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Abstract

This' special ‘project focuses deposition -of vanadium dioxide_ thin films on
Pyrex glass substrates: The thin films were prepared by the laboratory-made reactive
RF magnetron sputtering system using a vanadium target with a deposition time of 90
min. This sputtering system_is housed at Surface Physics and ‘Laser Research
Laboratory, department of Physics, faculty of Science KMITL. Fhe effect of RF power,
oxygen concentration and.annealing condition was investigated. The RF/powers were
100, 150 and 200:W.“The O, concentrations.of 10, 15, 30 and 40%, were used for
deposition and balanced with Ar gas to a-total flow rate of 25 se€m. After deposition,
the films were annealed under-atmoesphere and-vacuum eonditions. The films were
characterized by XRD, FTIR, Raman-and.UV-Vis-transmission spectroscopy. The XRD
patterns showed that the as-deposited films were amorphous. After post-annealing
treatment in air, they exhibited (101) and (201) planes of refraction. These planes
indexed on Pmmn space group with orthorhombic structure of V,0s structure. The
intensity of these planes increased with O, concentrations. After the as-deposited

amorphous thin films were annealed under vacuum conditions with a pressure
around 5.0x10° mbar and temperature of 170 °C, XRD patterns tended to show (011)

plane of refraction at 26 of 28°. This result suggested transforming the amorphous
V205 phase to VO, phase.

Keywords: Thermochromics, Vanadium Dioxide, Reactive RF Magnetron Sputtering
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2.1 Aauvnudedlasanlan

MULAgLLaZBRNT AU TAARUSEN AT finTdntasiivasesnoulazdadiuy
TEMineERBNTBULABUTUBaNTLIY (Stoichiometry) wangguluuLaznagdndIum sty
Fuiliddnvaslasiaomawdniuandrstueeniy Tnalassadefiannsaifatuseming
MUAENLALEBNTLAY 1Y V205 Uag V,0s lag V,05 aefilasiadaudnuuu orthorhombic 3
n1sulUUsEenaiuIIUMIeRIY Thermoelectric Wag photoconductivity [27,20] Turaei
VO, anunsaiilassadrimandnifuléifsiuu-Monoclinie uas Rutile sisiiauegfugamgi
UVDIANTNLINGDY Immﬁaqquﬁquﬂmaa VO, aziydsuann Monoclinic phase 1l Rutite
phase figuil 2.1 wag 2.2 FeflautFnrshlninuuarsisinifigamaiives uazaunsn
waeulassadrady Rutile 16 autEnmsiilislndifssdulanedeliugumgiigauig e
Inqeamisdedidaiies 68°C [22] ﬁagﬂﬁ 2.2 4 VO, Millazeatreuuy Rutile Haunsa
avvouddunsnsaldd Sallnstia vo, TUUseandlaifu Smart Windows [15, 18, 11] 3
whlfaunsaannslinduunesiaisnsuennameluiesls

(a) (b)

Uil 2.1 Tasea¥aniawdnaes VO, lasflgumgiivesasiilassadiandnifu Monoclinic
Phase uasiiloguugigelulassa¥ramdnidoudy Rutile Phase (a) Low-
temperature Monoclinic Phase (M1 Phase) (b) High-temperature Rutile Phase
(R phase) [26]
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JUN 2.2 /msasulassaingme VO, Wegamgiianisiuasuudag [13]

Tud 1985 tinIngIeanste Grangivst (161 Iiiauads Mmuideslnesnludiduian
uildtauiEfizandimeslilasin Aeaw salfeuulad@nugamiivgtaninuindonls
Felunardeunlgiinsdmsegnafununisdunisasnisidndaulasiannzediad
Smart Windows Taeiilagamgiivasanwandongeiifa 68 °C asdseayiniviinnisines
ovmenlmi ianmuAsuuadlassassananimitiusrsisiniinaedulang azanunse
Wasunduynduaisisiadilfiduidudoguvgifaianas Tnadadruntand
(Stoichiometry) sewitauiRsuRuesniautitaziitass poumgiinsuddu () fuansly
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aaeit 2.1 wanialaezinsuvenudenlasoniea wemadgun 2.3

o e | ) | ) a cdal o o] o
A199% 2.1 duURse JessisEssnituisuiueendauleandidadiunuansineiu

Materials CrystalStfu&urg ! P Lt’;i)Pomt Color
VO, (My) Monoclinic 67 1967 Dark blue
V2,05 Monoclinic -105 1970 Black
V09 (R) Tetragonal -138
VeOis Monoclinic -123 700
VO -147 Gray
Vi07 Monoclinic
V,05 Orthorhombic 375 685 Yellow
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t‘ o 3 -
iwdsunielam i Uugmgnas Saaiusanilanieannsguaunsnaall (chemical vapor
deposition, CVD)-v3anasuIaun1snAand (physical vapor depesition, PVD) n1siafiou
Hauneldanuiuggainiasiasnssuaunansiandudsiidu 2 35 Ao Bnnssemeans
: a v FR PEY & & Y oo &
(evaporation) Wilslaemsivaanuseuiuarsigenisiadeusunanalulefaddudunuly
anuaigvesllanu waglsnsadmeed (sputtering) vialdlaantsldaymandsaugiadivu
< ; - ¥ 4: = nlj ay 8
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Q. a oy & ﬂJA = = 1 ]
grusesfuiiaduiiduuns Tuvaendidnaseuniugiasiidiudieliannenatauiaunsa
o M ] = = ¥ = [+4 4 o o & [ -3
astedlaegniiiadasnin lnedrfinisleufigusnmileainiinies lagialuidufie



sendlaunielulnsiou Weteufedndrndiluezneuvesieiagiufizemianaiis
sznauvasasiifivgaosnuinliufiduvesarsuszneuuugiusesiu ditaddeinion
flduursludnuaigiifonia Reactive sputtering fsiulunawnioufiduuegiifienlulasd
feitsuenfinersienuuninseualnimeds Sednludeddeglidendunds (Aluminum
target) wavloumweinausiunumelulasiau dmiussvvalawesdlagimenatsuuy
Tassadrsidaudadiiuandsfulunarednuaziuegiunsldau ssuuallmmedeildiu
sgunsuatelutaglu wusnulaseainman 9 16 3 wiia Aa DC sputtering, RF sputtering
Way Magnetron sputtering Seusiasuuuiiseasdensil

2.2.1 DC Sputtering
syUUUgnTanu1akuu DC sputtering Usznaudaedaluila 2 $2919aunusy
léun target (cathode) uag substraté (anode) ﬁmamiugﬂﬁ 2.4 WA nssLanT S
usadulwihgaunnndt 1 kv asgnifaussvinedaliivisaesdeaagvinafulssum 2-3 cm
Tuvfesgayayina (vacuti chamben) TneiialufTear$netianu@u 0.1 - 1 mbar Qnldy
Ju sputtering gas

Vacuum Chamber

Substratel (anode)

o]

Af C‘f Vot

Taget| (cathode)

Argon Feed » —»

iE

1o Pump

EIW{ 2.4 DC Sputtering

warauazifatuiiledidnaseuygiivareeniiniaves cathode gniss
meaulinssuansadisuivezneuvesingesnau vnlviwersnauwandidunaiaun
§18nTEUIUATT impact ionization ALNUALYYYesnsEudloasuiva cathode audl
ArUszune 1 mA/cm? seuviilianunsalddu target Mfuauaulndild esanlda
nszuanssliasnsadumeinuawiuliiila



2.2.2 RF Sputtering

seuuUgnilduuneiuY RF sputtering ﬁiﬂiea%’wuamﬁ’agﬂﬁ 2.5 Usznausiy
F2lHA 2 Fr919vuruiu 16w tareet (cathode) was substrate WL afULUY DC
sputtering urlduvdadeidsinindumufeauingiidsgs Wermdgaludieszwing 0.5 -
1 kV, Audu1nnan 0.1 MHz) Unifleuldnanud 13.56 MHz ﬂ'ﬁ'ﬁ’aum‘lw“ﬁ'lﬂ’nuﬁqaﬁﬂﬁ
islenalunisvuiussvindildnmseuniegiifvosneuvasimitounndduwataul
a9t FatfussuuUgnduuILUY RF sputtering Faanunsavhanuldiaudusniinsdluas
DC sputtering 110 nanafeanunsavieuldfinnudusedu 10 mbar

nsdanduingmnudgadngssuu RF sputtering Sdudedldgunsaiuiu
3uuaud (impedance-matching network) 1iiasainlaeiialy rf power supply 9¢iidAn
Bufiuaud 50 Q lurasfinaraunazdduRuaudssudng 1 - 10 kQ szuuviudufiuaud
Tnevhlagdsenaufienes LC Hifamidantihda 1 fufulszauiuaild 1 & uas
FufiulseeApiifiienda blocking capacitor 1 3 #ieagiu target fauandlunaasdagui
2.6

