganszuaunistidaninifliuds wieliseuduiush
AATIEN)
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2.2.6 dpwnalnnsgadulossimeuunuiTaguaule

n13A%y (Adsorption)  AedwiiitldluniseBunenszurunmisvaslutanadine
fuseAuiuRITan daunndnafunisgadu (Absorption)  dufunsiiluanagnioudng
Thssadavasiuin Tnsannsnideugninisgadu (The fractional coverage of adsorbate)
Iowasieluil

0 o ' & e d o )
9 11’1U'i‘u‘UE]QW}LWIUQWUN‘]Y!QﬂﬂiﬂUﬂE!ﬂIﬂﬂﬂ'](ﬂﬂ‘UU

- ° ° P o vy (2.6)
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J = o ' ar .I: ' ar :’J =
e 6 = 1 munefiagasunisgnaadurianun gnisendt nsgaduwuutuliel (Monolayer)
o - - - " " < JI ar A’ -
nmsgaguwuuuealediadiv (Associative adsorption) AianisilulanagaduuuiuiInnva
= e 1 3 o A “ o = @ :
wialaglusinsuandluana dwmnufainifanszuiunisgaduiianisuandiluianaiy
=i d”l @ - =i . . . . “ =
FuNNTEUIUN1TIIN Msgadunuuialediedin (Dissociative adsorption) laggiiedune
' o o Wy 1 oad i <
Tuwamuaugasznitavianaduuiauazswansgaduldegnsiidende Inving Langmuir

2.3 NTNAILILA S ULIDTENNTUATIVINEITOUNIE SLNEEY

a158un3dseimedne (Volatile organic compounds: VOCs) fie nauansusenauduviid
da ¢ ¢ a o . ] -
nilparuszneauresniuauBunId (Organic Carbon) agluguvesvasudmiareuvar lay
Tuianadiulngusenevludmenussssninemsvauiuaisuaulalasiau lulnsiau wie
dames 1309199:09NTLIULATATDTUTINAIEY BALIU ATTUBIUAAITUBY NGNAISUBY
Arslud, msusuveuanled uar Asusulasenles Tavans VOCs Wuaisanunsasumely

val o o o ] ar &

lalingamgiivies Fudlesumegussenmeausanwiey luexmelaiussesnann (1, 5]

wrasiuda VOCs iinanmisvinianssuainaiiieunazlsanugnamnssy Fann
wanfusivansagne 1wy Anithu, atuyud, themlend, ansdvihasanslufu, ngwud
saoud, Tsaugmanvngsy s [5] daans VOCs finusunesedunndounasdidin
Fafiarudndudesdimamuauatanuduiuvesars vocs Tuusseinia Taensumiua
vafiy [1] famseil 22 Famsazauwes VOCs luvSunaiiinnifufvuasinesdns
mImuAuuaivuIug  aziinansemunadinmuasdudunsiedoguan 1wy vuaad
Foum 9deu fenudsainundege  venindaunsadedinlddmnlaiulugium
Funauly fafudsfieusuduiivedeiguniaiiamnsonsiauazidihsy Taanarly
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d U o ] LY - = & 1 QIJ !‘J
AN5190 2.2 andhseisdmsvansdunsdsemeaneluusseamealaevaluluian 24 ¥l [1]

VOCs Aseda 24 . (um/m’)
Acetaldehyde 860
Benzene 7.6
Carbon Tetrachloride 150
Chloroform 5T
1,2-Dichloromoethane 370
Dichloromethane 210
Vinyl chloride 20

v O o £t [ 4 [V [ 1 s o &
anfuuiawuiresTulugunininsrniaimiraulaiuegrawnludagiu eswindu

gunsalianunsansivinlaegrvviuvinsiiuazauisannnild  Famarsauideiinisfine

Weafiunsiiaguiarsaunldnuluinsiain lnsaunsoudeenlassaluil

2.3.1 uiawuwaslnuldiaglanzaanlen

' ¢ da v a € 3 - ¢
lungulanzeenledarsidouldidu Jereanlys (Zno), umuieulaeenled

(TiO2) uar fiusanlem (SnO2) Wumu Asluauddeues X. Li wazany [64] laviansAnwnly

Ayn (Sn) wauludinzdesnles (znO) lunisnsininlosvmeioniusanazezdlau lay

Wiguiisuuseninmnisinlesuiveding1n 9anian ZnO Au Sn-doped ZnO Tauans

lAseasavesdan fanmn 2.9

AW 2.9 AW SEM 184 (a) ZnO wae (b) Sn-doped ZnO [64]
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Spetincd Thermalcoupie

IJ ar a o L3
NN 2.10 UAAINURITZUVIAUNATULYDT [64]
4 o - e e b
PR 210 wasssruunsialunudde  Wumsinlessmelasmsldnisven
arsszaneidng srvuudinlesumeainansazanslusruy  syuuinluaideldeiniemdu
A181989  Taginannmsivdsundasmnuiumuresiagiiuasuluidelesumeinduda 3

- e I oar 1 = L4 s ﬂ] I a ar a‘
ﬁﬂﬂ\'l'}‘U'Ji}EJ‘WU'JWQ?IFILLWﬁﬁ‘UUFWz'LMNﬂﬂ’]33ﬂ1€53LﬂUWLLﬂﬂWNﬂU MNINN 2.11

(a) (b)
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L Fff =T A e
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- 1 14 H o : 1+ 1
1000001 ? h il L 8000 - &.:
p—— = B 2 Wome "...t.!’....
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d 1 « 1 44 -
NN 2.11 ANNSRBUAUBIYDY (a) LWULEBY Sn doped ZnO ma‘la‘ssmaaz%’lmququu
=l [ 1 ﬂ: -
300 esmuraldeauay (b) wwwed ZnO selesuiveiemusangmgil

300 peAnTATYA [64]

namd 2,11 uansfiannsmevALBIvRLEUwasTgUUYll 300 Bwrnwalea ng
AT 2.1 (a) wammansravauesslosuveozdlaufinududusingg (400 - 4000 ppm)
Y93YULYEF Sn-doped ZnO uwazn Wil 2.11 (b) uARIHANIMEUAUDIABlDTHMEIEVNUEA
firududusineg (400 - 4000 ppm) ToRTLEES ZnO NUTNTUTD IADIANNSABUALDY
soloszmesananle Anmsrevaussnniuiiruduiuvesasaratogedu uenanily
mAdudidnuineiusdsanguugiilunsnevaustlnsuanisadanni 2.12 wansxans
novausuaitvensuweislestmelneieuiisuguuailunisia
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n1uea (CH,0H) wmea (CH,0H) wavlalasiaudalwd (H,S) Fwinnuidewuinian

1 = v o/ lil 1 L L2 d.
unazsiavzvng ﬂ']'i')ﬂlﬂi%LﬂUV]LLﬂﬂWN AU AINIWN 2.15

Polypyrrole
(PPy)

PPy-WO1 hybrid
nanocomposite

AW 2.14 suwuulassaiviaglauia PPY-WO3 [65]

I 190 pom W1,
60 -I (a] I 190 s O OM

B 100 P O,
100 PP € O
10 PP H S

Responce (%)

1%

4| (b)

Response (%)
g & B

100 ppm NO

T = T i T - T

2200 4400 6600 8800 11000 13200

Time (second)

d U (3 -y 1
AN 2.15 AINTABUAUDIVDUYULYDS PPy, iulaas WO, wazlgulwslausa PPy-WO, na

() wiiausavedde, (b) wia NO2 uaz (o) FINsMevaussiawia NO, 7
ALYy 5-100 ppm veugwweslauia PPy-WO, [65)
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P [~ o i o & 1 o ' ] i
NN 2.15 (a) 1WuUNsANYIANTUNIEABLAETDITUITDIRDUNALAAYTUA WUII
Hybrid n-WO,/PPy finsmauauasiaufiia NO, g9ils 61% laemauausiladnileuwes PPy
& “c" - . ' o - d s A
waziwuwes WO, lnsiwuiweivsaruviinunulinevausseuiaviinduq fdlunmn 2.15
1 q' =) = L3 ¥ J o AJ
(b) wunBaiuwedwes PPy unTu 50% LansaniIsmeuauadseuia NO, #
- ol a ' Y =
Aandudu 100 ppm adfign warluguit 2.15 (0 Wunsnwinisaevausssisuiia NO, 9
ALNTUAIY WUeUwRs Hybrid n-WO,/PPy 50 % fifimn1smeuausssa NO, gt
- o & av - o -
Wemnududureswfauiniiu - nnwddeitdu  waasliiufsanuanunsalunis
povausialoTsinvRITUITRlanseanlyd  WUTNTUERITIANAINITNNDUAUDIRD
v J f o & v o ﬂﬂ‘ d v d‘d:
loseme VOCs 1o wdlwuwaidnluspwinnmulugumgiings iwelinanisneuausanavy
Y v = o8 va o o a o o o v vl a v
yindgmdnedu JeviliiinsAnuniaguiindunannsonsivinlingungives

2.3.2 ufdwuweslagldiaauiluaiivou

Weliufmeuwasanunsansiafaldfiguuagiivies ilifanuiTumsueudui
uauls 1wy viewluarsueu (Carbon tubes: CNTs) [11, 12, 66] wayns1ilu [67-70] 1lusiu
osdantivndlviindithauls waraunsanseinlessmeldigumaives Tunuideiifady
Tun¥amnsiu Tneluandds Highly sensitive bilayer structured graphene sensor ¥e4
FB. Rao wazaniz [67] Wihmsfnwiwuisesinlessimeniiivszdvinmnisnovausiiigs
Mnfagnsiitu TnsFoufioudssavdamsewineugeinsfuduisauasns ity 2 4u
Fanmil 2.16 wansunudlassarasueeing ity @) wutwdes (ntra-sheet) waz (b)
WU 2 44 (Inter-sheet)

< o v . 1) =
Al 2.16 Uwvuwnudlassauees (a) n3iumilasiu (ntra-sheet) uay (b) n31iu
2 4u (Inter-sheet) [67]

- v o - 124 0‘5 5 4 ar 1 -
logluaAdelavimsieneilasiaiunaiu 1 duuay 2 tuignianseu Mu3s
2anBLaunaaun (Oxygen plasma etching: OPE) fMemALiATININLAZNABIFANTIALUUY
v o = - a &
Tduas dauanslunimi 2.17 @) WunmiBawasweansitu 2 9u (b) Wunsmsiuiuwes
N5 2 YU way () - (f) Li‘.!umm-‘&quaqLLazns‘nﬂs’nmwmnsﬂuﬁqnﬁm 1 Yuuay 2 9u
v -l
»875 OPE
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Raman Shift (em ')

= ' 3 & v a
Al 2.17 guialassaineweansifuuuy 2 Fuilinszuauns OPE (a) mwiauaaves
N5 UWUY 2 U (b) NIMTWUTINTIAULLY 2 Fu () nMwiBuauas
@ o ol w o
TIUUAUNATUVRINTIHUN gNAANTOU 1 WaY 2 ATIINNTEUIUNTS OPE [67]

MUY 2 Fu Tunmil 217 (@) VnaiiEdudntes wandassadn
nsufinudussdougs nanfeiirarmunduvesita G way 20 gann laeia G uansds
aufuszfeuludulasiadansiitu wasfin 20 uansferudunsiiy wagsuutures
ns W [71, 72] Tesunulisiie D lawiia D wamsbsanuldilusadouvedlassadrees
N3 [71, 72] dalunnit 2.17 () uamanmanndasgavssmiuuulduaswesnsiituiitiou
N3PUIUNTST OPE 1 wmilensa wudhdveansiiuiimiuanas wansliiuiioniswasuulases
Swautuvesnsiity Taslunmil 217 (d) WunsBuduinsuiliulignavesndne
nsvvaumsinan wagludunmi 2.17 (o) Wumsvih OPE Wwdn 1 ada Fedlvidiudn
NI 1 'Bv’ugnauaan‘lﬂﬁ'f'w ns¥uIung OPE asnnlifinisuansiialaq lunndl 2.17
Fauameliiiiuinnsyuaunts OPE Wumeilafianunsadanismuauguinlassaiisuazsnu
Fuvaansiule

‘ a s o L4
NINN 2,18 LLARIULNUNISEUUIAULNELG UL DT [67]
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nnamil 218 wassliidufausudesruummadeuufavesuidesmnan Tagld
lulpsiuluuiasnds  uarldlulasiaudislunmswlesumerssarsmaaauainmsiile
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UszAnsnm veaieuigedin 2 viln 18uA wuwasnsity Intra-sheet uay Inter-sheet fslu
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AW 219 @) mwiBuaaznsw IV curve (b) swuaWansy war () nsINnIg
Wasuwasraud umuresTuLes Intra-sheet aleNUDa way (d) AW
Wauawaznsm IV curve (e) sinuaansy way () nsmnisiwdsuulasen
AUATUNIUTBUTIUYDS Inter-sheet Aplosuivaioniuea [67]

o ' P -
NN 2.19 (a) way (d) wulan N5 -V UaeuULeasnsIWu Intra-sheet Lanwuy
nsmiduidunse wansfsaud@nislvihuuulefin (Ohmic resistor) @unsan 1V w84
=l e LY : ¥ [
\wuIweinI WU Inter-sheet fidnwuzautanalniuuureni (Schottky diode) uazludiu
a - v = o da
vasmuaaniulunwi 2.19 (b) way (e) wamliiutalassasiswesnsifunidaninu
- P=| - o w k.
SEWPUF LU INUAAINA G Uaz 2D igwn g nsuuaansuYeIns MUt ULAE?
-l - I al 4 = [ ] -] -’.‘r - n' -]
wamnIwm 2D YIgRAIINA G 4N LUBIRIN WA 2D WUNITUIUDNITUIUTUVDINSINY B9971U7Y
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Funs1ftuann fim 20 Badlmnugaiesawuasiiguiininfaniude Flusuuawandy
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AN 2.20 LguLEBSUUURAY Intra-sheet (M3ietalwii 1 wae 2) wae Inter-sheet (N15%e
AW 2 uay 3) (a) MwBauasaznsm IV curve (b) swuaAlUARIY LAy
N5IMNITUABULURIAIAINFIUN U YB L BULED S HaNR Bl SEIMEIaV LD a
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NN 2.20 (@) wudmginssuvnslniwesnsiiui 2 sliawdsuluiBuwuulis
dudniies Wesnmuiuunisdudasewinedaliih T/ funsiity daunns
ADUALDIVBATUYDSUUY Intra-sheet msnauaussgeiunuuuidende 22.79 % dw
WUU Inter-sheet fin1snauauasgedis 185.25 % FaAnu 8 Wiveauwuy Intra-sheet Faile
Tuianatevusagngaduuduvuvesnity 2 Hu usssgwinluananieluleniusanie
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audniusuuuidniviuudeasswinnssuansqrunassrosiseninety mswasuudas
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lusu3ds Ultraviolet illumination effect on monolayer graphene-based resistive
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Photolithography Deposition of Gold
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Graphene on copper Spin on PMMA
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S @@

Self designed mask Remove PMMA Transfer on electrode

4 n’; - 3 3 =
AW 2.21 YunDuUNSUTEARIIULEDINI WY [70]
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Concentration (ppb)

M 2.24 AmsnevaussiolestiEeLTnuTeNEUTR NS WY 1 Fuiasuuasaaly
n13a10y73 (a) fimnadidiu 600 ppb uay (b) e adduuanseiy [70]

NI 224 (a) WUINTUERIANNSanauauenalassieasdlauldiiledl

n1s21eg] laslunsdatsyinaenaraiuisonevausssolose muavﬂmuimmwaﬂ

firnududuerdlau 600 ppb wariwuwesannsaiudnduiuanwdnld devihnsla

losumserdlaudsuialulnsiay 'meswL‘zmLmaswmagamaaﬂlummsnwummuammﬁu
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16 wasiilovimsiudsunvasannududulossimeez@lay falunnd 2.24 (b) wuin
Ansmeuauasieleszinesdlauvessuesiinnsyinaeauarateyisvordu fidnis
mauauaaqaﬂi’lmuwa‘%ﬁlﬁﬁn'ﬁmuﬁ Imawuwaéﬁ'ﬂm‘smﬂqﬁ'szazﬁguﬁmmsmmjﬂuaa 1%,
1.89 % wax 2.28 % 7 mududuil 300, 600 war 900 ppb Muddy Tuvarfiuigesil
nsateyinaeanaiiAinisnouauss 1 %, 52 % uay 7 % fimanduduil 300, 600 waz
900 ppb mwawu lnenalnnisnevausIvedLuILes Tunsdlisugainsituuuuliansyi
nsMuUsEngAduansiinieiaR (P-type) [74] aﬁaqmnn‘swﬂu'lﬁﬁtﬁnmiauun’l'.mar]mfw
LazaaNTILTINLN TV LA ?i’i'dLfla"lmmwaas%"[mumgmﬂa’unsﬂu minlaein
Wipvnuinamnsiuduludmeluanabuazeendiou daulunsdveneuiresnsfiud
g iasrszdunaraaeaiian Tuanauazesndiuldunmeleasnnsiity lvivgn
pannfans iy yildnsfulsengiduasisdinheiadu  (Ntype) (75 sl
loszmeardlauuigadunsitu Jeiuiidudannneliiinnisnovaussielossine  us
sgnlsinuufiauesvinTaguilumiveu fillfeidsassitliamnsodimzianzasse
leszmeuarnsmeuauesislestve VOCs S Suililimshfaquiluaiueu wmauiy

o . d o a a «
1dnou (Composites) iwatnuUsyansnmussgunsal [76-79]

2.3.3 ufidwueeslaeldiaglouiaunluasuou

\WeliuUszansnmuesgunsal Tannsaneuausdldiigungiivies uaxil
muhikazanuinzsslestvensiaaeugs vilinsiiaquiluadveunnaniuiandu
uitaule Teeluanwidetijaiuluitannsifunay (Hybrid graphene) Tnedotiaus 1-2
e A 9uves J. Hong wazam [76) iilen1sAnwiUseansnmueseuigeslausin
s fuAveynIAurluwiaaden (Palladium nanoparticle: Pd NP) findousiuwediues
Indwiaemlasian (Poly(methyl methacrylate): PMMA) iiensaatauralslasiau loss]
FunounITHAAKY nMil 2.25

@ — © .
b —_—
mm displacement reaction
PMMA supporting layer |
‘ spin-coating
(C)  PMMA supporting layer (d) e PmmapanPsLG

hybrid sensor

= ) - L3 = = = =
WA 2.25 Yuppumsuseavgirueeilauianiituuareunia Pd Mindousy PMMA [76]
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- el =¥ 1 n&‘ aa . ar
lurmAdeiilsldoyniaunlu Pd wvuauiiia (Surface coverage: C,) Wi 0.66
A a0 ] o A et d G‘ U n'
\Wasnniimnisnevausneuialelasiaugiign daiuanslunmi 2.26 wuitBavuinves

0
o 1

Pd ifindurimsnevavesieuiadunniy  aunsevieen Cog HINNI1 0.66 wdAINTT
movaussanasuiiinsmevauatlunsauliledien C,, 7 0.97 lnsisuiwesns fu/Pd NP #
fif C,y WU 0.28-0.66 Tianisuniniiins iy luvaefugesnsafiu/pd Aifian Ci
whiiu 0.72-0.97 aziliiamisiilwitdl Pd wnuilesnnandufinmeyna Pd wesawiuly

yilvianisur iniwasuly

150 = O~ Cpg = 0.28 Pd  Graphene
"5: > & T & Cog=0.44
O =0.66
100 '-80 d a ::-0.72
U0 05 v G007

