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Abstract

The two objectives in this special project are to study of effect of time and
temperature in a post-annealing process on the formation of vanadium oxide films
and to dope magnesium into the films by co-sputtering technique. In addition, the
co-sputtering system composed of two-magnetron heads; one for a vanadium target
and the other one for a magnesium target was designed and developed in this
project. After deposition, the films were annealed under vacuum conditions and then
were characterized by XRD, FESEM, Raman and UV-Vis transmission spectroscopy.
During the period development of the co-sputtering system, the films were
deposited from an old-RF magnetron head to determine an optimized condition in
the annealing process to achieve the desired phase of the undoped films. After
finishing the development, the magnesium was doped into the VO, films by the co-
sputtering system. The RF power supplied to the Mg target was investigated. The XRD
patterns showed that the as-deposited films were amorphous. After post-annealing
with a temperature of 500 °C for 15 hr, they exhibited planes of refractions that were
indexed to VO, (A) phase. For the co-sputtering system, it was found that the Mg
doping with the RF power more than 35 W resulted in MgO formation in the films.

Keywords : Co-sputtering, Thermochromic, Vanadiumdioxide, RF reactive magnetron

Sputtering
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fiduuaiilaiilassairadu vo, udr fduuadildazgniwiliusomaiala-adnnede
(Co-sputtering) Tudruvnsszuula-adnneose (Co-sputtering) Juluszuvadnmesed
anunsaldilhansiadou (Target) Mifuuvasiidalooouassinnioufudsanunsaviiliugn
Fduuraneslulasinveruisulneanleafiinislay (Doping) arsuwuniideu (Mg) lny
nsivasuunddendn luluiiduunaiuitefiasinsiuanlavesiiduuazinnisanan
oaumgiluAsuuasanug (transmission temperature) YasiduuIn LA lnoonlyd
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2) fewawiszuula-adawmesatasinisindeuiiduuinuiedlaeenlesmessuy
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3) ievhmsinuasiisisiaudivesiiduuisdiemaiianisiaguuresddiend
(X-ray Diffraction Spectroscopy) awnlnsalnUvesnisdesriuuaslugrugivazmuoiiu
(UV-Visible Transmission Spectroscopy) tnatiasiutuatdninsalny (Raman

Spectroscopy) LLaszﬂﬁﬂﬁ;amiﬁﬂaLﬁﬂmamw‘uﬁmﬂi’m (FE-SEM)
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VOB HaZUILNNLITD

2.1 Wauureruheulasanlan

'
[ a

AUV A9 TUVDITAANTANUNUIRILATEAUU I LURSDIUnanslulAsIUAS LA

9

a aj s 1 a ¢ v PN a a ¢ =
MnNsEUIUNIWTELTIduNe) Tduunsgnuszendldunianlugaamvnssudasehvgansia

o

Tduazaunsalierinueians (Optical component) NM15UgNYIaNTITATIHANUIRIUY
dg" a o U a v EQAI 1 o
WUNIYDNIAATDITU (substrate) WINQUITAIANLANAINNY
Tudruvesilauuiniufsueenlen 1URENLALDDNTIUEINITaANSINANUSLIAT
nanvateguluy luudazsUluureInsIasesiivesasnauluegiudndiusening
MNiuieniueendauiiazyinlrlianvauzvedlassaiiwdniuand19iuly wu VO, V,0; uay
V,0s 10e V,05 Hlaseas1andnuwuueasisseuta (Orthorhombic) Urluussendduanu
N9 U esludLannsn (Thermoelectric) way @n1wn15uuLae (Photoconductivity)

(21,17 luwauzi VO, amnsadlassasimawdnidulavisuululuadia (Monoclinic) uagg

Ind (Rutile) Feuusgiiugaumgivesaninuindey lnullogamgigunares VO, asiasu

9 Y

911 Monoclinic phase 18U Rutile phase Aegu7 2.1 agdiaudAnisinlniluuuansisiaiag

gaungivies wazanunsaldsulassadradu Rutile b9 aud@insinliiilndidesiulanzifle

l9sugumngiigeuiagningnAmileds

¥
= 4

wUU Rutile Hanusaagyiousa@dunsisnlad VO, 3saruisairluuszandldidunszan

a0 =

fiAfies 68° C [18] fagUTt 2.2 81 VO, fitllassadi

Y

9a2358% (Smart window) [13,16,8] 9291 1A@1U150T2388ANISbT WA I9T1UVD 4

WWsasUSUaINAN e luiagle

{a) Monoclinic phase

{b) Tetragonal (rutile) phase
'a’ N
i N‘I tarn
n PP o ﬁ;;‘?l
i | | |
', J_f*J_fiJ_T*J'_‘
L
JUT 2.1 Taseasnannandnves VO, Insgangiiviesaziilassad1ailu Monoclinic Phase
waziliogamgligeuulaseairandniuasudu Rutile Phase [20]
(@) Low-temperature Monoclinic Phase (M1 phase)

(b) High-temperature Rutile Phase (R phase)



(a) (b)

V-V zigzag chains a V-V linear chains
'

L =03160m o R

A
L Dimer
- id,  =0.262am )

_—
~
S

,

Semiconducting ™

Monoclinic YO,(M) e Metallic

Rutile VO,(R)

Electrical resistance (ocm)
L a3

.,(

20 40 & 0 100 120
Temperature (*C)

5UN 2.2 Mmswaeulaseasnewas VO, egamaiiiianisiasuudas [10]

Tu¥ 1985 tnInenmansde Grangivst [14] ladnaued Mudeulaeenledluia
nilandauaudansendt meslulasin Asaunsadeunlasdnuaungilvesaninuindon
lagaaauladnistiandssyndiuaun1esiun1sannislenasulaeanizog19e

Smart Windows 1agtilogaun)ivasanInuinaeuaiduia 68° C azdanailvinisdnises

=< o o

azmaulni 1Ann1sasunladlassasiaananmwiiduansneditnatedulany wazaiunse

Wasundvunduaisfedidnduinuld Wegunglifidianas lnedadiuniund

a a

(Stoichiometry) senienuiRgaiueanTIULLAziINaA DUNY NI BT (To) Astandly

Y

M5 2.1 wazlalnezunsuvesiudsulneenlen wansiagui 2.3

A197°97 2.1 aNURA19VDINUSZITNINIUABUNUBBNTBLIUNTFAF UNUANFAINU

Materials | Crystal Structure | Tc (° O) Melting Point (° C) Color
VO,(M,) Monoclinic 67 1967 Dark blue
V,05 Monoclinic -105 1970 Black

V504 (R) Tetragonal -138
VO3 Monoclinic -123 700
VO =147 Gray
V304 Monoclinic
V5,05 Orthorhombic 375 685 Yellow
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T
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N
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(-01%) bueng

Tensile stress P (GPa)
(=1
n
T

o
T

—‘!j"I <105 -0

02}

Temperature (°C)

UM 2.3 wlalaazunsuvasrufsulaoanlyn

= ap ¢
2.2 m3Aasunauus [4]
= a s [ Ao v s A a a a = a
NSt UNANUIRTUNTEUIUNTVIIRQUSTERANBLWNUSEENE A TWUIDIUAB WL USY
anUAnnen wiiavesTagluatu laevinldsgiimdiduansaeiunserdransiedeu
(target) LAGBUAIUURITANTDI5U (substrate) auindulduuafiauvunseivuluwnsh

a s

lulasiuns 35n1stAdaudnuieatunsa wudls 2 35 Ae nssurunisweaaulaldailand

(Physical vapor deposition, PVD) funszuaunisiaaauleldaiail (Chemical vapor

aaa IS

deposition, CVD) n1stadeusmelewaadl llumatianisindeuiiondeuiizemianiivinli

aa

PN [ I~ Y [y 1 A ¥ a 6 & a
ms‘maqiuamuﬂamﬂaammaawma@smiu ﬁ’JUﬂ’ﬁLﬂa@Uﬂ’JﬁJl@LGZNWﬁﬂﬁLUUL‘VIﬂUﬂﬂ’]i

wdsuviliithansindounateidulenasanasipdeuuuiansossu

Thin Film Process
I

Chemical vapor Physical vapor
deposition process deposition process
cvD | Plating | | Solgel | .I Evaporation | Sputtering |

MOCVD | Electroplating | lon plating

T

Laser ablation

PECVD | Electroless

BE

Magnetron

Electron beam

Thermal

U

5U#12.4 nszurumsiagauilauuisluguuuusiig



nsadawmede Wunszuiunisiierneuvendarsindeuiidesnisindovasuu
giusesdugnilivanoenannituin Wegnuudslossuniseyniafifindsrugs Rinneld
annzayyInalaenstounfaides dsazliufaeifnou (An) deudunuinaimives
Whasmdeuiinannznataulossuuinuaslossuiiintuazdivuinveathasindeu
azmamﬁﬂwauﬂwmsmﬁaqumaaﬂmmawuﬁuﬁwaqgmim%’uLﬁmﬂu?\lémw 1ng
definsleunfauenmiennuiadesdnly wu sonfauuazlulnsiauagyiiujizenig
il vilvlasldanuisesansuszneulszinveanleduazlulased lnenszuiunsnionilauuis

aad a . . ° ) a A9 Yo Y] !
I9ULIYNIN Reactive sputtermg ﬂ']‘V]TUig‘U‘Uﬁ'{jG]Lm@iﬂﬂlsﬁﬂUIU{jﬂﬂUu LUIRTUAINU
by

—

nurgauunni1sidaruls 3 gl A DC sputtering, RF sputtering Lt ¢ Magnetron

sputtering

2.2.1 DC sputtering
sEUUUgNaNUIawUY DC sputtering Usznoudaedalui 2 $ansuuiu
1oun ihansedevanudaualvn (cathode) daugiusesiuiiudauslun (anode) Fauans
Tugudt 2.5 Wfhnszuanseussdugeannndt 1 kv asgnilousswistalniihfisansdansogiing
fudseanal 2-3 cm lunwuedyyINA (vacuum chamber) Tnevhlu uiaensnaudinusy

0.1-1torr %Qﬂiﬁfﬁjlﬁu Sputtering gas

Vacuum Chamber

Substrate | (anode)

Art o f Cr Ve

Target | (cathode)

v]

To Pump

Argon Feed —

gﬂﬁ 2.5 DC sputtering [6]

warauaziindudlodianasouiuniivgnesnainiavrestiualuagniswig

Y 9

auuldnszuansuivuivoznauvawianIsnau vinlvuiasisnaulanaidunalauinie

N3UIUNIT impact ionization AUMUILLUTEINTELAloDRUTITILAlNAIEAIUTEIU 1



mA/cm? szuuillidanunsaldduithansiadsuiiduauiulnidnle Wesnnliidinszuansaly

aunsaruneruanIulidnla

2.2.2 RF Sputtering

Vacuum Chamber

Substrate

@ RF Generator

/ Matching
Network

Argon Feed —=

4]

To Pump
3‘1]17; 2.6 RF sputtering [6]

sxUUUgNTIANUNLUY RF sputtering Tlassaiauansfasuil 2.6 Usznoudae
i 2 Frrsvuuiu 1ud Whansedevendudaualng daugiusestuidudauelun
WulReafuuuy DC sputtering waildunasireidslwinduainuiaduingindeges weu
Uagalutaeseming 0.5 - 1 kv, Anudannndy 0.1 MHz) Unftlesldmanuid 13.56 MHz nsld
aunilwihansdgeilidslenalumsvuiusznididnaseunieniifuosnenvesuiaiile
unngudunanaunlvigedu fafuszuuugniiduurauuy RF sputtering Ssansnvhauléd
audusndnsdives DC sputtering 10 naReaansavhldfinufusEdu 1 mtorr

| A a a v s o & o ] ¢ |
n13denAuIngAINdgudIgsru RF sputtering 3l udadldaunsalusu

a a s = ~

U N 1A UG (impedance-matching network) iesanlnedialy RF power supply 3¢

a =] 6 N a = 6

BuNLAUD 50 1oy TuvusANa1EU1TBUNLAUTTEIINg 1 — 10 Alalaviy szuuUsu

= Y L]

duiiunudlagmluazdsenauieseas LC nddunilenhaia 1 63 dunudszausuald 1

J d' 1 1

Y] o @ A 1 . . Y] (Y] A [
"7 LL@SM’JLﬂ‘UUiBﬂqﬂ’]ﬂx‘I‘VWlLiEJﬂ’m blocking capacitor 1 a1 sloauAultnansiAdou ALans

Y

Tureaseagui 2.7



L G

oYYy
Ry w;ﬁ%&

(o

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

gﬂﬁ 2.7 Impedance maching network [6]

o a

dyqruanuiaauingazdeniuszuvlsuduiuaudiingidnasiaiou @

]

TngnlUasiiuivwindnuindefisuiugiusessu waznidsnsuzgyainiansdoidunsad

Aulvnduresiuivestr i isaesaziuiderilmiadndlndnssuansaniduay

[ '
= )

(negative dc bias) Yuililnansiafeu ArgvuIawiiuLeNUAgnvedlIalnves RF power

¥ =

supply Anglvihilldududraivinlmnanseuiunisadsmeslunithasinaeu feudans

fasuaziduauiulniAniy

2.2.3 Magnetron Sputtering
seuuUgnilduuIeLuU Magnetron sputtering 135unnsimuITussuad
1970 Lﬁuizwﬁﬁé’mwmiﬂqﬂﬂémqﬂuamazqmﬂmﬂmmﬁuﬁw Jevilanunsnantoyin
nsUueuaslulduinnssuu Magnetron sputtering aiinsldauruuilmdnsausu
aunalifiwiauuunszuanss (00) wieauuliiainuiiaduing RF) dliufaunnsaiy

wataulidetu 1AseaiavesszuuUgnilauuakuy Magnetron sputtering dinataguiuy

windealduagndnluganisiniilassasianagun 2.8

= e

Target Eos X Y
S S | Annular Permanent
N N | Magnet

Magnetic Pole Piece
(a)

K
-—
Tl
-—

o,

E
B ‘H%
EXSSST;SKS‘SKSSH
Target (cathode) Target (cathode) Target

(b) (©) (d)
g‘i.lﬁ 2.8 Magnetron Sputtering (a) 1A398519989 Magnetron Sputtering wuu DC #38

RF (b) - (d) NiAvasauNlWALazauINKIMANLaZNISIARDUNVBIDIANATOU [6]
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lassaseisguusznaumeawliitlufiansieainduidiaisiadeu swuiu
auuwiwaniufiamssisainduauulniuazewuduiuviiveadlansiedeu Bidnaseuyfe

v ]

a [ . 1 @ o v A a 1 d” a A d’{
Qilazgniniu (trapping) lasaunuwiwaniilviiadeuiegmileiuiiveatiansiadeviuly

Y

v a &

Antlos navesnsintudidnaseumardasyiliiAanaiaufifianumndugausnuiuii
voutharsadeu dunsldauuusingninfuszuuugniiduuimuy DC sputtering way
RF sputtering atsliszuuisansdisyAvsningsiu
wavesaulifiuazaunuliminiidsannfuasilididnasewndeuiily
firn1a -ExB Srufunisiedeuiiuuy cycloid (cycloidal motion) ﬁQLLamlugﬂﬁ 2.8 (o) way
(d) vurnvesauulniuarauuntimvanaziidwdrdyrenisiniudianaseul ndeidrans
Wwaeu 1l Tusguu DC magnetron sputtering Uaudndlnil1 600 V uA target Sauiv
auivinauin 165 G awilwBidnasougninfusgwiefufiatiasindeunelusyey
0.5 cm 1Hudu TumsufoRegldauuusimanifinnnuduegszning 200 - 500 G sy
gl 300 - 700 V dnddlelifiaunuusindnuseanmi0 wih (Waits, 1978) finudiy
597374 0.5 - 30 mtorr BsagyilfiAnnszualoseuiiihaisindeusening 4 - 60 mA/cm?
Tnasialu RF magnetron sputtering 9zfiUszanEnandania DC magnetron sputtering
Uszanaeianils usog1dlsfiniu RE magnetron sputtering finnusniulunisatinmesian

Muauaulndy

2.2.4 Co-Sputtering
sruuUgnilauu1eiuy Co-Sputtering Ao sruunianursaldidnansinfeuans
a = 7 v = v 2 1Y 1
aoswlansounnindulunszuiunisatdamesla Inenisianunsaldidrasindoulauinndy
nilswiialunszuiunsinlwilissuuibimsduasgifauniinauiusevitasaosin
lanrglunisiinssuiunisiiesasiies NUEaIN150AUANUSNIUNVRIE1TTIILYIINTS

o w 1

= a Yal 1 Y ! 1 4 = 5
wdevgosriinlidniuuanateiulalaonissnemasannuunasarglidiaisindeunsassiu

v
(% L3

unTiLaneaiy Bnahssanansavinnsaiistuidiliusastuiinuuensswenieansld
Tngnsinisalimnesiinasindeunsazednaduiudsaunsasmuannumuivousas sy
Igannarildlunmsatlnmnes

nslddansiadeunatssulunisadammess drelidniswasuudasly
paRUsEnevvesansluiiofidy wedanisla-atamesadunisiadeundeufuainiiians
wndevatimoTaanssn ondogradu msla-admnesstislumsdunseitandiliamise
nanlglumanaiirvdenanlansfiduiasindouiion fsnnuaiuisalunisiUasuudas

2arUsenauluteldUSsurnanaiail
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nsldaunamalinvesssuula-alnne3wWuadiun1sdninuruguses lay
sUusvumlundnldiulussuula-adnmesaiuazsdunisdninwuy Co-Sputtering Fadu

1Y) @ = v o i =~ A g v o = &
sULuvrIMsInneiundaseulivinyudmiaielvissurvvewmdniianafeuiun sy
a 1 1 1 3 L o « d‘ o va & A o A IS
MuHUg U4 ludiuvesiugIusesiuIzdowin sy nasi R auRinsda ull
AualaeNInTukazdglailduinisnesuialaed1asinss Fan159nnauuy Co-

Sputtering Huagzildnuaeagun 2.9
|

8
MM

!
) I
Substrate rotation .I Substrate holder

% Substrate

*
()

.
s

'o‘.' e J
/—u

%
s

Mg traget
(3"dia.)

V traget

|
|
|
|
|
| (3"dia.)
|

|

sUfl 2.9 n15dnsEUULUY Co-Sputtering

2.3 nszuauMsiAnn1salames

[y

nsadames (sputter) WunszvunsMIia@ndegnnilsfitinduilieiantinvesian
A9 9NYUNTOYNNTLUNNAILBUNIANGNIUNUE W leoauniinuseunIAvedianiiet
At sTaniug vieesaeuiiareudnzgnnsslieenuiilesninnIsTuIzniesney

N3¥UIUNTTLALANTUAINNIANENOALULLILANYBIBUNIANS I UG UIIVUAUDUNIAYDS

TangnIusagUN 2.10 asdusznevvesnisatdnmes laun ihaisindeunazeunialossy

Y Y

NAITUES

Y

"laaauﬂnnﬁz‘n'u

e
~
LY

e
oznoNailnnes O
Y

A
LY
Ay
L
\

Amvnh

C@Q@Q
‘ a:ﬂauﬂgnﬂ'&

JUN 2.10 nszurumsalamasudanand
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Tunssurunsatawesiarsiedovyihmimdudliounandsnugiadiyuaud

N5UanUaRYaLMBNYDIANSIATOUALARBUUUILANTEISUlAEBUNIANAIUEY B9 d1vY
= ¥ o 44 = a v dy <

Whasiadeuuanitliezneuvesdrarsindeunaneenuiunfoyniandsnugeiienady
nanan13bniiln Wy Tanseu wieoznouvessnmeuinisiiieynaiilunaisdindanuas
\Au 10eV iieldlunszuiunisatawmeswilarsudiseinisnisuiianideu Ao n1siseeynia
Uszanigldaunliiy Jaaruisamuauszaundsnulessuldnudeanis idnasowdy
aun1Aniiuseydanisindnlaiesazaruisasdilindsnuganielaauinlaiile wd

BLANMIAULNIATDYNINDENBUVDIAITIAFDUNINYNTANITAISNNA T ULAL UL UA UMD

[
a a =

& I3 1 (= a a 1 ) g
aznauasaaauullagneluiiuseansain wagluarunsavinlvinssuiunisadamesanaty
1o munguniildandnisyusening 2 sunianiinisdeeiendwny waslnausuangnaz
\nduilouiaveseynavisaaadAwinfiu fatusAnaannTsisalonauvaania Tuawulndn
= a =~ < o DXy \ = ~ Y]
Jusuaindsguidiaisiadou eviliansinisvanddesidiansinfevguiieanaiuniny
ABINS

aunanasugsluszuvalnmesiavgnuintuegisiaiilas ielinszuiuns
WaBUasNnTUlA o199l saulAANUNUINALUIIRILABINS Medausavileraneds
Wy Mstdareyninntulessuniivsununisudnleseulusnsngs nsenanannnising
a & A 2 ~ | % T a
Aawsa eninlulessuiinarsutisgeaylilossulunuiuau nszuiunisadamess

mluluszavanannssudsfienldnseuiunisinafavisalunisuaneuniandanuas

2.3.1 dumsnsenszninglesaunaziadidisiadau
fawmsadawefaziidmneierlfernouveathaisindeuvanesnin
usiegnalsfimuiilelossundanugiiaruionti fanazdmarinlmanusingnisalineg fagud
2.11 o msagvieuifmiiveslosou msvanUdesdidnaseuyaiiass msilsiavesless
msasulassadmesinasiadeviarnisadnmesnsvureslossufiianiuiasiadeu
FeflswaziBundsl
o msazvoufiiiviivedlosau (Reflected ions and neutrals) losausnvazioundu
nnAmth Ssdnlngjazazvieusoninlugiveseznouidunarsmslwi Sufnan
mM3suifudidnasoufinathasiadou
o miﬂaméaa&ﬁﬂmauﬁqmﬁaaa (Secondary electron emission) 31NNV UV

lopauanviliifiansUanlassdiannsauyafidesandiaisniou dlessutud

NANUGIND
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e nsilesnvetlessu (lon implantation) lesounissuiiarsiadsuiu leoousiaily
fasluansiedau Tneenuanvesnisilasazwlstulaensatundsnulossuvaania