Vacuum Chamber

Subs!ratel

[ RF Generator

Art

Matching
Network

Target | (cathode)

_¢ |

Argon Feed —»

=1

To Pump

gﬁﬁ 2.5 RF Sputtering

L Co
oYY Y|

Ry Cv ;f _ﬁ_ Rs
o

Rg: impedance of rf-generator, Cy: variable capacitor
Rs: impedance of rf-discharge, Cy: blocking capacitor

:Isﬂﬁ 2.6 Impedance matching network



é’l’fgty1mm'mﬁﬁ%'uﬁ‘mq%ﬁiashmwuﬂ%'uﬁuﬁumwﬁm’f’tzj target Jelpavialuazidl
Huilvuradnunndledieusu substrate wazsifsesgnyainmafidediunsnd arwlivindy
vesiuiivastalnfivdesmilenilfAedndininssuansedifuay (negative dc bias)
Fuil target AgruIniiuLeuwagauedliainaues rf power supply dndliilifudau
dfivilviAnnssuunmsatnnesetuil tarcet S target azfuauiilwihin

2.2.3 Magnetron Sputtering
5rUUUgnWduUIwUy Magnetron sputtering IFSuntsmuntusausd 1970
Wussuuiifidasinisugnitdugsluaniazangainiaaudui Saitldannseandymins
Yudeuadluldunn svuu Magnetron sputtering agiin1sldauuutindnsuduautulniq
Fawuunszuanss (do) wieaunsluiharainduing (0 Fldeuandadumandunldiety
Taseafrevesszuulgnilduuniuyu-Magnetron splttering Sivansguuuy uwiiidealduas

wAsluGansinillaseaia degui 2.7
Tﬂiqa%’wﬁqgﬂﬂisﬂauﬁ'aaamuiﬂﬁﬂuﬁﬁma&?qmﬂﬁu target TuAU
aunwimdnluimmneeanfuauiihuazauuiufuianes target Sidnnssuniogiiay
gnfiniu (trapping) Tagaumuiviamiliiadeuiigmianufiives target ulidnios wa
maamsﬁ’nﬁ’uaaﬁnmiauma‘ﬁﬁ%ﬁﬂﬁ!ﬁﬂwmamﬁﬁm'mwmuﬂqu%nmﬁ'uﬁwm target
o m3ldaunuuiininimnuszuuUgnauuILuy DC sputtering Uaz RF sputtering 9z

daelifssuufismesiiusAvBaimaedy

Target

il Annular Permanent
Magnet

Magnetic Pole Piece

Target (cathode) Target (cathode) Target
(b) (©) (d)

< = v . -
3UN 2.7 Magnetron Sputtering (a) 1A598579989 Magnetron Sputtering wuu DC %38 RF
a ' 2 | = a &
(b) - (d) AAvesdu Wi LazauNwlvanLAZA1TIAAD UNYDIBLENMTa U

navesauiniwarauuwliviniiniainfuasinl¥siSnnsourdeudily
frmesauAun1sedsuiiuuy cycloid (cycloidal motion) ﬁ’euam’iugﬂﬁ 2.7 (c) wag (d)
wuavasaunlwiuazaumudivinsiidiudwgysenisintudidnnseuliivile target 1y
luszuu DC magnetron sputtering Uaudngluiln 600 V un target $rufvauuusivgn
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9un 165 G azvinlididnasaugnintusgmilaiuiin target neluszee 0.5 cm Budy
Tunajuaesldauruutndniifinnuiduagseniag 200 - 500 G saufudndli
300 - 700 V ndlelaifiaunuusimdnuszana 10 wh inTudu 5 x 10 - 3 x 10 mtorr
FeagvinliiAnnszualossud target 58m319 4 - 60 mA/cm? Taeialu RF magnetron
sputtering 9¢iluszAnSameind1 DC magnetron sputtering Usvanainievile usagalsf
A1 RF magnetron sputtering fiausndulunisatnmesTaniiduaurulnii Tasszuy
RF Magnetron sputtering iimuntuiinnalvand anginenmans dantumaluladnsy
FpUNENIINUVIIITAIANTEUN

d1m3UsEUU RF magnetron sputtering ﬁiﬂsqa"i’ml,amﬁagﬂﬁ 2.8 Usznaume
2l 2 $27199uuu 18U target (cathode) was substrate Tay substrate gnansey
aumwimdniidnuasiagy udsinaddaliteiunnuiivg 13.56 MHz f1dsge (Louna
lutaesEning 0.5 - 1 k) asldaunalihmiudigaudiussauusimdnviliiiulona
Tunmsvufusznindidnaseuyegiiveynevesfeiousndadunarauifiiaiig
TTRLIERT

madgnitduunnnuaeslneenlinmedtiueanineisieviuuntnseualnmess
Vldlannslifi 2 viadefu fa feensnellasineaandiau-fwerinauagyimiiily
nsatlamefiaregneutadls Sduiliahild s wiulavsniudey naneonuazinns
swdhiuszaeuveteanduinglunaANILE NG IusesduN TR Bl uTIEIUNa
TuannenanauszdilaviTbieyauie gas phase species Moglunaauiiienilase
nsiiaRussniaaiidefu daduaufivemaian ) elinalnensuoautivesiiduuns

Vacuum Chamber

RF Generator

Matching
Network

]

Argonand O, __|
gas Inlet —

Magnetic Pole Piece

|

To Pump
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JU7 2.8 szuudgniiduunamnuiisulasenleddeisiueaiinensienuwuniinseuatnmeds
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2.3 aszuruntsiiansalanes

nsadalmes (sputter) Lﬂuniumumiw'NWanéashwfjaﬁLﬁm%uLﬁﬂﬁWﬁWﬂﬁﬁm’la
9 ﬂnwwiannnsumnmaaumwaqmuaq L2 laaauwumwmwaum%awamwaa
mwuwamﬂﬂuu 7 visazmeniiiaveudesgnnszdeenuniiorinnisruszisesney
ﬂivmumiua“mmu%mmsmawamimuummaqaumﬂwamuaw'Nm‘zfuﬂuauﬂ'maa
'JEQVIQﬂ“HU@N‘EUﬂ 2.9 sarUsznavvesmsalames laun Whaisedeu Ltazaqmﬂlaaau
ARG

leseunnnszny
LY

LT
LY

azneuminines
Ramnnh

.0.
‘ snaunqnﬂa

J = o ara
E‘LI'VI 2.9 nsyuaunisatlainesudeidnd

unszuaunrsaiinineditharsiefeuviuhmdudWeymandsnugdatrauaud
mivanudetsynauveiasiadsvanadsuuuuiusesiulrdayaandsaias feasiadivy
Whansindeundaiiliesnesreuthaisindsungaas ninUnfoyniandsugsdenadu
nananslih 1y damseu viessmettessansag q winisyilieynaaifunansindeny
gufiu 10 eV ilaldlunsruaumsatimesininlineudtseinismsuilsiidon fe n1aise
symaUszgnelFauluih Fsannsomurussiundsnylessuldpudanis Sidnaseu
Husymaniuszquianieiindsl#itdtazanusasalvindsaugoneliaunilnily wi
sidnaseuiunatiosnitevneuvesaisirievuniiliatsaomndsunasluwususe
sxmavasindsuiuluegislifiuseavinm warliausailinssuiunsatinmeiafaiu
16 samgquivaildndnisrusening 2 synrafiinisdaendauuaslumduivanay
Antuislainaveseynaisaesiisuihiu fufuisdadennisisdlessuvesieluaulih
Wueymedwutharsiadou AdisasnsUanUdesitharsiedougaismetuanudomnis