(C) conduction path through Pd

0 100 200 300 400
Time (sec)

d L7 as 1 L =
NINN 2.26 (a) NSINANUAUNUSTENINAINITNDUAUDIVDILTULEDS lauS e
=, a A ] a s o
NIM/PA/PMMA nusuiaiuanmeiuveseynIa Pd (b) uwnadednasana
° o =i v o ° a
s WA AINT Y wae () whuta 3rasnisur g Pd [76]

(@) wioPMMA membrane

w/ PMMA membrane
[25% 10% CH,
—_— 0.5% CO|
5 0.05% NO,
§ ton Lt Lo Lo Lo Laa
0.025% H;

L L U
- T 0.025% H;+ 0.05% NO,

0 2500 5000
Time (sec) Time (sec)

d o 1 1 3
nwn 2.27 (a) Lmun'mmaaqmimauaummﬂmmwﬂmq'] VDUFUDINTNU/PD Uay
WUl NI HW/PA/PMMA (b) fIn1smavUAUBIRDlaTEMEANN TDLTULDS
NIMWP Ua (c) MINBUAUDWBLETEVERNY VDUTULBINTWWPA/PMMA [76]
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FadoinsSouisuiruwesnsiu/Pd  way  WwUwesNIARL/PA/PMMA  daly

- o W & ¢ ¢ ¢
2N 2.27 (a) Winevnaasumsasiviauwnaiivy lulnsiauleeenles asusuusuuenles uay
lalasiau wuiwuwesiluinsedounadwes PMMA aunsonevauarslessinefing

=Y J L3 =i, 1 o vV o=
lonvila  luvurisueesnafu/Pd/PMMA  anunsanevauessraufalelasiauldifies
staRe ualusnzifenulidaunsonsvausssoutaivy lulasaulseenles wazaisusy
« = - I ° v dw - o da Y ' - v
uuuenlen Lisannwedies PMMA vhwmihiidiaidenuiianduseulimeqrunediuedle
- « Y| o aa o % . =
[80-83] laenadwmeiazAnidonluanauianfvuindn (Kinetic diameter) lnglalasioud
- o ! o
uaanTian wenaniinsunsnrnuvedlelasiaudagannly PMMA [84]

dluaide Smartphone-based sensing system using ZnO and graphene
modified electrodes for VOCs detection @4 L. Liu wazameg [77] iuns@inwisuieesin
loseine vocs  TneldFamnsnftuiifinisusuugsewedmeslulasivaglaauazeynin
FeAoanlys LU‘%'UULﬁauﬁ’uwuL%'ﬁ'ﬁl‘ﬁ’i’aan‘sﬁ'uﬁﬁmsﬂ%’uﬂqw’hawaﬁmaﬂu‘lmswaqiaa
Tosiidnwazisuigasfanini 2.28

(a)
a
=
Interdigital Electrode Zn0
Nitrocellulose
& Graphene

amw Nitrocellulose Membrane () ZnO particles

o - . a « s W
i 2.28 wulweslaviansunusudamenedwaiuazzno dwmiunsaatn VOCs (a)
™ & o v a a4 o e
sl (b) amdasdlassaiugugeslauiansifiuiuiuugee
wadlmeTuaE ZnO vutalwi waz (o) nalnnsnsaada VOCs [77]



33

Sensing Measurement

d a s h‘: 1] - L7
AN 2.29 unursszuvialesemensszuu (a) Wudiueesssuuuiauayssuunsiadn (b)
Wuduvesgunsal impedance way () UaRWANMSABUALBIULIDANSVIY [77]

4 = ar s 5 AJ 1
NN 2.29 UARIDIWNURITEUUIRlasemeIszuy TaunIng 2.29 (a) Wudiuaes
o s ar v E 24 d 1 ar 1
SEUUNNALAYIEUUASIIN Inumsmsnaauasgnmsamm’lummwnwmmnmqnuuasm
s s U VvV a n: 1 v G‘

losaveludsszuunsiaia nelWiAanisiuasuudasAimuiunm (mpedance) nwil 2.29 (b)
& ¢ ) o ' v o
Wudiuregunsal Impedance @11305193UNsIVABULUAIAIAMLNATUNIUYBITI LA
PNNITRBVAUDIABLESEY InTiudsrin1snevaussluSausninuluwuuléans Taedy

a i - ¢
AN 2.29 () WudunuanInan1snouaus UL Iy

4

104 ) i’{
¥  R.=2.288C+0.3432

T T T T

0 2 4 6 8 10
Concentration (ppm)

J . 4 L i = 17
A 2.30 (a) nsmevauawislosuineaz@launiaududunineg way (b) aunsdudunss
VBRI IFRMUS I WA UALB B TUR R ot ulesemessBTay [77]
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A i G‘ L J

NI 2.30 (a) MsmeuauasrelaTuveasdlaunaududusiieg way (b) aunis
Waduassvesmuduiusserinanmsnevausvousuwesienutuiulessineasdiau
wandliviuin  wugeinauiignuiudgsiewedweiuar  Zn0  aw1soravausde
losvmuedlauldd lnvdalaszveiiingaiuAinisnovaussvessuesbganusieg  Tny

A o = ] - J =

wuweidannsanduauganmidnladielinislalossmuesdlausenainszuu uazawnse
A wwy a aA o ' o a < =
Wudldegenaiuwaniiothinisnevausrelesumeiasuluumdonnsim wuinile

[V o a v a1 A o w W <l
pudiusiudnuuzdadu Tnedid@ndrnanisialessmeesdlaun 1.56 ppm

(a) 20

'

ifx%/

o o ' a ¢ = - ' ¢
A 231 anudumigsielessmveyilasieg veasues (a) WisuiWisusenitawuies
- = al L = £ a - =i = ar
leuda nsunuiudgsdenedmesiuimugeilouiansifuiiuiuugedae
- ' - < ﬂ, ar
wodwaiuay ZnO uae (b) FANINBUAUDITRIIUIYRSIBUIANT LAV UUS

fawedwpiuay ZnO solesuiesiindeiuarlesuivenay [77]

4;‘ v = =Y i 4 al s v
wenanil  dulimsAnvidssdninwveanueeisznitusueeinsituiiviuugeie
a ¢ o ¢ a & W v a « ]

wodleiNulrueeInTIURUTUUTIMenedesuar  Zn0  lunismevausirelasee

- ' I & 3 -y o o 4
VOCs wilnsineq oA ox@lau lanuea Wesunadled nsnesdin uavulanan fnnd 2.31

i t a ' o v ' . & o oo
WU Iugesie 2 wileansonevausieloszveriinuald udluweinafuiiuiuuge
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shenadieiuay ZnO novauswieleszmesiiasingg Ifndnsuwesnsiuignuiuusese
wedweiiiesegafie Tnunmd 2.31 (b) wanslififuitleszve VOCs nauguigesns ity
fusugasenedweiuas ZnO annsoneuaussldfnitlesuime VOCs wuulinay waw
wuwesnevauaslesunensnozdinliiosiign wandiifuineuwesiamudinasslu
mineuaueialesyieusazyiale

nneATemdtl  wansliiituineuweiiliiaglaviansiiy - daeliiouiesi
° ' ' vad & &
AuTuwizuarlirenisnevauselestivensivaeulaat iy warusnaninisly
a fa o v al L | [J 5 i Veda of
wadlwe idnimhndelunsAadennisdtne (Selectivity) voswuigaslansiu

2.4 W13 ALABINTAZAVRUTUYY (Hansen solubility parameter: HSP)

Wumsfimesalidhuusiomn 3 viln fe wswuwsnszans (Dispersion force: 8,)
usaiagasznInluana (ntermolecular force: 8,) uazusylalasiou (Hydrogen bond:
&,) lumsviunearuannsalunisazasvesanssewinsivharansuasigniavans Tag
shgnaraeiifmmuduialndifsstuivharasrannsoazareldd Tavanusafuin
Ifanaunsit 2.6 uag 2.7

Ry = \J4(8az — 641)% + (6,2 — p1)% + (8pz — 6p1)? (2.7)

R, Ao msazaevesuisuvasivhazatsuazignazaie

5d Ao Lml.m‘s'nssmU'uaqﬁ"aﬁwasmaLLazmgnasma

8, fie ussgaszwineluanavesiviazatsuazignazaie

Op Ao wiaiusylalasiuuvesiiaransuazsgnazany

RED = 2a (2.8)
R

0

RED fiB 528N NINA1UEUINS (Relative energy distance)
R, fe $mildunsfisen (Interaction radius) vesnediues

lngmnuannsalunisazansdiniusesivirazaswazignazats  A9nsanainan
YHENN WAWUAUWNS (Relative energy distance: RED) fauvdnanitlu 3 nsel dasaluil

1. RED < 1 wanemudn Mgnazatsuazimviavalsannsoazaleidnules
2. RED = 1 wineAnin fgnarateuagsiihararvannsoazardnmiliuiay
3. RED > 1 wunganudn Mgnasansuagsvitaraislianunsoasarodniula
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2.5 malANTTIATIEA
2.5.1 \3pssnuanlnsalall (Raman Spectroscopy)

sauanlasalnUidumatadinsunisimsievesausenaulaseasig
AINANYSH] WasWusrYesasFieg Judunisusnueresrvsznauvesansusasyiialuans
FRO81 F9anT Fot1UsEnn Yol Y0awmal Laviiaaiunsauiuniasieile

UnngmsaiswugnAuwulul a.a. 1928 Tas C.V. Raman [72] Inewuusingniseinis

L

a ' - o a a L9
nszifauasuuuliund  Wesndidnaseuvedluanaarsgnnszsuliluegluantuznsedu

.

ndulanUdsendsnunas vinliiinnsnseidauas (Scattered light) eonun [85] ile
a o s Qs A‘ - a = = P
dlanasauneIIUNAUNNEEaUEAY  Fufinannsidsuanasivdsuwuasanud e
[ ] Jq 1 . = [ ) 1
auasduililundn Raman scattering w38 Raman effect \lunsyuiumsuuubitangu
(nelastic process) lasmsnszidauasii@uagiveinvesars [86] lnemsivasuuvasiu
L4 LA ' v

WeduluuSunaudssinnuaziduldvisuuvanas (Stoke scattering) w3aiudu (Anti-stoke

. s al [l =S " E i
scattering) AN 2.32 lasdulngiiiauuu Stoke scattering tlpsanmsvanyaseuas

al I i L7 nl dy A o - = J
WUUNSRIUAAANIENTIUUNEIIUWNLNINTY  Tususiduasdnsdelianianuenady
WEMULATNAINUAMAUA UANAWDS FUTENI LASLUULSEA (Rayleigh scattering) \u
ns¥UIUNSHULUBAEY (Elastic process)

V°‘\-"'
Vo votv;
= o
[r— 0
v:’rr’ U’
Raman Stokes Rayleigh Raman Anti-Stokes

AMTI2.32 N13N5UFWAIMUY Infrared absorption, Rayleigh scattering , Stroke scattering
Wwae Anti-stroke scattering [87]

Taenassvomdsudildannisnszifaauusunuiuy 3end1 Raman shift 3

v e a ° 9 va = v oo o

awanfunlanninaiaswiuaiusadnvssgndldinsigivieansld essnaxdl
AmawuIemNinsIiuNsiureniuszvedlananialdanvatinadunsise

misldnatasamilunsiiesgingity annsasyylassaine auauysel uazwusy
¢ = v Y = ahlv w v - o e
Asvaurensiuld  Tnednvuznamnadiuildannsiamensessmiuasilidnums
Y < o o oa dd a o o =
manmi - 233 lagagnufiafiiinainaudiiiasinnisduresiussaisueu  Tneiiia
= ! = v '
miauleey 3 fin laun
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1. D-band fimuivszanm 1350 cm’ insnsdureaiuszauauTiEnfuwuy
AnunAvaslauda sp” uansiislaseadreitliifuseidou viedl Defect

2. G-band #ita9muiivszann 1580 cm iiaanmsdureaRusEIEMIIAS UL
Bafuuuy sp” fiauysaiuvuy wansislassadeiifusadounay Hundn

3. 2D-band %2918 2690 cm ' ARIINAISASAUTRTNLBURTUT 2 voswusy
msveuiidafuuy sp” Fauduiiafiddnlutagneity esnndufiedivs
vondesuautureansiity

a T w4 T
10} A ]
- B —_/\ﬁ
b~ |
s 6l )
E ‘ -
2 L P
0 - —A—‘ r
1500 2500
Raman Shift (cm’')

A s 4 5 1 o
AW 2.33 ANMUENTINTIUIUVDINTIAUNIWIUTURIAY [88]

252 né’aaqawﬁﬁﬁuﬂazﬁau (Atomic force microscopy: AFM)

AFM Huip3estloneinuinenmans e miunsmsivaeudnurituintag
v iundesganssaeiiavagiudensin (Scanning Probe Microscopes: SPMs) %l
vils Tagordemdnnsnmsviuresussdunsiderseninosaen (Atomic force) nanRe
useRgavIausndniindussuinsiuiniifesnisiseifumidurundnuseua
10 wluLims Tmenhzmauaaanm'lué’nwmwmn1wﬁuﬁﬁaqﬁ'}atjn ANnMsuUadg o
nnmsnTviaaziouresiuatawesidadludunureniudy (Tip) Ardouiituasse
A9 Aumanmaigeieaiui wssiisofinseiluwuadainseninesaeuves
NuiinYanfuarmouveaduindu Wy uwse Van de Waals wAzusIusTATiBuY Tn AFM
awnsaldldiuiuiivarnmanesiduauunasiuinfii i g vidawsinsevisTanidu
Tuana®inm TaeTagdesilsziumingadn (Roughness) liiiu 4 lalasns wazvuinnn
aunulngfigaliiu 100 lulaswns Teonmillfaunsavenangewesiuialéluniw
KUY 2 vi3e 3 §R Mnmdt 234 Fansrfudutagiifvuinaamunlussivuilumng fady
Sedimudndudedd APM lunsiiesziasisaeuididasiaiuasduguinevonsiity
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Ampitude - Scan forward Line 1

4 . ' .;’ = e o ' & 44
N 2.34 mamamwwum’mﬁ}mamqmﬁmnms’mmmﬂ'sm AFM [89]

o d ar A ] v = v 1
Tnalyuan1s¥innureuaIng AFM fan i 2.35 aansauteeanladiy 3 53 1éun

1. Contact Mode (Wulvuaiivarsidududanuiavesianiug nasaan Toided
o w o o 0 Vv a P o = R [y
drAyresisilfe ilwiAaussiunuluiuvesmsiedeud dworvvitliarusesnsuilddn

= ' & a & = vV a <t 1 @ W oa W =i '
iinnslissevieliatedly TasiilildiAnanusaigasanitasduiuiaTaniesosis

wed vibideyalasuilenafaiouluaineuduwiedldgs  Snvivdanaliin

y
s =

= a ar a w - ) 1
mudemeivfiduiarindan  annsanduvuiizfanifinisdsuudaseugeesn
TIU57

= < o v o v d s o v e '
2. Non-Contact Mode {WulnuaiuaoiulidudatiuinuiaTagas Tnoviduving

-

MnEIaRUsanM 1-10 uiluaes Taolwueiidunsldusssewinafuduiuiafanlnemun

v

] A a o ¥ - a = o b 1 1
srppvin  ieldasfunisinatenuiaiaguazmsidomevesiuduinde  udedials

e ;‘«'dv o w - = o AQ - - - : ' o
ﬁﬂ']ll ')ﬁﬂTiu&.l‘Ua'ﬂ"lﬂﬂﬁaﬁﬂ'ﬂlﬁﬂLaﬂﬂ‘[‘unq'ﬁ?ﬂ Luaﬂ'{l']nLL'i\'iﬂ\’@ﬂwLﬂﬂﬂu‘izwqq\jﬂjvﬁnuaﬁ
R Tanvey

. e o v v v v w o a o
3. Tapping Mode Twuntiiduniswaxn 2 Tnuainandrsdudeheiu enandes

< o va = - far M v o o @ -~

Ugymiviligunuiennudems  uadsldnmilianuaudauasudugr Tnslivaredu

g
v & a Vo o

dudaiumuinduszesnatdug luwwamsanfunufafednvasnsdudawuuiusesuly

L s = &

- -1 "o v W “ 09 va )
wwrunddliietiu uiiiesnuaedsdudanuindussordug SeviliAanisduvesau
oy v e = A |
Fedwalirdygrunnsiataliilineg

mwﬁ 2.35 gmm‘un'ﬁﬁ"mwaam%ad AFM [90]
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253 nﬁmqawﬁﬁﬁﬁlﬁnmauuuuelmns'm (Scanning electron microscope)

NABIganIsAUBIiNATOULUUEBINT A (Scanning  electron  microscope:
SEM) Wugunsaidmiunsnaeuidalassaiauasduguinerianlussduuiu Taoudnms
o - @ a o - = o a &
N1IN1UVDL SEM ﬂamicﬂﬁﬁnmﬁmmmmanmaunmuqu (Secondary electron) Milintu
¥ o - - Ad u A I‘; 1] - s
nnmsliduasdianmseulgugiinindsnugemnenaudu lunisdesnsinasuuiatagly
o ﬂ.. o @ Ve a 4
AmrgaIna fnmi 236 Tneshdygrunldsuinuaadunimuuseiuam Tasnmil
Ve le aad = : o = a llqv.;
lsududunm 3 Sandaruesdeagevestuau  Tasduanuiiannsada SEM Iédu
o © oo g ' 1 v o L3 o -
ududonirlii Tunsditfagfedeliannsmhlwild sududewihnisiedeviafe
< o i =4 o & o o ) o v & oo
AIvBUMsEnaInau Fanstuluianiiilassaiuazarumunlussivunly dauedianny
o o, L9 3 - '3 o 1 a =i
ududedld SEM lumsieswinsvasudalasiaduarduguinevensiity

AR 2.36 YENNITNITVY SEM [91]

2.5.4 Lﬂ?aaﬂgaarsawuau]n'[niﬁiﬂfl (Fluorescence Spectroscopy)

goasawudaalasalatidumaieiliiinseinuaudfvesarsfetig
lagnserdevannismaganduiady’ dwaliluanagnnsrduuardidnaseuiimsdunely
Tuanavnsedudundsuanuegiy (Ground state) luﬂizﬁu'uzuwﬁwmﬁqaﬁu (Excited
state) 91NNIRANGIUEIY (Excited energy) %‘ﬂutaqaﬁﬁmsmﬁauﬁlﬂaq’(uizﬁwm'&v'u
wisuiigearhifimnuafios ildinsuasudesmdsnuuazanasiludussfumdsauiis
N wiewilnanavanUdesuaseenuniy  vhlmAadunismelnaou (Emission of
photon) Jufinawnasilutimgeaisawud o Amdseuiinszduiidunzvesansusail
fanmil 2.37 vildanansouenuevansusazeiald Tnelauianstudutanitfiaseadnad
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o v d o ar o s v ll.: = o Ve o
ansamaile Welianaufmndudauazgnaaduidrgtunedues viliiiausududes
v ] 3 - a a < - o W
liwatinillunmstinset asnaeunsiwdsuluvedleudansudlefilosaveunduda