915NOUNHIF I ULNUNDILAS

o N15AasUlATIAS19UIRIAISIARDU NISYUVDILDDIUVURIAISIARDUYINIALAANIS
IS U9AVDIRLABUNRIANSARD UMY LaLAAAUUNNIDIVIlATIAS19NAN (Lattice

defect)

® N5aUMMBSNISTUVBILEDRUNRITIEISAEBUDIAYNIALAANTEUIUNITYU
LUUABLLBDY dUYINANNSUanUaa8 A auaNUNE1SAERUTNIENIT NTTUIY

AsaUdnLmase

Incident ion :
: Reflected ions

& nculr-n]

Secondary electrons

/ﬂ @ sputtered atoms

Primary knock-on

sputiered atoms

surface

lattice atoms

sUN 2.11 dunshisenszndnglessunaziathasiagau [9]

2.3.2 nMsnliawanaun (Plasma Generation)

waravselndAay1sagnidegaunsvanglunseuiumsiiauuieieg iy
szuvatnmeimaranendalossudumaundu Wudu ﬂizmumﬁﬁ"’wmmwagjuuﬁyug']u
Tunsadranatauuazaudivematayn Suiliaudfvesdiduduiinuduiusinenseiu
AUURYBINANELN

wanau At wiesnesnonveidld Sundenuswiliinnsuandady
losaundeviliosnoutuegluaniizgnnszdu (Excited Atom) feunielunaiaunis
Us¥naunigaun1Anane Aa Positive lon (A+), Electron (e), Excited Atom (A¥) 299
avmauveLianliifinnisuans (A) IfﬂEJﬂizU’Juﬂ’]iﬁéJﬂ‘]ﬁﬁﬂﬁLLﬁ'aLﬁﬂﬂ’liLLmﬂﬁ’Jﬁu Ao
electron-impact ionization F4fAon15¥UTeBLEnATaUATNg U veznouuia Tae
didnaseuazgandundsnuainunasiudaaus i iteulsituszuuuddemlituenes

wiamenisvusuuligangu (unsyuivihlinfanisaemndnueaivedidnaseulud



14

sznouvanialugiromdsnudndiielddmsunisunndadulossu) ¥ electron-impact
. . < Ao o doqu [ 1 1%
ionization {WunsyuiunsiadAgyivihlvianzanulunatannasedseluls
lonansoninuiivziluiesnenvesufanisluszuuasiianisuansdunuy
looaudusgiuladendne dotegeiie Ao WANIUYEIBIENATOU WarAIINUIAzLTUT
didnaseuzmdeuiinsuivasnenvewia Filemalunisvuluedivruinveseznouufisd
TnginvuinvesernonvesLiaivunlngfarilentalunisvunudianaseuundu ualuuig
NSMBEITU NITHYNWUSLYBS H, gas Tinate.du H-atom fae electron-Impact
dissociation Wulanialunisvuliulireutisios Matinduiiesainuuialuanared H, Tl
guaLan nsiialeniainlalagldeuniaiindsanuiisanaiu H-H bond waziiawialugnid
a < = = [ J A - s = a
DLANATOU FIDUNIANINUITHUAINANIAD excited state UDIBIINDU (Ar¥) F3L78N
U51n9n158169n81971 Penning Effect Tngunasnnlinvesnasiunazliiudidnnsounse
L Y a U & = 1Y U v = 1 !
nsnsggulitinnisuandivenianauladegiiaiu 3 dnvue Ao unasielniinssuanss

Y

(DC Source) ﬂgum’mﬁawq (Radio wave Frequency) wavedululasin (Microwave)

24  msiuasdeluaisiedati (Doping)
nsinansieadiuansfesiimienisiau (Doping) Aenisiftesmonvesansviinduad

Twidleansissnhiseneznouasiiinasluiindueznonvesasdevu (impurity) Inenis

Wuezmouulantasudnludussyhldasisiduinnisasuulaninulaseadaes

LOUNSIULaENIAUAaNUAnsilaznsadaenlunsiazivesaeuansiadnly

[ A v o =

Tilunagnesmilifisvuinveteznouvessmytaiulviivuniivingauivosnouvesans

£€€

Y

Aathiifesnisazainanyiinisliy Sesuuvuresnmaiuamadeduiiogaesussnnio o
asFaifioifiudidnnseudase (Donor impurities) N1siftegnevarsIaifioriulaadiuiu
(Acceptor impurities)

nsiinansdeifiofiadidnnseudase (Donor impurities) Aonsifteynayvedansd
ThaUgBENATEUNINNI I NAUTDIANATEUTBT Host atom Feazyiluszwinenisadneiuss
SEU3I90EAONTDIATTIE o UBTABNYeIAs et A eB Ennseudilalleinisdu
wusenaelludlannseudasyaiuiu (Extra free electron) AI0g19 8 uUMSLANaEADUUDS
WoanesadlUudanaulnefiveanedaiiiauddidnnseuiiuinninauddidnnseuves

[

Faneu Wevhnsduiuszudagyiindedidnnseusy fagui 2.12

Y
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o : L
A % Danor impurity

" S] [ contributes

fres electrons

3UN 2.12 n5livdanaudieviaavaia

nsinorneNaITIaLiaLiulgadIUAU (Acceptor impurities) ABN1TLALDEADUVD

A13NH L AUTDLANATOUTDENINILAUTDLANATOUVDY Host atom B999NlUTENI19N158319
WUSEIENINDLADUVDIANTL DT UDZHBUUDIAITAIFUI eV 1uIuBEanmso Ul ne Nz

(%
v v =

PUFLAUNINUATIVINLALNAYD9I19TULA8LY NS 8NTBII1999Na1ILea (Hole) FaidiaLin

£

Toatuagvinliansfsinihdinanegluannzvindidnasouaznieniiag3udidnaseutun
linile fogravumaiuernesveslusouinluluganeulasiluseuhauddidnnseud
togninauddidnaseuvestaneu WevhnmsduiuszudazyiilviAalea

Fu Fagui 2.13

- a, Acceptior

s ",‘ Trnpurety

' t pregates a
[ sl
@ USin @

"‘“t""

5UN 2.13 mslaud@anaunqeluseu

2.5 n3euuUn139U (Annealing Process)

NIEUIUNITBUNIONITOUTRU HingUssasAmausuaudiveianilauasiaue
naanTuIL Usurunveianiviasduntu viliianseudias inliiandanaudanislnii

wazudwmanayaue nieluuiinsdensriefinyszdnsainlunissuusudouvoian



16

wanninsevseudtausatiunldiveananueiealuianninTanianunsenuinela
ibAAnANUNNIBIveINaEnle
n1seusautulunisiiniuseu (Heating) wagUasalydusa (Cooling) lnald

[y

gauiikaziiamvsnzauiaileauiRnudents Inegamgiinidluniseudeuiuiuegiu

[
oY [

Y a v & =2 £4 d' ! Y U 1 ¥ 3 o 4 ' 2 v v v
W iiAensnedlundnlauazilieUaeslduiieg1atng Asevilinguvesdndudaiu
< = =4 ! g o d' | [y
Jundnaunalng@u Ingn1seugeuiuaunsayilaluguwuuiiuanseiuesusseniang
aulaudusseniaung ldufaiietasiunisiinujisenduuiasindu o Nlifesnis wse

a1aazvhniseulugeayanie Jusiu

a

nseugeuluusssmaunisnig fuiudendignldvesfianmaenssuiunmsdu &
sA1gn uiiidaidsfefufinvesdunuazgneandladdailumneinisdsuudasives
Fue usnseugeulngldutalostu saneldgaainiaagliiinUgAseneendindy wse
URATeBY 4 Alifivszasdrililuiavedtiunudnaiudeniseugendsiisonis Bright
Annealing Nsausaulugyyiniadlvalausauluaunisauaunislinauiaunasnis
Bushvestuany uaﬂfmﬂf:wé’qmﬂ‘v‘hmsaua'auiuzjiyaunﬂ'mﬁammsai%’uﬁ"aluimLﬁ]u 139
uiaornoulumailidu Megunafudoioudsuiunsougeuluusssrmeaunivie

SunI NSkEkNadaaY [5]

5UN 2.14 1A598319N115301389A2NDUBULAZ A DY

2.6 wallan1eszvandivesianung
wadafldlumsussfuauamuesiiduuinuuisesnlesdlflulasanufiveed
Usgnaude madanisideiuuieiiiiend anlnsalalvessunu awnlnsalaluessed
funsusa uaraninsalatvesnsdwiunaseny UV Seumusaiiu lnedeyailsainnis
AR XRD pattern 9819021000 A FALAZUSHIUUDY phase Gi'mﬁt,ﬂuaaﬁﬂisﬂauagi

Tuilau lattice constant wag grain size @aualUnlNIalAUVOITNIULALVDISIFDOUNTULIADY

5% atomic-bonding structure vaslanus Tuvusiauninsalalanin1saamiunasgy

Py
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UV degrusueaiulddnsunisusueniU oSS uAveIn1sa0NIuLEY TIuAasANA Ll

pannsRaRalull

2.6.1 MsIaNsiAgULYEsdlend
wadamsiasnuuvessidiendilumaiaiildlunsinssilasadrwmandils
¥anetuuiiegne dealdegrumnsranslunusueiivaziaidinm Ingldlunisnsiada
lassasrvesluanasieglulaa. 1913 wos dUUAT 109 WUINA Y30 Jalde 1aus wussn

[ [ v

Undndunadingulafnwinisidaenuulagldsdiend Fso1fundnn1e9n1unInaonves

= v 6

AauSIFEend lnessdendgaaduaaundian Wi Nindsuaninainn1seaounves

Y

Sidnmsouiignissluauulvinlyidndsnugaudwudduivhelangnin saveanisuu
AoliiAnssdiond 2 ¥n fe Sediondseias (Continuous X-ray) Fussdiondianiy e
(Characteristic X-ray) Lidlendaziinnsiagaiuy (Diffraction) Worudesinsssninsesney
lundn wazilondurulassasraudnesnuiazifinnisunsnasn (nterference) ManuuLasy
waginaienu é’fﬂgﬂﬁ 2.15 84 Fadou 18u3 wusnd (William Henry Brage) Hnildndvay
Sngulddangnsidisauuresfidiondlulassaiiwdntiin Ssdiendazunsnaeafuuuuiasy
innfignidefiminszideenanudagszunumenauandsemaiuady (Path different)
Judunuwinvesenuemeduvessidiond L%ﬂﬂﬂgﬁdﬁ NfUeIkUINA (Bragg’s law) [9]

Incident
plane wave

Ed sind®
¥
PN
L]
&

JUT 2.15 MInnnsEnuLazNsasiauvassadiondniungvauusninssuIuvaswanuay

Tinasrwmiafunavinnu2dsing

1NJUN 2.15 Wissdnnnsenune 2 aililanseiuvigy 0 dussuny Saannis
nsENUAUVIEUIULLLazasTiauoanuYy 0 Auszulu dwussdnasansenuivssuivdnly
wazazviousanu1viyy 0 duszuiuiaes lnesddifaessindeuniluszsegniainiu

AB+BC 4N5N@0ANUAALAINNIN FIAAUNIADIA1D1ALNTNEDABUULETL LUURNANUIBDWUU
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Tainsaanuils wrt19elAin1suNsNasALUULESUAUSLaEN19TARULAR D UNTULNILUUILH D

wihriudnuausy gauiuanuerau Aweuniseeluil

nA=AB +BC (2.2)
ﬁﬁmmﬁammﬁamgumﬂ ABz agldl

AB = dsinf (2.3)
desan defuaunsil (2.3) Wasulsdu

nAl=2AB (2.4)
wuAInaun1sT (2.3) adluaunisi (2.0) ald

n A =2dsinf (2.5)

Fafuauns (2.5) Sadenin NHUaUINA (Bragg’s law)
ilo m e SrduveanisidsauY flndaus 1,23,
A #o mnupneduvessidiend
d 79 STY¥RITENINTLUIY

0 fp yuAioWAINTLUIVLUINAVRITIE NG Feaslvinfuyunnnsesny

nsunsnaenvessidaziintuinnizilesdindeuiiiusruuianiziniy
ssulaqldanunsenelfiinnisdsnuwanely sztuiulaiisadondnnnsenundanssds
penuegsAenAdaIiuNUBILUINAEENIT SELNULUSAT (Bragg plane) Bafldnduaaain
YayUAYioU ALY (Intensity) ﬁuaa%fﬁl,aﬂsﬁﬁL?TmLuuLLazag:JL?:mmwmslwgﬂmwm
#28 X-ray diffraction meter thamaesiituiinl3luTnswilasadamwan

nsmiLansaEdfussEiadiuargAsuuildGondn sUuuuums
821U (Diffraction pattern) wansluguil 2.16 Faazlidnvuzianigiidmivsigvie
a15UsENaUANTiatl 99nMSEeULLEIWSNaRTULULIESY AuduvesssElendfiasd
mmﬂ%wsé’qLﬂmlﬁmﬂﬁﬂiugﬂqumngmLuu LLasﬁﬂméﬂﬁ%ﬂimgﬁgwﬁmwu@mama
dnsusmriearsusenovsiinfieadu uenandarunimesiindsfinuduiusiuaun
voudianan

ANUIIUNNYBINANVRILAATENNATY Ineltauns Scherer AsaUNISH 2.6
KA
~ BcosH

(2.6)

e D Ao vuinvediauan (L1lung)
k Ao Amsniveawesisos Ae 0.9

A Ao musnieduressidend (0.154 urluung)
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B Ao Full Width at Half Maximum (15tA81)

0 fe yuazviou (93A1)

—V,0, —VJO)uﬂur reaction
——VO,—— VO, after reaction

10 20 30 40 50 60

[

i & o o ¢ A ! = @ W
EU'VI 2.16 NFLaYUUVDITIEALDNY 'Jﬁﬁ]i‘lﬂll ﬂﬂ?usﬂa\‘]?qLULﬂﬂﬁJﬂ‘U@aﬂquﬂﬂqQﬂu [9]

1 <

2.6.2 \p3pnTIvaNTAMSLasugugRnEUNLD T

UV - Vis spectrophotometer \uiasesiloldlunisnmainusuiauunasdutag

1 =) I

LAz uvIegnaandy tnevihnisalsuaIIuiieg1sTNse g uLLYIY ANE1IARY
wasmnuduiusfuuTinauaseiavesansitoglusneds Fslaodnlnajduasdunid a
sofuv3s waransUszneudsouiiannsnaandunadutisnuenadusails ludagsy
UV - Vis spectrophotometer launswamnlidvunmdnasuazdanlaty vlvldnadns
figndesuazutiugunndaty nulufimsiaulsunsuildmugiuedesiiolunslinsey

uaznINsRameAtadue vinlranusadnlulgulandnswu

2.6.2.1 Visible light
pRuudmanIniduavana SuAMAYIIANETIAG WY (3959
wnu Az Sediend) autagnaaiuenindu degun 2.13 (suufessdlulasinuazaiuing)

wasvduiiesdudny duntsvesmaunimaniili fanuenamau 400 - 700 wilumns
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Wavelength 1A Inm  10nm lpm 10pm 100pm 1mm 1lem

(m) 104 10% 10° 10% 107 10¢ 10° 10* 10° 107 10 10° 10t  10® 108
L1 1 ¢ 7 1 1 § {1 1
‘10“ 108 1107 g qo0 10° 108 107 105 16°

N I I M
I

5000 1000 100

Frssioncy 108 10 107 10%

(Hz)

Wavenumber 10

(cm?)

Gamma Hard Soft Radiowave
rays X-ray X-ray VHFI Short I Mid I Long
. Visible
Spectral Regions Light

JUN 2.17 anasuvasaauusiiadnivid

2.6.2.2 UV - Vis spectroscopy

wiAtla UV - Vis spectroscopy gnintuldausinequinuny iasesile

[
a o [

UnuuundnnIsugIuaeInu fe Auaudiluni1saandulasuesasileluenaves
fegagnaneiienaslutgiuasvniindsumuivaussinlvididnaseunielueznauiina

& P a i [+ €S ) ] ' ) ~ A o )
nsganaumas wiUdsuanugluagludundssaundanuaindt degun 2.18 Weviin1sin
USUIUUDILERTINIUNI 0 AZYIDURNFIDEILAEUA UL NLUEIA TR NIANEIIAT UATIAIN)
MIUNEUBY Beer-Lambert AIN1AANSULAINTD Absorbance ¥B4a13xUUTHUAUTIUIY

luananinisgandusas dedudsaunsasvysiinuasUsunavesansisiegludieg1ale

Before During After
emission emission emission
Excited level Ey, ——
hy
hv hy ANAN
i o |
Incident photon AFE AKX
Ground leve E, —e—
Atom in Atom in
excited state ground state

Eg—El =AE=hV
=] a a a = v & [ i Yo o
E‘U‘VI 2.18 Blannsaungluszaeuianisiuasuszaudunasau Waldsunaseulunis

NILAUNNEIND

\A383 UV - Vis spectrophotometer aunsauualdifiu 2 szuu fie wuu
duaafied uazuuvduasy dviuindeswvuduanfonduniosildduanienain
uwiasiularuludheandesdedldsunsoonuuulfanunsoldouliie azain wagd
eUGRIEVITRERT ﬁ’m%‘uLﬂ%‘laﬂLLUUﬁWLLﬂQ@jﬁuLL?{WSQﬂLLEJﬂaE]ﬂL‘iju 2 d1 riouflazlumnasuy

fag1alnenasdnisazldiduanassredavuendndrazeuludasegs wnisellaMduwuy
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Auad U9 UIATew IR 2 fa iean T TakaIsNeBanaslasNunIINAIeE 1l
Wioufu wiluu193uaziinToInsIainLileafiie) LnguwadriandaIaes1us Beam
Chopper @sagvinininiasamilelilutisszognamilaniowsiaindsamnisansiain

ANMULANFAIYDILAIVIIADIA b9

2.6.3 wiatiasuuaunInsalal (Raman Spectroscopy)

uuduysngnisalluninsziisweswasguuuunilaniineinnisfinamn

] [

nsgnuinguazdwavinlilianavesaisgnnsziuliegluaniizi wieluanangnnseiu

v A I

NYNYIUNVLNAUAUFEN1ILUNATILNEIIUAININREI IANANITNTLLILAIDDNUT NITNTLEI

Y
(%

uasfana19iivensEUILNTNSERUY Elastic process (WASIULAIAST) WALATZUIUNNS
N58139UASUUY Inelastic process Fauasiinszidsoanuiiindsaunioninueiiniy
Wasuwlasluifleiiisufuaiiueiaduiufuvesuasiinnnszny ﬁagﬂﬁ 2.15 uagd
laozunsumsvihanuudssud 2.20

Virtual
energy
states

A A

Vibrational
energy states

* v Y Y

Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman
scattering scattering

OHNWM~

g‘d‘ﬁ 2.19 N32UUNTINTZLAUEIIULUY Rayleigh scattering WazlluuRaman scattering

CCD

Focusing
Lens

Beam —
Splitter

Notch

Filter
Microscope

; /' Objective
Sample —p

gﬂﬁ 2.20 laazunsun151nauves Raman spectrometer
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drulngluduasfinnnsznuasiinn1sn i3 auwauu Rayleigh scattering Faifu
N3UIUN15WUL Elastic process Tuvaegiiiies 1 1y 108 vesuasfinnnsenuazifuwuus
1unseunszuIuns Inelastic process Tneiindsuuanvasundadutuenaanduldly
HUULRLT (Anti-stoke scatter) Wazanas (Stoke scatter) MINTHUIUUUTIN Ao 13T
NAFNITBINE 1Y (MFeA1ud) vesuatiinnnsEnuiundsunafinsside Sen31 Raman
shift azflAnssfufundsnu menud) vesuszlunsduvesluanadildainimaia

dunlssn faguin 2.21 lagA1ved Raman shift awnsanilaainaunisnsil

1 1
A®=

Ao M
139 AW A» Raman shift finueidy cm'?

(2.7)

A, fo euemaduvenainsziuy

A, fo mNuB1IARLYBINTNTLLRIBITINY

First excited
electronic stat

Energy

Electronic
ground state

Vibration
energy levels

g

NANKE

Prvg® Pvge I (e o

vy
Vo

snerqy leve!

2

w"

hw.