sumandanugdlussuualnmesiasdosgnuantuatsdaiies ieldnszuiunis
indeuasiintulfedwiaidesaulimumniiduuimudenis seilannsavldnane?s
wu msldeynenntulessuifiusinunsnaslessuludangs wiananainnszuaunis
Tndadarrda esnniiulessuiinaireudrsguuasllessuluiiuiiuay nszuaunisadame
3whlvlussivanamnssudsdenldnszurunisindanaidalunisndneyniandaatug
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2.3.1 sunsnsenseunintlessunasindiansedau
fawHrnsatiamesesiitmneiievildesnouveathaisindeunaneanin
wistlsfmuilelessundsugiwuimiirfanasdewavhliAnusngmsaling q fgud
2.10 l¥un msagieuiiiantiwedlessuy matanudesidnaseuraiians nnsilsvadlessy
nswasulasadwesinansindou waznisalmmesinisvuveslossuiiianind el
swazBondl
- msasieuiitaninveslessy (Reflected ions and neutrals) lossu
919azRiounduIInivt dedulngjazasiisusenuiluuves
svmpuiidunatmidliih Suinenmssudiuddnaseuiifiagh
a1swndau
- ﬂﬂ‘iﬂaﬁﬂﬁaﬂaﬁnmiauﬁﬂﬁam (Secondary electron emission)
MnmsvuvadlegsusinvilviinnisUanddesdidnnsouyailaasain
u’hmimﬁauﬁwlaaauﬁuﬁwé’emuqnwa
- nstlsavedloney (lon implantation) leseuiisyuitiansiadeu
Yulsoeuonailiiaadluaisiadsy Tasanudnussnisilasazulseiu
Tnoaseiundsnulosen Jeflaussna 10 A/ndsulessu 1 kev
dwiulaseuesfingersnauiitlsluinuans
- mnAsulasia e asinatsad au nsvutaslo aauULAIENS
wasuiliAanisis sessvapemeuiiinaisindeouln waziinAn iy
UnnseduadlasIas19uan (Lattice defect)
- maadameimsruvastessuiiiamindhemiilifianseuianis oy
wuuRelll g uvinliARnsUanUdesssnauainiiiasiadeu @
FunynszuIunsatinmess

Incident ion /
Reflected ions

& neutral
. Secondary electrons
/ @ sputtered atoms

Primary knock-on

sputlered atoms

surface

lattice atoms

o [9) aa | a i
'g'iJVI 2.10 ’E]uWiﬂ‘itl’lia’M'l'Ix'llE]aE]uLtﬁSN'JL‘l’j’]ﬁ']‘iLﬂaaU [12]
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2.3.2 nsnilianataun (Plasma Generation)
wmamma‘lnmﬂmmiﬁ]ﬂn’(mamau:wwaﬂ&l’luﬂ'iumun'rim%umaw 6] Ly
iu‘uua{‘]mmaiawmami,ammlaaauaumaumu WHudu n'iumum'im%umNaa‘uuwuﬁm
Tunsadrananauiuazautfveswanaun wwﬂwﬁwmwaqwaumquuummauwuﬂﬂamia
fuauifvananaun
wanaunintuilossnoznouvesfngldsundnuiwildiAnnisuandad
losaunierinliernaniusgluaniazgnnaziu (Excited Atom) Fafunislumatands
Usznaudagaynianan «q fie Positive lon (A+), Electron (e), Excited Atom (A%) 517
sznauvesfefililiinnisuania (A) laenszuauntmdn o Mildisianisuandaiiu fe
electron-impact ionization Tsfifien1sruresdidnnsauiiiindwufveznoufie lng
Biinnseursgandundsnunnunasiudaauniwihitdeuldtussuuuddemlituezpon
ArshenssuuuuhiBavdu (unissumhliisnsdawmndausaivedidnaseulug
sznonvesfalugiredsudndialddviunisunndadiuloasu) 31 electron-impact
ionization WWunsyusumsiddymiiliannzarsiunaiauasedaaluls
Temanseanuhssdufiavneuvesfagnmeluszuuanifanisuansaululesey
Tuagiulladoudn 4 desadeie Ae Wi uteBidansey tarauuanduiiadnaseu

LY

windeuiiimuiUozaautesing flenialunissuduagfuruinuesoznaufing Tnudn
wunegnanrastedivunlngiazilonalunissuiuidnase uainiu urluuiansd
98191TU NMsENNUGEYas H; cas Winanutlu H-atom ¢148 electron impact dissociation
tulenmalunstutulideudnaties ﬁqﬁﬁﬂﬁmﬁmmﬂmmﬂ‘[maqa‘um Hy tufiuunaidn nns
wallemavinlalaeldoynmafindasuiiemedy HH bond uaviluuanlngii electron 3
oymATimEENMING 11 A excited state uBvaTiney (Ar) dudunUsngnisaininaiiin
Penning effect InsuvasindnvosndsnuiinglWiiudidnsseunionsnseduividnnisuan
ﬁwaqﬁwﬁﬁuﬁﬁagjﬁwﬁu 3 Swnie Ao unasnalniiinseuanss (OC source) AduAaMd
g (Radio wave Frequency) wazARullAsAN (Microwave)
1) manssfunTsinnatsunAlsundsdnglinssuansy

warAuARTu 89 Ad s kR AR s Medelindinuainundsdtgla
n3zuanss (DC source) tuannsaidlagnTsdouisetiiinsswansiiudalniassdh
Tuidnaiilozmeuvesing sxmeuvasfngasiAnnisuanilfilesandidnaseuiignisede
aullwihdanaauiindsnannweiaduiuezneuveing an1IzvaNAIANITANEY LA
othafliafissnwiulaglossuiliiniuasfesgnisadrrusudausinaitevildian secondary
electron ua1 electron ma’1ﬁqxqm'§m’1’1§fmﬂuisuuLﬁawﬁ’uazmamaqﬁwﬁa‘m Falu
52UU DC plasma T.maﬁ”;‘lﬂasﬁmﬂauLL'Né'fu‘Lwﬁw'Lﬁﬁmqaﬁa 400 V 33d9%i11v Sample
Surface faansaguudaualnatugn sputtered Felavsundauiluse

2) msnszdunIsfianatdandieaduing

dwuwanauniiinainnisnseduieeauing daduiialdlulassrudfivems
fiuundesndananauviiaiuansinsan D plasma source assfiunasidandsanudu
Radio Frequency (RF) & RF source fildfulneiiluazsniannud 13.56 MHz ua field
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v { A I 2= = L2 1
strength 10V/cm gl electron tadeuiiegagladninavesauinlniinsnagnalu
1 = 5 d A = = ¢=!
939381 T/4 Bdnnseutiuaziadauiisaainuiia 2.1x108 cm.sec?, WoUNAYA 2.42 cm &9
a]sﬁ'l'[,ﬁa1,5nﬂsauﬁugﬂﬂﬁuwé’wmmm,méeﬁ'nﬁm ~11.3 eV Wiy Feldiiasnasanisi
Tezmaufiwaiineu (IE 15.7 eV) iian1suansidulessuld Tnanisuandivadlonaudie

a < a e 4 o o o <
RF source LAATULLBR1NBIANATaUNUAINSOdYaNNa91UlALIa991n RF source tHu AC
4 ae o va a v @ P a
source laglliadldnasouinasunigldansnavesduiuivi aluamenauruliidninnis
Waguiianednun1s electron vufiuamauLULEavguIsYlvdidnasautundoudaunduy
Tufirmadnwasuiimisarudvauulwidguiy Feinlvddnaseulindauiudud n
wazilledidnasoulindsiuuinnensau1nnin ionization energy vesazAY f18AnNATOU
| 4 87 s 1 1 o - a 1
indeuidruivezneulasdunisvuwuulianguazvihliiinnmsunnsafulesou Tageas
ANUUTINzaNtuegluge 10° - Lmbar
drunalnmsfawaraumiuiagiinanisuuvesdidnnsoudigniss uazvi
ThevmauiansuandiulossuduingfuiuLU LAY WewnBidnnsoulamunassialy
nsirdeuniganitlessuwsziminiiwiniiilemguivliessu Sedwaliluviseuaiy
d‘ e’j - 1 s é’ "] g’{ = n‘: di =1 ot
g1IAaUYBsvesEIN T TussRansAem LY asdndllitauauUs nat MR diaieuiy

¥ v
L s

wanau laedndlnidnantinedluszaunaiesealaad dauda Wil weaesFuia
Andluihaviunagigaleaaubiia thvuld wilunsdivasdndliila@naatuilssiadueg
w for al i o & J AN B & aAn e v
AuandulBagouvesnrunukuunszuandalwiy safufRvest Wil ldivinuagladn
o o a X o o o
Andlvihintuluudasdnsgnimndiganisy (2.1)

)
'i:[i“f—J 1)
VG ARF
do. Ve fndlaihtesthlithauandn
V. e Andliihrestswingualng
Ay f0 fufifavastaliihouandn (tharsiadeu)
4, PefuiRaetalviherielv eofusue?)