Excitation

Xenon Lamp Compartment with temperature

Monochromator

Excitation Laser controlling module

Emitted Photon Signal

AN 2.37 NANNIINITINNIUTRY Fluorescence Spectroscopy [92]
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3.1 BHUUINUA

TunmAdviasiinuiiersiunmstome i 3.1 TnoiunnsUssivdisuieesuy
gusesiuukuddneulasenlusileguuianey (Si0/S) uasisuwasuuudandy floguu
musaa"i'umiuwaﬁmﬁﬁumL's*NmLam (Polyethylene  terephthalate: ~ PET) 9101y
Wibuiiuuszaninmvsasuieesin 2 wuu gaernistudunalanisnevausives
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loszmeiilumsinyilunddei snsnnisdadenainngulesune vocs Afigwilu
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Uszinalnelulvangammuazuiunineg fannsneil 3.1 uananisuanvdesloszme VOCs
wiazydaluluanjaumnwuasuiunine wuinleszielvuduarleszivenaslswosy i
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d ' v v i
A15790 3.1 uassAAuintunsUanUaselaseive VOCs 'lut'vmm;qmwuazwmmumwm

Aaasloseme VOCs ol Usesad 2560

ANINTIFIU Amsvaavase lu | AmsvanUasslu
loszive VOCs 3 5
(um/m’) LWANFUNW (um/m’) LUALUATHA
(um/m’)
Aaalsvasy 0.43 0.51 0.30
LuTY 1.7 2.6 5.5
Iamaslsiinu 22 4.5 5.27
Insmanlsioviadu 23 0.19 0.07
waszAanlslefiaguy 200 0.39 0.1

3.3 N15ANLADNNOALNDS

o v a ¢ o a - a P o - a ¢
ﬂ']'iLaanl‘ﬁwaﬁLllaiLwalﬂu1aU5ﬂns'\ﬂULlaﬁwaﬂluaiuu ARLADNWDALUDIAN
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outguvadlasziyardlaudonadiwesvinn1eg wuitA1 RED veenadiues PMMA fiu

O | v ' a ¢ o v o v ow
losswmgardlauliataenan uansliiiui wodlwes PMMA fuuiliduiaunsoazanediiu

val @ =
lanulesviveesdlauunnign

= ' ' a a ]
A15199 3.2 uansAinIsazauluueuuTedlestiveartlaunenad LH’EJ%‘U'NG\WN‘]

ANNSATANELUULBULEUY, HSP R,
N EGISEHIGE (MPa ") (wodwes RED
losuney 5 5 5 Ro warle (Ry/Ry)
d p h sivie)
2rdlau 15.5 10.4 7.0
PMMA 179 10.1 54 11 51 0.5
*EC 19.0 5.6 49 7.9 13.0 11
*Plp 16.6 1.4 -0.8 9.6 121 1.2
*PS 18.5 4.5 2.9 5.3 9.4 1.7

*EC Ao wodwasieviawvaglaa (Ethyl cellulose: EC)

*Plp Ain wedweslnalaleniu (Polyisoprene: Plp)

*PS fin wodlwesindalnsau (Polystyrene: PS)
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A 1 I - ) 1
Tumsnen 3.3 wamsdinisarateuvuisusuveslasuneuuiusenedeiviianigg
I = ; [y ' o
wuin RED weswadwesindlelowiu (Polyisoprene: Pip) fiulessimeivuduiliosiian
| a = v o Y - v = =
uanslviiiuimedues Pip fuliufiasnsearanedhiuldaiulessmeruduuniian

J U 1 “u - 1
A15197 3.3 uamAnsazaekuueuwuYeslassmeluuiuranediuasuling1a

nodlesuay ANTAZAIBUUULBULY HSP R,
losuve (MPa'"*y* (wodiues RED
5 5 5 i uarle (Ry/Ro)
d P h )

\WuTu 18.4 0.0 2.0
PMMA 17.9 10.1 5.4 11 10.7 1.0
*EC 19.0 56 4.9 7.9 1.3 0.8
*Plp 16.6 1.4 -0.8 9.6 a7 0.4
*PS 18.5 4.5 29 5.3 4.6 0.9

i i ] = =Y
Tum1s199 3.4 wamsAnisazansuwvueuwuadlaseenaslsnosunawedues vin
FiN99 WUINAN RED veawedmesiefiaiwaglaa (Ethyl cellulose: EC) Aulaszivenaslsnasy
o W P= | vod a '3 = v o v w Vel o
fAesnan wanslviiiuimedwes EC  fuualuniansaazansdnuldnnulesyine
al
raalsvoduuNTian

J 1 3 1 = - |
A1997 3.4 LanIAINTITazaBLULIEUITUYadlasTvena ahﬂasmawaamas’wmmaq

ANNTAZANEULUULBUGY HSP Ra
N OGIHGHIGE (MPa” (wodes RED
lasume 5 5 s o warle (Ry/Ro)
d p h s%AME)
Aaslsnasy 17.8 3.1 5.7
PMMA 17.9 10.1 5.4 11 7.0 0.6
EC 19.0 5.6 4.9 79 3.6 0.4
Plp 16.6 14 -0.8 9.6 7.1 0.7
PS 18.5 4.5 2.9 53 3.4 0.6

d i = 1 =
lum13197 3.5 wansAinisazatsuuuisuwuveadlessvelanaslsiiinurewediues
11nr199 NUInA RED waewediues PMMA fulesswmelaraslsiinuilddosiign uansli
& 1 a ¢ = v o VoW Y el w = =
Wiumedawas PMMA funhinaunsnasarsdfuladiuleszmelanaslsfimuunnign
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‘J L =i 1 =Y [ 3 - 1
A13190 3.5 uansrnisazatsuuueuruvedlesvelanaslsiinurieonediwesylinmnee

woRupdugy | FIMNIABAEULUIEUTY HSP (MPa )* fa ‘ RED
Ro (WoaLueg
Aaazany P 619 On wazleszive) /R

Iapaelsiimy 18.2 6.3 6.1

PMMA 17.9 10.1 5.4 11 3.9 0.3

EC 19.0 5.6 4.9 7.9 2.1 0.4

Pip 16.6 14 0.8 9.6 9.0 0.9

PS 18.5 4.5 29 53 3.7 0.7

v
- e =3

oA w 1 - v a ¢
gannanutieu saulunuideidadenldwedwes PMMA, EC way Plp Tunis
Usrhvgianlouianinuuaswedwes

3.4 N15laudnensnu

ToughensfluanusuaUaTuNSINuT3U 1oL uHY SI0,/Si wasudu PET Tnanis
Toudens fuanunse wuadu 2 Funeundn il

& = ' o
3.4.1 YUMNDUNITLATBUULANUIDITU

3.4.1.1 MIATBUUHY SIO,/Si

s

w 1l . . a E o [
ANWULVDILNY SIO,/Si NYlUUIILY wanslumisnan 3.6 dnvay
YDIUKY SiIO2/Si

d s 1 = .
MN9199 3.6 ANWULUDIUKY SIO,/Si

Thickness of SiO, layer : 625+25 um
Type : P-doped
Orientation : 1-0-0

TURDUNTAIBULNEY SiO,/Si Huunausasalul

1. U SIOL/Si 1FRlAlAuIR 1.5 X 1.5 M510uURLUAT SN 3.2

2. Yhaveniiameerdlau (Acetone) lneipinsdradansileiing (Wurian 10 unil
Werhdndsuuteusinag

3. v wazondelelglwswiuea (sopropanal: IPA) fisiedesdedansleiingd
Juan 10 wii
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[} v : !IIJ ld o ] (4
4. ynanuazatamsuinaulilessu (DI water) measosaedansileiing Wunan
10 w9
5. wWhlvumsneufalulasiou
-] - A =l t&/ - ' - - q' o -
6. YNRANBLIUNAIAUT INBNIANUYHUAILEY SIO/Si audaulanisyiesndiau
w a
WaAUT FANITNN 3.7

P ' ' X .
NN 3.2 MNDBVDILHU SIO,/Si

o < o a
A15199 3.7 Bouly NIIN2BNULAUNAIAUN

WISHmeT daulalunisveass
wna : DONTLU
Anusuluagginia : 4000 faanes

Radio frequency power level |: Low
sTeEa : 60 U

3.4.1.2 NS UUWEY PET

YUADUNSLHSUULNY PET AUumaunssioluil

s 1 - L ‘J
1. AAWHY PET 9u1m 1.5 X 1 M15190UAWAT A9NIN 3.3
o - 17 ("] -
2. YAuazemmeenIuea (Ethanol) Insriasansdansileing Wuan 15 uail
J o s 4 g 1 J -
wWardndauiaumneg vunuia
v v v o v al a a ¢ -
3. aneuinaulslessu (DI water) meriosandansileding Wuan 15 uait
4. Whssunalulpsiaulyums
o & - & v ' v o o v o
5. MMMV TOUNI@DIT 1LY PET shawnasatnmasss medeulunis
o U o o
NIVINDI AINIT19N 3.8
-] - J =i f: - 1 J [} -
6. MIDONTLAUNAIANT LNONTALUUNNURIUNY PET  sruaulenisyvineandiay
ar ‘J
WAAN AR 19N 3.7

e ey N

o ) .
NINN 3.3 AIWOBUDILKNY PET
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o - o
A15199 3.8 Woulumsvialames

WsEmes Gaulvlunisveass
a3 : Cr/Au
AUAUUSTIEINTA £10° fiadus
aq - 120 06
AUV Cr : 100 wluwuns
ATUMUITDY Au : 100 wlulns

3.4.2 Yunaun1slaudnensiu

nsuilinuitei 1iuaueyiassianniesufiins Atomic Research
of Nano-Materials 4¥1Ing1d8 Sungkungkwan lagduasiznnsiumematinnisanasas
levnawadl (Chemical vapor deposition: CVD) asuuusunosuas Insuns1iuiandalild
a7 X 7 ansediadiaes wevhnsleuthenudunsussioluil

1. infiouansazats PMMA  asuuukuns1itu feidindsuuvumyuiniss Tagld
Fouly awwufl 1 ANS250U 500 SEURBUNT (Rounds per minute: rpm) iy
Va1 5 3T waraeudl 2 A2saseu 3000 rpm (Huan 30 3undl uay
anUfl 3 mudaseu 6000 rpm  1Huran 240 Fundl uazilueuigumgil
100 perwaldea Wunai 24 Halug

2. thnsfusuiilildiadeunedwesiviminwuddsesndiaunaiaun Weien
nsusanInusuneua Tnsidoulureseendiaunatasn wandlunisned 3.9

el <l a o w w .
A13199 3.9 Roulveandlaunaa@ndmsuinns MU VULHLNBIUAY

Wnes Geulvlunsvaass
wna . DONTUIY
ansINIlva : 5 sccm
AMUAUUTTEINA . 460 fiadnos
finaa . 25 00
1an - 30 WM

3, dnsifiuuaznedweiuuuwHuawnanted 2 wrluansaraieesinnaslsd
(Ferric () chloride) Anmdudu 1 Tuans Wevhnisianeuaseanainns iy
Tnelsmaunsdudatuiendndunatogim 1 $alus fannd 3.4

4. Fouwiunsuiuainansazansluutluinaulilessy Wunan 10 udt $1uau
3 ﬂ%
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5. FaulkunsuTUIINIInaulSlessumsuNusaIsUINYD 3.3.1 3 nUdesiisliay
v a
wadunan 1y
- v o - « v o - ' a - ~
6. lunsddenisdidanadiued Widnsilu luudarsezdlnuiiguugd
d o o Lx - L3 I‘: v
80 avnwalsaiduiian 10 wiil Weavin1sidanedies PMMA vuduns iyl
wanaaniy
7. Mlwwismensimeufalulasiou
& a - fal 1 ' v o v v ° -
8. naHuNUTImIINWeRINe IR ULLHUSITUISBUSoBUAT Uhluindeuansavaiy
o A o [ - ' - o
Plp  figiBindavuuunyumisssuieulvauiiseududsifunisiadeu
o -l - v
PMMA wazirluauiigaumgil 100 ssrneaidea Wunan 24 $alu

[

-l a - ¢ - - & P =l
TunsaindulevSansiunaswediues PMMA suwdsufadunaui 5 wavlunsdmdun

<t

- - & o [l ool v - a = a I °
WU wnssuituneun 7 dulunsainfeeniswssulausansifusasnediwes EC 9uvinag
& -l el - &
Jumaui 5 uwalldsunadweasain PMMA Wy EC

Cu foil

~ N —

Copper etching Float on DI water 10 min Float on DI water 10 min

- el T
I oy Remove PMMA

Float on Di water 10 min (msoﬁ)ﬁ-ﬂ - -—

@Heat 120 °c in acetone Flow N,
for 5 min @60 °C 10 min  (Sensor

P cl./! =i - - o « = -
i 3.4 laezunsuduneunisleudrensiftuieyUssiviuiawuigeinsiitu uarlause
NIULALWOAWDS PMMA

3.5 MsAsdauaNURveEnlausansWukazwadimes

dygruinervesnsfiubiannsoiesiedld densiflusguuudu PET  wdiminnns
Toudheud losannsituiinuandilusauas liensanisinsigisendesqanssmi
wuulduasiioaguuusiu PET udetslsfimunsiiluiignlouthesnuy Sio,/si aunsiases
Igvialaseaina audi wazdeyguanenld dnfuiefunstusuitannseloudhonsuunls
Viwarniuilnuaminzay fedududedindesonsivaeuiimnzay Tunuideilld
ieailalunsiinsgvisil
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3.5.1 N1IAsdaUaNUANISINTAY

1 d W e e L3 . L5 - o
MNTIADUMILLATOINAAINDT  (Multimeter) (UT61D) #9nINN 3.5 lasun
o ] v v Ay, J v 1 ar 1 v
shaguiildanmsleuthe asrsaevantisinindsdy Wy FaaeuA U

- 4 o aa ¢
AN 3.5 L1ATDINARLWDS

3.5.2 MINTIADUNUSENIATIvDITER

v = =iy d i Lt
asndaumsmatiasTuivadnlasalnl Tasesassunuawalaalalildde
< . . [ -l -
LD DXR™ Smart Raman spectrometer, Thermo Scientific A4A1WH 3.6 TneaueIAaY
YDUAWDINTAD 532 UlunS

AT 3.6 1303 The DXR™ Smart Raman spectrometer

£ -
3.5.3 N15ASIVADUANWUENUNA

nsTIABUANYMEALRIvRIN ST annsninTEtlasiunassganssmiuy
lduas ndoeganssmididnasounvudeansin uazndesganssminsiornoy lag
MINTIEBUNTIHY Mendpsganssminiauaiy \JumsiBnmsnseaeuiideiign awase
daunansiulaainanuuandnewes meunsiavuuiy Sio/Si YldAnn s euasit
WANAINAUIENINNUUNSITY WASLHY SiO,/Si uanmnfiym'sm'?maaummwm‘uaansﬂu
anunImeAsIERlamnagans sl sIonaNwaY NABIRaNIIAIBIANATELUUABINTIA
Tneluanadduil lindesqanssmimauasiio OLYMPUS EX51 NARIYANIIAUBIENATEULUY
éamswmﬁlﬁﬁaiu JEOL JSM-7800F LLaxﬂﬁaaqamsﬂﬁu‘iaasmauﬁ"lif’ﬁa‘iu Spi - spad00
Fanmil 3.7



49

=i v ' >
AR 3.7 NedganssMILITIaEAaN U Spi - spad00

3.6 nmsUssAvguiawugeslaviansiluwazwedues

3

JunaulunisiaSeunisussavsaunsalufaigulgesuasdumnouniISnsSI9a0U

“ 3

UszdnSnmvesgunsal Wuludswielull

3.6.1 mawisngunsaliauiairuigeinletanlouiansWunarwadwes

nsinssugunsaiinuiaieuieeiuu awsevirle Tngdedalniandeain
el ) 2 v 1 - ¥ - ar ‘J
nmsleugnensiuuuwsulgaulaun Sio/Si wie PET aenini 3.8

[
e

NI W VLLKY SIO,/Si tunausnaluil

- v W ' ) R o 1Y = = v )
1. MNNIUINUAUNAILNY  SIO,/ST NHuTURBUNIStautuns U USsua?
- 1 CJ |
AUy PCB Nieanuuulildidugu
° = - - | Y ar
2. mlﬂaumqqu:u 150 asAwaded Wua 5 uiil e linude
= =Y =y P 3 [ 5 c‘: v = 1 1 u';
3. mMnMmuvInaraunI ume I Juta Wi nianstne Tnedlssesviesenineda
Useaad 5 Uadung
L] L o d L] - 1 0’: - n’; ]
4. U1URINTUNIULIARNDUN LURARTENINN A NI ULA LTIV LLEY PCB
o E‘ - - d v - s
5. dlveuigamail 120 ssrwadoa Wunan 15 wi welinmiiuude

Tunsdlsetalrifhuuwsdy PET 'I.ﬁT,aué"lUnswﬂu’lﬁ'ﬁwuﬂ%waaﬁa%iuuu.w'u PET vhadaq
11 awdumeunisleutrensiiuluiade 3.4.2 swnnnaduuinaveunsiity lusums
Wenfutudanes ieviiluinhaestng Tnefiszosvinssewinstaussna 3 fadwas wazin
vFumundeduda vntuilusuiigungd 85 ssrwaidua (uan 1 dalue 45

YT UI0UNTENINIETULT IR

d o l‘ﬂ‘ 12 1 . - 1
NN 3.8 nnudauesAINSaulEu a) vy SIO,/Si way b) vuuHu PET



50

3.6.2 N15InUsEANSA INNIIRRVAURIAR loaNSDUNIE SuMede

Tuaideil Tseuuinlesemevianun 2 ssuu Toun ssuuinlesswewuuiild
o kY [] [ a 4 s IIA L 7 "3 d
n'ﬁmwﬂaismam’l%aavk‘mq‘isuu |.'|Ju'ssuumwa'm'ﬁam"lﬂwﬂ'nuwwuqq PNV 3.9
a - 1 L7 A :
(a) warwuuszuvinleszmeilinsinasazmensisasuidrgsruy fanmit 3.9 (b) Fudy
v o @ - v = - o L
seuviavianunsainlananudududi eAneUseansnmnisnevaueIveLialuigasde
- v ' - > a a v - - '
asduvisdsevedny leedlReulunldlunmsvegeulss@ans nmnsnsiainansdurnidlesuvedne
ar 4 o o « l‘l’ v 1 1 o 1 ﬂl{
A5 3.10 Tnesyuuiaufawuigeiuu Ussnaumediuusenausney dseluil

4 d - < o bl 1}
M99 3.10 13 au‘lﬂm'ﬁ'lummmaaudsza%mw N3N INAITBUNIlaTEIVE Y

Gouly wandun
losziney - oedlou Aaslsvesu laraslsivu waviuudu
ALTNTY : 0.5 ppt* - 500 ppt
gampiiluszuuin : 9UNNIIDY