V"

Raman-shift vg = [ (bonding force; molecular weight)

a o g a a tg L L3
3U# 2.21 nszurunmsaunigluluananugiuniavuiudsngnisalsuu

Yonvaunalasuuiagmeiunaleusenis lawn

Y

1) ilesnusngmsalsunuiunssuiunisnsslisueuas Aatuasiiegenly

9199siigunsavsevunalanle

2) anansaldinansiegiiazaneiile WWesnnluanaundllan ntiaasliia

Hryey1aisunIUaENATUTIINY

3) @150 1NNTANUTNTUAT U I lBYlA

4) fldasegns (Sample holder) Wudanussinnuii Fadsianldunadeiieuiiv

IR window UN9#LU ZnSe

5 awnsaldiaseilansludmaninwasunm
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2.6.4 ndvsgaNsIALUBIANATAULUUADINTIA
I % ¢ ol vee v & a v aa 3 = a s
Jundeaganssailiilifnulassasisiuiivesiagidvunadnuluiaiauus
InganzAnwdnvasdugiuing gy Snvazsuinasniusuinvesianlneddidnnsen
szdanTnluvuivesinglildnmdsdidnuaziunin 3 3 Maswens 20-800,000 Wi
NANNI599U
1) ndosganssAudianasounuvdeinsnddiuvvudn Wuunasiniadidnaseu 1
a A a o I a A v I o a g
Sun31 Yudiannseu (electron gun) Wanqudianaseuilaainunasinidnazgniseniy
auulniln 9ndungudidnaseuaziiuaudsiusinsad (condenser lens) Wilavinlingu

a < o a & =

didnmseunanaluadidnnseu Jeanunsavsulruuinvesdrdidnnseulnguisiantaniu

e

83N15 MavIINUUEIBEnATeuILgNUTUTTEElNAalngaudlng (objective lens) asluuu

AFuNUNfeIn1sfing nawnddianaseugnninasuuTuuaziiiindidnaseuyiy
a dy = o a e a ngl v = Id
3 (secondary electron) AU #edgya1vaIndianaseuyiugiitavgniuiin uazwlaaluily

duanandiannselinduasgninlvudaniunimsely
2) AN INIAARINNABIaNIIAUBLANATOULUUABINTIA
-Secondary Electrons (SE) \Judianasounasauaifitinain Primary Electrons

TWruiudanaseuduuengnuaITuIULazIzgAeanIINRTUTIALEnI IR LAY 10

T/

ululuns wdsnudidnaseuiingrosnunazvdadyaaludunieansandu (Detector) lrinm
ﬁﬁiﬂﬂazlﬁmqa A milsanSE 1uninSecondary Electron Image, SEI

-Back Scattered Electrons (BSE) fie didnnsouainunassinda (primary electron
beam) finggnzaradluliintunuuaziindunsiserfuesnesludunuluuuy elastic
scattering 99iin13N 5218 9INEUBDNNIIINAITUIIY Feu back-scattered electrond vl
wé’qmuqﬂmzﬁuﬁiﬂé’lﬁmﬁuwé’dmmm primary electron anunassfia nanife wle
Primary Electronsiaidnlndunsodsuiiindsavetosneuuuiatuiiuiaziinnisiaou

a a

AMN19NTLLIINFUDBNNIINRT I8 BSEILLAAUINAUSINNTIaveEnoNas AT1UTNTBY

o

deysy1au BSE 2sWufiuyuil Primary Electrons anld@ueu wazduiuiavosnauvaisii

1% '
a I

RITUIU nnilAain BSE 151158031 Back Scattered Electron Image (BEI) %30 Primary

)]

Electron Image

2.6.5 WmAlAIATIZYsIWUUBNALsIaUNINTalAULUUNTE8WE9Y (Energy
Dispersive X-ray Spectroscopy %38 EDS)
Energy Dispersive X-ray Spectroscopy %30 EDS WWuseuuildviinisiasngy

aadUsEnoUkaznTsleguatsnluguufIeg1 Bessuuiiludmdseneudiunilavesssuy
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(%
Y

ndesganssAldianasounuudesnseivinmsiasigunsalmunuulnaBidnnsourasszuy
wudwdmantiiiieldlunisarupuadidnaseunazliia lnanisinuazdnsziisguuas
o Yo a & o Y 9 va & o v o 'Y

mslegldadidnasauluvimsnsedulididnaseuninisdnsesegtuluannanseniiuen

avmau Waiian1sugneentesdidnaseurzriliinderintuisedundsnuilididnaseu

I 1 [ [

NegluszAundanuiiganinaiuisanaganasuieglussdundsnundininle Fan1si

Y

a o « d' ! LY [ A o 1 vy o & PN £ o 1
aLaﬂmau%mmmLﬂaauwaﬂmqizmuwaamwmmﬂmuumLﬂuw%maﬂmmsﬂamﬂaaa

'
=

wasweanuluzUvesssdiend (X-ray) Aagui 2.22

Emitted o
electron K e

e

e- beam ___._p.:_';.

L Sl Radiated
@ e energy

CHEMIATIC OF THE PRINCIPLE OF ED¢

UM 2.22 nsnszduliinnisvaneanvasdidnaseulussnauvessinnigadiannsou

INFUN 2.22 wasungnUasseanuntuguressidandaegnasiadunagyinn1stuiinieyin
nsUszaianakavianseanulugyvensmidegui 2238 siarmemaiiailagyinlvni

AduAnaUAsmeLilnaINIsyinN1sBeaBiannsauasld

Chnts

400 —

200 4

3U# 2.23 sausnguazUsananilauiunsueanleaniinisldusiquuniiidey
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2.7 uideilieatas

2.7.1 msauaunsielunisesndinduvasilduunsuieulaeenludlng
nslaalamaslanzaanlan (Oxidation potential control of VO2 thin film by metal
oxide co-sputtering) [15]

Mudelaeenlsdiiniuamsolunisudsuaudivauanaz i dou

pumpiinasulanzifuauiu (MIT) desmsfiazidoaiiduunwonuieslaoonled
W50 13 co-sputtering voathlanzesnluddug eraduisfaieauaunisviaumns
pondiadu Inndousenledgnidondmiuinguszasdll szifuuansaniunisaoondiady
angegkazIInloasuAfuiuILUGEN AunuIIguEaNURnaNveITauVO, fie TiO, Co-
sputtering Ua4iuUn15anasU9 LAY WaUDs Ti oxide co-sputtering 8RS1N1TLAGDULAY

W& VO, Ninsiag1959m53

2.7.2 m3ugnilduune VO, Muszansamgenduuninseuainneseiigaumaiinn
dwiuuszandldnszanwdeudansesiiiuszansain (High Performance VO, Thin
Films Growth by DC Magnetron Sputtering at Low Temperature for Smart Energy
Efficient Window Application) [12]

AWauu1g VO, ABUUURURIUAD soda-lime Tag DC magnetron sputtering

TnuansduLariulivesiauTanvuzn15E8LUUTY X-ray 1aeA8n13 four-point probe,

[ 1

A3093AUV / VIS / NIR spectrophotometer, 30eTnAN ellipsometry, Raman scattering

I a6 A o

LazNao9anssAY auaiy nafilauwandiininfiaudnisiinuafianiswes VO, (011)

lattice fimstUdsuwdasanuiumulninvesiduegissAuaudy 1.5 wmmdminilauh

(3 1

ANU5aU 25 ° C D11 80° C msiduavesguviivesilduegiusean 50° C Fewinii 68°

Y

C nsdesinuluszagiiveaiiuligeananunsouanilagats 40% wasUszansnmluniswieu

IR AnEe 50% 7 2500 wiluims
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U 3

A5N1SANUUIIUIRY

3.1 nsaaasizanuIuhsulaesnlafslemainansienLunlinsay

GG RER

L3

Tulasanuiawilvihnsugnilduvinuieueenledmemaiinesienuuninsou

a

atamese faldlanzinufeumnuusans 99.5% Wudiaisedeu lagazlinia 2 via Ao

q

WAADISNOULALLAADNTLAU WAdDNSNBUYINMUNNIUNSaUsnesazmauvatansiadauld

[y

ngavenI waslinnssmfiivezneuveteendiuiifieglunatain udnnasuuiiuiotan
5833V (substrate) auinluilduuns luaniznaaunazdmariilioynia 3o gas phase
species flaglunanauniiaulsonaiaiiussmaaidetuy dmuantfvomanauniaiing
soaulAvosilduundlagnss derhumsugnitduuisiefeulaiianzauuda nszuaunsli
mnufeuduildundaninnsiiviinsugnudaifianuddydeandivediduuiy Jadeild
Tunszurumseu leun ufadld gaumndl soznanmseu 1Wudy

dmsululassoufiasildvhnisfnniduunanudessonledifioguansenuves
nsyUIUMIeUTiiinadenisidsuma lnsaziilduiivgnlalueunisldanitzanudy
qmqpmﬂiuﬁaui&uﬁai’mﬁ’u msanfunuidedeuuseandu 3 @ fe

1) ﬁ@m’%amzwqﬁymmﬂLLasisUUﬁIﬂuﬂﬁUQﬂWém

2) dawspuszuvdmiunmseuneldnulugainie

3) TR AT IENAUURALTILASINANLAL LA

3.1.1 szuvarstennuninseuadnness
svuvorsienuuninseuadanedeiildlulassnufiveviidussuuiildians
ponuuULazadistulng 5A.A3.391730 LAIAAAT am&%ﬂagﬁ Surface Physics and Plasma
Applications Lab na3v Wand Augiverans aqa. :ﬁé’ﬂwmslﬂuﬁqgﬂﬁ 3.1 Fansipdeu
Aauuwheszuuifonihmeldannganuduamyinma sutimssidanaramgnnszdu
FhenauANLIng peAUsEneauTidfyuosssuumsndouiiduimemeiatiannsautseenls
5 duiiddry fe
- 3% U‘U%M 1n7A (Vacuum Pump)
- Qﬂﬂizﬁﬂ'ﬁi’mﬂ’amﬁuqzyﬁmﬂm (Vacuum Gauge Pressure)

- MyurdIn1@ (Vacuum Chamber)
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- izUUﬂwﬂumﬂMa‘UaﬂLLﬁ”a (Mass Flow Controller)

- UVasINeMaInauANAINY (RF Generator)

JUN 3.1 ssuuansieviuuninseualamaianfiansagh Surface Physics and Plasma

Y

Applications Lab A1a391l@ngd azinendans daa.

3.1.1.1 ssvuihiggnie
ﬂflﬂ%’muizw%uq@mwmﬂiumsa%wizwmiawLLuﬂﬁmauaﬂmma
39 ABILAMWNUIANAUVUIAYDIN Y UL YINA Tnedmsulassnufitauissuuay
Uizﬂaué’w%uqmmmﬂaawﬁﬂ fio dulsm13 Rotary pump) LLaz%mlaﬂQﬂszma
(Diffusion pump) Tnefiduaessdniunnsiefuiandnnisdueininuasgranausi

gy nenituinle Falldnuweusdunsgud 3.2 (a) uaz 3.2 (b)

[3 -

5UTl 3.2 (a) Uail5m3 Edward RV12
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Ul 3.2 (b) Yuletlenszanegu Diffstak 160/700 vasu3Emionanin
IuimamuﬂmwﬁfﬂzéfaqﬁwmmG’fuqzyﬁgwmﬂiﬁlﬁizﬁuﬁmmsa
wdeudlauuiele Imswﬁmﬁﬂﬁmmé’u@mmﬁagﬂiﬁﬁ?’mdw 10° faduns alddalsm3vh
wﬁﬂ‘ﬁa%wqq;z:uuwﬂm%guﬁuiﬁﬁ’umﬁuuzqigzyﬂmﬂ Tnseruiruilddulsnivewsvnien
Magu 9157 12 (Edward RV12) Hundndifinrwannsolunisassqayinalddursedu
ANRLUSIEINIATIAINRUSERY 107 Saduns Indnnisnisduenniafiendendnnis
wieufivedlanesedisite fegnrslutudunalandnlunistuernimeanainaivus
annma fausadiasdenturiatdmudnuaznshaud duna
drulutasauduiidindt 10° daduas axldduledlenszanse
(Diffusion purmnp) ﬁwmmﬁuqigigwmﬂiﬁﬁaizﬁuﬂ’mmﬁ’uﬁam'ﬁalﬁﬁﬂqﬂ?\léﬂé’ Tnelu
Tassuiiasdagldduletlsnssaresuinaudn 160/700 (Diffstack 160/700) vosu3tmisn

s

130 (Edwards) fanudlumstufivinvesil 700 Gasdeduni uazdnludosodetlsm
fiutluatuayuanzyinsdy dmsuiilefenszastasiaulaeedendnnsedouds
wiademsifadlovduigniuruienuaznatedulodeaudougsnnainauiou
wWsoonndondn fegnelusidudheusunfneluiuifssuuiwdeBusgsouuen
vosiaty vililuananiessneuvaufanislunsugannymeandouilufisnisninuuag

a9 wagTNiueg USnusua1eslukavgnaneantuimetulinisluign

3.1.1.2 gUNIalinUALLAAINAAIUAY
Tunsuansmnufuvessyuuganmylivinanudu 2 via Jaus
avafiafigunsinfiunndnetu Ao Watafisnil (Pirani cauge) dmsuiannudulutianinudu
UssEIMAILiarasiiliannd 102 fadund uazwaTaudaumuis (Penning cauge) d1usudn

Anuauluge 107 - 107 faduns Wnglussuvguainanlaasauidagleiiniisnd 2 67
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wazTanuds 1 @7 wagralt1nufLEnINa Active gauge controller U9IUTENLOAINSA

v v Y [y [

‘17|’\‘1‘VI’J'JC°1LLﬁ%G]’JLLﬁﬂﬂNﬁﬂ?’]ﬂJﬂULLﬁﬂﬂﬂ\‘izﬂﬁ 3.3

T a—— e

( s EOWARDS Active Gauge Controller -

(a) (b) (c)
U7 3.3 (a) rinanuauviiaiisil (b) Mrinanudustamuils (c) Auanna Active

gauge controller Y89UIENLAAIA

3.1.1.3 AYULgINTA
ABULAYYINFIIIINMENNE1AUaTL (Stainless steel) a5
nuaMusuldiindt 100 fadurd neluriinisindegunsalildlunisgniiduuis 4
Usgneumeinuninsouatnness (Magnetron sputtering head) d1wsunadiaisiadeu
Yu7A 3 17 gunsnidudausugiuses (Substrate holder) gunsaiiln-Uaillrasindoy

(Shutter) wagviedsuia faguil 3.4

= .
5U# 3.4 Magnetron Head finnsagnnglunivugeayyinie
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3.1.1.4 S¥UUAIUANNS AU

Tuszuvonsienuwuniinsaualnness n1saruauUSunauianivatng

Y

= [

szuuiinnudndusgeBadmiunismuauanudunelussuu wazivuateulvdmsunis

(3

Ugnilauundlunsiazass Tulpssnuiawillduianisneuniainuusgns (99.999%) uasuiia

Y

aan%wuﬁﬁmmu‘%qwéqd (99.9995%) AIUANNTTIATBILAAAIY Mass flow controller
Y0IU3¥N ADVANCED ENERGY

Ul 3.5 (a) AIAAUANLAZUAAIHAYES Mass flow U ROD - 4 4aaU38M ADVANCED
ENERGY (b) Mass flow controller ¥83u3&n ADVANCED ENERGY

3.1.1.5 unasRngmaspa AU Ing
1 1 o w d' aa e ¥ o s I a
wiasdnemdenduaudInenldiuszuvesienuuninsoualniness
vaalassueviiusEnoumuwaIn L inAauANAINEYDIUTEN ENI Ju OEM - 650A XL
AIUN 3.6 ALTaARUAIIUD 13.56 WNNELESH MAsEean 600 106 WiauszuuUTuBuNuALg

WUUDH LULR

5UN 3.6 1AT29UNAIIIEAAIAAUAINDINYGVDIUTEN ENI Ju OEM-650A XL
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3.1.2 uHugusasazitiasAfeu
lulassnuiitawnisugnilauuianuieulaesnles lne3ssueafinersion
wundnsouatmmossldgiusondunnunszandlanves MARENFELD waziUnasindou
MRELATNUTENE 99.5% (Kurt J. Lesker) vunmdusitugudnans 3 2 v 0250 §7 &
Snwaedagudl 3.7 iduusiinsduasgituazgniafouasuuusuuia Pyrex vasuTem

MARIENFELD

Ul 3.7 (a) uaz (b) Whansiadauanwtfien Kurt J. Lesker A21aU3gws 99.5%
(©) wsiunszanalanvas MARIENFELD 32

NIATYULAUFIUTEA
Aeuvinsugnilduuauuiansessu Aesdinsvihauazeauiivesiansesunou

1 aa v

e dadsanUaniiinegiRamiinvesTagsessu Tasfnseuiunisdel

nSTUAUNNSINIANETRLHULA lNS N

1) yhmsdsisthewhauazeinasuluiy

2) Eaheiewazonnsulutusenlngldtindy

3) demeezdlaulusnsdanileiadunan 20 ui

4) awnsyueauenwanitedadunal 20 wi

5) eeiaeauszqdung 15 Jundl

6) Whuwhemslilasiaurnuuiansgs

7) hlueugewneulnihdidgsludh 800 Tae Wuan 10 wid
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3.1.3 nMassunazinneszuuanfienunniinsouaiinmnass
szuvflonuninseuatmnedsililunisugnitduunnuielaeenladly
Tassnufiaviiduszuuiiesnuuunazastunldiedluvos foRnmsilandiuiuaziawes
Sudusesdinmhenuazein douueuuarihssnunewhnmadassuuldou Taedduney
LaEnIEUIUSH
Fumeumainisuszuvansionuuniinsouaiianaie
Budunszuaunaeieussutonfienuuninsou Inefinsthiudiusne ifadeerly

AMyuraygInAsanintaaNazeInasuianineglusruy ielesiunisuuilouuas

ERE7 A

a

ANulduIansvesiiduuisiiaziinisuan laesuainni1snengunsaliniegeenanaiue

q

(%
a o

deyey1n1A AUNIRIKAENTTUIUNTYINAINAERIATRsQUN Tl Aas YU AaLl

1) gunsalilddised

- paflosnauazinlFiudliiuszuvayanna (Quilesns MAPATM Solo Ultra 997TM
wagdn13u MULTICLEAN CLEANROOM WIPER HANSONG)

- ogiiilluvload Diamond ALUMINIUM FOIL

- n33lns Anwes AUAU wavANAR

_thendhavhenuazeta Teanlal (SODIUM HYDROXIDE) kaznssmensng
~1&nseanaziifuiiulsn13 (Edwards Filter Oil Element EMF10 A22304198 and
Edwards Ultra Grade 19 Vacuum Pump Oil)

- shsudluleflanszats (DOW CORNING® 704 diffusion pump)

- Acetone, Methanol, Deionized water LLa¢ Isopropanol

2) nongunsaflunwugagnnaeen iewmIsaiharmazen

=

3) dnsuilduiiinuu Ground Shield Wuunilnseu Tawes gunsaldudngiuses
uavioduwAa fMeonseaumsevideutlulufoulansenlediiovinasuiiduoen

4) datlenuazanimeezdlaulugedansileia 20 wifl udrdreiewumniuealy
sr9dansilaiadn 20 w1t Mndudilrursieufalulnsuyians

5) Sathasiedeusieingwdansulusiy, Deionization water, asdlauuas
wynuealugnsdansiletia og1sar 20 unit wdndhliuieeufallasiouuians

6) WinvhauazeInnguzayInaseii luguesdlauy wasdameumniueadn
adq Lﬁasu%’msmlmﬁuﬁEma@agjmmﬁfqm%uzq@mmﬂ

7) ﬁmaq:ﬁLﬁwwaséium‘ﬁusngigﬂmmﬁaﬂaaﬁulﬂﬁﬂémlﬂamﬁwﬂ’ﬂmms

FUeINAlAYATILAAIRIFUN 3.8
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JUN 3.8 vuzdyInAnAnagideunosd

8) viegunsainniuneglun1vuzagainaneegiliieunesd

5UN 3.9 gunsalivieveedegiiiiauazniaufansluszuugyyinia

3.1.5 YunauNIstAFaURaNUIULReaanlYa

(3 1%

n1sUgnilauuismessuveisievuuninseualamedmaainilavinaing

A¥01AUNUgIUIBILAITITURBUAIsa U
1) 3UAINMIAARILHLFIUTBUULHUEATULKUF TR Bragniglunivuzgeyeyina

ﬁﬂﬂﬁulﬂm%mqagﬁgﬂmﬂ Mnisanausuniglussuulveglusedu 2.6X10° Jaduns
ilearlimdendmiunsugnitduuiniuieusenld

2) lolfanusuiinoudonisugnilanuiauds livinsdiudnsinisivavesuia
o1$neuiiianuuignigadnluluszuu 50 scem (Fdunaanufuaslunisuzgyainie
A3z Uszam 2.0X10° fadurd) anduilaundsiuineduingtds 150 Yadf udran

USunasnsinislraveniiaaisnauaslimdu 25 scem
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3) ¥8931NTUUINNIT Pre-sputter FanouN1TUINTANUNNATIAEADIYINAINALEA

Y

[ '

Aavivewiuilnansiadaunienanaunree1inaunmMasveLasidandauaunIng
150 J0d BanszuIun1sAenadsstIsidatueenleaiintuuurmvinvesusudiansiadeu
Tvgeeanly iedssiumsvuilouveseanladvazUgnildy laenseuiun1sinniuasen

¥

& = v ° a o ¢ A Y] | &
U QSI"U?%EJSL']&TU?%@J']@U 20 UM LLa%ﬂ%@]@ﬂVl']ﬂ']sﬂmSU@Lm@sLW'@{]a\‘iﬂULLNugqu5@\1 MNUY

' [
a v

Jusudunaun1sUgnilauuinuifsusenlennisn1silatnmnes a1eldussenianay
sEmiaufiaensnounIauIgnsa (99.999%) uazufaoondiauannuuignigs (99.9995%)
Faagilinudeniivaaeenandasadevriujizentueendiaunduinduiiduuis
Niufgnoenledadouiukugiusesnsranaladlufiae
nswseRilduuInReneenlefdmiunsAnuan s 4 veddidutunsei

nelatauly famnsei 3.1

M13197 3.1 Rauladwmsunisugnilauunmuieulasenlanlulaseunay

M3ne3 Fouly

Whansiadeu ey 99.5% usuaudnans 3 i
WHUEIUTDY wialwsng
srggsgniadiansinfouiuuwiugiuses | 90 Hadiuns
ANUAUABUYINNTURNTAY 2.6X10° fiadiuns
auduneudaunasiiianduing 2.7X10° faduns
Mdseunasinnduing 150 Tndt