- ¢ . s i el - o v
Wauwvuwesidunsng 4, aeflunniiuiiiiveadarsindeuviale

[y} a8 a ' = ) P = w P
dndliAnssuansantrlwdissnadauiatssuindlafisuduasadiaisindsuniy

YY) = o - P a o ad a = a a
mwdiusanaunsi (2.1) Mmeannaiivhlinisfansaderauingeivsydninmgs
1 ' Y a ar 4 o9 v a a v v
A91 wazdswaliianisyuredlassuiuitaisedsuiiaviilviAnnszuiunisatnmas s

c‘é‘ |73 1 :E = = } 2 t.'] o 1 U
undupulusig muvukliureswananlifinann1siavisadieniuingaziinginingg
fiarin wandeteaniin1sRavsasauuninsou
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o ¢ s 3

2.4 walANAATIBRENUATBINANUN

weiafildlunisussfiuguanmesiiduuiniuiedlneenladildlulasanufiei
Usgnaume wallanisidgiuumeidiend awnlnalativessiuiu awnlvalalvesdd
dunsuIn wazawnlvalalvesnsdeinuuasdugitadiunmesiu Inedeyadiléannis
a ¢ 1 P - a a 1 a & «
ATIEN XRD pattern sgnsasiagn A YuALazUIUIUYBY phase #9 q MiluasAUsenau
agluildy, lattice constant Wag grain size duanivalalvessiuiunazaesisddunsitsn

- . = A 1 1 1

g3%Y atomic-bonding structure vasilauu luvnzfiawninalalvesnisdeinuuastiug

fagrumuaaiulddmiunisusuaniledifudvuasnisdodniunas faunasimalninannis
Aapalud

. A
2.4.1 MIIANITIEAUUYBISEDNG
- & o ¢ e a < «J-l a ¥ = o
wallan1sidenvuressidendilumataudenldlunsiinneilassaieadni
TiviraneBuaudnedne dualdetsunsuanaluanuduaiivasind@anin Tngldlunisnsiada
lassaievedluananiad q Tull Ae. 1913 1983 AUUAI 189 wusni wae Jadeu Lol wusni
inAdndvndinguldfnwansdeatuulaeldiidiond Fwifendnnisteinisunsnaenves
d v ¢ v a P = i -4 ala o a = =
raudediend lagadienddaluaduiinanliibifdndanuguinainnisinieunives
a < I ar ﬂl d‘ e ¥ o
dudnaseudignissluaumilwibifindwgwd st @nidslaveuin navesniseu
1 2 am ar =Y ar -4 b v w o & ot
neliiinsediand 2 ¥iln Ae Sedlondseiiies (Continuous X-Ray) Aiusediendianizéi
- . ar - : h r A 1 1 1 1
(Characteristic X-Ray) Ssdiandaziianisidaiuy (Diffraction) ifleNugetantesewintesneu
=t A 1 = q’: =
Tundn uaziilorduriulassashandnepnunasinnisunsnass (nterference) TauuuLasy
e a 4 s W aa
wazind1afu Aaguit 2.41 89 Faiden 1eu wusnd (Witiam Henry Bragg) fnildndena
s .‘JI A’ ar 1 s s a
sanguldsangnisidsanivesisdiendlulasaiwdnlias Sdlendasunsnaoniuuuuiasy
o a = o ! = ‘ﬂl -
UINNEARIalNITN S ILENIINUAAYITUVMIBALLANA NI IAUAAY (Path different)
° ' - & & ¢
Wudwauwihtesnnuenaduvesddend Bunngidn nguesuusnd Bragg’s law) [12]

Incident
plane wave

A v a dl =t
JUN 2.11 n1sennsEnulagn1saiouvesidiendniunguelusniNszuIvvemdnuay
Tnadmafiuwawvindu 2dsin@
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903Ut 2.11 Wisedmnnseuusis 2 dilanssiuvinngm @ fusvuiu Seifiinils
nsENUAUsTUULLILaTAsTisuBnuYINL @ AusPuty dufidiiaesnsgnusussuudaly
wazazsiousenuwigu 0 Auszuruiiass lnoFeddasasindoudiiiussesmadiniy
AB+BC uwisnaenfuaiudniivis dsnduisansdienaunsnaenuuuidiy uwuindrmie
wuuliinsanaiufls uidraslitinnsunsnaeauuuiadufusseznsiinduiadouiituumiu
sy (n) auiumuenAdy faunisdeluil

ni=AB+BC (2.2)
fsananuwasusuain ABz i
AB=dsinf (2.3)
losnn 4B =BC fuiuauntsii (2:3) 1AaulaT
nA=2A4B (2.4)

1 d q’ v
WNUAIRINENNTSN (2.3) adluaunisil (2.4) Azl

nA=2dsin@ (2.5)
AaiuaunTs (2.5) I0uAT1 NQUEMUINT (Brage’s law)
o - oo & 1% al
Wa | | » Aa d@ursansiloanuy daAnaud 1,23,
& o a ¥

A AR mseInauTesTdiend

d A0 STUENIIIEVINTEUIY

6 . A yuayvauninssuuuInitessdend Bzuiiuluannsevy

o a & A w a0 o )
ﬂ"l'il.l.'r‘l'ﬁﬂﬂaﬂﬂﬂﬂi'ﬂa"ﬂgLﬂﬂ‘ﬂuhﬂ'ﬂWgtﬁlﬂiﬂﬂl’ﬂa'ﬂu'ﬂw'}u‘i%u'l‘l_lLQW"I%W]']U'U

svule  lddaunsoneliAnnisidgawmeanely ssumulaisdiendnnndgnundanseids
sonIetIEERRTRINUNURILYINASENIT sTuVLUSAA (Brage plane) Wasynii3sdasiiay
viuszuivuuiuddannsenuisen umgmmu (Diffraction ariglé) FafiAduasuri
YoyuALYioY ALY (Intensity) 'um'saﬁmnwLammuuauumaw,wmwf| ILYNATIIN
#18 X-Ray diffract meter thAaBIUTinL LT nseilastasanan

s TE s lRELRs LA S ot JUkuunsdeauy
(Diffraction pattern ) wamslugy 2.12 wa“manwmuLawummmummﬁaa'riﬂi ﬂE]‘LJ‘Ei'N
gilafu INNTAEIUULEIUNIAEEARULUULESY ﬂ‘.l"l%.lL‘UlJ‘UEN‘NEILBﬂ‘Uﬂ'ﬂ”ﬂJﬂ'ﬂl’]ﬂ‘ﬁﬁ]u
dunalsniiluguuuunisidsaivy wasfiamandasusngiyudenuuiuane dmiusg
vidsarsuszneuriiadientiu uenviniimunirsesiindadmiuduiusfurunaveadandn
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° = ' da X o Y =
ATUIUNIVUIAVDIHANVDILAASINANMAATU Tﬂ&ﬂ:’dﬁuﬂqi Scherer A98UN1TY

2.6
kA
_ (2.6)
Pcosf
e D fa  wuievsudandn (Wiluwns)
k Ao AmsTiwesvedises e 0.9
A Ao anugmeduvesdidons (0.154 uluwng)
B A8 Full Width at Half Maximum (15tRewu)
6  fe  yuazviou (e9en)

——V,0,7——V,0, after reaction
I YOL. 7575 VOz afler reaction

10 20 30 40 50 60
20 (Deg)

é" af & ar 13 = s 1 o
Ui 2,12 nstataluuvesiiiond Sanitdnduvesiudeniusenlasdeiu [12)

=
2.4.2 \ATBINTININEITAIBATAANAUUEN
O v A |
LV - Vis spectrophotometer \iroefisfildluntsnsainusunamadutag
J I &l 1 J | A ar s &
uasyivzqruniegnganau laufeduiaitaglueiaile Amnuemaauladinudunus
s = = A ar 1 J L 1 -y = =
nulTuauavyiavesarsndiegluiied1s dslasdiulngiluasdunid arsellunsd was
o = - ' o - W .
a1sUsgneauldaunanninganfuuadutisaiineindunaild ludagtu WV - Vis
v ) vl d = £ o % o gad v
Spectrophotometer lasunsianlviiivuiaidnasuaziaultu vlildnadnsigndes
i o ﬁ. ﬂy =2 s 173 1 Qs d =
wazwsiudunndedu slufsmesfaulusunsuildmugiuniesdielunsianeiuagnns
| ] a o o 0 v ° v v v X
wimamematadug yiliausasluldeuldniedu

2.4.2.1 UV - Vis Spectrum
< 1 = o Y ] 4 ¥ & v o
Aauudmaniniduavawnadunsuddasauenaudu (sl
o o < = 1 = @ = = W
wnuukasidend) lWWaudgieanueninaue1aigun 2.13 (srudedlulasnnuasy
d a ! 1 = 4 1 <