* ppt: parts per thousand

(a)
FLUKE NETDAQ Logger

Outlet

Hot plate

(b) FLUKE NETDAQ Logger

Solenoid

Valve 1 Flow meter

Outlet

Syringe pump

4 o < - o - =i i a

NINN 3.9 LHUNILARITEUUNAARUUTEENENIIRSITRasaunIdseedis (@) seuuse

loszmodmivlidaloszimeainududugs )  szuuinlesuvedmivlisa
loseivemnududusmi
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suudntdunalulnsiauiluuianieds uaaldlessimensivasu laun azdlau
¥ =l o - @ w o
maslsnedu laraslsfiiny wazivududu laedizduvunisinleseve dannd 3.10 uae
flunaunisInsseluil

1. wuwaiegneldussenmalulasiau neldnsinisiva 3 assieunit Wunan
5 U

2. Udeglasuvensivasuidngsruuin lnglidnsimsiva 1.5 asseund wWuna
20 w¥ dwsusvuuinlosumeanududugs

3. Yassuialulasiouidnlulussuulu  wa1 30  wididwiussuuialesuive
anududugs evihnistaluanalestveiinegiigunseiufawuieeinieuia
AnwaaIn1sAu (Recovery time) Tasufiawuiges iowmuszansamlunsih
navalgaulng

4. VuiinAnsnevavssleszme Tuguvesrmdygumsini  Feie3es FLUKE
NetDAQ NETWORKED DATA ACQUISITION UNIT %‘ammimauaum (Sensor
response: SR) @u1saAMmlaRsauns (3.1)

Ro
Ro

Sensor response (SR) = (3.1)

- - w a v o «
el R, AeFAnuA U UISUAUTBUA T UYDS
R Aeamamnuitumursauiawuseineliussenialaszivevss VOCs

5. AuuAINInavaustuesialad (Normalized sensor response) lagn1suien
NENT1EIUTENINNAN Sensor response FIUNTIT 1800 (SRyges) AUAIAIN
Wuduvadleseimeves vocs (N) fldlunisvaaeuluurazadaiaauns (3.2) e
WisufBun1sAovAUDBIRAAIIUIYDT

SR1g00

Normalized sensor response = N

(3.2)

ar o « > - o =l
6. NAADITALNALTULTDT AIuTuUmauTaN 1-5 lasldsuleseiveasdlau (Ju
paslsvasy learaslsiivu waziuuduniuansu
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1.0

PR ——

0.6 -

044 -

Sensor response

0.2 - L

N IT N
- 2 arget gul' 2

|
H H
T T T T T

0 300 600 900 1200 1500 1800
Time (s)

o = o € o o a
AW 3.10 JUuuunIminIsmevaueesUstdninmgunsalinuiasuweslugauni

= o s s s a 1 73 ﬂ' d
lunsddnsusruuinlesemedmsuldtalossiennududus luted 2 9=dn
v 1 i 2 v v o s : v A
A138¥aUATIVABULLIGFTUUMIEAMINTY 500-2000 ppm Auansu ald 5 wadliiveld
A v - - i
asararolulesymeviavus warliufalulasiouduna 10 uil luded 3 Wislalessve
o ‘o’ vV e W -J cJ (4 v v c‘!’ J ] a
590U wazvihdlivten 2 uar 3 lasUdsuuUasanudutuliuniusesgauddu

4 (=1 = e 1 =1 v a‘ ] o
LW'EJﬂﬂ'l‘J'Tﬂ']‘JUiﬁﬂ'ﬂﬁﬂ'}W‘luﬂﬁﬁﬁlB‘UﬁuE]'Wli]lliliﬂlﬂﬂ‘flﬂ')'llll‘llll'UUVILLWﬂWNﬂ'IJ

3.7 YA9NAAMUTUTY (Limit of detection, LOD)

[ o - - a « 3 - o
Wunisdviuyssaniamlunisasiaialessievessuivesuiazaiin Taald
N3AINIIN TeyaAn1snauaunId Iy 300 99 Uinuneulilessiensisaey wadis
o e - o w o o ' v =
nemiedaumsiwdludioa dwui 5 eowa V2 daaunisi (3.3)

Ve = 2V — ¥)? (3.3)

loo y; AeAnsnevaussweiawuwesiildannisialagnss dw y Aerritldainnis
o o s d g -] 1 o A
Auaaunsindludeadiiun 5 anduhluman 1ms,,pjse Ftaunsi (3.4)

V2
MSnoise = % (3.9)

Tne N Aesuaudeyailld (V = 300) waven LOD amnsamldanaunisit (3.5) daeluil

LOD = 3 {Msnoise) (3.5)

slope

= 1 as 4 U 1 '
1ne slope ApArANTUINALNSEUNSITIMINAINISABUAUD IR T LY
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Tumsinuszavsamnismevausseansdunsdsumeieiu ss@nwlusdeseluil
1. WiguiiguUszansnimnisnavaussse lovesarsdunidsemedieseninansaiy
wazlauinnsWunaznodiues
2. Anwsrezaildlunisdussolesvmeasivasuusazyiia uaznatlunisiu
anmuauidueeins iy wazuiawwweslausansilu
3. AnwndnfinANaINIsalunIsnovausInelasEivensIvdvLAaTYTn 289
whawuwains iy wavuiawuigeslausansiu
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NAN15398

4.1 wan133tAs1edagnINL Janlaviansalunaswediues vuuku

3

Fanaulavonlun
4.1.1 wansIATIiRIendasanssminuulduas

A 4.1 wanantweinndesganssmivuulduasveslausansiftuuay
wadweas PMMA (Graphene/PMMA) (a) leu3ansilunazwediwes EC (Graphene/EC) (b)
lausa nsrfunazwodmes Plp (Graphene/Pip) (c) uarnsiu (d) ﬁqniaué’wawumiu
Si0,/Si MudRY

Graphene/PMMA

Al 4.1 amenndesganssmiuuulduasveslauia Graphene/PMMA (a)  leusa
Graphene/EC (b) 18u3a Graphene/Plp (c) uaxnTWu (d) ﬁgniauﬁmawu
SiO,/Si ﬁﬁ’lé’wmmaua"lnﬁi'mq 50 1 MuaIRu

Anmndeganssmduuulduamuinleviansfiunaswediwesvinnieg 16un
Graphene/PMMA Graphene/EC ua¥ Graphene/Plp #iloudneasuu SiO,/Si vy axildd

' o v oo = = - ' <
unn@AnY laud Graphene/PMMA  fidwTerdamnindudves PMMA (A il 4.1 @)
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Graphene/EC iidlanmniniademainiudves EC (\mdl 4.1 (b) wasGraphene/Plp il
dundinnindudues Plp (nmil 4.1 (©) wazwuituinafivedisuianituilindeu
wodlestuildnvaniuiag Fdaiervninennisiedeunedweilaeinisindouwuy
VUM EIULUHUNDEAVBILAT 1N YilKururesdnesuadliiannsauuvainiy
g1uses iiliannsandeunedwesasuunsituldegminaue uaziloRansauagnuin
sevsaiiatusznuldnnlunedues EC, PMMA uay Plp mudadiu madninaanaumile
gasasazarenediueinliviiy uazauramedoulunSEaRnuKuNaEEND LAY
gusesveaniedldetvain uanilodmedues PMMA sensmeesdlau wuitnsituuy
Weiy Si0,/Si Sldvhdueuing (Ml 4.1 (d) FelEfuAnseNuRY SIO,/Si TiEhe Farn
WANANNDIFTEMININTIULAE SIO,/ST Mlvanusedunansulaielaemsldineandes
qavssmiuuulduas Fanruuanswesdiiinanauinnsunsnaeaueuassyninangiiy
futu S0, uazdu Sio, fu Si (93, 94] uaﬂi]'}ﬂﬁl.ﬂﬂﬁﬂtﬂmﬂ'i'IWuﬁ’JEJﬁ‘WﬁWEJ’IEJﬁQQWU’i’lﬁ']
yeenTuilsesuANUIYA F99199ziinInnsruIunsduATEsidewmaiia CVD Aifites i
TuSesutnanTuens iy ¥ioeainaINn1sanmAsEwinen1sdne PMMA sendreasdlau
Faniigaunwses (Defect) vuurunsullasnemzinInusssunsisesEnien iy
uaz PMMA vihlisledns PMMA sanenavihlvinsiiiuuisdiuvaneeniushe (nwdl 4.1 (d)
uan9nd Samusumisiiaiiderunsgauunaity Jududvemediues PMMA uamsliiiiu
Jmséanedwes PMMA Liawisodns PMMA senléianun Fafediudedevesis wet

transfer

4.1.2 wan1simsisismadasiuivadnlasalall

d - « v - s
A9 4.2 waawan1siassimematiasuvanlnsalalvesiangnsiu
Janlauin Graphene/PMMA Janlauia Graphene/EC uavianleuia Graphene/Plp uu
uHudanaulnoanlen
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—— Graphene/

1500 2000 2500 3000
- —— Graphene/PMMA/
=- JL—A'-——'-
s A
E -15h‘ T T r2®- T T '2'm' T T -ﬁ- T
g —— Graphene/EC

-

Graphene/Plp|

T
1500

Raman shiftz(sg:um"')

Al 4.2 sunuaneiuvesnsiiuleuin Graphene/PMMA lausn Graphene/EC uag

lau3n Graphene/Plp ﬁgniauﬁwawu Si0,/Si

ngUnuinstoude Graphene/PMMA annsaleudheldenaiiuszansam eswn
MIIATIBRRETWINAUNASUYRY Graphene/PMMA WURNAMEN 4 fiuwiade 1350, 1580,
2680 war 2940 cm ' lnufALABL S UMLILAR TR LY D, G, 2D band way PMMA
AudIdu [95] Taefi D band wamedsmnuunnsssvasunsinduarafueuiliidussdoude
Uudy G band wantnmauysailuuveunsivg @ 2D band uansfsnmunineainsiily
‘ii*awa*szﬂ';'mquLasé'nwmwaaﬁﬂ 2D band @wnsaesureissiuiutures naiuls [96]
warsuana v Hunuiiandn 3 dumisde As 1350, 1580, uax 2680 cm ' #1
wansfieumiaves D, G wag 2D band laghivsingfinves PMMA  wanalviiiuitananse
619 PMMA  penlddnia Tudruveamasiuiuainaiuues Graphene/EC wufiandn 5
fums Ao 1350, 1580, 2680, 2871, 2937 wax 2975 cm ' lawiia 1350, 1580 wag 2680 cm
wanafians1iu uarlu 3 AAndsldun 2871, 2937 uar 2975 cm = LAAIBIANWMEYDY
wofwed EC [97] uarnuasmuaUnaiuues Graphene/Pls uanaissinvasnsiiulaun
1580 uay 2680 cm ' [98] lnevialuamnsaruamsuiusunsiuldandnsidiusewing
AMGIVe3 2D band ¢ G band (I,5/1g) A1 lyp/lg wanalumsed 4.1
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A5 4.1 A1 /l; ¥0en3 WU wazleuianstunazwedwesuiinnag

A0 a1
N3 1.39 + 0.19
Graphene/PMMA 1.25 + 0.08
Graphene/EC 2.03 + 0.02
Graphene/Plp 1.37 + 0.02

INHANITUATIEN WU A |0/l VINTINY, Graphene/PMMA, Graphene/EC uaw
Graphene/Plp dii 1nndn 1 wamvins fuiilieseiiuiidnvarvosnsfudutuiion
[99] wazuananil aansaANNUMmIANALYsaivaInstulaIn SaTduTENINAINE
¥84 G band %9 D band (I/lp) A1 /1, wanslumsnedi 4.2

AJ 1 = - - § = 1
A1999 4.2 A1 /1, Y89ns U wazleuiansiunaswodluesvlinaieg

e I/1p
N3N 327 + 1.68
lauin Graphene/PMMA 6.49 + 1.23

NHANITIATIEN WU AT I/l VeIns U HAtisundiAn Ie/l, 989 Graphene/PMMA
WARIIIMAININAITATS PMMA pon dewalvinsWuiilassasisunnses (Defect) Aaduunni

971NN TURDUNITAN PMMA v liiAaenui@emewnnsiiy

4.1.3 wansuATIIENdasanssAmididnasauluudansn

Al 4.3 wananmARYININNdesgansImididnaseunvudensinves
lausn Graphene/PMMA (5 wt%) (a) lau3a Graphene/EC (2.5 wt%) (b) warlsusa
Graphene/Plp (5 wt%) () MoguuKY SI0,/Si AMAIRY dMIUATIADUMIAIINGIVDY

& a cal & =i
YUNDALUDINDYUUTUNITINUY

(a)

100 nm 100 nm
N | ]

AN 4.3 AINSEM va () Graphene/PMMA (5 wt%), (b) Graphene/EC (2.5 wt%) Way
(c) Graphene/Plp (5 wt%)
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PN msansiuIwedwesusazstandouriuuuns iy wuldaunsadauna i iuty
- v oo oy o - v d a o f - ¢ '
9pans MUl Wasnnsulimuvunntesuin WeRsUIAMIURLTaINELNDEIWDS WUl
Graphene/PMMA, Graphene/EC way Graphene/Plp fiAtvinfiu 1.20, 0.58 uag 1.51
o e - = 1 o o lo’ LY " cJ ! a
um ANARY LasnweAwewiaryiiaiuninluana (Molecular weight) Aiumnsnaiu
° ) - a ‘d o - P < ' W A o
MAuviavesansazarewediuesnmssuiinnuniinuesarsarareNuans 190y 1iavin
& v  a = = o ay a < | W W
MIwABUAIINTUNTHUMETSUUUIUWIE Failveumnveildunedweiunnneiuiig

4.2 Usganinmninsaadaleszvevasiagniniuuuwiuddnaulasenlen
4.2.1 Ysz@nsnmnisnsdvinloseivevingneg

= = o =
PINAMN 4.4 (3) LaMINSIMNITIUSEUWIBUNSPBVAUBILAAUEasN SN
' I - - & i = |
Aoloseineosdlau Aaslsnesy laraslsinu waziwudu lnalunanisnauausIA QAL
- = ar d J & o .
azglimneuiisuny waznmi 4.4 (b) uanern Nomalized sensor response UYBNUNALYULYDI
ns1usalasEvensIv@sULAaL st 1ALNISUIAINITNIOVALDWBLETEINENSIAD UV
WNAULEDS NIIUNITALANANUTNTUYD DS EMEATIVEBUVDINITNAADILIUS BUTBY
W 0 [ 7 7 5 = a 7] =
fu TneanAnututurealoseivens 4 viaduluaimnisan 4.3

P l [ ) a = o ¢ -
A13°99 4.3 uansmanudutuloszivesiianneg Aldluntsnaasvuiaiwuiges ns iy

ANAILLTUTY
losuwme
(Parts per tousand: ppt)
arqlAU 445.67
AanlsNasu 310.80
lnmaslsiinu 618.95
WUTY 560.83
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NN 4.4 uanswan1snavauawialossveardlau, raslswesy, laraslsilvy wasiuudy

YDUYULDINT U (a) NANIIMOUAUDA (b) Normalized sensor response

| [ o s 19 o [ a1 [
neunsnsIvinlaszmearyinisuiussuumeufalulasiaudunal 30 undt deuvinis
o J L4 « s v ¥ :l
naasvinlosvivoiieliiguiweiuivaninlveglussuuusseanialulasiou Junsunts
v - ' o - o = 3 [ - [~ ] ) L
AR NIINYassuAalulasauned musiduAuRasadudunan 5 urd annduls
o & v e vy o o '
laszmeluluszuunsaseinfuna 20 wil sombiufalulasiaudrdszuuiievinisla
- o & o | Y <
Luanaleszmensisaeuidiuinan 30 uni Tasnsaseinilasldssuuiail 1 fanwil 3.5 ()

-l ' o fai A o oW ow -
INNNN 4.4 (a) WU'J'ILlﬂﬁlﬁuuﬂaiﬂﬂ']ﬂ']']l]ﬁ’]u‘i]'luﬁﬂaﬂLNaﬁuNﬂﬂUlas-‘ﬂ“Uilﬂgllﬂ']

v - o 4 o v [ o 1
AIUAIUNIURNTWlinslaluanaveslessimensivdasumsuialulasiau wuin
o & R ' ' Ve o L g &
uiawuigasnsiulidinsnevauselanaslsiivulddiian auuide exdlau raslsvody

WAY WU mINEaU Snﬁqé’awuiwLLﬁawuma%ﬂswﬂummsnné’muf‘jﬁhmmﬁwmuﬁuﬁu
Tanelaussenieudalulasiauy
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ANIAINITAOUAUBY (Response time) vosufawulgesnsfunslassivensivasy
° v akL i Y = @
awnsaAnaldanamldlunisnevausrelosemeniseiu 90% Wisuiuan1snevauss
a ar . o £ o d o
g9gn TuvneNAIaIn1sAus (Recovery time) vasufiaguiees muwinldainiaiiufia
=~ [} ﬂl‘ L a 4

wugasldlunisAugrnnudmuisusunelavsseimalulasiau #nnsen 4.4 uans
1287IN1IABUAUBILAELIANAUMIYRILAALTULIYDINIIH UMD lDTYIMBYLARII9 WUTN
wiaguwesnsuldnarlumnevaueswislanaslsiimuiingn uarldnarfudsiouuiu

=
Igilavian

d ' - a o « =iy 1 -
A15797 4.4 LARIAILIAINITRDVANDILATLIANAUMBILAAUTasns WU lasTIMe Ylln

FiNae
losuvey LAINITNDUAUDA (S) ANAURT (s)
adilou 600 1530
Aaplsnosy 480 1380
Inpaalsiinu 135 998
RUICHY) 160 730

FaiflomsaeanuAn Normalized  sensor  response wuiniiuualfuArasnadoaiu
(il 4.4 (b)) Fauansiiuiufawugeinsuiivsvavsnmlunevauessislanaslsiinu
iafigaulonududureslessmea 4 vdiawiiu andninennsilessmeii 4 vilnd
an i (Dielectric constant, €, uazwunmvaslosameiisneiu vilvidusnuilatladedadry
fdnlunmstefuusyansnmlunsnevavedldis iy

Tnevhlunsituiieiduansiadatheiiai (P-type semiconductor) [100-102] w&nnAsd
vunldlunmsesuemsrevauesefiawueinsitusielosvme tuannsaesurgldand
nywuiigaunwies eanannsanuaveslasiadnstuivinldiadudesing Sevilid
Arm s unuiviaaigeniivinaiu deluanalesumeasivasudundudadiu
nsTiuRivdnagaunwies luanalaszimenmaasuszvimiiduarmiudeussuing
TnseadezmouarsuauivInaIniu iisduusingnisainisnszlanduvesdidnnsou
(Electron hopping) 3¥%iMBEMBNANTUBY Tl USLIUTAUNNTDY FedwaliAIAusIuNIY
Inihwesnsuiledudatulesuvensisaeuiirnanas funmdl 4.5 Swaanedosdaonndos
AUKAN1IMEUAUDIUBILA ALY S
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4 o « =
n i 4.5 naln NIADUAUDIVDIUNAGULTDINI I

| 4 J

dmsunalnnisnavaussrelossiveunazyiln arurseesuieldainArnei
ladildnninuazauinvesloseve Adnsinisnsslantuvesdidnnseudunusiuained
Indidnw3n [103, 104] Iﬂa?}qmmﬁlmﬁl.ﬁnw%nqa AemInsnselantueesdidnasouliiy
getu sihlirmdumuanasnn lususdsfmnunaveslessmedvundn vl
Snuluanaidlududatunsuinngu vilimeusunuanamin nkan1siaula
Wwuwesiniuslosziveviamieg wuluiaruweiniluiinisnevausswisloszivoudas
viafiumnsraiu TaoSssdwuldnuvusvesmeaiiladnvinuazvuiagelosume oy
wanslumisied 4.5