ANURUYEIINSUgNTAY 2.1X10” fadiuns

gns M IvasInvedLia 25 sccm

Wesigusdveswiaendiou 5% 6% Waz7.5%
syogaltlunsUgnildy 60 U

gaunilluniseu 200 300 400 500 Wag 600 DIALIALTYE

Aa

919849 : MsAnwmavesuuiilunseuniideautivesiiduui VO2 Unsinw 2560 [3]
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3.2 msduanzidduuinuietlasanlyddlsmaliala-alannes
Tumsfaseiduunmiuiedlaoenlsdiemeaiala-atinnoidlulasanufivesd
Iivinnsldidiansindevasssiaderdlavganudenanuuians 99.5% uagiilans
wunill@en 99.95% lngagyinnisUaseuiiaaesviiaiilufe uiadesnaunasuiaeantiau
Tnsufaorsneuturzsimiiiilunisuandndunataun (Plasma) iefiassinliiinnig
almmeiitharsindouisans wozufaoonflautuasnaveglunaraiuazfinnisrandaty
pznouTBURBLTIvannInLaganasllindouTigIuTesdy neduermesvesuniifey
adluunsnegmeluresiduusiiiinduiisuiaiiounistiu (Doping) Tnsmsvinliiianis
uandvasufaensneuiidisaesiusufufiedoddindoundsinefdnduamnuiingaes
wdoaiiafingvhmstnglifumuuninsouiiaesinndutharsey dadsiideliitvaes
fuilnadenisuaniaiivsriliesnonvasansiuaneen
Tnglulassufiaviaginsfndauas@nuszuula-adaneds evhnanieufid
uwesAilaeenledifinislivarsuundifoudilu Felduiiniosldannszuiunis

alawmeSwudazgnihevluannzgyamaieivifiduiinstesiaidussdevinnauy

3.2.1 szuula-atainaie
lneszuula-alamedildlulassnuiiveiidunissosonuazimuanssuy
p1ftenuuninsaualniness Ingoanuuuiuduiuiulay 56.035.9519@ 1018AA7 wayi

a s

n1sAARA8E 7 Surface Physics and Plasma Applications Lab A 1a3¥ W d@nd A

Weeans @99, Insildnuaelagsiueagui 3.10
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3.2.2 N15LAs8ULATANRITEUUlA-aUnLMADSS
A P a & & | ) = ~ &
999858 UULA-aUmma3a iU UNNSFHBYaANAIUILIINTEUUI LB ATIN D5 1o
=1 a al'n:l 1 a = o [~ ¥ o a 5 1 5 [ n:l'
wunilnseuatnimesaniieginiu F991lufoinN1snouNTRARITEUUNIMINARITUT 3.11

Winagyinnsusenaududlulvaitn b

5UN 3.11 5200ULUULANVIINUA

[

feduneumsindassutla-atmmededuannsouiseantdussuusagded
1) SEUUGINALAZAYULEYINA
2) szuuiteidnaumuiing
3) STuUnNaBLY

4) szuUdeLianIuANNIsavedLia

3.2.2.1 SEUUANAINALAZ N TULFNINA

q @

sruvganadunivusilddmiudanionannzgyainialagsos

unanmannaiiuaiiu(Stainless steel) Fsa1u1sanunemuAuiilanIngl 106 Jaduns
lngagluagyinisinasgunsalilddmiunisduasisiilanuns Inguszneumeiiuunile
saualnme3a (Magnetron sputtering head) aasidmsuinansindouvisass aunsalile-

Uniuuniingeu (Shutter) @o9du wazgUnIalEniugusesdmsumdauiduuns (Substrate

o

holder) FsfnfsagauuuwazazyinnIsinfauewaslineialdlunisvyuaunsaldndu
F1u593%sazdun13trevi lifduusiwsenladuiianununfadaueuiniu lnaduneu

v
v A

NSRRI UL INAEMTUTEUUTMNEIRS
1) vhenuazeadudiulminiuuesieinevinauaz o lutura 399

nMsaNmetNazeIaNed1tnevinANazaalviueanuwazvinstdtnas ol
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a

2)  dnendudunuviimsknzegiifounegdonn wazin1staATIUTALTRRA
aganrasInuuInhluinsameigvhanuarealudulavinasein

3)  nduhduduntesihnisieasliegaislunivurgaginiauvinnime
¥ a A (3
mgegilifleuvlayd

4 dnegrusesnulanisugagyinanliinnisesnkuunvidive

5’e)<1§‘U‘Vi'JLL@Jﬂ‘L!G]3’EJ‘L!‘VI<'l?l’ENll'1‘U53ﬂ@UﬁQUUﬁ’WUi@QiUi%U‘U@QE‘U‘W 3.12

5UN 3.12 grusesinulanivuzgyyinia

5  vasnnuuIvhnisdietegiillsunesduvitnisinaslugegiumulanivue

gouaunendudsgui 3.13

JUN 3.13 prusasdnuldnvuzgyginmaniinisinegiiiieunasduda

6) devhnshassgiusenasuduniouiosuds Feihnsendinivuzdayyinie

hnsinegliillsunesdniglussusesuvinnsnaivadlungiusulanivusgagyinea

v '
v I

7)) NUUIWINNTUIDITILUNTATOUNIADILIVINNISANAIRISUN 3.14

Y
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s

U 3.14 RILUNTATOUNIEHD I

8) wievinsingaiuninseudunseuseswalrduinnisiivieUaseuiani

aNwEAIgUN 3.15 WviMsAnsa

-t A

[ 1

MSUINBUAE

€GN
(=Y
=p
= I
(S
(]
Do

9)  nuInenadmsuinnsgunsailantviuuniingeu (shutter) wWhans

\AdDU(target) uazdudiuaTaUILUNTINTaU (ground shield) N1UTENBULTINTIULAZ D

o«

KUNTRTAUMINEIU 119VIN15UTENBUTUAIUMINAMINUALEAS IS sUS a8 LAIL T A NwaIL A

a

IUn 3.16
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E‘U n 3.16 ‘WZ!LLSJﬂ‘UGIiEJ‘N‘VI‘VHﬂ’]i‘ﬂi“"ﬂﬂU‘UUﬁ’)UVI\i‘lﬂﬂJﬂLiEJ‘UiE]?JLLﬁ’J

10)  MAINTUALYIINITTUAIUF S UTANTN TMUN TN SO UL RATLE D9
ASAARILILA?

11)  loUsenauiuduigIuuein BudyaINIAEs st udINaziinsie

(%
a =< a

ﬁuumuwlﬁjmmuEJ@mmgﬂuiaﬂumimaammumﬂ (substrate holder) uin1sfinsad

AUUUVBINIYUL ALY EYINTA wé’wWﬂﬂﬂiﬂisﬂau%udfmﬁwmL%"ﬂ,iﬂumsauzngfynﬂmﬁ%ﬁ
anwagaagun 3.17

i‘lJ‘VI 3.17 fﬂ81Uﬂﬁ‘llu“‘lll‘lllﬁﬂﬂiﬂi“ﬂ'ﬂ‘U'ﬂ‘Uﬂimﬂﬁ‘Vi&lﬂLi?J‘Ui'e]?JLLa’J

12)  “aRINtuLNuYeIgUnIaigndugIuseatuazyinsinlituNewmesnaeuen

AvuzgayINAiieNasinsmyueUnsalBaduguseslumslusewinsduneunisindeu
fldu Tnswawaiiviinshnislfasidnunedgui 3.18
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5U# 3.18 wawmasildinnisvauaunsaldadu

13)  lTwtuseugavelvivihnisiieduleflanszasuazdunalsnsuviinisings

NTIALAL LR

3.2.2.2 syUUTIemAsnaunIng
nssneidsndueuiinglussuula-adamesaiusnduiiaedodd
widseauapaAteLitavhnistelrfiuuundnsou Fsasvilianunsavnisuuigs
fviannseneliranundnsounassluruiafiunndrsiuldfieidunisiisuieoulunis
fdununnass Tnolulassnufivawi laldunasidafivinnisdrelidlangaudeudu
Y0IUTEN ENI §u OEM-650A XL Gsanansavinindsgeanléfie 600 Yo masuitiuuniiden

tldvesuTn Coaxial Power fu AMM 600-13 Tnsdnwaziedoadusiaguil 3.19

(@)
Ul 3.19 (a) umdarninvesu3sm ENI ju OEM-650A XL (b) uvasiiinvasu3sm

Coaxial Power 3u AMM 600-13

Tuduvesnsinsaszsuuineiarauanudingdluiiazdesinng
WawsoaneNviN139eMatesninANwaIemiaIrauA NI Ul NsaL ey

mstemaadilugiuuniinseuddidnuaedsgun 3.20
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JUN 3.20 gunsalieusiasneNATaIMGIRAUANNAINg T gRuaniinsau

3.2.2.3 syuUVanLiu
szuviazUsenaulumensasinauduaonIowasusEn EYELA
Ju CA-1100 wanesiagu3.21 lneiasasusniuaziiinisvasiiuduleflanssane druasesd

A09UULINI TGO EUREADIAIUABNIIATURILNNTATOUTIADILALLATOILNAITIE ST

(a) (b)
Ul 3.21 (a) waz(b) 1A3awIANMEUYEIUTEM EYELA u CA-1100

3.2.2.4 52UUAIBLAARALAIVANNTT MavedLia
Tunsguaunisadmmesvasszutla-admmeisiuagiinisdeunta
nllun1vuzanyinia (Vacuum Chamber) tilefiagyinliufagnnsedusiofdsndy
aruiinguaziiaidunanann Saufailflunszuiumsiifogaesiinde Aoufanisnoun
U3avs (99.999%) wazufiaeandiau Insufaaessiindargnitedlulussuusumsviodng
ufafiRndsegfuiuaningeu uazargnarununsiviadae Mass flow controller 409U3Hy

ADVANCED ENERGY LﬁlaLﬂUﬂW'ﬁLU’SEJULLUﬁQLéi]ﬂl‘lllﬂﬂ’]iﬁﬂﬂ’]’iﬂﬂﬁaﬂ
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(@)

Ul 3.22 (a) AIAIUANUAZLARINA Mass Flow Ju ROD-4 ¥asuU3Em Edward

(b) Mass flow controller ¥a3u3¥n ADVANCED ENERGY

3.2.3 Jupeunswisuilsuuidlussuula-adanass
nawdsufidudulassoufiauiasihmanioalaensdoundassidd

Tifumuuninseuiivhnisdadadrarsiedevuundidomiiodunndisufiounisify
winiidenadluluiiduunaveniudon Inenszurunislumsugniiduduaunsouwdsoonts
Huaesdfe msadrsannzguyinanislunivur waznsugnildusenmsatames g
uiazdunouaslineasBondail

nsasan1zgInAnielunivug

1) Vimadalsnituudainisgeomaniglunwuzesniieatsgranmeatudud
10 findud uasvhmadaeiesienuduilddmsundaduiilefinsyatsindoatu

2) dlesnly 20 willivimsdundalanitulihnagaeimeanntulefinszans
wazaszuundonnbuiilofinszars seauAnledumeiiduuenvesdulefinszanouds
JaUasvinausau (heater) uaysaiduian 20 wndl

3) ifleasunaiidinuslivhnsdamiusuiants (Ch1) Tnsgainduanma (Active
gauge controller) Wagfiliasnin 5x102 aduns udrdwhnsliadiUndide (butterfly

valve) wisunainmsiliaiiinviiamuila (ch3) iieganuduiininit 10° Taduis

nsugnilaudensatdames

1) yhmsasasumNsunslunIsuganyyInia (ch3) nmikandta (Active sauge
controller) 1#agfl 2.6x10° fiadun3 (base pressure) w3 Warinvdnmuianazyiins
:n Mass flow controller ttayimsiiudnsnisivavesufanineudilunvuzayaine
wSeurtadaniosimubuiilddmiundefutuuniasouaesiuniossesidegy

AU IMYYRIUIEM ENI Ju OEM-650A XL saLdutaan 30 unil
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2) WedaarniuuanailurinnisiaszuunasiuliinmuuninseunasatuLases

e uANUDINgYeIUTEN ENI U OEM-650A XL wagyinsiUaiaiesdngmaseiu

aa & Y = o I3 =
V’n']llﬂ'ﬁ/lEJ‘VNa'ENLLaU‘UﬂWWﬂWi@@WﬁWaNW kaesaldullan 20 U

3) MAIRINATULIATIVINNISIALENTINS AU ILAA0NTLAU M Wazyinn15andnsa

nshraveniatuidmissnudlansuuniidounueulunisan IneReulunmunag

WWuminns19913.2 hazse 5 Ui

4) WeAsunia1 5 w1 3WMsiUa (shutter) MantLUNInTaUREINRITUINNTS

alamasnunaniisinue

M1319% 3.2 Weulunrsugniaurupeulasenlaanvinnisiaudleuunili@euluvue

insuanalemaliala-alanais

WsAnes Geula

Whaswedeu MLULABY 99.5 %lay wuniigay
99.95%

WHUFIUTOS winlwisnd

538E193EN LTI TAFEUTINADI UK UF T4

15 QURLUAT

ANNAUNBUYIINNUQN (Base Pressure)

s

2.6x10° 3iadu1s

ANNAUTENINNISUGN (Working Pressure)

2.6x107° fiaauns

[ |

MasveawnasinlinaduIngvesdnufey

150 wag 200 Jné

[

Masveuwnasinilarduingresduniwey

20 08

M558 Eva Rt ULR B

25 sccm

dMIINTavewiavaaunTiden

20, 15, 10 waz 5 sccm

6 @ (3 [23 a a
Wosigusvealndeandiauveuluney

5% ey 3%

a6

szgzalun1sUgnilay

120 U

3.3 JunduNITUINENNINNYULHNYINTA

Tunswssuilauunsdunsunisiniiduesnainsruunsadamesadinud il

2871989 TIVUNDULAIT

[

1) dlsasudumneunisugnilauialiminisUadames (shutter) uaziAIedT1emMas

(%
Y |

AUIETIERILadIvinnsdounfanald Wual 30 ud

]

2) wdsndulimeavinstdeunfadieliinannzgyainia Wual 30 widl
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3) WeAsuauallivinnisUanaiUniide (butterfly valve) wagyinnisanauia
ansneulianudunglunivuzedi 4 Taduis udinsdiduuneliiduna 2 4alus

4) wasnuuIsinisleufiaensnewsuninazaiunsalanivuggyyiniala

3.4 szuunsaulugeainia
YBNAINUIFYNIDNITILLMDSUBINTLUIUNIT IUNTAIATIZNNAUUNIL AINAR D AU
YDINAUUIAT NTTUIUNITLAAINUSDUNUTANU19NAIINNY1N1STNATIENLAD (Post-
. LY a = o aa o 1 a 1 wa a6
annealing treatment) da.udnuilstadenianudrfydidenoauifvesilay Tulassnu
NALlIIANINIT9UNT O IAAIINS DU UK UT A UUIINEI9INNNTAATIEALAITUAIBNITOU
neldnuiduggyainia (Vacuum-annealing treatment) FavinfissAuaI1uiy 103

faduns seuunIseuLaniagun 3.23 seuudenangnyinligeainiaalgnisiddunalsnn3

U 3.23 szuumisaunieldanisgnyyinia

q

<

3.5  mseszvautfvesianusnuhenlaanlya
Wodunisfnvaudivesdiduuniiléviinsduasmeituimnavemisineives
nszviuiinangsls fduunsiilivhmaduasgirgninnesidnuasresiiuinde Scanning
electron microscope (SEM) hazitasigidiulsznauniapiivesiiauuismeiatia Energy-
dispersive X-ray spectroscopy (EDS) uenanniazinsviautinidasemangiemain
X-ray Diffraction (XRD) sauﬁnggﬂmwi’m Atomic-bonding structure fgLnALlA Raman

Spectroscopy duUANIeLanIY UV-Vis spectroscopy
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3.5.1 X-ray Diffraction (XRD)
nsnsiageumllulasndn wag Phase identify vasilau InennsiAsiew
971 XRD Pattern fil§a1n X-ray diffractometer 3aipasilainszidinanildlunuided
uvesuT$m Rigaku SmartLab Tdnwauziludaguil 3.24 undsiuia X-ray fildde Cu Kal

fiAAueInaY 1.54056 A

N e B
h—._;-—-_--— —t— =

- = N f
P s -

T BN AT, T

gﬂﬁ 3.24 Rigaku SmartLab X-Ray Diffraction

3.5.2 Micro-Raman Spectroscopy
Uon1nU 911N 153LAT189% Atomic-bonding structure U IHANUNIAIY

Micro-Raman spectroscopy Faduves NT-MDT INTEGRA spectra FIUNEINULALEIDIN
lon-Argon Laser A311819AAY 514.5 U1lulAT 1ATINBTLAT1EVAINEN1IAARI0ET

NaNoTECH Thailand Science Park Khlong Luang District, Pathum Thani ﬁﬁg‘d‘ﬁ 3.25

g‘lh?i 3.25 NT-MDT INTEGRA Micro-Raman spectra
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3.5.3 UV-Vis Transmission Spectroscopy
N3RS UANTRANIGLEIY UV-Vis Transmission Spectroscopy tJunadia

vaa o Y v A

flansnsnldnigluies oaidulaviui fanadadannsnszyamnuvuiuazesduseney
yosilduusldegninsmqludodiu Suttmumuuaresdusyneuvesiiduuredadiduiusiu
AdaiinmBaaniuansodunaldandeyarendeffuinsdesiuuasmesiiduuisdy
suuTildfdmsu UV-Vis Transmission Spectroscopy suszuudildniinis set
up Funeluiesfunng Wudesud 3.26 Fainlianansnsnisialévud szuudandn
Usznausie OcenOptics DH2000-BAL deuterium tungsten halogen light source tay an
OcenOptic USB2000 spectrometer W5aua18 Optical Fiber Gﬁayjamﬁmﬁﬂ%gﬂﬁﬂﬂ
UseiiuwagAuanufievinism Optical constant (Complex index) 2Ms Optical energy

bandgap LarAIMUNUITOINANUNY

g‘dﬁ 3.26 UV-Vis Transmission Spectroscopy Setup

3.5.4 Scanning electron microscope (SEM) [7]

12 % L4

N153ATIZIANBULIOINURIVDINAY LTUNABI9anssAUBIANATOULUUEDS

ya 1d I o A LY (9 A 2 o = o 4
ns1n laglddidnnseutduinasnifaias ‘Lsuaanawmmmaﬂmm 0.2 lulasiuns Javinlw

q

14 fa @ ] a o w = ' = A v ::l'
NABIPANITAUBLANATBULUUABINIINUNIAIVY UGN 500,000 tmn "Ux‘lﬂ’]‘WVllW’[l’]ﬂLﬂi@\‘i

Y

SEM fazlunmanvarves 3 7 ddnvusdudgun 3.27
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gﬂﬁ 3.27 Scanning electron microscope (SEM)

3.5.5 Energy-dispersive X-ray spectroscopy (EDS)

Energy-dispersive X-ray spectroscopy #58 EDS Wuwmadafildranas
Answisigidegluieiidulagldnisnszduaind didnasou (Electron beam) iiloTn
wiuiigniuanUdeeeniniazyinmsiengilasuanwaidusinuazuinavessis nely
Tassuiawiilaiinisldszuuiauuy EDS 7 audwaluladlulasdidnnselind (Thai
microelectronics center) Im‘aé’hszwﬁulﬂuéauﬂszﬂauﬁaguiﬂ'msl,ul,ﬂ%waﬁzwﬂé’m

’gamiﬂﬁﬁLﬁﬂmamwuﬁaﬂﬂﬁﬂ (Field emission scanning electron microscope)
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uniia
NAN1528LLaZAUS18NE

N15§9LATIZHRAN VO,

Trssnuiitasdidnutsfenisyinsdaasisiiiduuinnuieylnesnledaiy
wmeadnensionduoaiinuunilnseualnmess dslunsyuiunsdunsevilduisainssuiunis
TaruSaufuilauu1andsa1nfinan1sdaas1s9 (Post-annealing treatment) W& 3
ANUAIAYAoN15InTEloulaTEs AN LAz TusEN10AT U0 AU AEAAINE1IT
Anwmavesnislinudeutuiiduuns Feiitedendniidnadenszuruniswauda leun

gaunilkasseznanldeu suddnymavesn sleuuiadilvlunssuiumsuenta

4.1 wavesnseuURduUNUesidudaandiausieiy
4.1.1 wavean1sauiduunsiesifudeandiaurnsiunieldaniizgyinie
Tumsdgnilduuietiu fduursasgnindeuuuusuuialmindiduszosinat 30
il Fnsduszriuiaeendioufunasinveuiaimn 5% 6% waw7.5% samnsla
veaufiasiu 25 scem Tuvnigfivgnldundsdinaduing 150 Sad Fefitoulunisugnss
a3197 4.1 wazidulveuneldannzayyinia Ngungd 400 esrwaidoa 1Dy

SregIan 10 T3l

M1319% 4.1 Reulvdwmunisuandunfnenavainiseunieldantizaayainia

Whasedou = ;J-';L‘;A“Lééu;]’s'l_iJ-U%?jW%‘_99.g()/g 03ih
Lwiugmiaag"u_ > 7  wiwilndnd IR
AuGuiuUgnildy 2.6x10° Faduns

ANUAUYEUgNTEY 2.6x10” fdadiuns

Sputtering Gas uAEDIINOU

Reactive Gas GRLAGIEN

gnsnslravedniasiy 25 sccm

Wesidudufaeandiau 5% 6% uay 7.5%
fdwesuasiuianduing 150 e

srelIaliugnilay 30 Wl
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4.1.1.1 aNYAULLTINEAINVDINANUS
AAUUNNONI1EIULNADDNTLAY 5% ¢UANWULAATU (@) WAT
Fns1d1uniannndau 6% Nauildnwauslusaasdusanidudiinia (b) wazsnsidlunia