AAUING) waswriduiesdudng dumilsvesnduudmanind Senug1aadu 400 - 800

WNUAT
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Wavelength 1A Inm  10nm lym 10pm 100pm 1mm 1cm
(m) IlD'u 10 10° 10% 107 10° 105 10¢ 10°% I].U'2 llU'l I10° |101 IIU2 IlCl3
Frequency

10 10 107 10% 0“ | 102 I0“| 101 mm 10°  10® 107 10° 10

(Hz) |

Wavenumber
(cm)
Gamma Hard Soft Radiowave
rays X-ray X-ray VHFI Short | Mid | Long
X Visible
Spectral Regions Light -

JUT 2.13 awnnSuvasnauudmanlui

2.4.2.2 UV - Vis Spectroscopy

waidla UV - Vis spectroscopy gnuinluldamusinsquinang \deadledl
vhamuundnmsiugiuiieu de paigniRlumspendulawesanilaluianaveiiatng
gnneshauadlugasiamiindsnumnzatazviiliddnaseunieluesnanianisganiu
uae uddsuannugluagluduiiiissdundsnugends faguit 2.4 Wevihmsinusinaves
waskuvieagiisunnfedhuiutueainivasuaiinnugaeaurinigg AU VD
Beer-Lambert A1N15QRNAULAMIEAT Absorbance Yosasagutlsiuiusuauluanaid
nsganduuas deuTsaunsasyyy e gUBianesansndegludiedld

Before During After
emission emission emission
Excite el E (L :
W
hy hy
W
Yicideq photon Va ¥ i
Ground leve! E, LAY
Atom in Atom in
excited state ground state

Ey —By=-AF<= hy

o

= a & 9 i v vo @
JUn 2.14 aLanmaumu’lua.,mamnﬂm‘:l.ﬂaﬂui Audunasy Waldsunasnuluns
nszduiifisane

2.4.23 UV - Vis Spectrophotometer
UV - Vis Spectrophotometer 1Juia3asfiefidimaiia UV - Vis
Spectroscopy Tlden nesiledvimiiilunsasaiaruduuasiiiiunieariouain
fegraTuifisufuanuduiasainunasduiamdos UV - Vis Spectrophotometer
Taevhluasiidiuusznoundn 4 16ud uvdstidauasnsniodelilulasunnedivadiuss
415910874 Laziadewmsaataunasiiiauaasdesliuasiinfiednaiiies Atould de
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vasavsamueilany Jeliuasiifinnueraaduludae 320 - 2,500 uiluwns sy
wnasindauasludiisdyialivasalslnsauvienasnmfiion ddiuadudisainuen
AdY 160 - 375 uiluwas wiasildanudstdatuaziiauenadunae s
Tilulasumefilumnssansuaseen isliuasizinlusimedefirnuenadudnien
ATIRBINTS ﬁﬁﬂﬁ]’lﬂ%ﬂﬁﬂﬂﬂ?’m‘c’_l’I'Jﬂguﬁ']Lﬁﬂ'ﬁ%ﬂjWulﬂgﬁL“daéﬁUiiﬁ]aﬂiﬁlE]EfNLLﬁ::ﬁ'l'i
W3suiiey (Cuvettes) Faiigusnenng q fusenly urlasdrulvgasdidnwasiundemss
Awvdenfuiidanuniensly 1 wufwns @edsndumsvesmaiureasdiiudhly
Tusetnsmungues Beer-Lambert) 1A384 UV - Vis Spectrophotometer uNguEsaly
viaaanaaaaiiu Cuvettes I 413U Cuvettes fivihannuiutenaradniudufidenldtu
Tl wisnnsaldldianslugauamnshiy uadudnithignaanduasiiumeihuiede
wduassmsIatn duduiriansiaiantenld leun PMT (Photomultiplier tube), Diode
arrays Uag CCDs (Charge Coupled Devices) taSavasviamsiuiinAraueninausanfua
suvBIsazANLNARUIRAN gAY NeTesAnAsuTlsRsdRdlugUTBINT IR WIN9RY
Absorbance wagAARTNENIAFY

(A3a4-UV-- Vi§ Spactrophotometer anasaud sy 2 syuu As
LUUS AR WOELUTEILANA dmsuirSesuuudasneaiuate il Suaniennn
unassdnsludasragweSosiletiasunisesnwuuliannsaldmuldieaznin uaydl
simlsiunann dansulatesiuudiudegiuuasazgniansenily 2 dh deuflagluanasuu
et Tnouasdmidesslfifiuduasddunsisnsresludiiede indesiofdunuy
fuaeuiuaEiiniamsaain 2 i tlefiagnsaeTauadsdaiasudeiimainiaedold
w¥oufu uiluyasjussiliadow nadailesdaiies Tasuasyisansd9261u Beam
Chopper Jaagvimiiifauasdmidsiiludisszosinamiuenisnsainiamnsonsiate
AAUANA 1 TDILAN AR IF L

2.4.3 watlayFeinsudnafudunsuseaiunlasslal

FTIR iWwwaliannaiy Infrared Spectroscopic 7iUseansnwlunissauun
Usslanvesa1sdunit aaseliunid uazWussialiluluana siuddatuisaveniisusuna
svAusznaufiliegluluianaussansuandiatneilslvisnurtiawiada FTIR difldsvozinalu
n1nsavdeutesniunaiadu-q lne FiRtiumailia Infrared Spectroscopic 14
Suwmedilelsiimes (Michenlson Interferometer) Tunsvinutiiiuenuasiinusanainivas
ussyansiedneenlumiueadudie 4 umslilululasuunes lunsdlveasiesile
FunTIALUUAANE TANVTBLUUE LA

gunIniBuwaiivelsiivies Usznaudie nszanuuustu (Planer mirror) 2 Uy
faneingudaantu Tasagsl 1 uiuaagfudl (Fixed mirror) luvasiinszandn 1 usuae
wasuiindulundumdearuiailufieneiinainfussuturesianssandingn (Mie
nadndouils Ae ndeuilvutufunszandnuduiiogiud) uenaindudslifuenduas
(Bearn splitter) ds319viyn 45 8ar1 agsEninenszanvvansuansiagudl 2.15 &9 Beam
splitter dazvhmihiluausnduasiosnunanuvasiidauadtiuensendy 2 daw namie
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o 1 . [ I . . = o
50% 03auaAs wnwqaE1U Beam splitter L1lUg Fixed mirror lunauz#idn 509% vesduaa
= a 1 a4 4 4
wde swinwlugnssanindoud

M,
= Fixed mirror

A

< Y Detector
My

A Beam splitter

v

=

Moving mirror

gﬂﬁ 215 ‘Michelson Interferometer

auunsnldiy Beam splitter tituildiivaddovui 1y Fe;05, Ge nfauag
VU89 TaR FUT8 18U Quartz, Ker, Csl 1iusu (Fuanslumisasii 2.2) Yenainiieswuin
UFIaUFUENIYeY Beam splitter 93ainavaits (Compensator) %atﬂuuﬁui’aqﬁﬁmﬂwm
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4.3.5 WaN1TIATIARUSINNNATIAIE FTIR Spectroscopy
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Abstract: VO, thin films featuring a metal-insulator transition (MIT) at 68 °C with a large
reversible tunability of the optical property have attracted great interest recently. Due to the
complex phase and valence states of the vanadium oxides, understanding. the microstructure
and optical properties of this material with different oxygen stoichiometries ‘has been
challenging. In this study, we show that confocal Raman microscopy mapping can resolve the
phase distribution in a large vanadium oxide thin film sample area, therefore providing a
useful tool for a structure-property relationship study of this material. A new Raman peak at
166 cm™ is observed in oxygen rich VO, films, which forms micron size islands-in the films,
and is attributed to the characteristic peak of V*"/V*" mixed valence states. The mixed valence
state structure exists in a large oxygen partial pressure window during thin film fabrication.
By joining the structural analysis and optical constants fitted by the Drude-Lorentz model
using effective medium theory, the influence of different phases and valence states to the
optical constants of the vanadium-oxide thin films is clearly observed. These results provide
in-depth understanding of the structure-optical property relationship of vanadium oxide thin
films,

©2016 Optical Society of America

OCIS codes: (160.0160) Materials; (160.4670) Optical materials; (160.4236) Nanomaterials.
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1. Introduction