] a « & : -
ATNN 4.5 wisdinaian ntiuazsuinveslaseive HAREYURA

ArmaTiladnyisn Yualuiana
losuney . _ X
(Dielectric constant: €) [105] | (Kinetic diameter: nm) [106]
ordlau 20.00€, 0.469
Aaalswosy 4.83€, 0.489
Iamaslsiiinu 8.93€, 0.539
RIEY 2.27€, 0.585

:J U 1 L ar 1 ﬂu
31015999 4.5 wuivuialuianaveslessivewuluuiliiuveswuiadudmelui
¢ = =i o a ot vd 1 oA
oxdilou < maslsvedu < lamaslsiinuy < Lwudu audidu Fawandidividlelesame
=i d - o v o s o e o

pxdlouiinunalianadniign Ivilisnouluanalessveawnsadudatueuwesldsiuiu
wnnhluanalessievuialnglé (107, 108) annsofisgviliiAndnsimsnselaaduaes
siannsouiidivesudaivuivesniulddiian snviaaneiilaidnninves
loszmeousiazvinannsaiesddulddei oz8lau > loraslsiinu > aaslswodu > wudy
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Sensor response
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- o pu| a -l v o
Fanunaanladnninveddossieezdlau raslsnesy waziuudy donndaeiunanis

P a i . - =
povaudlesywsrssruweins iy luvusiainmladnninvaslosuvelaraslsiinuilna
flienndes

4.2.2 anuladanisnavavaslessivevaslanaslsiimu

InuantIaasLansliiiuiufawuivesnsafu auisanovausene
=l qu Yoy @ =f [ q' = o a =t 4
loszwvelanaelsiimulafings §ideTvihnsfnwiiiada Tunmsdnsivinlanaelsiinui
v v w a1 -1 v | @ ]
Anuutuluszauiudu Tesnisasaindazldssuuind 2 fann 3.500)  Tesnounis
i o [ a oA a Q 1 o
naaswdssufalulasiauluszuuiduig) 30wl WelSuvinveaswassufalulnsiou
d a o & ' v v a o ¢ v i
Wuan 10 wiv walduaianuniuniugedsvasufawulges wdrdwasslassve
et IJ ks ¥ 1 1 3 U 1 1
Iapaslsimuianududunng ldun 2.5, 5, 7.5 war 10 ppt lesvdeslesuiveusay
mandntudung 5 wiit wasinislaluanalassmemsufalulasiouidung 10 ud &
- g "
NN 4.6 uanInsINNISMBUAUBILAY Normalized sensor response folassiny
lanaslsdinuiivesedu  ppt  vesuRawuiwesinsiitu Tasarududuiildeglugas
2.5 - 10 ppt

0.002 +

0010 —_ ——— e ST Er S
o] gl gl M (b) oom, -~ :
008 - i ,g. :a a Linear fit of DCM
0.006 N ‘ ‘N : N i N i N <0001

2 g 2 :E 2 ;E 2 :g 2 l
- LI '8 i ooz 7

BN | ?

0.000 L

0,002 4

y= (-6.92x10™)X + (5x10™)

Lt s ss mi s s s smer s me e rmasmesmmnasdl | (e

i ;
‘ H '
ey P i i 00051 Ri=0.99371 v
H [} H I
. i P i i 0,008 4
0.008 - P P P .
P P !y ¢ 0.007 v
R0 eyt 1 ==y | R SR B Ty T
0 600 1200 1800 2400 3000 3600 4200 3 x . 4 i ¥ M . P L. 4

Time (s) Concentration (ppt)

o ' - ' a
N 4.6 wanrnsnavausslosemelanaelsiiinutiaseiuaudutu 2.5, 5, 7.5 uay
10 ppt ¥89 () uwiawuwesinsiWu (b) nsmuulldunisnevaussloseive
lapaslsimuszauaududu 2.5, 5, 7.5 wag 10 ppt vesufasugains iy

- () P - W v v
N 4.6 (a) wanwanisnsivialesyivelenaslsilinuiszauaiudutu 2.5, 5, 7.5
o =i ' o - X - v
waz 10 ppt whdwuwesns iy wuiwfawueesnsfusiainisnevausswndy Wsliaiu
[ - & - 1l [ '
Wuduloszivelaraslsdivulfivuiniu waziieagaieldusseanimveslulasiausn
L « ar = LR na' v ;7 1 d t 23
AIUATUMUTBABULTDTAUNTANGUALGANTUAULA wazanNanIsaaeInuImALTudy
- ° ' P o ) v v
vaslaraalsilinudn wulwesanuisanavaussnelasumelanaslsiimuiiseduanududy
Ve a = ] aV v d' o U ] J ko 1 2
2.5 ppt 6@ wardiannsaAugannzundld WesthAnsmevausdelessimefiaududu
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fineq uvimswdennsimiienanauualiiudnisnevavesselessmelanaslsimuves
uhawuwesnsity fanwd 4.6 (b) wuiemuduiussewinmsneuaueoiaTuLYes
Auaraududuleszinelaraslsiinuiinsisn  awnsemaunisidunssvesainis
RRvAUBIBILAAwULITESH F191naunsEURs @anunsntAIwINMIAN TSRS
n93ald (Limit of detection) lnsuRawuwesnsiiuiirdnsiian1snsrvinloseive
lanaelsiinuegi 0.22 ppt

4.3 UszgAnsnmn1snsadnleszmevasiaglavianslunazwefiuasuuunu
Fanaulasanlyn

4.3.1 uwiawuiwailaglauiansiluuaz PMMA

4.3.1.1 Ysgdninmnsanainloszimeviamigg

NN 4.7 (a) KaRINIIMNNITWITBUNBUNISABUAUBIVDY
whawwulees Graphene/PMMA salaseinsasdlau aaslswesy laraslsiinu uazivudy
TnoifunanisnavavesAadousavednuuioudiouiy uaznwitl 4.7 ) wanedn
Normalized sensor response 184UiatulYe35 Graphene/PMMA falasuivensivaouusay
wila lnninAinsnevauewiolossivensivaoureauiaiwuiwes Graphene/PMMA w3
memANutduredlossensIvdeureIsaaeIsuisuiy Tasarmududuves
losvments ¢ wiaduluamsnedt 4.6

o ' v v a0 = o
A15199 4.6 LansrrAututulessivesiingneg Aldlunisveasvufiaivsuiees

Graphene/PMMA
ANAULTUTY
losue
(Parts per thousand: ppt)
DLHLAU 201.24
Aaalswasy 403.93
lapaslsilinu 75.21
LUUTY 560.83
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I ik 1 i L Loiaal ! Laaaal 0.00007
E : ) aceone
J i —— Chioroform | R =DC-M
3 ) —— Benzene : 4 -Chlomlform
' o Benzene
' 3 0.00005
; :
| b § 0.00004
r i “
: :
- -3
‘- : E
] | - L g
N, VOCs - N,
ey s R S e am—
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300

Time (s

= 1 ¢ -
AT 4.7 uannanisnavaustnelesuiveesdlay, fraslswesy, laraslsinuy waviuudy
YBIYULLDT Graphene/PMMA (a) WaN15MBUAURY (b) Normalized  sensor

response

nouNINTIvinlesumvevouiamuees Graphene/PMMA 9vn1snadeuLtuLiioniu
nMsasIvinlesuimersaufaluigesnsunanfeasyiinisusussuumsnsiainde uia
Tulesiowdunan 30 uni n'auﬁﬂnﬁmaaqmﬂﬂﬁ’ﬂ“lasamuLﬁa'lﬁL%uLfaa%ﬂs"uamw'lﬁag'lu
szuvussemAlulasiou Tasmseseiniadddszuuiad 1 fam 3.5 (3) wvhmsasaesa
soufalulasiouieimunduufadredadunat 5 unit antulilesuvelulussuy
maarindaduna 20wl denliufalulasisudhgssuuiievinnislaluanalessne
n3avapuliungt 30 un el 4.7 wudndleufawuiees Graphene/PMMA duaiule
sy wulresimamudunugety Tuvairiilevinnnslaluanaveslessensaaaeuse
uwiglulasiou ufimguieivvildpuduniuanas wuiufaeuges Graphene/PMMA i
Ansmouausidelesuiveesdlnuldanian audie lanaslsiiny raslswosy wariuudy
muEiu Insnismevaussdslostmeivuuiuiosnsuunuegliannsonsieials dle
\Wisufunismevaussslostmedniia 3 vila Manmil 47 (b) Bnddamuiuiaisuises
Graphene/PMMA LiianunsanduAugaausumubuiuldnieldusserneusalulasiou
wdnasivinlosumeerdlauuazivudu Snidmuiuiawuires Graphene/PMMA 14
nanlumsnevauawialeszivelanaslsimuiiign uadldinardusselesumenaslswasy
Tolafige damsnadt 4.7
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A1599 4.7 LAAIANAINITNOVAUBILALIIANAUMYDILAALTUIYDS Graphene/PMMA 7

losziveulinfigg
losuivy NANTNBUAUDY (s) naIAue (s)
aYalau 1039 .
AaplInesy 750 716
lamaslsinu 300 -
Wudu 330 1400

NANNIINITOZUIENINDVUAUDIVDIUAALYULYDS Graphene/PMMA #olaszivensiain
1#un az@lou Aaslsvedu laraslsdiny wasiuuduiu awisosdurelddae
2 wdnns WA 1. msvandivemedues (Polymer swelling) tiasanleszmeiiansa
nsavasniuiunadiues PMMA virlinedwesiianiswesdn Jedamaliiianisinge
fveansiity sihldrrmuiumuvsisuleesgetu Tasauannsalunisazarediiy
serinmmedwesiuleseveviafngg  Autaldainaunisi 2.6 way 2.7 Tngasunans
AruamAsegiiisatedunised 4.8 uar 2. A1ladidnnsnveslesyive Tavansiden
ladidnvidngeosanunsnilerfmvelsavesiagliunninansitienladidnvinsdnin e
loszwmevesansundudadunsiuasiinalfiianisnTannelealuliindoud vialsian
AnuFumuaLfaleuesgeiu Juslensraasuarladidinvinveslesumeudasila
wuierdlandlanladnvingedign (ms1efl 4.5) Fernfainanaenndasiunanisneuaueses
\wuiwed Graphene/PMMA sanunsonsuausiselosziveasdlauldndian

d U - [ - [ 3 ar =
A15199 4.8 LAMIATNTITNDINITAZALVDILBULTUTBINDAWDS PMMA Auleszimevile

#1949 [109]

Polymer Hansen solubiliy parameter: HSP -
and (MPa1/2)* Ro R,

solvent 59 6p 5H Fo/El
PMMA 17.9 10.1 5.4

Acetone 15.5 10.4 7.0 5.1 B
PMMA 17.9 10.1 5.4

Chloroform | 17.8 3.1 5.7 7.0 06

PMMA 17.9 10.1 5.4 H
DCM 18.2 6.3 6.1 39 0
PMMA 17.9 10.1 5.4

Benzene 18.4 0.0 2.0 10.7 =

*(https://www.accudynetest.com/solubility_table.html)
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6y e wilweinsazarslussdusznoureusunsnszaevawivhazateuarign
avane (Hansen dispersion solubility parameter)

6. fe winilneinsararslusiduszneuraussisgassninluanavesiviasaeuay
ﬁ")gﬂazmﬂ (Hansen polar solubility parameter)

wslwesnisazanslusifusenavrasiuselalnsinuresivinazatsuagsian

u

(o]
b 5

)
@

avane (Hansen hydrogen bonding solubility parameter)
$Mildumsnsen (Interaction radius) Y0IWedAILBS

Pyl
S
3 Db
® o

mMTweinTaraIsTeEuuTRRaraEarFIgnavae (HSP of two
substances)
RED B S¥H¥MIINGNUAUWS (Relative energy distance)

ANUENIluNMIazaIBtIiuTaedwes PMMA dulasswmesiiangg Ransunlaein
i L o L4 v = 1 e A
A1 RED mmmann1swisiiiineinisazatgvesusuisu laesuieidafignazaigaiunse
v o Mo VR D v o ) a1 W
ranoiiiulafluiviazany agsiesiia RED veswniignaratsuasimvihazansildion ag
° | = - T P v o w oo

NANISAMIMAT RED aufuannalumisnan 4.8 wuinan RED Huwalvusell DCM <
Acetone < Chloroform < Benzene @wmuigamwinlossmelanaslsiinuaiunsoazane
wWhiuladdunedues PMMA laavian snnuudiu ezdlau Aaslswesu waziuudiu awddu
Feluaennansiuna Normalized sensor response  ¥esuRalwuLDS Graphene/PMMA

' s - v o i o o o 1 = - oa -
sewin lassiveardlauiulanaslsiiny uanslitiuintdaden 2 luSesrinsiladidannsn

& ¥ aa a | ! &
wazrwinluanalosvmeidniviidvswanenisnevausssislossivesme uenainiainnsv
Normalized sensor response U8auwAaisulea3 Graphene/PMMA 2EWUINIULLDTUNU
1 i =l & v s 1 AJA:! 1 ) ar v U =3 €
selinausialosviveluuduiasdiaenndosiudn RED MillAn wintu 1 wansliiiuinwedies
1] EJ L -y U - “ 4 A
PMMA viwmthidadenlasuivelunisnevausslaunsvaussnessdlauinan Tuvmei
vnisaanulessmeiuudu Wesnuudubianunsoazansthiunedwes PMMA g

4.3.1.2 mnulisaniseavavaslessivevesezdiau

PnuanMsaassuansliliuiuiasuises Graphene/PMMA aanse
novauesnoleszimyerdlaulddngn fidedninisAnviiudy lunisdunnasiate
loszmgardlaunanudidulussiuiudiu fmeisiReuuiaeuweinsiiiu 9annmwit 4.8
uwanansmnsnavauasuaz Normalized sensor response siolosvinsasdlauiigig
F¥AU ppt VoIufiawwulmes Graphene/PMMA Imummuﬁu%’uﬂﬁaq‘lu'ﬁw 2.5 - 10 ppt
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Al 4.8 uansnsrevausdlastmeesdlautieseiurduty 2.5,5,7.5 uay 10 ppt
¥84 (a) wiawuwes Graphene/PMMA (b) nsuurldunsnovauetleszive
pvdlausysumuduty 25 5 75uar 10 ppt  vesudalwuives
Graphene/PMMA

A 4.8 (a) wanawansaiainlosuneesdlauiissiuanududu 2.5, 5, 7.5 uay 10
ppt WAAWUIYDS Graphene/PMMA wU'J"ui"J'au.h’amuwaéﬁﬁnmmv’x’mmuqa’i’?mﬁaﬁuEi‘aﬁ'u
loszmeveser@lauiirududuinniu wanidoufmsusesegnsliusseneveslulnsiau
ﬁﬂ'wmmﬁmmuLﬂ'wzjamazﬁ:uﬁu LAYIINNANITVNADINUIAINITONOUAUDIABLOTUNEDY
Alauiiseduanudiudu 2.5 ppt 16 idievhAmsnevausssoloszimeiinandudusiigg uwh
n1swaeansiviieuansuualdudinisnevaussnolossinsesdlauvesuiaiouives
Graphene/PMMA #sn1wil 4.8 (b) wuinanuduiugseninernismevaussveLfaisuiyes
Ausmduduleseveesdlauiinsiata awnsemaunisidunssAnisnouausreILsa
wuwesld Feainaunisihunfmuiamariasinnnisnsiatnlessine exdlauves
\WUIY3 Graphene/PMMA 1ﬁa§§ﬁ 0.31 ppt

4.3.2 uisuiwaidanlauiansiuuas EC

4.3.2.1 Yszdvdnmnisasivinlossmevianigg

- - -

NNV 4.9 (a) UAAINIINNISLUTEULNBEUNITAOUAUDIVDY
wialwulees Graphene/EC malaszinbodlau aaslsweu laraslsiimu waziuudu lae
[ [ 4 1 = -l -l s - i
WunanismavaussAadsuaazsdau U udiiouny wagnnwd 4.9 (b)  wandml
Normalized sensor response vUaaufialwulwas Graphene/EC #olasuinensIvdauLsay
e 1auN15UIAINITIDUANDIFRD lBTLMENSIVAD UV AU T MISAIEAIA T LT UTD4
losuimensiaeureinismaasiUSouisudy  lasaraududureslessvens 4 vils

@ A
Wuludamisan 4.9

T NS B T TrTTTTTTTTTTTTY TTrTTT
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A 1 v v - ' af o L3
M990 4.9 LLﬂﬁNﬂWﬂ')'llJL‘UJJ‘U'IJIEJ‘ESL“B‘UUQﬂ'N‘] ﬂlﬂun'l'iﬂﬂﬂalﬂtﬂﬁl%ut“ﬁﬂ'i

Graphene/EC
' AU LT
DIUUNY
(Parts per thousand: ppt)
oFlau 740.71
AaplsNDTY 858.35
lapaslsiiinu 1240.19
WUy 387.40
0‘120 L A 1 1 La L L L L Lo A
(a) : : —ocM £ (b) %%
0.105 § ! : = Chiorofome [ 0.00011 4
: - Be
oos0] ! ‘ F_Amnzen: E § 000010 5
0.00009
8 oors ;% —
§ oosod | E = 000007
i -]
. ooasd t @ 0.00006
g i b ® 000005
K] s :‘E 0.00004
0.015 ] F® 000003
0.000 ] t E 0.00002
N, | VOCs N, Z 500001
0015 4 A R b ok S o1 200000

0

T b B T T
500 1800 2100 2400 2700 3000 3300 360
Time (s)

Graphene/EC sensor

=1 ' s <l
AN 4.9 Laninan1Inevausselostvuardlay, Aaslswesy, laraslsivy wasiuudy
YDILWULYDT Graphene/EC (a) Wan15mauauDs (b) Normalized sensor

response

nauN1InTIvinlesyiveveuiaiwuwes Graphene/EC avynIsvaaauluLdentunig

nsr9dnleseiveveufiaiguigesnsifunasuialouiees Graphene/PMMA 910
- - o ¢ o v & &4 v ouow

A 4.9 () WuLBUNAWWYBS  Graphene/EC  fiAAmNAUNIUgITulladulaniy
A o o o DL

loszme wazidiovinnsldluanavedlessimensaasumoufalulasiou uiawuigesaviia

ANUAUIUANAY LWUIRBINULAAULIYES Graphene/PMMA usnaIntidmuiufiaeuiees
-l ' & vl ol Iy =i -

Graphene/EC fifinmInauauassolesvivenaslinesulafngn aumulanaslsiinu wwudu

-4 o a d‘ L s i [ a;
warasdlou auaeu Jaaennasaiuna Normalized sensor response AININN 4.9 (b)
:u ] o « ¥ 1 =
uannidawuluiaiwuiees Graphene/EC Tdanlunismevaussselesyvelnaaslsiinu

a

R

‘J v = a 1 A U A 1] s
dange uagldiandudasielosziuesdlauldliiae dmisieit 4.10 warldannsanduiu
ArruaunuEuaulanglavssenautalulasioundinnesiainlesevenaslswesy
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A19199 4.10 LAMIAIIAINITNDUAUDILALLIAAUMIVDILN ALY ULYD S Graphene/EC
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no

losueatingingg
losuney NAINITRDUAUDY (5) LAAURT ()
pxdlay 803 600
AaBlsnosy 1116 -
lamaslsiinu 300 1400
Wudy 366 1260