§ Ao

2aNTlAU 7.5% Waudanwurlusauas ddeudiumnies (o) uanalanagui 4.1

(b) )
UM 4.1 Wanuniwseuldannnisldndesuaiu 150 406 ddnsdmuiaeandiau 5%

(@) 6% (b) uag 7.5% (c) Ugnaet3aan 30u1il auneldan1izgayiniAnie

gaunnd 400 asAnwades Wwaan 10 Falug

4.1.1.2 #aNTIATIEALATIASWNENATY X-ray Diffraction (XRD)
NAIINN1TIAS RIS IEENEN Ve ANV IS TSI ULYeS
$ediond wuirdasdrunfasendiau 7.5% Aduugifausngiiduvsuinalndides
AURTWAUIYaIaNUg V,05 [JCPDS, No. 41-1426] e?iaiquﬁdﬂéumﬂﬁLﬂ@%L%uﬁaaﬂ%Lﬁm

7.5% 10U V,0, uafidnsidiuLiaaandiau 5% way 6% fauureiladalasasiananidu

azuosila diliusingiandaau
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- —— 7.5% 400°C 10hr (Vacuum)
6% 400°C 10hr (Vacuum)
—— 5% 400°C 10hr (Vacuum)

1 26.24

31.22 34.48 V,0, [JCPDS, No. 41-1426]

47.64 51.28

10 15 20 25 30 35 40 45 50 55 B0 65 70 75
twotheta (degree)
UM 4.2 navain1saulussuuguaIN1Avedns1d1ueandiay 5% 6% uas 7.5% au

Ay gl 400 asAgaded Wurian 10 Falusifiseaiunasunisdeaiuy

[V | 4 a) 6
S9ELRNYVDINANUNG

4.1.1.3 HaNTIATIEANUSELALIAE Raman Spectroscopy

NAYBINITIATIENNUSELAT 119N 1U37 WANUIINeRs1@IuAd

90NTLU 7.5% 9xUSINYAMNUIveIRAT 147.21 285.58 405.78 526.87 705.27 uag

996.3¢ cm FadisunudlndiAesiuanyuzued V,0s MUIniinusiIsiwaug 143, 300,

400 550 700 kag 1000 cm[23,24] @2uTAaUUNEASIEUWAABBNTLIU 5% hag 6% WUTN

galiusngiinndaiau Aaunladaliinisdniseaiussniand
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4 147.21 ——— 7.5% 400°C 10hr (Vacuum)
—— 6% 400°C 10hr (Vacuum)
— 5% 400°C 10hr (Vacuum)

WWMM

T T T T T T T 1

T T T T
600 800 1000 1200 1400

Raman shift (1/cm)

T T
200 400

3U# 4.3 navainsaulussuugyIn1AvansdIuaan@iau 5% 6% uaz 7.5% au
Aaeaaungil 400 asAnwaides Wuaan 10 Falusiifide Raman Spectroscopy

YaIWNANUI9

4.1.1.4 nanMTIATIZRaNYUENURIAIY Field Emission Scanning Electron
Microscope (FESEM)

a

N153LATIENEaNU1ERTIdUBoNTAY 7.5% NRsulun1seuaamnll

Y

Aa

400 asrwaldea WWuan 10 9alus 7iflde Field Emission Scanning Electron Microscope

¢ Ao !

a e ' 9 & a a a Y . 1
YDINANUIY WU ANBUSNUNIVDINAUNDHTIEIUDONTLAU 7.5% Lanwiuy grain ﬁumeﬂ,my

¢ i

fin1sdnisesimduszsideu drunanisiasieianununild Hduunanlaannisugnlu

SNTIEIUDDNTLAU 7.5% HAMUNUIUTZNAL 228 UILULLIAT
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-
p O s ""i*?’”l’i ;

. (L 1 UL
TMEC 5.0kV 11.1mm x80.0k SE(U) 5/22/2019 15.08 500nm TMEC 5.0kV 11.8mm x50.0k SE(U) 5/22/2019 14:40

(@) (b)

JUN 4.4 HavaINTIATIzviEnuMsURIvesidnusivandeteuludnsidiusandiay

7.5% 2UAI8RMNYI 400 a3ALYALTYE 10 Y3Lueee Field Emission Scanning
Electron Microscope Wuu Surface in1a3v818 80k (a) wazluu Cross-section

Ainnasvene 50k (b)

4.1.2 wavaUasidudvaseandauciee feuneldaniszayyiniadleuis
Tulasau (N,)
n1sugnilduuisluideulell Wduuisazgnindavuuukuwialnisndidu

SgLIan 1 LU NATASIAIUTENINBNADDNTLAUNUNATINVDILAANIVUA 5% 6% LAy

7.5% §n5n1sivaredniasin 25 scem turusivanldunasindaniuing 150 Jnd Fadl

A

Reulunsugneanisnen 4.2 wanihildulleunieldan1izayminiadeudiguialulasiay

Mgaumall 400 e waled Wuszeznaial 10 F3lu9

M13199 4.2 Weulvdwmiun1sugnilaumAnwinavasnavasniseuniglianidzgnyiniea

Joudrsufalulnsiau
Whansiadeu MuFEueLUIans 99.5% @ 3 I
WHUFIUTRISY wuwAa b Snd
AuRURBUUgNldY 2.6x10° fladiuns
ARV UgnaY 2.6x10” fadiuns

Sputtering Gas
Reactive Gas
MIINNTIVaveIAATIM
Wosiduiuiaeandiau

Masvesunasiilnndwing

srelIaldugnilay

uheesNOU
WAEDDNTLAY

25 sccm

5% 6% Laz 7.5%
150 Jn4

1 alu
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4.1.2.1 aNUAULITINEAINUDINANUY

AAUUNINONS1EIUBLNADDNTLIY 5% LUANWULAATIU (@) WAT

a

[ 1 [ a6 Ao 1 X [ a5 LY ! 2%
DAINFEIULNADDNTLAU 6% WANLANWULAINNVUDINUUAUING (D) LATONINAIULNE

§ Ao

2ONTlAU 7.5% Waulanwurlusaas ddeudiumnies (o) uanalaragui 4.5

(@) (b) (@
JUN 4.5 Wauunnwseulaanmsldiasnuagu 150 ad Jonsrdiuuiaeandiau 5%
(@) 6% (b) wag 7.5% (c) Ugndleiian 1 Falus aunieldantsayainiadae

gaunnd 400 asAnwades Wwaan 10 ¥2lug

4.1.2.2 NansATIEALASIATNENAY X-ray Diffraction (XRD)

SoUgnlduiisnsidruszmiufanendiutunasiuvesuiaivun
7.5% 6%uaz5% wasfisuneldannzaygimameuialulagiau (N,) fgumgl 400 o
wadea Wunan 10 42lus maiildannsiesgidiensianisidouuwessdiond wui
SnsnEusEHILRdeanTauRUNASILVBILRAT A 7.5% 4 Tlduiiuunldudiarldfduun
V,05 LﬁaqmﬂﬁﬂﬂimgﬁﬁﬂLmu'ﬂﬂ5Lﬁmﬁw%nmmaq’ﬁlémmﬂ V,0s Wifisnsidiuvenia
00nTLaU 5% uavs% Nuuneiiladiilassadradueuesita Fsmanlatuldiinisidsuula
deiisuiunanisieseifidnunavesniseunigldanganaina Jeagdlédn nisteu

whalulnsiaulunszulumsavlifinanalassas1anamanvasilduung



15.56

26.22
——7.5% 400°C 10hr (N,)

——— 6% 400°C 10hr (N,)
——— 5% 400°C 10hr (N,)

31.26

34.48

4764 5124 V,0, [JCPDS, No. 41-1426]

twotheta (degree)
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5UN 4.6 navaensaulussuugIN1AYa9nIdIURBNTIAN 5% 6% Uag 7.5% oy

fraudalulasian NifsdunAsunIsIagUUSIEeNYVBINANUIS

4.1.2.3 NaNITATIZANUGZLATIAE Raman Spectroscopy

Hduueuneldaniivagyiniameialulasiau (Ny)

a

g

N
U

400 a9AgaLTya 1uan 10 92109 waneeduiUasidudoonTauuiunitasisvaae

Raman Spectroscopy 91ARaN1TLATIZMYIN N0 9Rs1dULAd0nTLaU 7.5% JNA

Using st 152.68 305.74 411.09 528.18 703.92 uay 985.25 cm! Fadumislndifes

AufiAvad V,0s d1udnsrdiusenitaniaaandiau 5% waz6% daliusingiiafidaiau

= als av vo ~ I3 s a ¢ v
Lu@ﬂzﬂqﬂwaﬂw‘l@HﬂﬂﬁﬂaﬂqngﬂuagﬂJ@s‘Wa ﬁ?ﬂﬂ']ﬁ')Lﬂs']z‘vmlaﬂ@ﬂﬂ'ﬁ@‘Uﬂqﬂlmﬂﬂq'}z

gauaniasenialulasiou fdunladdnvuziuniweaiian Raman IndlAgsiunavaInis

aungldanneayyinia uansiufalulasauliinadeiussiaivedilauung
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) ——7.5% 400°C 10hr (N,)
15268 528.18 —— 6% 400°C 10hr (N,)
5% 400°C 10hr (N,)

T ——— et A\

i " T
200 400

T T gy T T

T I I
600 800 1000 1200 1400
Raman shift (1/cm)

T T 1

JUN 4.7 wavaan13aulussuugyINIAvTaEns1dIueanTau 5% 6% waz 7.5% au
aaeufialulasiau gamall 400 asAwai@ed 1Wurian 10 ¥alus Ndisia Raman

Spectroscopy UBINANUNY

4.1.2.6 nansIAs e v uRaRe Field Emission Scanning Electron
Microscope (FESEM)

HAUBINITLATOUNRUUNENTIAIUVDI0DNTLIU 7.5% duneldan1ie
anafeuialulngiou guunil 400 esrwaldoa Wuna10 ¥alus Ailde Field
Emission Scanning Electron Microscope v0sWaNU1S WU71 Snwaituiiveiigu grain
YUALENIN ogNaTIATIZIIRIL Cross-section Usznausmeudn lassairsvesilaudlsing

Jaspasmduseidounazinanunuuesildulsd 161 unluwng
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— 5 [ ]
0.0k SE(U) §/22/201 TMEC 5.0kV 11.6mm x50.0k SE(U) 5/22/2019 15:26

(a) (b)

JUN 4.8 HaYaIN1TIATIRINANUIERIIdILRaNTIAY 7.5% auneufdlulnsiay

aaungll 400 aeAnwa@ed \Wuaa110 4919 428 Field Emission Scanning
Electron Microscope WUU Surface in1a9v818 80k (a) Lazwuyu Cross-

section fitndevens 50k (b)

4.1.3 Hav2IN150ULALNISLNN NN TLAZLIAN

o w 1

Hanvrnduangiametouluaawiiiu Wan 1 93lue) Mdwvdsiiiie

€

ARWINY 150 TRALYINAL WHSNIIAINTENINUAFOBNTLIUAUNA TINVBILAANINNAR AT Fadl
Foulunsuandannsed 4.3 wavihilsulusunigldaniizanainiameteulaivindu me
gl 500 semgaided Wuszesaaian 15 9ilua iiefnwinaveiniseulaenisiiiy

gauniLazIan

M13197 4.3 Reuledmsunisuanilaundnenavasniseulaensiingamaiinaziad

Whansidau MuFEnemLuIans 99.5% @ 3 i
WHUFIUTOITY weluulmsng
AusuRauUgnldy 2.6x10° fladius

AUz UNaY 2.6x10° fadu1s

Sputtering Gas uh@osnou

Reactive Gas WAHBONTLAU
gnsIMstavedniasiy 25 sccm

Wesidudufaeandiau 6% e 7.5%
Mdseuvasrininaduing 150 Tmdt

syoglaldUgnitdy 1 4l




57

4.1.3.1 aNYAULLTINEAINVDINANUS
AU 1NRTE LA dRNTLAN 6% NaudldnwuzlUTawasdusanidud

We (2) Wardns1dlukiananiay 7.5% ANduldnwauelusakas draudnanisd (b) wandla

flaguit 4.9

(@) (b)
gﬂﬁ 4.9 Wauunednsdruufiaeandiay 6% (a) uag 7.5% (b) Ugndqeiian 1 tlu

aunmeldian1zganiniAdsgangil 500 asrnwaides Wuaan 15 Falus

4.1.3.2 HaNTIATIZALATIASWNENAIY X-ray Diffraction (XRD)
Aguifindeuluniseu Wensivaeusionisianisiasuuresdsd
LONFUWAT NUITAUDTNTIEIUVDIBDNTLAU 7.5% UWansmIunusfinlnalAesiudnewusyes
Funafia V.05 Lasfifldusnsdiuveseondiau 6% Snsanvasvesiauuns VO, wa A §
syuundnidunuy Monoclinic ilsa1nusingaiuniafiail 14.45 29.20 37.26 way4d.a4

93 FetldumausnlndlAssiusuntaes VO, (A) JCPDS,No. 42-0876] [25]



- 18.84

—— 7.5% 500°C 15hr

o 34.36

-1 : O (8]

| [— 6% 500°C 15hr
V,0, [JCPDS, No. 41-1426]

1 14.45

] 29.20

il 37.26 4444 VO,(A) [JCPDS, No. 42-0876]

T T T T T " Ll r B | I' LA |' NS ]
10 20 30 40 50 60 70 80

twotheta (degree)

3UN 4.10 navain150uluss U IN1AYdnI1dIURaNTBaY 6% waz7.5% aunie

amunndl 500 asAnwades Wwan 15 Falusiifdeaunasunisaedunied

4 a, ¢
LANYUIIWANUNY

4.1.3.3 NaNITIATITNAUSZLALINIE Raman Spectroscopy

58

a9 AU U ONIEIURAADDNTLAU 7.5% NauNladilasiasnansa

AUaNYUEIIaL V,05 LagHag1NN1TIATIEANANUNTIENIIEULAFDDNTIAU 6% NinRIY

Raman Spectroscopy wansliuinflaunlafilassasradussuesia Ssnadinsneosuindu

a =

Tasewantalid Feniunaiiasigiannsinnsideauussdiend (X-ray Diffraction) iuen

IlduTlA Tswndsiiafiusingilures VO, (A)
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. — 6% 500°C 15hr

T J T Y
200 400

T T T T
600 800 1000 1200 1400

Raman shift (1/cm)

a

JUN 4.11 navaIn150uTusEUUEUINIATRIENTIEIUBBNTAY 6%UazT.5% BUAIY
gaungil 500 asAnwaLdes Wuaan 15 Yalusdifisia Raman Spectroscopy

YoIWANUI9

4.1.3.4 namsas v RuRase Field Emission Scanning Electron

Microscope (FESEM)

NansIAsgiduTliannsUgndnndrusninauiaeandiauriy
NATINVDITATTUA 6% natlumsugn 1 §2las susegumgil 500 sarmisaiBys Wua
15 dlas WU Snwauzitufivesiidui grain sunaEnuIn waslilogualiATIEVLUY Cross-
section Usznaussudiaiiiuldn Aduiilaudduduildadu 2 $u Inefiduvuvesiidud
nssadesiidunuveztesila wardudrmediduiinsindotlasadnedidnau Jeas
A0AAZRITUNATATIZA0IN Raman Spectroscopy wasAINunuNTeIiauuIaTiinld 278 w

LIRS
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[ [
TMEC 5.0kV 11.3mm x80.0k SE(U) 5/22/2019 14.53 500nm TMEC 5.0kV 12.1mm x50.0k SE(U) 5/22/2019 14.35

(@) (b)

JUN 4.12 NavaIn15ATIRNENUINanTIERaN TR 6% aumeldan1IzgeaInIA
daeaamall 500 asAngaded 1waan15 93lue Gqe Field Emission
Scanning Electron Microscope WU Surface #in1aswe1e 80k (a) Wazliuu

Cross-section #innasvene 50k (b)
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4.2.1 wavaanstiiutanlunsay
HoulvvesnisugnitduunaiiesAnyinavesnmafiualuniseuduiiduazgn
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seraufdeandiautuuiilmsnduaniuesufaimunviniu (6%) Sammslvaveufas
25 scem TwvagAugnldumasiidinnduing 150 Sad Fsfifoulunisugnisnsneil 4.4 uay

ihidulleuneleannzayyinianistoulaianeiu

M1319 4.4 WeulvdwmSunisugnildunAnenavasnmsinaailunisey

Whansideu MuEurnsuIans 99.5% @ 3
WHUFIUTRISY weiuw b Snd
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4.2.1.1 aNYAULLTINEAINUDINANUS

§ o

AauU N LEANN TN 1@IULNADBNTLAU 6% WanTanwaglUTanas d

sonudilen wansladsgui 4.13

(d) ()
wuamdnTdmuiaean@iay 6% Weaulunisugnuiniu suneldaniig
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deyaniAsieanadl 500 asAades Wwaan 15 9lus (a) 1380 10

#2lus (b) 1381 5 $alue () 1 Falus (d)  gauwgdl 300 esrwaLdes 1y

1181 1 93l (e) gaunngd 200 asAnwades Wiaan 1 Falus ()

4.2.1.2 HaN1TIATIZALATIASNENATY X-ray Diffraction (XRD)
NARINNTIATIZRTIINITA s ULTesSdEendnu Tideuluniseud
goumdl 500 ssmwaidea (e 15 dalus dumisialndiAssfudnuuzvesiumadia
VO, (A) LLGiL'ﬁi@ulﬁuﬁqmmqﬁLﬁmﬁu dioannandildluniseumde 10, suay 1 92luauda wad
ligaiinnsdnsedovlnssairauezuesilaey Weangumgiaunde 300 uag 200 94

wardea Tioan 1 il nadleauunddllasasaduezuesilaog
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——— 6% 500°C 15hr
- ——— 6% 500°C 10hr
6% 500°C 5hr
14.50 ——— 6% 500°C 1hr
——— 6% 300°C 1hr
——— 6% 200°C 1hr

29.20

VO,(A) [JCPDS, No. 65-7960]

53.84
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twotheta (degree)
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A

WweanusnaulunIsaudieny Ndeaunnsun1saguUSIdlNGUINANUNS

4.2.2 HavaInN1ss8uigunisau

s A

Hanvrsnduasgineouluaaniiiu (WUgn 1 93lu) i

1Y 1 [

awnaanLile
ARLANE 150 TnAIAY 8051858 AaeNTLAUAUNATINVIAATINNUA 6% Tadl
Weulun13Ugnaenis1ed 4.5 suniglaaniizussenia Aiegungll 400 wag 500 B9A

waldua Wuszeznal 10 wag 15 Falas



63

15199 4.5 L'?lau’lﬂjé’w%’un'ﬁﬂgnﬂéuﬁﬁnmNa%aamil,ﬂ%wLﬁaumsa‘u

Whansideu MuFEurmLuIans 99.5% @ 3 i
WHUFIUTRISY weiuuAa SN
AuURBuUgNldy 2.6x10° fiadiuns

AUz UNaY 2.6x10° Taduns
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Wesidudufaeandiau 6%
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4.2.2.1 aNYAULLTINIEAINUBINANUY
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4.2.2.2 HaNTIATIEALATIASNENATY X-ray Diffraction (XRD)
HARINNITIATIwINALUTUuRoulvaumgTuaziial wuifideuls
gaungiinazafniniideulvaungll 500 esrnwadua Wuad 15 F9lus Adudnisda

szlpulassadraduwuveruesitanntouly uwininseuildanmgll 500 esrsaded 1u

187 15 Talaa Aaunladiunuaiansaiuaneaewea VO, (A)
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6% 500°C 15hr
6% 500°C 10hr
6% 400°C 15hr
6% 400°C 10hr

14.50

VO,(A) [JCPDS, No. 65-7960]

37.26 4440 53.84

twotheta (degree)
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S9ELNYVDINANUNS

¥
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=
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15197 4.6 L'?lau’lﬂjé’m%’un'ﬁﬂgnﬂéuﬁﬁnmNa%aamiausz‘h

Whansideu MuFEurmLuIans 99.5% @ 3 i
WHUFIUTBISY WHUNIEANAIDAT
AuURBuUgNldy 2.6x10° fiadiuns

AUz UNaY 2.6x10° Taduns

Sputtering Gas WAEOIINOU

Reactive Gas wideandiau
8n31N15InaveLiasiy 25 sccm

Wesidudufaeandiau 6%

Mdseuvasrininaduing 150 Tmdt

syoglaliugniidy 1 dalag

4.3.1 AaNWAUZLIINIEATNYBINANUIS

Hauunsilauunszanaendianuuslusauas Jdunna daguin 4.17

T

1% o/ 1

UM 4.17 Wdaunsitealdainnisldidenuadu 150 daalonsrdiuufiaeandiau 6%

YUNILANABADY NANTZUIUNITIUIN

4.3.2 HANT5ATITALATIAE1INANARY X-ray Diffraction
dledinseiiiduuniifinszuauniseudidasnsTamsidenuuressidiond
wuirafinnnseunsiusnifieusngtulddaay winailldainnisevardfinusngdntu
dlaflsusunseundausn sundsiaituiiuunltuas Suiidy vo, Aflszuunanidu Trictinic
demndduwmisialndifsstusurdmesiidguuns Vo, dumisiiafiusingtiu 36.79 41.16

54.55 Lag65.42 99A1 YIRAMNUINTINU VO, SEUURANWUU Triclinic
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—— 2nd anneal
—— 1st anneal

36.79

4164 VO,(T) [ICSD34416]

SRl 65.42]
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4.3.3 NANN5IATIZINNUSELALINIE Raman Spectroscopy
HANTIATIEENNIAINN1TUgNanTIdIuTENINULiaRoNTIRURUNATINYDS
wiananua 6% Lia1lunisdgn 1 9alueteulunisoudn 31A121A8 Raman
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2nd anneal|

- | 6% 500°C 15hr

T T T T T T l

T T T T T T T
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Raman shift (1/cm)
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% o ° da
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® Raman Spectroscopy vasiauung