VO, thin films showing a first order metal-insulator phase transition (MIT) at 68 °C have
attracted great research interest recently [1-3]. The phase of VO, can be reversibly changed
between a high-temperature tetragonal rutile phase and a low-temperature monoclinic phase
by MIT [4-7]. During this process, the material shows 3 to 5 orders of resistivity change. The
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optical constants in a wide wavelength range from visible to THz also varies significantly,
making this material highly attractive for photonic applications, such as uncooled
microbolometers [8], optical switch [9, 10], smart windows [11, 12], infrared camouflage [13]
and optical phase array applications [14,15]. A variety of fabrication methods including
pulsed laser deposition [16], sputtering [17], molecular beam epitaxy [18] and atomic layer
deposition [19, 20] have been reported for VO, thin film preparation. Due to the multi-
valence state characteristics of the vanadium ions, oxygen stoichiometry has been also
observed to significantly influence phase formation and the properties of vanadium oxides
[21-27]. On one hand, at different fabrication oxygen partial pressures, different phases of
vanadium oxides including V,0;, V,0,,, (Magneli phase), VO,, V,0,, +; (Wadsley phase)
and V,0s phases may co-exist in the thin film [28,29]; on the other hand, different valence
states of the vanadium ions can even be present in the same phase such as VO,, which cause
significant variation of the electrical and optical properties of the material [30-32]. These
complications make the study of strueture-property relationship very challenging for this
system. Material characterization methods such as X-ray diffraction, Transmission Electron
Microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) methods have been widely
applied for vanadium oxide thin film characterization. Yet they show limited capability to
access the phase and valence information in thin films both locally and on a large scale.
Confocal Raman microscopy on the other hand, show excellent spatial resolution down to
several hundred nanometers defined by the laser wavelength and Rayleigh diffraction limit
[33, 34]. It also shows the capability to resolve the characteristic bonds from different
bonding states, ‘therefore providing a useful way "to understand the _structure-property
relationship in vanadium oxides. In previous studies; this method was mostly used for
analyzing single point material properties of vanadium oxide thin films. Combining with the
spatial mapping capability and joining with optical spectroscopic analysis, this method can
provide more information such as phase/valence state distribution, MIT ‘process, structure-
optical property relationship efe. in a large sample area [35].

In this work, we report the study of phase evolution, MIT and optical properties of
vanadium oxide thin films. prepared by controlled oxidation of pulsed laser deposited VO,
thin films. In particular; we ivestigate the phase evolution of vanadium oxide thin films
fabricated under different oxygen. stoichiometry by confocal Raman microscopy mapping. By
investigating the intensity distribution of the characteristic Raman peaks; area distribution of
pure VO,, V,0s and V*'/V*" mixed valence state regions is observed for films'with different
oxygen stoichimotries. The structural influence on the optical properties and MIT process is
studied by fitting the optical constants of the vanadium oxide thin films using a Drude-
Lorentz model with the effective medium theory for both high temperature and low
temperature phases. It is found that the thin films with~composite phases show different
resonator oscillator energies compared to pure VO, and V,0s phases, which is attributed to
the different optical properties of the'mixed valence state regions.

2. Experimental details

VO, films were deposited on a SiO, (2 pm)/Si substrate by pulsed laser deposition using a
Twente Solid State Technology (TSST) manufactured laser MBE system equipped with a
Compex Pro 205 KrF pulsed laser operating at 248 nm wavelength. The substrates were
cleaned by acetone, ethanol and de-ionized water using ultrasonic cleaning before deposition.
A metallic vanadium target (Alfa Aesa, 99.99%) was used for laser ablation. Before
deposition, the chamber was pumped down to a base pressure of 5 x 10~ Pa. The oxygen
partial pressure and substrate temperature was kept at 0.67 Pa and room temperature
respectively during deposition. The laser fluence was maintained at around 1 J/em®. A target
to substrate distance of 5.5 cm and laser repetition rate of 10 Hz lead to deposition rate of 4.2
nm/min of the VO, thin films. After deposition, the films were transferred to a radiative
heating chamber and pumped to 2 x 107 Pa. The films were then annealed at 500 °C for 1
hour at different oxygen partial pressues of 60 Pa, 90 Pa, 150 Pa, 250 Pa, 350 Pa and 500 Pa
respectively to form vanadium oxide thin films with different oxidation states.
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Phase identification of the VO, thin films was carried out by X-ray diffraction (XRD) on a
Shimazu XRD-7000 X-ray diffractometer with Cu Ka radiation (A = 0.1542 nm). All film
thickness is determined to be 50 nm on a JEOL7600F field emission scanning electron
microscope (SEM). The morphology and surface roughness is characterized by atomic force
microscopy (AFM). The surface resistance is characterized using a four point probe equipped
with a temperature stage. Visible to near infrared optical constants below and above the MIT
temperature of the vanadium oxide thin films are measured using spectroscopic ellipsometry
(SE). A Drude-Lorentz model was used to model the optical constants of the vanadium oxide
thin films. Confocal Raman microscopy study of the phase transition process was carried out
on a Witec Alpha300R Raman microscopy equipped with a nitrogen protected temperature
stage during a phase transition cycle from room temperature 25 °C to 80 °C. A continuous
wave laser operating at 532 nm wavelength is used for Raman spectrum study. Raman
mapping of the phase evolution as a function of annealing oxygen partial pressure was carried
out. The mapping resolution is 500 nm-within a 10 ym by-10_pm mapping area. To prevent
laser induced MIT in VO, thin films, the power of the 532 nm laser-was kept below 2 mW.

3. Results and discussion
3.1 Structure and MIT behavior of the vanadium oxides-annealed at different PO,

Figure 1(a) shows the XRD spectra of vanadium oxide thin films deposited by PLD and
annealed at different oxygen partial pressures (PO,). A clear phase evelution from V,0; to
VO, to V,0s is observed with increasing the PQ,. For films annealed at 60 Pa, dominant V,05
phase is observed which shows strong (211) diffraction peaks at 20 = 24.31°. With increasing
PO; to 90 Pa, (011) diffraction of monoclinic VO,(M) phase appears, and the film becomes a
composite of V,0s and VO,(M). Further increase the pressure to 150 Pa, the film becomes
almost single phase of YO,(M) showing textured (011) diffraction peak at 28 = 27,85°, which
agrees well with previous reports [7,36]. Continuing increasing the annealing PO;, the film
changes to a composite of VO,(M) and V,0; phases, and finally ‘at 500 Pa, the film is fully
oxidized to V,Os. The room temperature (300 K) Raman spectra of films annealed at 150 Pa,
250 Pa and 350 Pa are shown in Fig. 1(b). For the 150 Pa annealed sample with the pure
VOz(M) phase, characteristic B, mode at 144 em™" and A, modes at 193 em™" 223 cm 7, 311

', 389 cm ™ and 613 cm™ are observed [37,38). For Ftd annealed at250 Pa and 350 Pa,
strong Raman scattering peaks of the V,0s phase are observed at 143 em™, 283.cm™ and 703
cm™ respectively. [39]. The peak intensity, increases with increasing the' annealing PO,,
suggestlng a higher phase volume concentration of V,Os. Interestingly, a Raman peak at 166

! is observed in the 250 Pa annealed sample. This peak not belonging to any lattice
v1brat1on modes in pure VOy(M) and V,0s phases, was actually observed in vanadate
nanotubes (VONTS) with similar Raman shift wave number of 162 em~' [40-42]. According
to the prewous reports [40-43], this mode is strongly associated to the mixed valence state of
V* and V¥, which dlsappeared with_oxidizing the sample to_pure V,0s. Therefore, the
appearance of this peak is an indication.of V*"and V°* mixed valence states in the samples.
Detailed study of the distribution mapping of Raman peaks with PO, will be discussed later in
this paper. The surface morphology of the 150 Pa annealed sample show homogenous
granular structure with a surface roughness of around 5 nm, as shown in the AFM image in
Fig. 1(c).
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Fig. 1. (@) XRD spectra of vanadium oxide thin films annealed at different oxygen-partial
pressures. (b) Raman spectra of the vanadium oxide thin films oxidized at 150 Pa, 250 Pa and
350 Pa. (c) Surface morphology of a VO2 thin film (150 Pa anneal) studied by AFM (d) The
temperature-dependence of the electrical resistivity of vanadium oxide thin films oxidized-at
various oxygen partial pressures.