NANNITNITBSUILNITNDUAUBIVDMAAIULYDS Graphene/EC moloszivensiainviin

J n’; - ar ot - & o d‘
#1199 WU annseasuielddienannisuiniivemediwes (Polymer swelling) ilaanleszme

> v oW w a «
NAWITONTALABLVINUNUNDALNDT EC

WulRINUNANNISABVANIYDLN AlTUL DS

Graphene/PMMA Taglun13199 4.11 wansAiauaInisalunisazatsdiiusening

- a = i v o ﬂ‘
wodwes EC Aulaszimeriinnieg memsiuanldanaunsi 2.6 uay 2.7

o 1 = L3 - 3 ar - i
AN 4.11 LAAIATNITIUNDINITALYANUVDIUSULGUUDINDALNDS EC ﬂ'UI’rJiﬁWiEJ‘UUﬂﬂWQ‘]

[109]
Polymer Hansen solubility parameter: HSP -
and (MPa1/2)* Ro R,
solvent 50 6p GH (R/Ro)
EC 17.9 4.3 3.9
Acetone 155 10.4 7.0 8.3 s
EC 17.9 4.3 3.9
Chloroform 17.8 3.1 5.7 2.2 g
EC 17.9 4.3 3.9 >
DCM 18.2 6.3 6.1 3.0 0
EC 17.9 4.3 3.9
Benzene 18.4 0.0 2.0 4.8 -

*(https://www.accudynetest.com/solubility_table.html)

o i qi .:i 1 1 =l v s 1 -:f
TRuNaNIIAUINAT RED muilaninalumisien 4.11 wuinan RED duwalvussselul

Chloroform < DCM < Benzene < Acetone #491nA1 RED 24laseivneni 4 wiia wudiad

v 1 -‘; 9/ (¥} v oa 1 ]
Uoun3n 1 anua enciunulesemeasdlou wansliiuinlessmessdlouliaunsoazany

Y a 3 v oo . va o
whiunediwes EC laifiesansides nglosumenaslswesuazansldfngn wavesdlauazans

1 o g s g o
lﬁtw‘nﬁﬂ YIADAARDINUKA Normalized sensor response vaaufialwuLees Graphene/EC
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4.3.2.2 anubimenismavaundlesymeusinaslswesy

MNHaNIIAapInansliiiuIuiawuives Graphene/EC a1u130
novaussielaszivenaslsvesuliffian §idedvinsfnwvidudy lunsihuaseia
loszimenaslswefuiiaududuluseduiudin fedfiierfuufawuweinsfiy 9n
AT 4.10 uanenTMnIsoVANDIRAY Normalized sensor response finlasying

aaalsvofuiivaasedu ppt vesufaisuiwed Graphene/EC Tﬂaﬂﬂm‘ﬁ’uiuﬁ'lﬁag'lwﬁw
2.5 - 10 ppt

¥ = (1.32x107)X + 0.0015

J R? = 099178 3
v ;'r T T T T r T T Y 0.000 T T T T T T T T T T
0 600 1200 1800 2400 3000 3800 4200 1] 1 2 3 4 5 L] 7 8 L] 10 "
Time (s) Concentration (ppt)

AT 4.10 wansAnsmeavausdlessmenaslswesuYTesERUAIELTY 25, 5, 7.5uay
10 ppt ¥99 (@) wialwuwes Graphene/EC (b) nsmuwrldunisnavauss
losziveaaslswasuszauaududu 2.5, 5, 7.5 uar 10 ppt veudasuires
Graphene/EC

4 [ I3 d o b
NNWMH 4.10 (a) wananan1nTIvinlesemenaslswesufiseauanududu 2.5, 5, 7.5
o < o o fai 1 v -
way 10 ppt unawuiges Graphene/EC WURNUBUNFYULYDIUATAMUATUNIUGITULLD
o v w ¢ o v & - o « o
dudaiulesziveveseaalavaiunirrududuinniu uavfloufawuwesoganelsusseinie
vaslulasiouiiiausimumuinganizEuiu WaraINNANIIMARBINUIIANITINDUALDS
1 (3 A a & 1 e -J - -] 1 I 4
AolasuvenaslsvasunseAummdudu 2.5 ppt 16# JadlethAinismevaussselosemei
v v ° | | ' I3
ANUTLTUA1Y Wvhnswdennsieuanlwwl liuAIN snovauswis laseie Aaslswe Ty
o « ar AJ U - 174
VOWNAYUILDS  Graphene/EC AIn Wl 4.10 (b) wudtansaaiaduaunsiduduls lae
J’ -] o 1 =i o ot ar
aunisiarursndiudiuiuniaidasinanisnsiainlessivenaslsnaiuves
o 2 lJ
wiawuiges Graphene/EC loigin 1.37 ppt
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4.3.3 uiawulgaiiaglauiansfluuas Plp

4.3.3.1 Ysednsnmnisasivialassvesiiageg

NN 4.11 @) waARINIINAISIUIBULTBUNITRDVALDIYDY
wialwuwes Graphene/Plp Aalasziveordlau Aaslswesu laraslsivu waziuudu oy
unanisnevaussradsusavedaunUioudiouiu wasnmil .11 (b)  wansd
Normalized sensor response vaaufiaiwulras Graphene/Plp fplaseinensivasuusiay
wila lagmsthAinsmevausrelossimensIvdeuveiawuE S IsAIBATAITLT U
lossmensivasuvasmsmaaaslSoudisunu  TasArnududuvesleszive 4 vin
Wuludamnsnei 4.12

= 1 v v a ' o o v
A15199 4.12 uanriaudutulossiverianieg Aldlunisnaasvuiaivuives

Graphene/Plp
ANAHLTNYUY
losue
(Parts per thousand: ppt)
DA 579.63
AaBlsNBsY 448.99
lapaslsiiinu 851.94
LU 259.42
(a) 0o e ‘DCM’ F (b) oo
: : Chioroform 000015 - JI OCM
8 0.00016 < gm
0.010 4 g
1 0.00014
g v 0000124
! 0.005 4 g 000010 -
- 0.00008
g E 0.00006
0.000 ®
§ 0.00004 -
N, : OO : N, [ Z  0.00002
-0.005 ( i i T T T Bl g ! A 0.00000
¥R O W ety T e Graphene/lsoprene sensor

p= ' ¢ = -
NNA 4.11 wansnanisnevausInelesuneasdlay, raolinedy, laraslsimuy waziuudy
vouYUYE3s Graphene/Plp (a) nansmauaus (b) Normalized sensor response
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N139919IAlaeVEYRILAAIBUWeS Graphene/Plp  9LVIMINARBULTULABIAUNTT
ar - « o « J
AIvinloseiverasufawulweinTlulasiiawulwes Graphene/PMMA 1nNWHA 4.11
1 Aﬁ' o « a0 v : A!' o/ L) J
Wulauiawuiees Graphene/Plp HA1AINAUMUgIMEDdudaiulessve uaviile
vinslaluanaveslesemensivasumeuialulasiau uiawugeiasiaimuiuniuanas
WwuienAuuiawuwes Graphene/PMMA uae Graphene/EC uananfdanuinufauiges
a | o v yad v ¢
Graphene/Plp firimsnavaussislossmeiundulaanas amumenaslsnesy aedlau uay
= o w o [v) . s -l
Tapaslsinu aua1AU Fadennaeiuna Normalized sensor response Man1w# 4.11 (b)
JU 1 o « v 1
uenvnddinuiiuiagulees Graphene/Plp  lgiiarlunisnevausssalaszive
- - v & w - w -
wuduian uarldaAudselosemelanaslsiivuldlvian dannsnen 4.13 uaganunse
v oA 1 v a v o o o
ndvAugarMuFunGusulsdievinislalessmesmeuialulasiau

= ' o w o « '
A3 4.13 LEAAIAIIATINTITNDUAUDILALLIANAUMIUDILN ALY ULY DS Graphene/PIp 9]

lossivuytingngg
losuvey AININBUAUDA (5) aAum (s)
ardlau 551 1041
AaBlInosy 511 1219
lamaslsiiny 511 725
WUy 384 851

TAEMANN1INITB5UIENTINDUANDIVBILAAULEDS Graphene/Plp Falosuinensivin
Yiiar199 Yuatnsaeduiglasie 2 Yads laun 1 ndnnisvaniiveswediues (Polymer
* J d v o a = & 1 -l s s
swelling) Llasnlasuimafiamisanisazanedriuiunedwes Plp wudeafundnnis

o - '
MBVAUDIVDILAAWWYDT Graphene/PMMA Uag Graphene/EC Tnglums1ail 4.14 wanadn
ANANNI0luNsazaTetiUTEnIINeaWes Plp Aulesviveutingieg sensAiuinle

&
9INANNTTN 2.6 Uay 2.7
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d U o = o - 1
A9 4.14 uamiwiiiinesnisazasvausuluramedwes Plp Mulesziveviianigg

[109]
Polymer Hansen solubiliy parameter: HSP _—
and (MPal1/2)* Ro Ra (R/R)
solvent 60 5,: 6H ’
Plp 16.6 1.4 0.8 "
Acetone 15.5 10.4 7.0 11.9 '
Plp 16.6 1.4 0.8 59
Chloroform 17.8 3.1 5.7 " 6.8 '
Plp 16.6 1.4 -0.8 '
0.9
DCM 18.2 6.3 6.1 8.6
Plp 16.6 1.4 0.8
0.3
Benzene 18.4 0.0 2.0 3.6

*(https://www.accudynetest.com/solubility _table.html)

TnenansAuanen RED muiuansnalunisnsdl 4.1 wuiren RED fuualiussaluil
Benzene < Chloroform < DCM < Acetone Zi@anadpsfiuAInIsnavaussnalossiieves
uwhaluiwes Graphene/Plp sniiuranisnavauawalasumessdlau Wunaunntladed 2
AeAladidnninvedlessme Baslesuveiidladnninuan Bewhlvidinsnevaussves
wuigassslesaveriimiuuiniudie Fuilonsieasuanladidnninvedlestiveusaz
viln wuirezdlaudidiladnvingeriqn fnnsnedl 4.5 Feiilisuees Graphene/Plp &3
anansanouaussrelesuveesdlauld aq fidn RED veslesmsas@launuiniidannnii 1
Fauanitloszimeosdlaulianunsnazaodhdunedwes Pip 16

4.3.3.2 anulsaniinevausdleseevesuudy
NEaNIsNAasILanIliliuiuiawulees Graphene/Plp @11150
nevaussialeszmouuduldafign fideTaihnisAnyidiudu Tunsuesaiauuiy
rnududuluseiuiudiu fmedfirefuuiawueesnsily 9inamil 4.12 uanansminig
mevAuBILAE Normalized sensor response folasgimeiuuduiinlesedu ppt 2o
uidulgas Graphene/Plp Tmum’mn:ifu%'uﬁlﬁag'lu'dw 2.5- 10 ppt



0.006 P — N 2 s " i _f_g 3 i IS L L
"~ {——RBenzene I T Y = Benzene
(@) Tw! ‘8 i ;? i 3,! (b) oo 4 Linear fit of benzene i
0.008 ! ;e (8! i 5 1
' i ' ! H i ' H
§* i ¥ i 0.0040 - L
ol iyt B R Y 2
P& =9 i f
0.003 4 i i 1 . i i i s, 0.0035 - -
L » i f ifi
0.002 - i ! i Ly & if i !
' ' ! ] . i 0.0030 4
‘g t i : 5 y = (3.3x10°)x + (1.08x107%)
0.001 - s if ; - .
if | 'E n P 5 — R* = 0.97306 i
0.000 4 " ¥ 3 ! } 4 ]
P P i P
ad bbb I [
N, i i N, i i N ! iN  iN
om 2 ' ' ', + T ' # . Il . I ' om's T T T o T AN v T b T ¥ T L4 L 4
] 600 1200 1800 2400 3000 3600 4200 ) 3 4 5 L] 7 ] 9 10 "
Time (s) Concentration (ppt)

d ' =4 i s L
AN 4.12 uasdiniseavauadlessmeuuduyeszauanududu 2.5, 5, 7.5 uay 10 ppt
¥84 (a) wiawuwiwas Graphene/Plp (b) nsmiwunldunsneuauaslessiveiuudy
LAUANTNTY 2.5, 5, 7.5 waz 10 ppt vasuiaiwuwes Graphene/Plp

Al 4.12 (a) wasaman1snsdalesemeuuduisssiuaududy 2.5 5, 7.5 wag 10
ppt ufidwulwes Graphene/Plp wui%ﬁauﬁawumas’ﬁﬂ'"nmwﬁqumuqqﬁmﬁaé’uﬁar'f'u
lesumeveauuduiirudiduinniy uasdloufasuresogaoldussemavastulasioi
AAudumuidan e Eudy waranuaniaaenUItaInsanevauaelestive
wuduitsziun ity 2.5 ppt 167 Fuilevdinisaevaussdelossveimududusing
uinsnaeansiitauansuualiudinisnevaussselessisiuuiuvesufdieuiyes
Graphene/Plp #an il 4.12 (b) wuiranunsearaduaunsdaduld Tasaunisdaiuise
U AUIUMIANIATIN15999 9T la TeIMe LUUTuYeLwuees Graphene/Plp 'lﬁagjﬁ

2 ppt

4.3.4 mswWisuifisulseansnmvaanfdiwueadnsiiu wasuiawuigaslousna
nsuLarwadeidanIsnavduasnalasevilinfnge

dmivnalnnismavaussiolasziveusazydedmiuuiawueslausans iy
warnedwesudaryila aunsaesueiadulinAnisnevausiolossmeuiazinues
wiawuwein Iy, uialwwees Graphene/PMMA, uf@wuiwed Graphene/EC  wavy
uNawuwes Graphene/Plp ﬁﬁh&ﬁu galunnd 4.13 ua@nsA1 Normalized sensor response
voufaiwuoini iy, uidiwuiwes Graphene/PMMA, uRalwulwes Graphene/EC uay
whawuLees Graphene/Pip
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0.00028 —
0.00024 -
000020
000016
000012
—
000004

0.00000

Normalized sensor response

-0.00004 -

-0.00008 -

= ' . o « =i o 4
AN 4.13 uamiA1 Normalized sensor response UBAWNAYULLDINTINU, WNAYULYDS
Graphene/PMMA, uwfiaiwuiyes Graphene/EC uazufauiges Graphene/Plp

NNV AmAINITalunIsnevaustneleseivuardlauvesuiaiguives
Graphene/PMMA tiiaanniiu 67.56 % luvazfimwannsalunisnovaussselesume
aaolswesy, laraslsiliny uariuudu dumasic 46.67, 47.92 uar 99.97 % mudidu
dlafisuiuufauigesns iy drulszansnmlunisrevausssslosuievesuiasuises
Graphene/EC wuiniimsmevausssisloszivenaslswasy tuunduiia 276.76 % luvmy
finaruaruisalunisnevaussrelossine osdlny, laraslsiiny waziuudy Tusias
24.32, 0.625 uay 25.31 % suddudlafisuiuuiawueoins iy wasdulszansnmly
n1snavauewialosTeveAAIUIYes Graphene/Plp wWuiliinnsnavaussnelasyve
wudu Wuuintufe 647.2 % lusmuzitadiuaruisalunismevaussselossine
ord@lny, lamasolsiinu uazaaslsvasy dusas 55.13, 85 war 32.33 % mudduile
WisuAuwiaulgesnsIiu

IANANITIUTOULNBUYTEENTNINNITAOUAUDIVR LT ULITDIURALTTAAD
loszive wuinguweslauiansWuuazwediwes azuansauvdnindueuessdnidon
losuime (Sensing selectivity) Tnefitadounaneiianediues lnowedwesazvimiisaden
loszmeiannsagngaduls Tasanuisadinsisiauannsalunsazaredrildszming
wodlesuazlosuveldanmsiives HsP nuiilar1 RED vasglosrimuuazwodiuasin
tounin 1 uenniiwedwesdwhmihiiulessiveisien RED sewinglosumeuazwediues
Afieuannda 1

Fafunislénedmesuraveiinlunisindeudunsiit ulsevgidugunsalin
wiawuwes azilnaviliufawuieesivszansamlunmsdndeniivznovauaelosyive
26193 °UM2191293 (Selectivity)  uenanifideldfiauigiuitmnumuvesduiida



76

- ¢ o ' a a o - ' [T =1 < o
woales dnanauszansnmlunisAandennisnavausrolasemele Faduusyifiunans

AnwiuRusaly

4.4 UYszanSnmn1snsnadnlesunievaaianns iuuuudy PET
4.4.1 Yszansnmnninsdvinlessiveviindngy

PNAMN 4.14 @)  wamnsnsiUSeuWisuNISRavau oL alsuLges
= ] 1 ‘g 1] 1 1 [
nsfuLvuEavngu Neduuuku PET dolassineosdlau raslsvesu laraslsiinu uas
-l o, ' < ' - i P a P '
wudu WneilunanisnavaussrndswiarsdaunyUIouiisuiu wazn1ni 4.14 (b) wanedd
Normalized sensor response vadufiaiuiges nsfumslessineasivasvuiazyiln lng
NISUIAINIIMBUANDIRB LD TENENTINADUVBMAATUITDI NIIHUY WITABAIAUTUTUYDY
losvweasivasuraimaneassunlSeuiisuiu  Tasarmududursslosziveia 4 via
Wulusamnsnan 4.15

< ' v v a o o
A157°97 4.15 uansAranudndulessivevianieg Aldlunisneasvufaivuiges

NS MULUUEAVEY
ANPULTNTY
losuwe
(parts per million; ppt)
2eFLay 459.99
Aaalsnasy 300.96
laraslsiiinu 253.97
WuTu 295.90

€.00010 4
0.00012 +

000014 4

—~
Normalized sensor mmg
(=]