4.3.4 HANTIATITAANWUZNURIRY Field Emission Scanning Electron
Microscope (FESEM)

s A

HANTIATIEEaNNlAINN1sUgnansIdusEnInUiaeanTIauiuNasINTes
whaianua 6% talunisugn 1 dlus Adeuluniseuth wudn Ansuziuiavesiidud
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sudpuiednslifussfoudieiouiuiuarsfinaninisindesndiidussdouunnnin 3
IrADAAGBITUNAIATIZIAIN Raman Spectroscopy T13tAs el Tlduu1esailaseans
Hueruedila esmnmadanisinszdsunudumaiaiauisavenldifiesusuiuin
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TMEC 5.0kV 11.3mm x80.0k SE(U) 5/22/2019 14:53 500nm TMEC 5.0kV 12.2mm x50.0k SE(U) 5/22/2019 14:33 1.00um
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Field Emission Scanning Electron Microscope Luu surface ifN83981¢

80k (a) WAL WUU Cross-section #innasvene 50k (b)
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unii 5
NAaN1528 waranusigna

N1989LATIZRNEY Mg-doped VO,

1 '3

Tassnufiasludiuresszuula-atnmessiuiitmunendn fe vhnsdauasieinldy
vsnuieslaeenlesfiinisiiasuuni@eudomaiala-alaneds Fsanfinanuniiy
ssiuldimanauniintuiinasensivansluiiduuns Tnedidasendniitinadonanauitu
flo SnsndunarUinunsinavewuia wasiidwesnduing laslassrufiawisjatiudng
naveINsIABULUasdsduAnedivinsane i usndBey navesnsiasuutasanly

mMsvanildy waznavasnsdsuwlasensinislvaveduiaensneuuuduuniideoy

51 wavasmswdsunlassasnisivavesufisensneuuuduuniidey
5.1.1 Namaqmml?iauLtﬂaqnqﬂwaﬁﬁ'\msﬂgnﬂémL’flunm 1 Falusg

msUgnilanusitfoulaawiniy (60 wiil) Midsvesuvasiidanauingues

Wnnudniniu (150 fad) ddwesuvaaiifianduingvoadhuuni@eumiiiu (20 Sad)

uisnsnslvaveaufaonsneuuuluuniiBeudeiu ilefnwnavesdasinisivavoufa

p1fneuvuthuundileimueiinadoandinidassadisresiduunaiivhnisugnuuusdy

srusesumlnindlasditoulauanidnisedi 5.1

a51edl 5.1 Reulvdwsunsugnildaunsiisnsndiussninsuidesndauiuniseninoy

Tnawasiduduiaaan@auuudiauiion 3% wanlunisugnilaucouni

W53 douly
Whasiedeu MRS 99.5% uasiunideu
99.95%
WU IUTDY wialwsng
ANNAUNBWINNSUQN (Base Pressure) 2.6x10° fadu1s
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[
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5.1.1.1 aNPAULLTINBNNVBINANUY

(a (b) (@) (d)

=1

JUN 5.1 Wauureiminnisiedauniemanauingvaatinnufey 150 A K1un1sau

meldaniazayyina lesiduivesiasandiauuut 3% szeziianlunis
Ugn 1 ¥l Taed (a) lifidnsinsivavesufaansnauvuituunii@en uag &
ans1Nsinavasasnauvuduuniieud (b) 5 sccm, (c) 10 scem waz (d)

15 sccm

5.1.1.2 15983 19n3uaNUasWaLUIN (X-ray Diffraction Spectroscopy, XRD)

v

RNWAVDY X-ray Diffraction Spectroscopy voslauilifionsinisiva
vpawhaensnauvuithuunii@ey wunilaseas1adu V,0, (1ICSD-201109) HAUNTSnIINT
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[
CY 1

TndAesnu fadlavinisiiieuvinnIsieszvnuinilaseasiadu VO (ICSD-61631) yiaALs

Y

Y = O a _ a S a « ° 1 = 19 = &
Lﬂ@uvlﬂm'ﬁ‘lﬁaw:lo sccm U‘UW?’\W]UT]ﬂQu‘ULﬂﬂﬂ']il,a@u@]']LLWUQGU@QV!ﬂWﬂlUVl'Nﬂ"lusU’J']sUQLUU
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ANWULVBINTANALANNISIAUTY druRduNTionsINsavadkiaasnauuudwuniidey

15 sccm wulauilassasnadu MO (1SCD-241634)
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—— Flow 15 sccm
—— Flow 10 sccm
—— Flow 5 scem
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5.1.1.3 NaNITATIZNARUSEYNUATAIY Raman Spectroscopy

BIN1SNIIVEDUAIYNISILASIENNUSENI9LAT A8 Raman

Spectroscopy Wu31 Waunvinnsteudasinisiuavesuigeisneuvudiwunili@ou 5, 10

Lay 15 scem fiafiusngiidnvazadiendsiy aziuildunfanziluezuesila Tu

a U a6 av i o & s N < o
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—— Flow rate 15 sccm
—— Flow rate 10 sccm

Flow rate 5 sccm
—— No doped
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nslnavesiaasnauuuluunii@eniifise Raman Spectroscopy vasildy
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5.1.1.0 @UURATLEIUaINaNUIe Transmittance
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MSIEBUNIYNITIAITIEHAUTANITADINIULAIVDITN AN U
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wunili@ey 15 scem (Wuden) In1sdeaiuuasvesiiduuiniian dwuilaundeudnsinisiva
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—— Flow rate 15 sccm
—— Flow rate 10 sccm
—— Flow rate 5 sccm
—— No doped
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UM 5.4 awnpsunisdeskiuasgiuneaiivvasiidauunsiivanielasiduduacuia

2ONTLAUVULUIINULALY AD 3% 31U 1 VLU NU BNSINITLNAVDILAE

a1snauuutuuntiildey 5, 10, 15 sccm wag kidnisivaveswhgarsnaund
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Transmittancevasiasunsimasealaldnidenauingveadrnuaey 150 dna

5.1.1.5 @uUAmaasuaailauuig Reflectance
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s o Y A6 a )~ s & v a & N
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—— Flow rate 15 sccm
20 — — Flow rate 10 sccm
—— Flow rate 5 sccm
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5.1.1.6 ndesqanssAudlanasaukuudeinsin (Field Emission Scanning

Electron Microscope : FE-SEM)

ilevhnsiafiuiadanelainiiduiisnsinisinave wdaedneuuu
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5.6 NAYDINITIATIZUNURIVDINANA2Y FESEM Taeddauursiinseulaainnsly
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AMasuRduvaRtIIufel 150 Y06 Tasidudvasniaaandiauuunii
2MNMULABY 3% FTELIAUNISARBY 1 FIlusNN1a9vee 50K Taet (a) uidl
aMN5INT5IVavaILAFRISNU WAL UONSINTT IavesLAga1snau 91 (b) 10

way (c) 15 scem



76

[ B [ B |

LI 1 [} 1 [ 1
TMEC 5.0kV 11.8mm x50.0k SE(V) 5/22/2019 11:15 TMEC 5.0kV 12.1mm x50.0k SE(V) §/22/2019 11:10 1.00um
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Whanufey 3% szezanlunisadau 1 99lus firndsvene 50K Taedi (a) laid
ansinsiavesuiaansnou uaz densinisiuavesuigansnau (b) 10 uag (c)

15 sccm

5.1.1.7 malANISTLAII89 519038 EDS (Energy Dispersive X-ray
Spectrometer)

24AUTENBUSINVDITANUIINUR Y f3nszsidnemain Enerey

Dispersive X-ray Spectrometer (EDS) nui1flduusiiadouldstanuniin1suauy (O),
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M13199 5.2 a9AUsENRUSIURIANUI LR Walilidnsinisivavauiaensneau

Elt. | Line | Intensity (c/s) Error2-sig Conc Units
C Ka 17.32 1.520 5.070 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg | Ka 8.82 1.084 1.366 wt.%
V Ka 177.04 4.858 93.565 wt.%
100.000 wt.% Total
Cnts
v
400
200
1 Mg
G
T 5 T T T T
Energy (keV)

35U 5.8 #7919 EDS Spectrum vasilauurstusuaanleaiduuisimsealdainng

T¥A1d99uaduvasdnufey 150 Ia6 asidudvasnigaaandauuusii

MR 3% F2a2a1MUN1SARBU 1 F2la9 Inenldlionsinisivavaeuia

215NBUVUUILUNTLTY

[

M15197 5.3 99AUTENBUSINYRHANUIIUABNNTENTINsInavauiidansnay 10

sccm
Elt. Line Intensity Error 2-sig Concentration | Units
(c/s)
C Ka 12.26 1.279 3.641 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg Ka 158.42 4.596 18.989 wt.%
\Y% Ka 168.32 4.737 77.370 wt.%
100.000 wt.% | Total
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600 —

400

200 —

A,

Energy (keV)

35U 5.9 679819 EDS Spectrum vasianuauhesuaanlyniauusinienlaain

M15197 5.4 99AUTZNDUTIAVRINANUIIULABUT

nsldmasnueduingrasdinuien 150 3ad Tilasiduduiaaandauuy

Wrufey 3% syazianlunisiafou 1 92lud Inenonsinisiavaawnis

¢ P =]
minauuuﬁ]%mnuwaw 10 sccm

wUNTLEY 15 sccm
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M51N15ava9LAda1sNBUUULIN

78

Elt. Line Intensity Error 2-sig | Concentration | Units
(c/s)
C Ka e 1 [ 1.680 5.852 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg Ka 212.72 5.325 22.294 wt.%
Y Ka 179.95 4.898 71.854 wt.%
100.000 wt.% Total
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Cnts Mg

600 —

400

200 i

T T T T T T

Energy (keV)
JU# 5.10 f78819 EDS Spectrum vasildnunnufsseanleanauuisimisulaain

nsldmdenuaduingvaatnunes 150 ind Jansdiuniaeandiay 3%
sea1luN1sARaY 1 B2U4 taefdnsinistnavasnidansnauuusti

RUNTLTEY 15 sccm

5.1.2 Nasuaamiu.lé"auLulmmﬂwaﬁﬁ'\msﬂgﬂﬂému‘flunm 2 glu
nsUgnilduuneiidoulunavinfu (120 wii) Mdswesuvasiuianauing
voud U (150 T0A) LAsnsIn1sivaveligersneuuudiuuniideuunneng
fu iflefnwnavessnsimsivavewiaersnouvu uunfifoufidnaneauinidasadg

a s A o | v a11e o o d'
?J@QWﬁiJ‘U']\TVW]']ﬂqiﬂQﬂUULLNuéﬁq‘IJi@\iLLﬂ’JI‘WLiﬂ“U I@EJ@JN@UI"U@\WWT]\TV] 55
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M15197 5.5 Rauledmsunisugnilauunsidnsndiuszninauiaeandauiuuiaansnau

a6

Tnawasidudvasuiaandauumdinuubon 3% szeziiailunisugnilay

120u19

RERC Ok

Wauly

=]
Whansimaau

MURYL 99.5% LaLLUNTLTe
99.95%

WRUFIUTOY

v <@ 6
w2 bwSnd

ANNAUNBWINNSUQN (Base Pressure)

a I3

2.6x10° daduns

ANUAUTEMINANTUGN (Working Pressure)

2.6x107 faauns

o w I o a A a = v ¢
Masveuwnasillanduingvesdnuuiey | 150 04
Maseuvasiinndwingvestuuniiden | 20 T4

gnsIn1snavesniaesnenuudnuiey 25 sccm

ans1N5ivaveiaaisnauuu N

10 sccm ag 20 sccm

Wesiudvesufaeandiauuudnuiies

3%

srgwlIanlun1sugnilau

120 w19

5.1.2.1 SNWULLTINIENINYBINALUNG

[

(a)

]
=

(©)

(3

U 5.11 Aauueiiinisideudieiasnuingvaadhaniien 150 a4 3 Wosidud
vasufideandauvaadinuifed 3% ssezanlunisiagau 2 ¥alus lagi

(a) Lifionsinsivia wazlionsinisivavesuiaaisnau (b) 10 waz(c) 20 sccm

5.1.2.2 1AS9A59N9NANTBINANUN (X-ray Diffraction Spectroscopy, XRD)
INHAYE X-ray Diffraction Spectroscopy Tesildufilifisnsinislua
YaaknaensnauuuLuni@eu WUEULmesL?:mLuu%’a?mﬂsﬁﬁagu 38.2347, 44.3018 way
64.3763 p3rn lovhnisieseilassadranuinillaseadiadu VO (CSD-61631) d@wildui

[

= & s N ~ Al v
4 miqﬂqi‘l‘wa‘ﬂaﬂLLﬂa@Wiﬂau‘UUL{hLL@JﬂUL‘UEJN 10 sccm wag 20 sccm ‘Ui']ﬂg‘WﬂVﬂﬂaLﬂEN
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fu Ineliavinisdenfiailaluvinnisimsigvinuinidussassiuilassasradu mMgO
(ICSD-241684)

—— 02 3% Ar flow rate at Mg 20 sccm
—— 02 3% Ar flow rate at Mg 10 sccm
—— 02 3% no doped

43.5956

1 MgO(ICSD-241684)
1 38.3762 53.6074

43.4995
= MgO(ICSD-241684)
T 63.9824

39.3809

38.2347

VO(ICSD-61631)

& 64.3763

44.3018

oY 1 o B e U AT TR C Y "

I
10 15 20 25 30 35 40 45 50 55 60 65 70 75
twotheta (degree)

3UN 5.12 navain1sauluszuugyan1Avesdnsduuiaaandiau 3% seeziaanlunis
\ndeu 2 Falusgnumiail 500 ssraLdealian 15 Falus Taeilifisnsnislva
Yasunaansnauuutuunii@ey, ansinisluavesuiaansnauuui
ey 10 uaz 15 scem fddeaUnasunsiaeauusdendvasiiduunsd

wisnlaannnistdnasauaau 150 a6

5.1.2.3 NaNITIATIZRARUSEYNUATAY Raman Spectroscopy
W91N19ATIA0UAIYNITILATITUNUSENIULALAIY Raman
Spectroscopy Wuinlauliiveusnsinisinavesiia Aduiivinnisteusnsinisluaves

LAEe1$NaU 20 sccm waz 10 sccm Manuatulansdnuazauiduszuasila
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—— Flow rate 20 sccm
— Flow rate 10 sccm
—— No doped

[ [ | I T I 1

200 400 600 800 1000 1200 1400

Raman shift (1/cm)

UM 5.13 navaan1seunaunldlunisindau 120 uni Tussuugainiaseninednsndiu
29NTLAU 3% NYaumnal 500 dIALTALTYE T28LIa1 15 TAlue iU dNTINTT
navasuidarsnauvutuuniil@eu 10, 20 sccm wagldiinnsluavasuia

¢ ey ar ¢ o o % Yo w
215naufifisia Raman Spectroscopy YasWanuTmsenldaInnsldiasy

AauINguastiIteun 150 Tnn

5.1.2.4 auUALTLEIIINaNU1e Transmittance
MSIABUAILANTIASTIENANUANITADINIULAIVDIN AN U
Transmittance $aU3sudisunuinfiguiisinnstlousasinsivavesudadwuniiey 20
scem (WEuART) Fn1sderiusdsvesiidunin dauilsufiveusnsinislnavesuiati
wundi@en 10 scem (duduns) waz Fduilddeusnsinislvaveuda (Fudiacw) finns

AN ULAIIRINA LU DY



83

Flow rate 20 sccm
10 4 Flow rate 10 sccm
No doped
8 -
S
® 6
5]
=
8 i
g
= 4
i
]
04 T T T T T T T T T T T T T 1
300 400 500 600 700 800 900 1000

Wavelength (nm)

JUT 5.14 awnesunsdesinuuasgnunusaiuvasiauueiivgndiesnsndiusznang
ufidaandiau 3% 31w 2 WU AU dnsinsinaveuiaveaduuniideu

10, 20 sccm wag hidinsluavaawid Nilfa Transmittance VaIWANUN

wsenlaarnnislgnnaeuaau 150 a6

5.1.2.5 auURALTuasueilanuie Reflectance
Auilaidnstlousasinislvavesuiaensneuduunii@en (Fudin
fu) fwefidudnisagiouvesiiduunigs duilduiiinisdeusninnisivavesufiaensnou
WhuaniBeu 10 scem (Fuauns) Silosidudnsasiounasiiduiiunans vazinduiivou
dnsnsivaveauiaensnauduunili@on 20 scem (duda) Silesifudnsavviouvasidy
U199

Tug9AueIedY 350-600 wnluluns Aauniinistdeusnsinisiua

vasufiaersnouthuuniiloy 10 scem (Fudung) Tlesidudinisazriouresiiduunsgs diu

dl f < I3

Faunldfinisteusnsinisinavesniaaisnautwuni@ey (Audutu) Sosibunnis
agviauvasianuiunans Tuvusauiitdeudnsinisivaveswnaansnautwuni@ey 20

Y A o ~ f & & % A e °
sccm (LEUEAN) ULUDSLHURNISELNDUVDINAUUIRN
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—— Flow rate 20 sccm
25 4 — Flow rate 10 sccm
—— No doped
20
<
~ 15
[(h}
[&]
=
S i
3
% 10 H
o
54
0

T ; T - T ) T ; T ' T
300 400 500 600 700 800

T 1
900 1000

Wavelength (nm)
sUfl 5.15 suliinisazfieuvetuasvasilduunsiiugnisesnsidussuitauideandiau
3% 31U 2 Falus v Sasnisluaveswiaensnauuudhuuni@ey 10, 20
scem wae hifinnslwavesufiaansnou fifise Reflectance vasilduunsfimIon

aa1nn1sign1asauAan 150 Ind

5.1.2.6 N4999aNIIAUBLANATOULUUADINTIA (Field Emission Scanning

Electron Microscope : FE-SEM)
Anwefuivesiiduusiiinisniouiidoulunisugndae
Snsrdusziauiasendiau 3% Wuna 2 Hlusideulaiilllévinsliuazdnsinisina
vowufaerineuuuuaniiBion 10 scem tuuansdagud 5.16 Tnsftarnamduuansdiisi

as av M Yo & O A Aa 1 o I A s aa o & s
UqwaNVﬂulﬂmqﬂqiiﬂﬂUUlnﬂﬁuwuﬂuq@TW@U@S%@ﬂ?WWﬁNWN miﬂﬂﬂiTWamaﬂuﬂaaﬂiﬂau

yuunt@ey 10 sccm

TudIUVRIN WAL UUARYINAIUSUN 5.17 dunanalimiiuinflauda

a o

U
TailavinnsTaUTuUI N1 53915 8987909l ASINANNANITNA UL M 1n15 Iaveakian1snauuy

Wnunfli@ey 10 scem
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(a) (b)

Y
a

5UN 5.16 NAYBIN15IATIERNURIVOINAUATE Field Emission Scanning Electron
Microscope (FE-SEM) lnsflanuneiilidnsndruniaeandiay 3%szezinanly
AsIAdaU 2 F7lus Nnnasvene 50K laeh (a) lddisnsinisinavesuis

215n9u wae (b) 9nsIN15MavaAaaIsnay 10 sccm

] 1 [

I OF It [
TMEC 5.0kV 12.1mm x50.0k SE(V) §/22/2019 11:07 1.00um

170 W § [
TMEC 5.0kV 11.9mm x50.0k SE(U) §/22/2019 10:57 1.00um

(a) (b)
U 5.17 awdinransannnaesganssaddianaseunuudesnsiavasilauuned fgnsidau
LAFBNTLAU 3% STULLIATMUNISLARDU 2 FILU9 iNNasvee 50K Taei (a)

[

Lisiansinsluaveswiaaisnau waz(b) ansinisinavesuigansnau 10 sccm
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5.1.2.7wmAadAan153L1A512% 51928 EDS (Energy Dispersive X-ray
Spectrometer)

dlevinisiiasedsindae EDS nudiduunsiedouldvanuni

AsUBU (), hunilil@en (Mg) wag 1Luien (V) vian1sissuisuseningldiionsinisiva

vafaarsnouvwduwuniien waz dnsinisluaveuiaoisnewvudwunidey 10

sccm a3dUsEnousvesiiauiimaUAsuutasisl suuniifeuanfuiunudasnmsiva

vosufaenfneuvudunnii@on agulfindefiudnsnisinaveanasfneuuuin

o o § va N o a X
LLiJﬂULGUEJNVHGL‘VFlIﬁ'W!LL@JﬂUL‘UEJNLWNGU‘U

M13199 5.6 29AUsENAUSIAVRHaNUIIULAEY Lialilidnsinisinaveuinensnay

Elt. Line Intensity Error 2-sig | Concentration | Units
(c/s)
C Ka 27.74 1.923 5.128 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg Ka 7.89 1.026 0.777 wt.%
\Y Ka 282.65 6.139 94.095 wt.%
100.000 wt.% Total

Cnts

400 —

T T 13 T T

Energy (keV)
U1 5.18 ¢18819 EDS Spectrum vasianunanuieseanleaiauuisinieulaann
Yo w A a = v ¢ ¢ 2 & & a
nsléidenuaauingraadnuben 150 dad SwWesiduduiaaandiauuu

W IULREN 3% STELLIATUNISIARU 2 TILUY
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o/

M13199 5.7 29AUsENAUSIAVRHANUIMILRENNSns N5 Inavauidarsnauuuta

RUNTLTGEY 10 sccm

Elt. Line Intensity Error 2-sig | Concentration Units
(c/s)
C Ka 15.17 1.422 3.289 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg Ka 213.09 5.330 18.748 wt.%
v Ka 230.57 5.544 77.963 wt.%
100.000 wt.% | Total
Cnts Mg
600 —
400
200
v
e v
T 1 5 T T T T
Energy (keV)

35U 5.19 19819 EDX Spectrum vasiauu1siufisuaanleaiduuisimsealiain
nsldmasnuaduingvaadiniubien 150 a6 ddnsdruniaeandiau 3%
szaziialunsAfey 2 Talus lagdnsinisinavasufisansnauuuidn

wuUNTLeY 10 sccm
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52 wavasnsiUasunUasianlunisugnilauuns
mMsUgnitduusifoulvidsesuvasiidanduingueatnuufenyiniu (150