Electrical-resistivity versus temperature curve for the 150 Pa, 250 Pa and 350 Pa annealed
samples are shown in Fig. 1.(d). About 3 orders of resistivity change is-observed in the 150 Pa
annealed sample, suggesting the VO;(M) phase purity of this film. The MIT temperature
(Tyar) for the 150 Pa annealed film is around 58 °C, which is lower than the bulk VO, Tygr of
68 °C, suggesting this material is slightly oxygen-deficient [44,45]. The 6xygen vacancies
create donor levels between the V 3d; bands and the O 2p n* bands. Thermally excited free
electrons from the doners oceupy the n* bands, therefore lowering the MIT temperature [44].
With increasing the oxygen partial pressure, the Twar approaches the bulk value. The
hysteresis becomes noticeably wider, the resistance change amplitude due to MIT becomes
clearly smaller, and the film resistance increases both for the high temperature and low
temperature phases. Such behavior has been attributed to-the change of major point defects

from Yo donors to ¥ acceptors with increasing PO,, which eliminates the oxygen vacancy

donors and the excess electrons in the n* bands [46,47]. The higher resistivity, and smaller
resistivity change amplitude has been attributed to the semiconducting V,Os incorporation
with no MIT effect and higher resistivity [48]. The origin of wider hysteresis has been
attributed to multiple origins, including the formation of V,Os phases impeding the MIT
process [27,48], the distribution of the VO, grain sizes and a consequentially size controlled
nucleation and growth process during MIT [49]. However, the microsctructural origin of the
above mentioned hysteresis variations as a function of PO, has not been reported. As will be
shown in the following section, we use confocal Raman microscopy mapping to provide
insights to the structural details of the phase evolution and MIT process of the vanadium
oxide thin films as a function of PO,.
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3.2 Confocal Raman microscopy mapping study of the phase evolution, metal
insulator transition in vanadium oxide thin films

Figure 2 shows the confocal Raman microscopy mapping of three characteristic Raman peak
intensities, i.e. 193 cm™ for VO,(M), 143 cm™ for V,0s and 166 cm™ for the mixed valence
regions, for 3 samples annealed at 150 Pa, 250 Pa and 350 Pa respectively. In all figures we
arranged the color coding, so that Raman scattering at 193 cm™ from the pure VO,(M) phase
is indicated by bright, flat regions, whereas non-VO, phases or mixed valence regions are
indicated as dark, high peaks. That is, for the 193 cm™ peak from VO,(M), we plot the low
intensity regions as dark and high peaks; whereas for the 143 cm™ and 166 cm™ peaks from
V,0s and V*/V¥, we plot the high intensity regions as dark and high peaks.
Characterizations of the 3 peaks are taken at the same 10 pum x 10 um regions for the same
sample, with a spatial resolution of 500 nm and integration time of 2 seconds for each point.
For the 150 Pa annealed sample, the 193 ¢m™" peak-intensity shows homogeneous distribution
ranging from 900 to 1400 CCD counts across the mapping area as.shown in Fig. 2(a) The
intensity variation may come from the polycrystalline nature of the film; as well as the slight
laser focal point and sample temperature variations during the test. No strong. 143 cm™ or 166
cm™’ peak is observed across the scanning area(below 240-and 80-CCD counts respectively),
indicating few V,Os phases-or mixed valence state regions are present in this sample.

Non-VO: phases Non-VO: phases

1400

193 cm!

| B
143 cm” (8 §

8 ) 311N % (9) '

150 Pa 250 Pa 350 Pa

Fig. 2. Confocal Raman microscopy mapping of the intensities of characteristic Raman
scattering peaks at 193 em™, 143 cm™ and166 cm™ for vanadium oxide thin films oxidized at
various oxygen partial pressures.

For the 250 Pa annealed sample, clear non-VO, region is observed in the 193 cm™ peak
intensity mapping in Fig. 2(b), accompanied by clear 143 cm™ and 166 cm™ peaks shown in
Figs. 2(d) and 2(f). Interestingly, the peak distribution does not match with the 143 cm™ peak
distribution from V,O;s as shown in Fig. 2(d), indicating that a simple VO,-V,0s composite
scenario is not enough to describe the microsctructure of this thin film. For the 143 cm™ peak
mapping in Fig. 2(d), the peak intensity is clearly enhanced across the scanning area,
suggesting V,0s is homogeneously distributed across the sample. On the other hand, the low
intensity 193 em™ peak positions match well with the high intensities of the 166 cm™ peaks,
as shown in Fig. 2(f). In fact, the high intensity regions of the 166 cm™ peak shown in Fig.
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2(f) also match with the low intensity regions of the 143 cm™ peak in Fig. 2(d). Interestingly,
these mixed valence state regions form micron scale island structures in the film. The
intensity mapping of the 143 cm™, 166 cm™ and 193 cm™ peaks in Fig. 2(b), 2(d) and 2(f)
indicate a composite material scenario of the 250 Pa annealed sample with pure VO(M),
V,0s and mixed V*/V** valence state regions. Since XRD in Fig. 1(a) shows only VO,(M) or
V,0s phases in this sample, the V*/V** valence state regions may be present either in VO, or
V05 phases by adopting the following defect chemistry reactions:

4V) +0,—2207 + Vi +4V; (inV0,)
v 2 (] v 2

; 6]
0, —’&»%02 + V' 4V, (inV,0;)

where the roman type “V” in the above formulas stands for vacancies, and the italic type “V”
stands for vanadium. The different equilibrium-oxygen partial pressure of VO, and V,Os
phases make above reaction possible at intermediate annealing PO, [50]. The vanadium
vacancies in VO, and oxygen vacancies in V,0s creates acceptor and donor levels in the host
material lattice, whereas the holes and electrons are trapped by the V** or V** ions to form V**
and V*' ions respectively. Further discussion on the influence of this material microstructure
on the optical properties will be presented later in this paper.
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Fig. 3. Temperature dependent Raman spectrum for vanadium oxide thin film oxidized at 250
Pa at the range of 120 cm™ to 280 cm™ during heating the sample from 45 °C to 85 °C. The
inset shows the peak intensity versus characterization temperature for the 193 cni™* peak.

With further increasing the annealing PO, to 350 Pa, non-VOj; phase region with low 193
cm™' peak intensity continues increasing, as-shown inFig. 2(c). Meanwhile, the intensity of
the 143 cm™ Raman peak from the V,0s phase significantly increases as shown in Fig. 2(e).
However, some mixed valence regions with strong 166 cm™ peak intensity can still be
observed as shown in Fig. 2(g). Therefore the film is also a VO,/V,0s/mixed valence state
composite with higher volume concentration of the V,0Os phase. These Raman mapping
results suggest the following phase evolution process in vanadium oxide thin films when
increasing PO,: With excess oxygen incorporation in the lattice, the V>* valence ions are
firstly formed in the VO, lattice. As further increasing PO,, V,0s phases nucleate and grow
from V** rich regions together with part of vanadium ions in the V* valence state due to a
relatively low PO, for V,0s growth. In a wide PO, range, VO,(M) and V,0s phases coexist,
whereas V*'/V>" mixed valence state regions are also present in these phases. When PO, is
high enough, the material transforms to a pure V,0s phase.
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To elucidate the influence of different phases and valence states on the MIT process of
VO,, we characterized the Raman spectrum during MIT of the 250 Pa annealed sample in a
heating process from 28 °C to 80 °C, as shown in Fig. 3. Due to temperature variation induced
focal point variation, we could not obtain accurate intensity mapping results during the
temperature ramping process with a high magnification objective lens (NA = 0.9, 100 x ,
Zeiss). Instead, we collected the Raman spectrum from a larger sample area with a lower
magnification lens (NA = 0.75, 50 x , Zeiss) to cover all the different phases and valence state
regions. As shown in Fig. 3, with increasing temperature across the Ty, the 193 cm™ and
223 cm™ peaks from the VO, (M) phase diminish due to the monoclinic to tetragonal phase
transition in this material, consistent with other reports [51,52]. The 143 cm™ peak mostly
from V,0;s show little intensity variation as no MIT is taking place in this phase. The 166
cm™' peak partly decreases its intensity with increasing the temperature above Tyqr. However
it is not consistent with the 193 cm™ peak intensity-variation. For example from 45 °C to 64
°C the intensity of the 193 cm™ peak significantly decreases, whereas the intensity for the 166
cm™' peak remains comparable. This peak is also not diminished-at'85 °C like other peaks
from the VO, phase. Measuring the Raman spectrum of the sample after cooling down to
room temperature show much lower. intensity of the peak at 166 cm ' (data not shown),
indicating a decomposition process of the V**/V** structure instead of phase transition caused
intensity variation.” This phenomenon - has actually ‘been reported before 'in. vanadium
nanotubes, where oxidation of the V*' jons to V°" at high temperatures was observed [53].
Therefore, from temperature dependent Raman spectrum study, both the V,0s phase and the
V*/V*" mixed valence state regions do not show MIT; which impedes the nucleation and
growth of the metallic rutile VO,(T) phases. The inset of Fig. 3 shows the 193 . cm™ peak
intensity variation as a function. of sample temperature ‘during heating. A wide phase
transition temperature range is observed, which matches with the sheet resistance versus
temperature curve of this sample in Fig. 1(d).