000016

0045 -0.00018 |

0 00020

T T T T T bl I T T T T T L
o 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 3600
Time (s)

o ] ¢ - =
N0 4.14 Ltﬁﬂﬁﬂaﬂ'l‘ima'l]auadmﬂlaﬁﬂLMEJQS%IF]U, ﬂaiﬁ.‘iﬂﬂiﬂ, 1mﬂa€ﬂ'mmu WaELluUUYU
YBUTULLRINITINUY (a) HaN1SMBUAUBY (b) Normalized sensor response
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20 wiit semniufdlulasiaudgszuuievmslaluanalesamensivasudiuna 30 uri
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o e cal 1 v o v ow w -
INAMA 4.14 (a) wuhwfasugesiifmiuiunuanauiliedudaiulesuve uasidl
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ArREIUIULNTWEEYin1slaluanatedlessivensivasumeuialulasiau wudn
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wiawugesnsiuiidinsnovausssislesumelanaslsiinulafingn auanee Aaslswedy
#@lou uay wudu mudidv Sniadmuiufiasugeiniivliamnsanduiugaiay
sunuGusulaneliussemanialulasnundaimsinlessive sniuleszieiuuidy

o i 4w I3
NAITNN 4.16 UAAIANIAINITADUAUBIUAZIAAUM VBT IBUITEINTIHULUY
gangusalosziveviinineg wuifawuwgeiniiuwuudangulinailunisnevauessse
Y a W a v ooa
wazldafusrieiuudulisenan
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pxdlau 1008 -
Aaolanosy 1096 -
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Fuilonsivaoud Normalized sensor  response wuiniiuualtudaenadesiu
(AWl 4.14 (b)) Faamdliiiuiufawuwesnsfuiiussaninmlunouaussialossive
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A e 1 - v v °
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4.5.4 nsSsuifisuyseaninnvesuidwueasniiu wazudawuweslavsa
niMAuuarwaRaifan1snavdussola st vilafiee
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sensor response YBIUWNATUYDT NI, UiawUIEDS Graphene/PMMA, wRalwulwos
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Jude 633.02 % wariimuatursalunisnevavesrelossivelanaslsiiny wudy
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wuweslevianauuazwedues wwuansandinisdusuweidndonlosuve (Sensing
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Polymer | Hansen solubiliy parameter: HSP o
and (MPal/2)* R Ra

solvent SD 5p 5H (/b
PET 21.3 4.5 12.3

Acetone 155 10.4 7.0 14.1 e
PET 21.3 4.5 12.3

Chloroform | 17.8 3.1 5.7 9.7 o

PET 21.3 4.5 123 -
DCM 18.2 6.3 6.1 12.6 09
PET 21.3 4.5 12.3

Benzene 18.4 0.0 2.0 8.9 ue
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uazilensivasunalnnisiiiuyszavinmnismeuauewielesvveveseuizesantade
vosgusasiuiiaiu  Feldvimsiiessiiuiy Fesmunieuresgiusesiuiildau
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4.7.2 namsapniiemeiiangesisawudaUalasalal

Mnuaneaedluiite 4.5.1, 4.5.2 wavite 4.5.3 uanslidiviuiawues
Graphene/PMMA  Graphene/EC uay Graphene/Plp LL‘UUﬁﬂwq'u auTnRovaAuDIRale
o - Vel <l Yo v = o a a Y a
semtlanaelsiiinu Aaalsvesu warivudulddngs fdevihnisdnviiuiy Memain
¢ o A a ¢ oy o - v o € 1
Wyeasawwianalasalal iieRgaunalnnisnevaussvensiituiignindousenediuesi
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niratnleszine lessineiigngaduariinisdislouuszedidnaseulifutan
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} —— before adsorption
—— after adsorption
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1. Introduction

Graphene is an ideal two-dimensional material and has attracted attention due to its large surface area, high
charge mobility, superior thermal conductivity, high degree of transparency, as well as mechanical flexibility [1-3].
Chemical vapor deposition (CVD) is a conventional method for graphene growth. Normally, copper is the most
widely employed substrate for graphene growth with high quality because of its catalyst function and its low carbon
solubility [4]. Generally, it is required to transfer graphene from copper substrate to various dielectric substrates for
electronic devices. For example, graphene was transferred on SiO,/Si for transistor devices, on GaN for light
emitting diodes (LED), and on conducting glass for dye-sensitized solar cell, on flexible substrates for flexible
devices applications [5,6]. However, there are chemical and physical damage caused during the transfer process.
Graphene was degraded as wrinkles, cracks and the residues of the metal and the supporting polymers during
transfer process [7]. These issues limit the practical applications of graphene-based devices. To overcome these
issues, two strategies have been proposed; (1) direct synthesis of graphene on dielectric substrates for transistor, gas
sensor and LED applications [8—10] and (2) utilization of the composites of graphene and supporting polymer as
strong and conductive composites, and hydrogen gas sensor [11,12] .

Currently, air pollution is an important problem in the human health and environmental. The main cause of air
contamination is a volatile organic compound (VOC) [13] which is released from chemical, petroleum industries
and household products [14]. Therefore, VOC detecting device is necessary for environmental monitoring. At
present, the commercial gas sensor based on metal oxide have been developed for VOC detection with a detection
limit down to the parts per million (ppm) level [15]. Nevertheless, the disadvantages of metal oxide are slow
response, non-selectivity, and high operating temperature (>200 °C). On the other hand, graphene, a perfect two-
dimensional structure with a one layer of carbon atoms, has been demonstrated to be sensitive to nitrogen dioxide
(NO,) and sulfur dioxide (SO.) at a concentration of parts per million (ppm) level at room temperature [10,16]. In
addition, the selectivity of gas sensor based on graphene has been developed by functionalization with polymer and
metal nanoparticle. For example, Hong er al., demonstrated gas sensor using functionalization of poly(methyl
methacrylate) (PMMA) and palladium nanoparticle (Pd NP) with single-layer graphene (SLG). The Pd NP/SLG
responds to methane, carbon monoxide, NO, and hydrogen (H;) gases, while the PMMA/Pd NP/SLG only responds
to H; gas. These results exhibited that the PMMA layer acts as a selectivity filtration layer [12].

In this research, to overcome the transfer issues and enhancing the performance of VOCs, the composites of
graphene and supporting polymer was proposed as VOC sensing materials. Graphene was directly grown on copper
foil by CVD and transferred to SiO,/Si using polymethyl methacrylate (PMMA) as a supporting polymer. Graphene
with and without PMMA removal (hereinafter referred to as graphene/PMMA and graphene, respectively) were
prepared and their sensing characteristics to ethanol, dichloromethane and benzene vapors were evaluated. The
hybrid graphene/PMMA showed a high response to ethanol but a poor response to benzene, implying a potential
application to ethanol detection with selectivity.

2. Experimental
2.1. Fabrication of graphene and hybrid graphene/PMMA

Graphene was grown on Cu foil by conventional CVD method. Briefly, Cu foil was heated to 1000 °C under H,
10 scem for 1 h. After the temperature was reached to 1000 °C, CH, 20 sccm was added into the reactor to grow
graphene for 30 min and the reactor was cooled under H, 10 scem. In order to fabricate the hybrid graphene/PMMA,
PMMA (Microchem, 950PMMA A6) was coated onto the graphene by spin coating (hereafter referred to as
graphene/PMMA) as a supporting layer with a spin speed of 4000 rpm for 55 s. The sample was then cured by
heating on a hot plate at 90 °C for 5 min. The underlying Cu was etched away using a 1 M ferric (I1I) chloride
solution for 4 h. The PMMA/graphene film was rinsed three times in deionized water for 10 min. Finally, the
sample was transferred onto the SiO,/Si substrate and dried at room temperature. The adhesion between the sample
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hybrid graphene/PMMA has the minimum RED for dichloromethane and benzene, respectively. Hence, the hybrid
graphene/PMMA responds more sensitively to dichloromethane than to benzene. Sensor response of the hybrid
graphene/PMMA conforms to the HSP for dichloromethane and benzene detection. However, the HSP hypothesis
cannot describe the sensor response of the hybrid graphene/PMMA to ethanol. The molecular size of benzene,
dichloromethane and ethanol are 89.12, 63.86 and 58.39 cm’/mol, respectively [24]. Methanol, the smallest
molecule, could absorb onto PMMA with a large number of methanol per unit area compared to those of benzene
and dichloromethane, resulting in a higher response despite the high RED between ethanol and PMMA. Thus, not
the polarity and HSP, but the molecular size may also affects the ethanol sensing of the hybrid graphene/PMMA.

Table 1. Hansen solubility parameter and RED between PMMA with various VOCs [23]

Polymer Hansen solubility parameter, HSP (MPa)'? Ro R, RED
and solvent (R/Ro)
D,
dp 3y By
PMMA 17.9 10.1 5.4 13
Ethanol 15.8 8.8 194 14.7 i
PMMA 17.9 10.1 5.4 11 -
Dichloromethane 18.2 6.3 6.1 39 ;
PMMA 17.9 10.1 54 L0
Benzene 184 0.0 20 10.7 i

Fig. 3d shows the sensor responses of the hybrid graphene/PMMA and graphene to ethanol as a function of
ethanol concentration in a range of 5-20 ppt. A linear relationship was obtained between the sensor response and the
ethanol concentration. Sensor response of the graphene increased with increasing the concentration. Conversely,
sensor response of the hybrid graphene/PMMA decreased with increasing the concentration. The limit of detection
can be estimated by the y-intercept of regression line. The limit of detection of the hybrid graphene/PMMA and
PMMA were approximately 3.40 and 2.31 ppt, respectively.

4. Conclusion

In summary, we successfully fabricated a VOC sensor using integration of graphene and PMMA. Hybrid
graphene/PMMA and graphene sensors showed the highest response to ethanol. The sensor response of the hybrid
graphene/PMMA is lower than graphene because the PMMA layer acts as a membrane to select VOC molecule,
improving the selectivity of VOC. The sensor response of the hybrid graphene/PMMA and graphene linearly
increased and decreased with increasing ethanol concentration, respectively. The sensing mechanism of the
graphene was attributed to the adsorption of VOC on the defect site and electron hopping effect, while the hybrid
graphene/PMMA would be ascribed to the dielectric constant, polymer swelling, HSP and molecular size. The
integration of graphene with PMMA is a promising approach for improving the selectivity for VOC detection.
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Abstract

The graphene and hybrid graphene/poly(methy methacrylate) (PMMA) were fabricated for use in volatile organic compound
(VOC) detection. Graphene was synthesized on copper foil by chemical vapor deposition (CVD). To remove Cu foil. PMMA
was coated on graphene by spin-coating (hereafter referred to as graphene/PMMA) and transferred to silicon substrate with
silicon dioxide layer (SiO2/Si) by wetting transfer process. For comparison, a PMMA layer was removed in order to achieve a
pristine graphene. Graphene and hybrid graphene/PMMA sensors showed the highest sensor response to ethanol. Responses of
the graphene to cthanol, dichloromethane and benzene were 5.62, 20.06 and 35.09 times higher than that of hybrid
graphene/PMMA. The sensor response of graphene can be described in terms of the dielectric constant of VOC. In addition. the
sensor response of hybrid graphene/PMMA to benzene and dichloromethane would be attributed to the Hansen solubility
parameter (HSP), while that of ethanol is related to the molecular size. These results suggest that the integration of graphene with
PMMA is a promising approach for the selectivity for VOC detection.
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and the SiO,/Si was improved by heating on a hot plate at 150 °C for 15 min. For the fabrication of sensor based on
the hybrid graphene/PMMA, the sample was used without PMMA removal. For the fabrication of sensor based on
graphene, the PMMA was removed by soaking in acetone at 150 °C for 15 min, followed by N, drying. The sensor
was mounted on the PCB and silver paste was used for contact electrodes with the sensing of 1x1 em®.

2.2. Characterization of graphene and hybrid graphene/PMMA

The morphology and thickness of graphene and hybrid graphene/PMMA were characterized by optical
microscopy (OLYMPUS EXSI). The carbon structure, purity and crystallinity of graphene and hybrid
graphene/PMMA were analyzed by Raman spectroscopy (Thermo SCIENTIFIC DXR) with an ‘Ar ion laser
wavelength of 532 nm (2.33 eV).

2.3. Gas sensor measurement

The sensor response to VOCs (benzene, dichloromethane and ethanol) was investigated at room temperature by
recording the electrical resistance using FLUKE NetDAQ Logger during cycles of alternating supply of dry N, gas
and VOC. The sensors were placed in a stainless steel chamber and N, gas was introduced into the chamber at a
flow rate of 3.0 Ipm for 3 min as a baseline. Then, N, was replaced with VOC by bubbling liquid VOC with N,
carrier gas at flow rate of 1.5 Ipm for 5 min. The sensors were recovery under N, at a flow rate of 3.0 Ipm for 20
min. The concentration of VOCs was in a range of 50 to150 parts per thousand (ppt). To control the detection of
ethanol at low concentration, the ethanol liquid was injected by syringe into the detection chamber by controlling the
volume of ethanol. The concentration of ethanol was in a range of 5 to 20 ppt. The sensor response (SR) was defined
as SR = (Ryoc — Ry) / Ry, where Ry and R, are the resistances of the sensor after and before VOC exposure,
respectively. To compare the responses of all sensors, the sensor responses were normalized by the VOC
concentration. The normalized sensor response (NSR) was defined as the ratio between the sensor response at a time
of 540 s (SR;,,) and the VOC concentration (Cy): NSR = SR,/ Cron-.

3. Results and Discussion

Fig. 1 shows the optical microscopy images of hybrid graphene/PMMA and graphene, respectively. Two areas
with different colors were observed in Fig. 1(a). The light blue and violet areas correspond to hybrid
graphene/PMMA and SiO,/Si, respectively. Similarly, the areas with completely different color contrasts were
observed in Fig. 2(a). The dark and bright violet areas correspond to graphene and SiO./Si, respectively. The
identification of graphene with optical microscopy is possible via the color contrast caused by the light interference
effect on the SiO, which is modulated by the graphene layer [17].These results show that the hybrid
graphene/PMMA and graphene were successfully transferred onto SiO,/Si via wetting transfer process.

(a)

Graphene/PMMA Graphene

Si0,/Si

Fig. 1. Optical images of (a) hybrid graphene/PMMA and (b) graphene on SiO,/Si.
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Raman spectroscopy was utilized to characterize the structure, purity and crystallinity of the hybrid
graphene/PMMA and graphene. Fig. 2 shows the four significant Raman peaks from the hybrid graphene/PMMA:
disorder carbon-derived D-band at 1350 cm™, graphitic-structure-derived G-band at 1586 cm™, graphene-structure-
derived 2D-band at 2684 cm™', and PMMA-derived at 2955 cm™. Raman peak at a Raman shift of 2955 cm™ was
disappeared from the graphene, implying PMMA removal. The intensity ratio between the G- and D-bands (/¢//p) is
an indication of crystallinity of samples. The I/, ratio of the hybrid graphene/PMMA and graphene were 6.49 and
3.27, respectively. The decrease in the //I;, value of the graphene could be attributed to the damage during the
removal process of PMMA. The number of graphene layer can estimate by the ratio between Ly and /g [18]. The
/I ratio of hybrid graphene/PMMA and graphene were 1.25 and 1.39, respectively. These results imply that
hybrid graphene/PMMA and graphene are a single layer.

Intensity (a.u.)

- | |
B ety -
1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500

Raman shift (cm'1)
Fig. 2. Raman spectra of the hybrid graphene/PMMA and graphene.

Fig. 3a-3b show sensor responses as a function of time of the hybrid graphene/PMMA and graphene sensors
under alternating supply of VOC and N, gas for three cycles. The electrical resistance of hybrid graphene/PMMA
increased upon VOC exposure and decreased after replacing VOC with N, gas (Fig. 3a), and conversely, the
electrical resistance of graphene decreased upon VOC exposure and increased after replacing VOC with N, gas (Fig.
3b). Fig. 3c shows the normalized sensor response of the hybrid graphene/PMMA and graphene. The normalized
sensor response of both hybrid graphene/PMMA and graphene showed the highest response to ethanol but the
lowest response to benzene. Responses of the graphene sensor to ethanol, dichloromethane and benzene were 5.62,
20.06 and 35.09 times higher than that of the hybrid graphene/PMMA sensor. These results imply that the PMMA
layer acts as a membrane to select VOC, resulting in an improvement the selectivity [12].
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Fig. 3. Sensor responses to ethanol (87 ppt), dichloromethane (103 ppt) and benzene (294 ppt) as functions of time: (a) hybrid graphene/PMMA
and (b) graphene. (c) Normalized sensor response of each sensor to VOCs. (d) Sensor responses as a function of ethanol concentration.

The sensing mechanism of the graphene to VOCs is attributed to the adsorption of VOC molecule on the defect
site. Charge transfer on graphene by electron hopping effects on graphene sheet results in a decrease in electrical
resistance of graphene [19,20]. For the hybrid graphene/PMMA, the sensing mechanism can be described in terms
of dielectric constant, which involves the solvent polarity of VOCs. The solvent polarity is in the following order:
benzene < dichloromethane < ethanol [21]. Molecules with higher polarity can hold the moving holes along
graphene, resulting in a large increase in electrical resistance and thus a high sensor response. The trend of
normalized sensor response of the hybrid graphene/PMMA to benzene, dichloromethane and ethanol coincided with
the VOC polarity. In addition, the sensing mechanism of the hybrid graphene/PMMA to benzene and
dichloromethane would be ascribed to polymer swelling due to VOC adsorption and Hansen solubility parameter
(HSP). A hypothesis based on polymer swelling can be described as follows. After VOC adsorption, polymer
coatings on graphene is swollen, thus possibly increasing the polymer volume and bending of graphene sheet,
resulting in an increase in electrical resistance [22]. For the hypothesis based on HSP, HSP is the value of relative
energy difference (RED) used to predict the solubility of solvent with polymer. The RED was defined as

RED = R./R, (1)
(Ru)z = 4(5d-ﬂﬂhmw 6d—.mlwnl)3 + ﬁs{"ﬂ‘#}'ﬂrer— JP-MI’I‘EM): +(dh'ﬂ’ﬁ'Mf’ 5"'-“’"""J2 (2)
where R,, Ry, da d, and d, are the distance between Hansen parameters in Hansen space, interaction radius,

dispersion force, intermolecular force and hydrogen bond, respectively. Table 1 shows Hansen solubility parameter
and RED between PMMA with various VOCs [23]. The smaller RED value means the higher miscibility. The



Japanese Journal of Applied The Japan Society
Physics of Applied Physics

REGULAR PAPERS

Graphene and poly(methyl methacrylate) composite laminates on
flexible substrates for volatile organic compound detection

To cite this article: Chanoknan Rattanabut et al 2018 Jpn. J. Appl. Phys. 5T 04FP10

View the article online for updates and enhancements.