Fod) udldanlunsugnilduunsuansneiu Avinsugnlaeiieuludsnisnd 5.8

M19197 5.8 Raulvdmsunisugnilduunandnsidiuszndnuiiseanduiuiaaninay

a ¢

Tnalasigudvasufidoandauuulnuben 3% szezaantunisugnilay

60 W19 az 120 w1

WI510L909 Houlw
Whasiedeu MURYY 99.5% Lazuuntigey
99.95%
WHUFIUTDY wialwsnd
ANUAUNBUYNNSUgN (Base Pressure) 2.6x10° faduns

AHAUTENINNTUGN (Working Pressure) | 2.6x10° faduns

[ I

Masvamnasuiaaduingvesdiiusen | 150 06

[

Masevasnwinnduingveaduuntdey | 20 30

951015 aveaniavasdiufey 25 sccm
gnsnsivaveswiaveadiwuniiges 10 sccm
wWesidudveauideanBiauveadinuiey 3%
srgelalun1sUgnilay 60 W Wy 120 W19l

5.2.1 Tassadramenanvasilauuns (X-ray Diffraction Spectroscopy, XRD)
PNUAVDY X-ray Diffraction Spectroscopy Wudw?\lémﬁﬁﬁmﬁﬂqﬂé’wL‘q"aulsu
FeafuusldinarlunisugniiuansnsfuduinlflassadsesiiduiinsdeunUasegraiuld
T Inefiduildldhmsldtuderinsugnifunaiaesdiludasadsfivangainns
Ansgilassdnduldidu vo uiievhmaanailumsugnandunisilusiufiedivsng
fuuanisiuegnsdnaudailevmalieseiudiidafivhnmsgnidunamidlasesadu
V,0,
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MgO(ICSD-241684)
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—— 2hr 10scem
—— 1hr 10sccm
—— 2hr Nodoped
—— 1hr No doped

639824

" o

4 38.08

- VO (ICSD-61631)

44,22

64.26

St P T |

WREFTITRE PR

38.2347
VO(ICSD-61631)

443018

64 3763

J
, T

V203 (ICSD-201109)
6342

T
10 16 20 25

I 1
35 40 45 50
twotheta (degree)

T T
30 55

60

T
65 70 75

JUN 5.20 Wisuiisunavasuasiduduiiaeandiaun 3% waimldlunisuan 60 unil

waz 120 ¥l laseadramnananvaslauungan XRD

5.2.2 NANN5ILATITUNUSEN9LALIAIY Raman Spectroscopy

HAIINNI5ING8 Raman Spectroscopy Wy Haufivgn 120 uniivieitlivin

Ao o

msladuagifisnsnisinavesufiaersnouvuduunii@en 10 scem savisiviinsugnidu

181 60 WiAnddnnsuawiiu livsingiaitaau dieneululdlavinisidvuagnis

Ugniluaan 60 w1l NUsInganvazvesiiauindsnslidniau
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3% 2hr Flow rate 10 sccm
3% 1hr Flow rate 10 sccm
3% 2hr No doped
3% 1hr No doped

i MWM
-1 /"J MWWMWWM e ,meﬂwmwmw¢wmwmwﬂuww

MWWWWWWWMWMWWWW

: /”% L

T T T T T

I T
600 800 1000
Raman shift (1/cm)
U 5.21 Wisuilieunavasasiduduiidaandiauil 3% vnandildlunisugn 60 unii

T T T 1
200 400 1200 1400

WAz 120 W19l A8N15IATIZHNUSENI9ALIAE Raman Spectroscopy

53  Waveansagunlasmassuuasiulinaauing

[

mMyvanilduuaniteulunanviniu (60uii) Masesnasininaauwingvean
TRy (200 Jad) udldidwewnasiitianduingvesduunideuunnsieiu

efnwandRvesiiduunsivinnisugnuuiugiusesnilmsndvesunasiiiinaiuing i

wansneaiuleediaululnefikaulusinis1en 5.9
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M15197 5.9 Rauledmsunisugnilauunsidnsndiuszninauiaeandauiuuiaansnau

TnaUasidudvasnidaandauuuitinufey A 5%

W33 Fouly
Whansiadeu AL 99.5% Uag wuniligey
99.95%
WHUFIUTOS wilwisnd
ANNAUNBWINNSUQN (Base Pressure) 2.6x10° fadu1s

AHAUTENINNTUGN (Working Pressure) | 2.6x10° fladiuns

[

Maseuvasnwilnndwingveatnuiel | 200 04

Masvesuwvasilianduwingvosduuniidey | 20 Jnd, 35 a6 wag 50 Jnd

wWesiWudvesufaondiaureautniuiey 5%

sreglIanlunsugnilay 60 Uil

5.3.1 aNWAZLIINAINVYBINANUNY

B ®). . X0 (@),

JUN 5.22 Wanuwiinisndaudiemasnuvasunasiiiinaauingvasdinubey

200 Faduumsaumeldaniizggyuinia Swesidudvanisoandiauuuii

ULRTN 5% STezanluniseaau 1 32149 Taed () lufinnasvasunas

[ 1

nllapauingvauluunii@en wasiiindwasnainiianauingvaad

wuni@eu (b) 20, (c) 35 wag(d) 50 a6

5.3.2 las9a319m19Wanvaslanue (X-ray Diffraction Spectroscopy, XRD)

ANKAYBY X-ray Diffraction Spectroscopy vosHaunluiinistouunasiuiia

'
A a a

mawingveuluunid@euuarilauniinisdeumdweawnasmiiaaduingresduun ey

)

= o ¢ ] ~ A ] a o =2 A o a e aa X Y &
N 20 96 lliﬂi']\‘i?]@ﬂWﬂVlUi']ﬂQUULVNQUﬂu ‘U\TL@J@‘VMﬂWﬁ'ﬂLﬂS']ZV‘Wﬂ‘VILﬂ@lsU‘ULLﬂ@I\ﬂWL‘V]U'J']

Y
1

HWaudlaseasrady  V,05 (1CSD-201107) Tugiuvesilauniinisdouriiaswesunasiiina

1
v o

pawIngveuduunilidenit 35 Jadnuiniduuuiilasiadiesndsuwdadliidu vo (CsD-
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61631) wazilovinnisanamaslud 50 Sarmuinfisulsudsulassasienatedu MeO (ICSD-
241684)

—— Mg 50W
—— Mg 35W
422699 MgO(ICSD-241684) —— Mg 20W
— No doped

62.6702

37.5045
VO(ICSD-61631)

43.5775

TRy Lok i by
T dnlibtn 4 o

332664
Py V203(ICSD—201107)

388154 71.3862

54.3542
33.3067

V,0,(1CSD-201107)

38.9926
71.2315

l T l T I T T T I T I T I T ' T I T I
10 15 20

I T T
25 30 35 40 45 50 55 60 65 70 75
twotheta (degree)
UM 5.23 wavasn1sasuuUasmasvaunasnianauingvastuanii@eudu 20,

35 way 50 Inf NiReaEUNASUNISREAUUSIFNDVaIWANU1eTSEUlARN
msldafidudvauidaandiauuuitinnufen 5% ssazinanlunisiadau 1

Falus Masvasuvasnianauingvaadrnuien 200 nd

5.3.3 HANTSIATIHNUSLN19ALIR8 Raman Spectroscopy
INHANITIATIENANIE Raman Spectroscopy Nwanefagu# 5.24 duuanli
=3 A A as au M Yo PR v & s ' v d' o
wiuhiitesldunlaliinnisldvtusansanvasiiluannsesuesilaogadaau Wevinis
WnAaRTelrlun 20 Snafduisuiinisusinganuuzroaiawdanslidaiau nasanuy
= [ a ! o w = v € I a6 a & 4 14 A
iigvinsiiiunsIeideluin 35 deanuinilausunateduaniizezuesila uavanving?

N159181899 50 Sndtunuinfldunaeiduanzazuasila
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-02 5% Mg50W
i} ——— 02 5% Mg35W
] —— 02 5% Mg20W
i —— Nodoped

) M.km—min

1/ o "V W«WMMWMM ,

T T T T 1
600 800 1000 1200 1400

Raman shift (1/cm)
JUT 5.24 wavasiaswaswasiniinaauingvaadwunii@eudu 20, 35, 50 306 waz

T T
200 400

Laifinsdeumdweasunasnliaaauinguvaaduunti@ey Niide Raman
spectra vasHanUIsIATENlALdIAIaundnlinAauINgYa LAY

200 298

5.3.4 dUURALLEIYaINANU1e Transmittance
NNINTIVABUNIYNNTABINULEIVBINALUI Transmittance WUINHAUNTNToU
Y | D ey A a N A < v &, Y o ~ ¢ & & | |
Maswawrasniiarduingvesduuntwenty 35 106 (Fudun) Twesifudnisdosiues

wasgange didunliinmsdeuddweuvdnuilnrduingveaduwuniilen (dudsig) &

¢ @ & ] 1 LY aa & A o w 1o a A a
Wesusn1sdesuveaasseauliunans Tuvue Wam/n/]ﬁ]EnmWa\‘iﬁuaummmm@ﬂamm

v

ot uuniweudu 20 406 (Fudan) waz 50 106 (duduitu) aviliesibunnisdaniueg

LSRN



94

—— 02 5% Mg20W
S —— 02 5% Mg35W
— 02 5% Mg50W
—— No doped
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=
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O
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£
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o
5
0 I v I ) I I ! | M | M 1
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Wavelength (nm)
sUTl 5.25 siunasunisdessinunasgumus wiuvesilduunsiiugnAednTdausznng
uReoandiay 5% 31wy 1 9alue Ay nsteurdwweunasiniinaduingves
uunii@eanduy 20, 35, 50 Ind waz Lifinsdoundsvesuasinia

ARUINYVDINANASD Transmittance YBINANUIN

5.3.5 AuUALTILEIURINANUS Reflectance
F9Aue1IARY 0-450 Wiluiing Tduidnsteuidwesumasinianduing
vouduuniidendu 20 fad (dude) Tesidudnsasviouvesiiduuisgs dauiduiing
doufrdawosunasinlanduingveadnundi@oudu 35 Yad (Fudune) Tedidudnng

agviouvasiduuisuiunals wag daulddinsleundeweswnainuianiuingve i
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wunden didesidudnisazvieuvasiduunasii (duding) Tuvo
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a
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wasiniaadiuingvesduunii@endu 50 Tnd (FudE) 1
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— 02 5% Mg20W
10 - — 02 5% Mg35W
— 02 5% Mg50W
—— No doped
8

Reflectance (%)

0

T T
500 600 700

T I I T
300 400 800 900 1000
Wavelength (nm)

JUN 5.26 audansazfiouveuasvaslanunsnuandiednsidiuseninuisoandiay
5% 3 1 FIlus v Msteuirdsvasunasiidanduingvaadiuuntide
wUu 20, 35, 50 306 waz Lifn1sleumdswesunasiiiinaauingvaaih

wunii@eunilfe Reflectance YBIWANUNS

5.3.6 NaasgaNssAUBLaNATaULUUADINTIA (Field Emission Scanning Electron
Microscope : FE-SEM)

ANTILATIEANURIVINANUI9IAI873D Field Emission Scanning Electron

Microscope wuindsinnisiinaiasnviinisarelidlansuundi@onuinvusinliin sul

a
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s
5.0kV 11.5mm x

®
I

(©) (d)
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M13199 5.10 aeAUsznausnvasianureufen Walilinislaumdsvasunadiiiie

aauIngvaluunilidey

Elt. Line Intensity Error 2-sig | Concentration Units
(c/s)
C Ka 17.72 1.537 4.535 wt.%
O Ka 0.00 0.000 0.000 wt.%
Mg Ka 491 0.809 0.670 wt.%
v Ka 205.89 5.239 94.795 wt.%
100.000 wt.% | Total
Cnts 4
Energy (keV)

3U7 5.29 A18819 EDS Spectrum vasanuisiufsuaantaanauuisiaseulaain

asldmasvesunasniinaduingvaadubey 150 a4 Jiesiduduia

aNTLAUVULINIINULREN 5% S2eanlun1siAaau 1 32lud laglitinnsdau

Masvasuvasiiaaduingvaatiniupes
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M13199 5.11 aeAUsznausnUesianueufsunindvewumaniianfuingues

Wnunil@dey 20 e

Elt. Line Intensity Error 2-sig | Concentration Units
(c/s)

C Ka 19.39 1.608 4.175 wt.%

O Ka 0.00 0.000 0.000 wt.%

Mg Ka 37.55 2.238 4.095 wt.%

V Ka 241.86 5.678 91.370 wt.%

100.000 wt.% | Total
Cnts A
400 —
200 —
1c v
? Energy (keV)

35U 5.30 ¢na819 EDS Spectrum vaslanunnuisaaanlasnauuisimielaann
Yo o I o a a a P o ¢ ¢ & & 6V
nsldmdsvasunasniinnauingvaatiuihen 150 ind dUasiduduia
DANTLAUVULUIINULALN 5% 5TELLIAMUNITIARBU 1 FINULAYNIA9DY

waanaaMdILuntidey 20 a6
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M13199 5.12 aeAdsznausguesianueufsunindvewumaniianiuingves

Wnunil@dey 35 06

Elt. Line Intensity | Error 2-sig | Concentration | Units
(c/s)
C Ka 17.80 1.541 5.078 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg Ka 181.52 4.919 20.139 wt.%
V Ka 182.82 4.937 74.783 wt.%
100.000 wt.% Total
Cnts
Energy (keV)

3U7 5.31 #1819 EDS Spectrum vasnanuiaufsuaanlaaiauuisimseulaain
Yo o I 0o a a a = o ¢ ¢ & & 6V
nsldmdsvasunasnlinnauinguaatiuben 150 a6 SUasiduduia
DANTLAUVULUIINULALN 5% STELLIANMUNITLATIU 1 TN LAEN1a9VBY

wiasniapduIngidwaniidey 35 nd
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M13199 5.13 aeAUsEnausnUesianueufsunindvewumaniianfuingves

Wnunil@dey 50 a6

Elt. Line Intensity Error 2-sig | Concentration | Units
(c/s)
C Ka 16.80 1.496 4.284 wt.%
@) Ka 0.00 0.000 0.000 wt.%
Mg Ka 543.23 8.510 40.226 wt.%
v Ka 175.38 4.836 55.489 wt.%
100.000 wt.% | Total
Cnts : Mg
1.5%
10K
50 o v
1 v v
1 1
e v
L l‘ T T T T T T
5
Energy (keV)

JUN 5.32 18819 EDS Spectrum vasilduuneiniufsseanlenianuisimisulaann
nsldmasvasunasnidaniuingvaatnnubien 150 Ind Gasiduduis
sanglauuuduinen 5% ssezanlunisiadeu 1 9alus lagi1asvas

wrasnlianauingvaadiuuntideu 35 nd
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Vanadium dioxide VO, has been paid in recent years increasing attention because of its various applications, however,
its oxidation resistance properties in air atmosphere have rarely been reported. Herein, VO,(B) nanobelts were transformed
into VO,(A) and VO,(M) nanobelts by hydrothermal route and calcination treatment, respectively. Then, we comparatively
studied the oxidation resistance properties of VO, (B), VO, (A) and VO,(M) nanobelts in air atmosphere by thermo-gravimetric
analysis and differential thermal analysis (TGA/DTA). It was found that the nanobelts had good thermal stability and oxidation
resistance below 341 °C, 408 °C and 465 °C in air, respectively, indicating that they were stable in air at room temperature. The
fierce oxidation of the nanobelts occurred at 426, 507 and 645 °C, respectively. The results showed that the VO, (M) nanobelts
had the best thermal stability and oxidation resistance among the others. Furthermore, the phase transition temperatures and
optical switching properties of VO,(A) and VO,(M) were studied by differential scanning calorimetry (DSC) and variable-
temperature infrared spectra. It was found that the VO,(A) and VO,(M) nanobelts had outstanding thermochromic character

and optical switching properties.

Keywords: VO, polymorphs; thermal properties; oxidation resistance; phase transition; optical properties
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1. Introduction

Over the past decades, numerous efforts have
been employed in vanadium oxides and their re-
lated compounds as functional materials because
of their layered structures, unique chemical and
physical properties, which make them highly de-
sired in a wide range of promising potential ap-
plications such as catalysts, cathode materials for
reversible lithium batteries, gas sensors, intelli-
gent thermochromic windows, electrical and op-
tical devices, laser shield and so on [1-14]. As
is well known, vanadium has abundant oxidation
states (0 to +5), which usually correspond to a
variety of binary oxides with the general formula
VOy4x (0.5 < x £ 0.5) [15, 16], such as V,0s,
VO,, V,03, V307, V409, VO3, etc. In the fam-
ily of vanadium oxides, vanadium dioxide (VO;)
is a representative binary compound with different
polymorphs, including VO,(M), VO, (R), VO,(B),

*E-mail: yfzhang@dlut.edu.cn

VO,(A), VO,(C), VO,(D), etc. Among the VO,
polymorphs, VO, (B), VO>(M/R) and VO, (A) have
been paid much attention in the past decades,
and their crystallography data [17-20] are listed
in Table 1.

VO,(B) has attracted a great interest as a
promising cathode material for Li-ion batteries,
not only due to its proper electrode potential, but
also its tunnel structure, through which Li-ions
can make intercalation and de-intercalation in a
reversible Li-ion battery [13, 21, 22]. Besides,
VO,(B) is usually used as a precursor to be trans-
formed to VO,(M/R) [22]. VO,(M) shows a fully
reversible first-order metal-to-insulator transition
(MIT) with the phase transition temperature (T.)
at about 68 °C, accompanied by a crystallographic
transition between a low temperature monoclinic
phase (M) and a high temperature tetragonal phase
(R) [23-27]. On warming, due to this transition,
drastic changes occur in both electrical and opti-
cal properties below and above T.. For instance,
the infrared transmission characteristics of VO,(M)
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Table 1. The crystallography data of some important types of VO, polymorph.

Phase T [°CJ* Cs* Sg* a[Al  b[A]  c[A] B(°)  Ref.
VO,(B) — Monoclinic  C2/m 12.03 3.693 6.420 106.6 [17]
VO,(M) 68 Monoclinic  P2;/c 5.743 4.157 5.375 122.6 [18]
VO,(R) 68 Tetragonal P4,/mnm 4.530 4.530 2.869 — [19]

VO, (AL) 162 Tetragonal P4/ncc 8.440 8.440 7.666 — [20]
VO,(Ay) 162 Tetragonal  I4/m 8.476 8.476 3.824 — [20]

*T.: phase transition temperature; Cs: Crystal system; Sg: Space group.

dramatically change over the phase transition and
the change in electrical resistivity is of the order of
10° [23, 28]. These characteristics make VO,(M)
to be considered as a candidate for applications
in smart window coatings, optical switching de-
vices, intelligent energy conserving windows, elec-
trical devices, laser protection, etc. [5, 6, 29-32].
Recently, an increasing attention has been paid to
tetragonal VO, (A) (space group P42/ncm) [26, 33,
34], because it shows a metal-semiconductor tran-
sition with the phase transition temperature (T,) at
162 °C, accompanied by a crystallographic transi-
tion between a low temperature phase (LTP, P4/ncc,
130 °C below 162 °C) and a high temperature
phase (HTP, I14/m, 87 °C above 162 °C). In the past
decades, the synthesis, characterization and prop-
erties of VO,(B), VO,(M) and VO,(A) have been
extensively studied, however, the oxidation resis-
tance properties of VO,(B), VO2(A) and VO,(M)
in air atmosphere have rarely been reported.

In this contribution, we first synthesized
VO,(B), VO,(A) and VO,(M) nanobelts and then
studied their thermal behavior in air atmosphere.
It was found that the as-obtained VO,(B), VO,(A)
and VO,(M) nanobelts had good thermal stabil-
ity and oxidation resistance in air below 341 °C,
408 °C and 465 °C, respectively, indicating that the
VO,(M) nanobelts had the best thermal stability
and oxidation resistance. Furthermore, the phase
transition temperatures and optical switching prop-
erties of VO,(A) and VO,(M) were studied, and it
was found that the VO,(A) and VO,(M) had out-
standing thermochromic characteristics and optical
switching properties.

2. Experimental

2.1.

Vanadium pentoxide (V,0s), hydrogen perox-
ide (H>O;, 30 wt.%) and ethanol (CH3;CH,OH)
with analytical grade were purchased from
Sinopharm Chemical Reagent Co., Ltd., and used
without any further purification.

Materials

2.2. Synthesis of VO, (B) nanobelts

The synthesis of VO,(B) nanobelts was based
on our previous reports [22, 35] and slightly
modified. In a typical synthesis, 0.455 g of com-
mercial V,Os was dispersed in 31 mL of redistilled
water with magnetic stirring. Then 2 mL of H,O,
and 2 mL of ethanol were successively added into
the solution, which was still stirred for 1 h at room
temperature to obtain a brown liquid ([VO(O;),]~
solution), as shown in equation 1:

V5,05 +4H,0, — 2[VO(05),]” +3H,0 +2H* (1)

After the solution achieved good homogeneity, the
mixture was transferred into a 50 mL Teflon-lined
stainless steel autoclave, then sealed and main-
tained at 180 °C for 48 h. When the reaction
was finished, the blue-black precipitates were fil-
tered off, washed with distilled water and anhy-
drous alcohol several times to remove any possible
residues, and dried in vacuum at 75 °C for future
applications.