3.3 Optical properties of vanadium oxide thin films annealed under different PO,
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Fig. 4. (a) Index of refraction and (b) extinction ratio of vanadium oxide thin films fabricated
under different oxygen partial pressures, for both the insulator (25 °C) and the metal (85 °C)
states.

Figure 4(a) and 4(b) shows the index of refraction and extinction coefficient of vanadium
oxide thin films oxidized under different PO, measured by spectrometric ellipsometry.
Optical constants at both 25 °C (insulator phase) and 85 °C (metal phase) are characterized.
Both the refractive index and the extinction coefficient show first increase, then decrease
behavior with increasing the annealing PO,.The refractive index decreases for the metallic
state, whereas the extinction coefficient spectrum shift to longer wavelengths in the metallic
state. Higher extinction coefficient is observed near the infrared wavelengths for the metallic
state [54]. The amplitude of phase transition induced refractive index and extinction
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coefficient change decreases with increasing the annealing PO,, due to the presence of non-
phase changing V,0s phases and mixed valence state regions for films prepared at high PO,.

To further understand the optical properties of these films, we used Drude-Lorentz model
and effective medium theory to fit the optical constants of the films prepared under different
PO,. In particular, we fit the optical constants of the end members: the V,Os thin film
prepared at PO, = 500 Pa and the VO, thin film prepared at PO, = 150 Pa, as well as the film
with mixed phases prepared at PO, = 250 Pa. For the pure VO, phase, we use the following
classical Drude-Lorentz model:

@, +
@’ —iwy,

S,
Seata o

Ew)=¢g —ig,=¢€_—

where £, is the dielectric constant under high-frequencies, w, is the plasma frequency, y, is

the collision frequency of free carriers, wy is the k™ oscillator frequency, Sy is the resonant
amplitude factor intensity of the k™ oscillator, T, is the damping factor of the k™ oscillator.
For pure V,0s, we use the Lorentz model as follows:

s
& il o,

5(03)=31—f€z=5~+2w;_ 3)

where, w;, I'; and S; correspond to the ™ oscillator frequency, damping factor and resonance
amplitude factor for the V,0Os phase respectively. For the mixed phase thin film prepared at
PO, = 250 Pa, we use the effective medium theory [55] with the following expression for its
dielectric constants:

5, @, 5,4
e+ o = : 4
i | - f[;#—#+iwhq o ~iay, \¥ nga)j—afﬂafjwj( )
where f is a fitting parameter which is related to the volume fraction of VO, ifi the mixed

phase, whereas (1-/) is related to the V05 phase volume fraction. The experimental dielectric
constants for these three samples are obtained by using the following equation:
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Fig. 5. Experimental and Drude-Lorentz model fitted spectrum of real and imaginary parts of
the dielectric constant for (a) V205 (b),(c) VO, fabricated at PO, = 150 Pa and (d),(e) vanadium
oxide with VO, and V,0s composite phases fabricated at PO, = 250 Pa, for both the metal and

insulator states.
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The fitting results are shown in Fig. 5 above. As shown in all figures, the experimental
results and the fitted dielectric constants match well with each other both for the high
temperature metallic state and the low temperature insulator state. The optical constants of
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pure VO, and V,0s phases also match with previous reports [56, 57]. The fitting parameters
are summarized in Table 1. Compared to previous reports of VO, [58] and V,0s thin films
[59], the oscillator frequencies and damping factors match very well for films with pure VO,
phases (150 Pa) and V,Os phases (500 Pa). For example, the high frequency dielectric
constant is 4.128 and 3.957 for VO, at the metal and insulator state respectively, matching
with previous reported values of 4.26 and 3.95 for a 100 nmVO, thin film on a sapphire
substrate. Detailed comparison can be made between Table 1 and Fig. 5, Fig. 6 for VO, in ref.
58 and Flg 3 for V.05 in ref.59.
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Fig. 6. Comparison of the resonance oscillator energies used for fitting the pure VO, (150 Pa)
and V;0s (500 Pa) phases (black dots) and for the vanadium oxide with VO, and V;0;
composite structure (250 Pa) (red circles) for both the (a) insulator and (b) metal states.

Next, we focus on the optical propetties of the film fabricated at PO5= 250 Pa with both
VO, and V;05 phases. The fitting parameters are summarized in Table 2, and the comparison
between the resonator oscillator frequencies are shown in Fig. 6. The f parameter related to
the volume congentration of the VO phase is fitted to be 0.8065, indicating most of the film
is still the VO, phase, consistent with Raman intensity mapping results shown in Fig. 2. It is
clear that the optical property of the film with both VO, and V,0s phases can be well fitted
using the effective medium theory described by Eq. (4) for both T<Tyqr and T>Tyyr cases.
However the resonance frequency show differences compared to pure VO; and V,0s phase.
At T<Tyr, the oscillator frequencies at 5.72 eV for the ' VO, phase shift to lower energies of
4.87 eV, and the oscillator frequencies.at 2.98 eV and 4.32 eV for the V,0;s phase shift to 2.57
eV and 3.62 eV respectively. There are also slight frequency changes for other resonance
oscillators of the VO, phase. These differences may indicate the influence of the mixed
valence state regions as measured in Fig. 2. At T>Tyr, the oscillator frequencies almost
match with pure metallic VO, phase, whereas the oscillator frequency at 5.33 eV for the V,0s
phase shifts to 7.21 eV. The less variation of the optical property of the metallic VO, phase
further suggests that the mixed valence state regions do not participate in the MIT process,
which show less influence to the optical properties of the metallic VO, but stronger influence
to the optical property of the V,0s5 phase at higher temperatures.
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Table 1 Parameters of Drude-Lorentz Model of VO, and V,05

Resonance oscillator 1 2 3 4 5 6 7

Sy 0.545 0.427 0.683 0.628 1.543 1.340 1.030
Oy 1.250 1.436 1.683 3.036 3.444 4.040 5.729

Sample 1
VO.T<Tq) ~Tuen 0536 0483 2683 038 0353 0461 0533

£.=4.128

Sk 3.683 1.121 1: 152 1.394
Oyevy - 0:888 2.939 3.420 4454

Sample 1
VO,(T>Tc) Ny  1.069 0.318 0.334 0.247

£73.950 o, =3.479 eV Yo=0.296 eV

Se 1228 0.795 0.086 0176

Sample 2
V205 gev] -~ 2988 3368 4.329 5332

Table 2 Parameters of Drude-Lorentz Model of vanadium oxide composite

Resonance oscillator 1 2 3 4 5 6 7 8 9 10 11

Sk 1.642° 0673 0.699 0302 ~1.058 1372 /0.843 0.970 0‘759' 0.700 0.681

@ifev) 0562 05970 1196 2878 3205 4371 4.865 2566 3.545. 5604 3.625

Composite

T jevy 0.686 0502 0651 0520 0218 0377 0.034-°0949 0100 0521 1.058
(T<Tc)

€.=3.944 J=0.8065

Sk 1.641 0599 1436 0994 1298 0126 0.732 0.567

Wxfev) 0.818 3.082 3.379 4213 3317 3477 4.579 7219
Composite

Tiev 0.767 0.624 0.388 0.562 0.277 0529 0.064 0.502
(T>Tc)

€.=3.883 ®;=3.620 eV Y,=0.114 eV JF0.8065
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4. Conclusion

In summary, vanadium oxide thin films with different oxygen stoichiometries are fabricated
by pulsed laser deposition and oxidation. A clear phase transition from V,0; to VO,(M) to
V,0s phases is observed with increasing the annealing oxygen partial pressure. Confocal
Raman microscopy mapping is demonstrated to be a useful tool for analyzing the phase
distribution, and metal insulator phase transition process of the vanadium oxide thin films. A
new Raman peak at 166 cm™ is observed, which is attributed to the presence of V*'/V*
mixed valence state regions in VO, and V,0s phases. These regions do not participate in the
metal insulator phase transition process as indicated by its persistent peak intensity up to high
temperatures. The optical property of the vanadium oxide thin films fitted by Drude-Lorentz
model and effective medium theory confirms the influence of V,0s, VO, and mixed valence
state regions to the material optical properties. These findings provide insights for
understanding the phase evolution, MIT process and optical properties of the vanadium oxide
thin film systems with different oxygen stoichiometries.
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