This content was downloaded from IP address 179.156.204.147 on 26/03/2018 at 04:18



Japanese Journal of Applied Physics 57, 04FP10 (2018)

REGULAR PAPER

https://doi.org/10.7567/JJAP.57.04FP10

®

CrossMark

Graphene and poly(methyl methacrylate) composite laminates on flexible substrates

for volatile organic compound detection

Chanoknan Rattanabut', Winadda Wongwiriyapan'*, Worawut Muangrat?, Win Bunjongpru?®,

Mayuree Phonyiem', and Young Jae Song*

'College of Nanotechnology, King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520, Thailand

2Institute of Carbon Science and Technology, Shinshu University, Nagano 380-8553, Japan

3Thai Microelectronics Center, National Electronics and Computer Technology Center, Chachoengsao 24000, Thailand
*SKKU Advanced Institute of Nanotechnology (SAINT), Sungkyunkwan University, Suwon 440-746, Republic of Korea

*E-mail: winadda.wo@kmitl.ac.th

Received October 10, 2017; accepted January 10, 2018; published online March 15, 2018

In this paper, we present a gas sensor for volatile organic compound (VOC) detection based on graphene and poly(methyl methacrylate) (GR/
PMMA) composite laminates fabricated using CVD-grown graphene. Graphene was transferred to a poly(ethylene terephthalate) (PET) substrate
by PMMA-supported wet transfer process without PMMA removal in order to achieve the deposition of GR/PMMA composite laminates on PET.
The GR/PMMA and graphene sensors show completely different sensitivities to VOC vapors. The GR/PMMA and graphene sensors showed the
highest sensitivities to dichloromethane (DCM). The response of the GR/PMMA sensor to DCM was 3 times higher than that of the graphene
sensor but the GR/PMMA sensor hardly responded to acetone, chloroform, or benzene. The sensing mechanism of the graphene sensor can be
based on the dielectric constant of VOCs, the size of VOC molecule, and electron hopping effects on defect graphene, while that of the GR/PMMA
sensor can be explained in terms of the polymer swelling owing to the Hansen solubility parameter. @ 2018 The Japan Society of Applied Physics

1. Introduction

Volatile organic compounds (VOCs) are organic chemicals
that have a high vapor pressure at room temperature, and they
are found in many industrial and commercial processes."’ In
addition, VOCs are the main causes of air pollution and are
harmful to our health causing disorders, such as eye, nose,
and throat irritations, dizziness, vomiting, and unconscious-
ness; they can also damage the liver and central nervous
system, and present a risk of cancer.”> From the report of
the Pollution Control Department, Thailand in 2015, there
were various VOCs whose concentrations were higher than
the standard concentrations such as benzene, chloroform, 1,3-
butadiene, and 1,2-dichloroethane. The gas sensor technol-
ogy for VOC detection has gained more attention, because
of its applicability to real-time monitoring, device portability,
and low cost. Commercial VOC gas sensors fabricated using
metal oxide materials have detection limits down to the parts
per million (ppm) level, but the disadvantages are their slow
response, nonselectivity, and high operating temperature
(>200°C).%

Graphene has a perfect two-dimensional structure with a
one layer of carbon atoms. The main synthesis method for
graphene is chemical vapor deposition (CVD) due to the
controllable quality of graphene (monolayer graphene cov-
erage, >95%), large growth area (>30in.%), and ease to
scale-up for industrial production. In the typical CVD
growth of graphene, metals such as Cu, Ni, Pt, and Ir are
used as the growth substrate, and methane and ethylene as
carbon sources. The application of graphene requires
graphene transfer onto arbitrary substrates using a polymer-
assisted wet transfer process. For example, graphene was
transferred onto Si0,/Si for transistor devices, GaN for
light-emitting diodes (LED), conducting glass for dye-
sensitized solar cells, and flexible substrates for flexible
devices.”'") However, the transfer process has many draw-
backs including the requirement of the polymer coating in
the beginning of the process and the removal of polymer
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residues in the final process, which as a time-consuming
process, especially in wrinkled and cracked graphene.'”
Therefore, the utilization of graphene and its supporting
polymer composite and maximizing their properties are
challenges that should be.'?

Recently, graphene has been regarded as an interesting
material for gas sensor applications owing to its unique
characteristics, such as its high charge mobility and thermal
conductivity, high transparency, as well as mechanical
flexibility."*'>’ Gas sensors based on graphene have been
demonstrated to be sensitive to oxidizing gases on the order
of parts per billion (ppb) at room temperature.'®'” In
addition, Hong et al.'"® demonstrated the fabrication of a gas
sensor by the functionalization of poly(methyl methacrylate)
(PMMA) and palladium nanoparticles (Pd NPs) with single-
layer graphene (SLG) for selectivity to hydrogen gas. Their
results showed that the PMMA layer acts as a gas-selective
filtration layer. Moreover, the flexible sensor was applicable
to a broad range of systems with demanding mechanical
flexibility and durability. For example, Chung et al.'”
demonstrated the fabrication of flexible hydrogen sensors
using graphene with palladium nanoparticle.

To overcome the transfer issues and exploring the use of
graphene and polymer composite laminates for flexible
device fabrication, graphene and poly(methyl methacrylate)
(GR/PMMA) composite laminates on poly(ethylene tereph-
thalate) (PET) substrates for volatile organic compound
(VOC) detection have been proposed.”” The GR/PMMA
sensor showed a high sensitivity to dichloromethane (DCM),
a low sensitivity to acetone, and chloroform, and non-
response to benzene, implying that the PMMA layer acts as a
membrane that is selective to DCM molecules. In addition to
our previous work, the relationships between the response of
the sensors and DCM concentration were studied. Moreover,
to understand the sensing mechanism based on the swelling
phenomenon, the emission properties of the GR/PMMA
and graphene sensors in response to VOC exposure were
characterized by fluorescence spectroscopy.

© 2018 The Japan Society of Applied Physics
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Fig. 1. (Color online) Schematic diagram of sensor fabrication process for
the GR/PMMA and grapheme sensors.

2. Experimental methods

21 Fabrication of GR/PMMA and graphene on PET
substrate

Graphene was grown on Cu foil by the CVD method
using methane (CHy) as a carbon source. The process of the
CVD growth of graphene was described in detail else-
where.”"’ For the fabrication of the sensor on a PET substrate,
the graphene layer was transferred to PET by a conventional
PMMA-assisted wet transfer process. PMMA (Microchem
950PMMA A6) was coated onto the graphene layer as
supporting layer by spin coating at a spin speed of 6000 rpm
for 300 s. Then, the sample was heated at 100 °C for 24 h on a
hot plate. To remove Cu, the Cu foil was etched away using
1 M ferric (IIT) chloride solution. Then, the sample was rinsed
three times in deionized water for 10 min. Finally, the sample
was transferred to the PET substrate and dried at room
temperature, resulting in transferred graphene and PMMA
composite laminates on PET (hereafter referred to as GR/
PMMA). The adhesion between the sample and the PET
substrate was improved by heating on a hot plate at 85 °C for
30min. Regarding the sensor based on graphene, PMMA
was removed by soaking in acetone at 150°C for 5min,
followed by N drying. The contact electrodes were formed
using Ag paste with Cu wires for sensing characterization at
the sensing of 1x0.5cm? Figure 1 shows a schematic
diagram of fabrication process of the GR/PMMA- and
graphene-based sensors. Since graphene can moderate the
color contrast on SiO; caused by light interference,”” the
graphene and GR/PMMA layers were also transferred on a
Si0,/Si substrate for graphene identification.

2.2 Characterization of GR/PMMA and graphene

The transferred graphene and GR/PMMA layers were
characterized by optical microscopy (Olympus EX51). The
carbon structure and thickness of graphene and GR/PMMA
were characterized by Raman spectroscopy (Thermo
SCIENTIFIC DXR) at an Ar ion laser wavelength of
532nm (2.33eV). The emission property of the GR/PMMA
layer due to VOC exposure was characterized by fluores-
cence spectroscopy (Perkin Elmer LS55).

2.3 Gas sensor measurement

The sensor response to acetone, benzene, chloroform, and
DCM were investigated at room temperature by recording
electrical resistance using a FLUKE NetDAQ logger during
cycles of alternating supply of dry N; gas and VOC vapor.
The concentrations of VOCs were in the range from 500 parts
per million (ppm) to 160 parts per thousand (ppt). N, gas was
introduced into the chamber at a flow rate of 3.0lpm for
10min as the baseline. Then, N, was released with VOC by
bubbling liquid VOC with N, carrier gas at a flow rate of
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Fig. 2. (Color online) Optical microscopy images of (a) GR/PMMA and
(b) graphene layers on Si0,/Si. (¢) Raman spectra of the GR/PMMA and
graphene layers.

1.5 1pm for 20 min. Finally, the sensors were recovered under
N, for 30 min. Sensor response (SR) was defined as

sg = Rvoc =Ko (1

Ro

where Ry and Ryoc are the sensor resistance before and after
VOC exposure, respectively. To compare the responses of
all sensors, the sensor responses were normalized by VOC
concentration. The normalized sensor response (NSR) was
defined as the ratio of the sensor response at 1200s (SR;2g0)
to VOC concentration (Cyoc):

NSR = ——. (2)

3. Results and discussion

3.1 Characterization of GR/PMMA and graphene

The surface morphologies of the GR/PMMA and graphene
layers on Si0O,/Si are characterized on the basis of optical
microscopy images shown in Figs. 2(a) and 2(b), respec-
tively. Two different areas of GR/PMMA and SiO,/Si (the
light-green and violet areas, respectively) are clearly
observed in Fig. 2(a). On the other hand, the dark and bright
violet areas in Fig. 2(b) correspond to graphene and SiO,/Si,
respectively. These results show that the GR/PMMA and
graphene layers were successfully transferred by the wet
transfer process. The carbon structure, purity, and crystal-
linity of the GR/PMMA and graphene layers were analyzed
by Raman spectroscopy. Figure 2(c) shows the Raman
spectra obtained from the GR/PMMA and graphene layers.
The graphene layer clearly shows G and 2D peaks at
approximately 1590 and 2682 cm™, respectively. The G peak
arises from primary sp>-hybridized carbon bonds in graphene
and the 2D peak arises from the second order of the D band,
which is related to zone boundary defects.”*** In addition to
the G and the 2D peaks, the GR/PMMA layer shows the
PMMA peak at a Raman shift of 2954cm™" due to the
PMMA coating.” The D band arising from defects is very
small in both samples. The number of graphene layers can be

© 2018 The Japan Society of Applied Physics
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(Color online) Sensor responses of (a) GR/PMMA and (b) graphene sensors to acetone (160 ppt), benzene (100 ppt), chloroform (85 ppt), and

dichloromethane (100 ppt) as functions of exposure duration. (¢) Normalized sensor response of each sensor. (d) Sensor responses of the GR/PMMA and

graphene sensors as a function of DCM concentration.

inferred from the ratio of Irp to I.°*” The Lp/I ratio of
the GR/PMMA and graphene layers were 2.14 and 2.
respectively. These results imply that graphene is a single
layer.

3.2 Gas sensing properties

Figures 3(a) and 3(b) show sensor responses as a function of
duration of exposure of the GR/PMMA and graphene
sensors to each of the VOCs of different concentrations
[acetone (160 ppt), benzene (100 ppt), chloroform (85 ppt),
and DCM (100ppt)]. The initial resistances of the GR/
PMMA and graphene sensors between electrodes are
approximately 1.10 and 10.75 k€, respectively. The increase
in the initial resistance of the graphene sensor may be due to
the degradation during polymer removal, which caused the
wrinkling or cracking of the graphene sheet. After VOC
exposure, the resistances of the GR/PMMA and graphene
sensors changed in the opposite direction, namely, the
resistance of the GR/PMMA sensor increased, while that
of the graphene sensor decreased. For example, in the case
of DCM exposure, the resistance of the GR/PMMA sensor
increased to 1.25kQ while that of the graphene sensor
decreased to 10.30 k. Figure 3(a) shows that the resistance
of the GR/PMMA gas sensors increases upon exposure to
VOC vapors for 20 min at room temperature and then slowly
decreases after restoration of N; gas for 30 min. On the other
hand, the electrical resistance of the graphene sensor
decreases upon VOC exposure and increased after recovery
with N, gas for 30 min [Fig. 3(b)]. It is seen the GR/PMMA
sensor exhibits the highest response to DCM at room
temperature but cannot recover owing to DCM absorption
in the PMMA layer. Figure 3(c) show the normalized sensor
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response of the GR/PMMA and graphene sensors. The
normalized sensor response of both GR/PMMA and
graphene sensors was highest for DCM. The response of
the GR/PMMA sensor to DCM was three-times higher than
that of the graphene sensor. In addition, the GR/PMMA
sensor showed low responses to acetone, and chloroform, and
hardly any response to benzene. On the other hand, the
graphene sensor responded to all VOC vapors, including
DCM, acetone, chloroform, and benzene. The order of the
sensor response magnitudes of graphene sensors is: DCM >
chloroform > acetone > benzene, while that of the GR/
PMMA sensor is: DCM > acetone > chloroform > benzene.
These results imply that the GR/PMMA sensor was highly
sensitive to DCM and the PMMA layer acts as a membrane
selective to VOCs, implying high DCM selectivity against
these gases.'”

Figure 3(d) shows the responses of the GR/PMMA and
graphene sensors as a function of four different concen-
trations of DCM at room temperature. The sensing character-
istic was recorded at concentrations of 500, 1000, 1500, and
2000 ppm. The sensor responses at various DCM concen-
trations showed a linear relationship. The sensor response of
the graphene sensor increased with increasing concentration.
Conversely, the sensor response of the GR/PMMA sensor
decreased with increasing concentration.

The lowest detectable concentration was limited by the
existing experimental setup. However, the limit of detection
(LOD) can be derived from the signals of sensor perform-
ance.”” According to the [UPAC definition, when the signal-
to-noise ratio is equal to 3, the signal is considered to be a
true signal. Therefore, the LOD can be evaluated from the

© 2018 The Japan Society of Applied Physics
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linear calibration curve when the signal is equal to 3 times
noise level. The calculation of LOD is as follows: the sensor
noise is derived using the variation in the sensor response at
the baseline before vapor exposure and the root-mean-square
deviation (rms). 300 data points at the baseline before vapor
exposure were plotted and fitted by a fifth-order polynomial.
The deviation is calculated as

Ve =) 0i—y’ (3)

where y; is the measured value of the sensor response
baseline and y is the corresponding value calculated from the
fifth-order polynomial fit. Then, rms noise is obtained as

IMSppise = ‘,‘ %’ (4)

where N is the number of data points used for curve fitting
(N = 300). Finally, the LOD can be calculated as

LOD = 3 onoise (5)

slope

where slope is the slope of the linear regression fit on the plot
between the sensor response and vapor concentration, i.e., the
sensitivity of the sensor [as shown in Fig. 3(d)]. Using the
above signal process, the LOD of the GR/PMMA and
graphene sensors are calculated to be 72.46 and 175.27 ppm,
respectively.
3.3 Sensing mechanism of graphene and GR/PMMA
sensor
The VOC sensing mechanism of the graphene sensor at room
temperature can be attributed to the adsorption of VOC
molecules on defect sites. Electrons can more easily transfer
charges on graphene layer by electron hopping when VOC
molecules are adsorbed at the defect sites, resulting in the
decrease in the electrical resistance of graphene sensor.?*?
For the GR/PMMA sensor, the main sensing mechanism can
be described in terms of polymer swelling due to VOC
adsorption and the Hansen solubility parameter (HSP)
similarly to polymer-coated carbon nanotubes.**** A
hypothesis based on polymer swelling can be described as
follows. After VOC adsorption, PMMA on graphene layer
becomes swollen, resulting in an increase in electrical
resistance due to the increase in polymer volume and
graphene sheet bending. For the hypothesis based on HSP,
HSP is the relative energy difference (RED) used to predict
the solubility of a solvent with a polymer. The RED is
defined as

R,
R = — 6
ED R’ (6)

(Rn)2 = 4(5d.pnlymcr = 5d.50|ven!)2
+ (5p.polymer - 5p,solvcnt)2
+ (‘Sh.poiymcr - 5h.mlvem)2v (7)

where R, Ry, 84, 8, and &y are the distance between Hansen
parameters in the Hansen space, interaction radius, dispersion
force, intermolecular force, and hydrogen bond, respec-
tively.> Table I shows HSP and RED between PMMA and
various VOCs. A RED of less than 1 means a high miscibility
of a VOC in a polymer. Moreover, a small RED implies a
high miscibility. The REDs of the GR/PMMA sensor are in
the following order as defined in Table I: DCM < acetone <
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Table I. HSP and RED between PMMA and various VOCs.*
Polymer HSP (MPa)'/? RED
Ry R,
and solvent o 5% By (Ra/Ro)
PMMA 17.9 10.1 54 5.1 0.5
Acetone 15.5 10.4 7.0 ' ’
PMMA 17.9 10.1 54
10.7 1.0
Benzene 18.4 0.0 20
11
PMMA 17.9 10.1 5.4
7.0 0.6
Chloroform 17.8 31 57
PMMA 17.9 10.1 54
39 0.3
DCM 18.2 6.3 6.1
DCM exposure = = = bafore exposure
€
. 3
é
580 0 " s10 620

800
Wavelength (nm)

Fig. 4. (Color online) Fluorescence spectra of the GR/PMMA sensor
before (black) and 10 min after DCM exposure (red).

chloroform < benzene. Hence, the GR/PMMA sensor re-
sponds more sensitively to DCM than to other VOCs. In
addition, the order of the HSP values of the GR/PMMA
sensor conformed to that of sensor response to VOCs. To
prove this mechanism, the swelling of the polymer was
analyzed by a fluorescence spectroscopy technique with the
change in fluorescence intensity in response to VOC.*® The
GR/PMMA sensor was analyzed before and after DCM
exposure for 10 min to obtain the spectra. The polymer layer
was swollen and the structure of the backbone of the polymer
changed after VOC adsorption, resulting in an increased in
emission spectral peaks. This change in the polymer gives
different information of emitted light. Figure 4 shows the
change in the fluorescence intensity in terms of the emission
intensity of the GR/PMMA sensor in response to DCM
vapor. Upon DCM exposure, the emission intensity of the
GR/PMMA sensor at 598 nm increased by 22.94%. These
results prove that the increase in emission intensity coincided
to the VOC-induced change in the shape of the polymer
backbone.

However, there are other factors for the sensing mecha-
nisms of the GR/PMMA and graphene sensors such as the
molecular size and dielectric constant of VOC. In the case
of molecular size,’” DCM molecules (63.8cm?/mol) are
smaller than acetone (74.0 cm®/mol), chloroform (80.7 cm?/
mol), and benzene (89.1cm’/mol) molecules; thus DCM
molecules can more likely penetrate the PMMA membrane
than other gases for the GR/PMMA sensor. In the case of the
graphene sensor, many DCM molecules come in contact onto
the surface because they are the smallest, so the change in

© 2018 The Japan Society of Applied Physics
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sensor resistance was larger than those for other VOC vapors. ~ 5)
Furthermore, the sensing mechanisms can be described in 6)
terms of dielectric constant, which involves the solvent
polarity of VOCs. The solvent polarities are in the order 7)
of:  benzene < chloroform < dichloromethane < acetone.*®
Molecules with higher polarity can hold the holes moving 8
along graphene layer, resulting in a large increase in electrical 9)
resistance and a high sensor response. However, the sensor
responses of the GR/PMMA and graphene sensors did not 10
conform to the dielectric constant in the case of acetone
detection, owing to the fact that the other factors mentioned  11)
above have greater effects. Thus, this work demonstrates the
GR/PMMA composite laminate on flexible substrate can ')
have practical applications as VOC sensors with high 13)
selectivity to DCM at room temperature. The sensor
performance could be improved by optimizing specimen  14)
preparation, such as thickness control and the type of 15)
polymer on graphene layer, is expected to yield significant
performance improvement, especially in terms of response  16)
time and selectivity to VOCs. i
4. Conclusions 18)
We successfully fabricated a VOC sensor using graphene
and PMMA composite laminates on a PET substrate. The 19
GR/PMMA and graphene sensors show the highest magni-
tude of sensor response to DCM showing in opposite signals. 20
The sensor response of the GR/PMMA sensor to DCM is 3
time higher than that graphene sensor. The GR/PMMA 21)
sensor shows low responses to acetone and chloroform, and
no response to benzene, owing to the PMMA layer acting as ~ 22)
a membrane selective to VOC molecules, resulting in the
selectivity improvement of VOCs. These results show the 2%
potential use of the GR/PMMA and graphene array for VOC
discrimination. In addition, the GR/PMMA and graphene  24)
sensors have limits of detection at 72.46 and 175.27 ppm,  25)
respectively. The sensing mechanism of the graphene sensor ig
was attributed to electron hopping on the defect sites of
graphene layer during VOC adsorption, while the sensing  28)
mechanism of the GR/PMMA sensor would be ascribed to
the polymer swelling and HSP. 29
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