2.3. Synthesis of VO,(A) nanobelts trans-
formed from VO,(B) nanobelts

In a typical synthetic route for transforming
VO;(B) to VO;,(A), 0.50 g of the VO,(B) nanobelts
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was dispersed into 40 mL of deionized water with
magnetic stirring. The mixed solution was trans-
ferred into a 60 mL stainless steel autoclave after
the solution became suspension. The autoclave was
sealed and maintained at 280 °C for 48 h and then
cooled to room temperature naturally. The products
were filtered off, washed with distilled water and
absolute ethanol several times to remove any pos-
sible residues, and dried in vacuum at 75 °C.

2.4. Synthesis of VO,(M) nanobelts trans-
formed from VO, (B) nanobelts

In a typical transformation from VO,(B) to
VO,(M), about 0.40 g of the VO,(B) nanobelts
were heated in a tube furnace with 5 °C/min heat-
ing rate under a high purity Ar (99.999 %) atmo-
sphere at 700 °C for 2 h, and cooled to room tem-
perature in the Ar flow to prevent the oxidation of
VO,(M).

2.5. Characterization

X-ray powder diffraction (XRD) study was car-
ried out on D8 X-ray diffractometer equipment
with Cu K« radiation, A = 1.54060 A. The data
were collected between 5° and 70° with a scan
speed of 4°/min. The morphology and dimen-
sions of the products were observed by the trans-
mission electron microscopy (TEM, JEM-2100).
The sample was dispersed in absolute ethanol
and was ultrasonicated before TEM. Thermo-
gravimetric analysis and differential thermal anal-
ysis (TGA/DTA) were performed on SETSYS-
1750 (AETARAM Instruments). About 10 mg
of the sample was heated in an Al,O3 cru-
cible in air atmosphere from ambient tempera-
ture to 700 °C at a constant rise of tempera-
ture (10 °C/min). The phase transition tempera-
ture (T¢) of VO,(A) and VO,(M) was measured by
differential scanning calorimetry (DSC, DSC822¢,
METTLER TOLEDO) with 5 °C/min heating
rate. Optical properties of VO2(A) and VO,(M)
were tested by variable-temperature Fourier trans-
form infrared spectroscopy (IR, NICOLET 5700)
with an adapted heating controlled cell. Variable-
temperature IR patterns of the solid samples were
measured using KBr pellet technique from 4000

to 400 cm~! with a resolution of 4 cm~!. About
1 wt.% of the samples and 99 wt.% of KBr were
mixed homogeneously, and then the mixture was
pressed into a pellet.

3. Results and discussion

3.1. Characterization of VO,(B), VO,(A)
and VO,(M) nanobelts

Fig. 1 depicts the typical XRD patterns of the
as-prepared VO,(B). All the diffraction peaks from
Fig. 1b can readily be indexed to the monoclinic
crystalline phase (space group C2/m) of VO,(B)
in agreement with the literature values (JCPDS
Card No. 65-7960) [17], whose plots are shown
in Fig. la. No impurity phases, such as V,Os,
V3O7, V6013, VOz(M), VOQ(A) and V203, were
detected, indicating high purity of the as-obtained
VO, (B).

(b) The as-obtained \'01( B)

ot

“J 1
- T v
0 20

Fig. 1. XRD patterns of the as-obtained VO,(B)
nanobelts.

Relative Intensity (a.u.)

(a) VO,(B): JCPDS, No. 65-7960

|J 1_1._1 iy |L. L .lll .JJI b _aal

1 30 40 50 60 70

After hydrothermal treatment of VO,(B) at 280
°C for 48 h, the XRD of the product has been
measured and is shown in Fig. 2. It can be ob-
served from Fig. 2 that all the diffraction peaks
can readily be indexed to the tetragonal crystalline
phase (space group: P42/ncm, No. 138) of VO,(A)
(JCPDS Card No. 42-0876) [36], indicating that
the VO,(A) was successfully transformed from
VO,(B). The as-prepared VO,(A) is of high pu-
rity what can be inferred by comparing Fig. 2a
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and Fig. 2b. After calcination, VO,(B) was trans-
formed into VO,(M), as shown in Fig. 3. All the
diffraction peaks in Fig. 3b can readily be indexed
to the monoclinic crystalline phase (space group:
P21/c, No. 14) of VO,(M) (JCPDS Card No. 72-
0514) [18] and the as-prepared VO,(M) is of high
purity what can be stated by comparing Fig. 3a
and Fig. 3b. Therefore, it can be said that VO,(B),
VO, (A) and VO,(M) were successfully prepared.

z (b) The as-obtained \'01(.-\)
2
7]
o
2
= A
@ proes Al (T ke § W Y
=
o
% (a) VO, (A): JCPDS, No. 42-0876
o
. ‘Ii ‘.l . kll..ll .llill |
10 20 30 40 50 60 70
20 (deg.)

Fig. 2. XRD patterns of the as-obtained VO;,(A) trans-
formed from VO, (B) nanobelts by hydrothermal
treatment at 280 °C for 48 h.

3
=
h o r
:‘% (b) The as-obtained V ()2(“)
=
[
L
= L W
L
.o
& (a) VO,(M): JCPDS, No. 72-0514
1 ' l 1 ] " " l ;I A
T T T T T T T T ™ T .
10 20 30 50 60 70

40
20 (deg.)

Fig. 3. XRD patterns of the as-obtained VO,(M) trans-
formed from VO, (B) nanobelts by heating treat-
ment at 700 °C for 2 h.

Fig. 4 shows the typical TEM images of the as-
prepared VO,(B), VO,(A) and VO,(M) nanobelts,

which reveal that the as-obtained VO,(B), VO3(A)
and VO,(M) have similar morphology. The TEM
images indicate that all of the as-obtained VO,(B),
VO;(A) and VO,(M) consist of a large number of
1D nanobelts with the length in the range of several
to tens of micrometers and width ranging from 80
to 200 nm.

3.2. The oxidation resistance properties

In the past decades, VO,(B), VO,(A) and
VO,(M) nanobelts have been extensively studied,
however, their oxidation resistance properties have
not been reported in the literature. Therefore, in
this contribution, the oxidation resistance proper-
ties of VO,(B), VO,(A) and VO,(M) nanobelts
were investigated by TGA/DTA with the flowing
air, as shown in Fig. 5 and Fig. 6. Fig. 5 shows
the TG curves of the as-obtained VO;,(B), VO3(A)
and VO,(M) nanobelts in air atmosphere, which re-
veal that their oxidation process by O starts at 341,
408 and 465 °C, respectively. The oxidation pro-
cess of VO,(B), VO,(A) and VO,(M) is finished at
472, 594 and 675 °C, respectively. The above re-
sults suggest that the VO,(M) nanobelts have the
best thermal stability and oxidation resistance. Af-
ter the TGA/DTA test, a yellow powder was ob-
tained, whose color is the same as that of V,0s3,
indicating that VO, is oxidized to V,0s.

As shown in Fig. 5, before beginning of VO,
oxidation, the weight loss was not zero, which was
caused by the loss of water absorbed on its surface.
The weight loss of VO,(B) is the largest while that
of VO,(M) is the least. The reason could be that
VO,(B) was directly prepared by a hydrothermal
route and VO,(M) was obtained by heating VO,(B)
at 700 °C, which could reduce the absorbed water.
The weight loss of VO,(B), VO,2(A) and VO>(M)
nanobelts in their oxidative process is 8.29, 9.01
and 9.54 %, respectively. The weight loss values
of VO,(B), VO,(A) and VO,(M) nanobelts corre-
spond to the oxidation of the bulk VO, to V,0s5
(9.64 %).

Fig. 6 shows the heat flow curves of the as-
obtained VO,(B), VO,(A) and VO,(M) nanobelts

in air atmosphere, which suggests that the fierce ox-
idation of VO,(B), VO,(A) and VO,(M) nanobelts
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500 nm

- e

Fig. 4. TEM images of the as-obtained nanobelts: (a)
VO,(B), (b) VO2(A) and (c) VO,(M).
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Fig. 5. TG curves of the as-obtained VO,(B), VO»(A)
and VO, (M) nanobelts in air atmosphere.
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Fig. 6. Heat flow curves of the as-obtained VO»(B),
VO,(A) and VO,(M) nanobelts in air atmo-
sphere.

occurs at 426, 507 and 645 °C, respectively. The
sharp endothermic peak at about 685 °C is the melt-
ing point of V,0s, which further confirms that the
oxidative product is V,Os. By the way, for VO,(M)
curve, a peak at 68 °C appears, which is the T, of
VO,;(M). Based on these results, it can be stated
that the VO,(B), VO,(A) and VO,(M) nanobelts
have good thermal stability and oxidation resis-
tance properties below 341, 408 and 465 °C in
air atmosphere, respectively while the VO,(M)
nanobelts have the best thermal stability and oxi-
dation resistance, which is beneficial for the appli-
cation of VO,(M) in air.
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3.3. The phase transition and opti-
cal switching properties of VO,(A) and
VO,(M) nanobelts

When the phase transition of VO,(A) or
VO,(M) occurs, they exhibit a noticeable endother-
mal profile in the heating DSC curve, which cor-
responds to the phase transition of VO,(A) or
VO,(M). Fig. 7 shows the typical DSC curves of
VO,(A) and VO, (M). The T, of VO,(A) is about
162 °C, while for VO,(M), the T, is about 67 °C.

vo,Mm) |
2 162 °C
S
o
@
=
67°C
40 60 80 100 120 140 160 180
Temperature (°C)
Fig. 7. DSC curves of the as-obtained VO,(A) and

VO,(M) nanobelts.

According to the DSC results of the as-obtained
VO,(A) and VO,(M), they reveal a noticeable en-
dothermic peak in the heating cycle. It was reported
that the optical properties have drastically changed
when the reversible phase transition of VO,(A) or
VO,(M) occurred. Therefore, we further developed
the as-obtained VO,(A) and VO,(M) as the opti-
cal switching devices. The optical switching prop-
erties of VO,(A) and VO,(M) were investigated
by variable-temperature infrared spectra, as shown
in Fig. 8 and Fig. 9. It can be clearly seen from
Fig. 8 that VO, (A) has the optical switching prop-
erties at different vibratory absorption bands, re-
vealing that it is a potential candidate for opti-
cal switching devices at the vibratory absorption
bands from 700 to 650 cm~! and from 600 to
550 cm™'. In case of VO,(M), as shown in Fig. 9, it
can be clearly observed that VO,(M) has the opti-
cal switching properties. The optical transmission

below T, is higher than that above T, sug-
gesting that it has good thermochromic prop-
erties. Besides, it also reveals that VO,(M)
has potential applications in optical switching
devices at the variety of vibratory absorption
bands owing to its large transmission changes.
These optical properties of VO,(A) and VO>(M)
verify that they are beneficial for the devel-
opment and application of optical switching
materials.

Below T,
S
©
(=
c
]
=
£
E
w
(=]
g
- UpT,
L 1 T X T T T T o T T T T
1200 1100 1000 200 800 700 600 500 400
Wavenumber (cm'1}
Fig. 8. Variable-temperature infrared spectra of
VO;(A) nanobelts below and above T..
o Below T,
=X
@
o
c
]
£
=
E
& UpT,
=
=
1200 ‘ 11I00 1DrlJO Q(IJIJ Bl'.IiO TCI)O SIEICI EIIIIO 400
Wavenumber (cm™)
Fig. 9. Variable-temperature infrared spectra of

VO,(M) nanobelts below and above T..
It has been reported [1, 25, 34, 37-40] that

the optical spectra, usually explained as the
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observed bands, are related to the electromagnetic
resonance between incident photons (with a spe-
cific wavenumber) and variation of chemical bond
polarization associated with a specific vibration
mode. At low temperature (T < T,) the electrons
involved in the V4#t—V#* bonds between VOg oc-
tahedra are localized. However, these electrons are
delocalized at high temperature (T > T.). In the
metal state (T > T.), this delocalization involves a
screening effect for the incident photons, which oc-
curs at the surface of the sample [37]. As a result,
no vibrational absorption bands can be observed. In
this circumstance, the transmittance drastically de-
creases. The variable-temperature infrared spectra
confirm the strong reversible metal-insulator phase
transition at around T..

4. Conclusions

In conclusion, the oxidation resistance proper-
ties of VO,2(B), VO,(A) and VO,(M) nanobelts
were comparatively studied by TGA/DTA test.
It was found that VO,(B), VO3(A) and VO,(M)
nanobelts had good thermal stability and oxida-
tion resistance below 341 °C, 408 °C and 465
°C in air, respectively, and the fierce oxidation of
the VO,(B), VO,(A) and VO,(M) nanobelts oc-
curred at 426, 507 and 645 °C, respectively. The
results showed that VO,(B), VO,(A) and VO,(M)
nanobelts were stable in air at room temperature.
VO,(M) nanobelts had the best thermal stabil-
ity and oxidation resistance, which was beneficial
for the application of VO,(M) in air. The T, of
VO,(A) and VO,(M) were about 162 °C and 67 °C,
respectively. The optical switching properties of
VO;(A) and VO,(M) were studied by the variable-
temperature infrared spectra, which suggested that
they can be used as the optical switching materials.
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Vanadium dioxide (VO,), with a reversible phase transition near ambient temperature, has been found to
be a promising candidate for energy-saving smart windows. However, its use is constrained by its low
visible transmission (Ty,m) and high transition temperature (zJ). In this paper, by codoping tungsten (W) and
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magnesium (Mg) in VO,, a good combination of low z. (~35 °C) and high T\, (81.3%) was achieved. The
7. declines with decreasing Mg doping level in Mg/W-codoped samples, which is the opposite effect of
doping with only Mg, suggesting a synergistic effect of the two dopants arising from the e~ and h* carrier

neutralization. In addition, the band gap of Mg/W-codoped VO, was gradually widened; this is attributed

www.rsc.org/MaterialsC

Introduction

Vanadium dioxide (VO,) has attracted intense interest since its
metal to insulator transition (MIT) was reported in 1959." As a
reversible phase transition material, VO, exhibits a first-order
transition from insulating monoclinic (P2,/c, M-phase) to
metallic rutile structure (P4,/mnm, R-phase) across the critical
temperature (., ~68 °C),> with an abrupt decrease in infrared (IR)
transmittance and an unchanged visible transmission (7j,m)- These
properties make it a promising candidate for thermochromic smart
windows.>” However, the relatively high . above room temperature
and the low T, due to large absorption and reflection largely
restrict its energy saving efficiency. Recently, many efforts have been
made to improve the Tj,, and solar modulating ability (ATs,) of
VO,;>*%13 however, the combination of low 7. and high Tj,, as well
as large AT, still presents challenges.

In order to reduce 7., scientists have made great efforts
including introducing strains into the crystal lattice'*'*> and doping
(Table 1). During the MIT, the . can be modified by the uniaxial
stress o following the Clausius-Clapeyron equation,

dro/do = (eot)/AH (1)
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to the depressed absorption, which enhanced the T .

Table 1 Effects of dopants on the thermochromic performance of VO,
thin films?

Dopant Tjym ATsor Te Mechanism Ref.

we* ! ! 1(~20-26 °C per at%) e 1 20 and 21
Ti*" 1 1 1 Smaller radius 24 and 25
Cormaty Y X | Larger radius 26
Nb** | ! 1(~2 °C per at%) e 1 27
Mo 1 l 1(~3 °C per at%) e 1 27
T2’ \Viid — o, e 1 26
Mg* 1 1 1 (~3 °C per at%) h*1 22 and 23
et 1 1 1(~0.4 °C per at%)  Larger radius 28
crt il ! ; h*1 29
sn*t i | ol 1(~1 °C per at%) Smaller radius 30
A" =) L l(~2.7 °C per at%) h't 31
Fe**  — —  [(~6 °C per at%) h'1 32
EQY A Nae? | L(~5 °C per at%) Larger radius 33
ce*® — —  |(~4.5°Cperat%) Larger radius 34

¢ In the table, |’ and ‘1’ represent negative and positive dopant effects,
respectively. The symbol ‘— means not available.

where AH is the latent heat of transition, ¢, is the initial strain
and 10 is the initial phase transition temperature.'* On the
other hand, doping with higher valence-state cations (compared
to V**) can result in extra electrons, which can break the structural
symmetry of VO, via the dimerization of the V-V chain in the
R-phase to reduce the energy difference between the M- and
R-phases, thereby decreasing 7..'®*® In addition, the substitution
of V** by cations of larger ionic radius or the insertion of cations at
interstitial sites of the VO, lattice can introduce compressive
strain and induce structural deformation, which also reduces
7% Among the cations, W is the most efficient dopant to
reduce 7. with a rate of ~20-26 °C per at%, mainly owing to its
high valence state (6+). However, the sharp decrease in 7. arising
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from W doping is always accompanied by declines in T, and
AT01.2%** Meanwhile, Mg2+ has been doped in VO, to enhance the
Tium Of VO, thin films accompanied by a steady widening of the
band gap upon doping; in contrast, the 7. can only be reduced to
47 °C, even at a doping level of 7 at%.>>?*

In addition, Mo/W>>?® and Ti/W codoping®” have been
carried out to tune the 7. of VO,. The Mo/W-codoped VO, thin
films exhibited an interesting non-linear effect between the co- and
single-doped materials; the t.-lowering efficiency was enhanced
compared with single-element doping. However, the mechanism of
codoping was unclear, and the influence on Tj,,/ATs, was not
reported.*® Ti/W codoping produced a higher 7. than single W
doping due to the decrease in carrier density arising from the
electron transfer from donor W to acceptor Ti, while the transmis-
sion was largely compromised compared with the pure VO,.

In this paper, Mg/W codoping has been carried out systematically
to investigate the synergistic effect on the thermochromic properties
of VO, thin films. The large t-reducing rate of W and the superior
Tum-enhancing ability of Mg have been combined to enhance
the thermochromic properties. Possible mechanisms of such
enhancement are discussed.

Experimental

All materials including V,05 (99.6%, Alfa Aesar), Mg and W powders
(99.9%, Alfa Aesar), polyvinylpyrrolidone (PVP40, Sigma-Aldrich),
oxalic acid (99.9%, Alfa Aesar) and H,O, (30 wt%, Sigma-Aldrich)
were used as received without any further purification.

Mg/W-codoped precursor preparation

The precursor was prepared by a modified sol-gel method, the
details of which have been reported elsewhere.***° Weighed
Mg and W powders were dissolved in 15 mL preheated H,O0,
solution (30 wt%) at 90 °C with continuous stirring for 5 h. V,05
powder (180 mg) was then added into the hot solution. After a
vigorous reaction, 400 mg of oxalic acid was added to reduce
the vanadium source from V>* to V** with continuous stirring
for two more hours at 90 °C. Ultimately, 12 mg of PVP was
added into the solution, and a blue-colored precursor solution
was formed. The amount of Mg and W powder was calculated
based on the formula V,_,_,W,Mg,0, (x = 0, 0.02; y = 0, 0.01/
0.02/0.03/0.04/0.05).

Vanadium dioxide thin film preparation

The precursor thin films were prepared by withdrawing the
fused silica substrate (15 x 15 x 0.6 mm?) from the codoped
precursor solution at the rate of 1000 mm min ™' using a KSV
dip coater. After drying in air, the thin films were annealed in a
tube furnace under flowing Ar (200 cc min~") at 550 °C for 2 h,
and bronze-colored thin films with thicknesses of ~50 nm
were attained on both sides of the substrates.

Characterization

The phases of the obtained thin films were characterized using a
Shimadzu XRD-6000 X-Ray diffractometer (Cu-Ko, A = 0.15406 nm)
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with a voltage of 40 kV and a current of 30 mA at an X-ray grazing
angle of 1.0°. The surface topography was determined using atomic
force microscopy (AFM; DI-3100, Bruker, Germany) in tapping
mode. Transmission electron microscopy (TEM) characterization
was performed using a JEOL JEM 2010 with an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) data were
collected in the V 2p, Mg 1s and W 4f binding energy regions using
a Thermo Scientific ESCALAB 250Xi XPS spectrometer (900 um spot,
3 scans, 75 eV pass energy) equipped with Avantage Data System
software. The thickness of the VO, film was measured by an
Alpha-Step IQ Surface Profiler. The transmittance spectra in the
range of 250-2500 nm were measured with a UV-Vis-NIR spectro-
photometer (Cary 5000, Agilent Ltd) equipped with a Linkam
PE120 system Peltier simple heating & cooling stage. The integrated
visible transmittance (Tj,m, 380-780 nm) and solar transmittance
(Tso1, 280-2500 nm) were calculated based on the recorded %T
spectra using the following expression:

Tlum/sol = j(f)]um/sol(}“)T(;“)d)“/‘[(f)]um/solu')di (2)

where T(1) is the recorded film transmittance, @, is the
standard luminous efficiency function for the photopic vision
of human eyes,"! ¢, is the solar irradiance spectrum for air
mass 1.5 (corresponding to the sun standing 37° above the
horizon)** and ATy, is obtained as ATso; = Tsor15°c — Tsolo0°c-
The hysteresis loop of %T at the wavelength of 2500 nm was
measured in the temperature range of 10 to 90 °C. In order to
attain the phase transition temperature 7., the temperature-
dependent heating and cooling %T data were fitted with a
sigmoidal function of the form:*

f(r) = A2 + (A1 — A2)/{1 + exp[(tr — 70)/B]} 3)

where A1, A2, 1, and B are fitting parameters, with 7, giving the
transition temperature in the heating and cooling cycle, and
Te = (TO,h + TO,C)/27 ATC = To,h — To,e-

Results and discussion
Synthesis of Mg/W codoped VO, thin films

Fig. 1 shows the XRD spectra of the pristine and doped VO,
samples. All of the XRD patterns show the characteristic (011)
peak at around 26 = 28°, corresponding to the monoclinic VO,
phase (P2,/c, JCPDS #82-661). No diffraction peaks of other
vanadium oxide or magnesium/tungsten oxide phases can be
found within the patterns, suggesting the high purity of the VO,
phase with Mg/W dopants in the crystal lattice. The broad
hump around 20 = 20° can be ascribed to the diffraction
background of the fused silica substrates.

The topographical AFM images for the pristine and Mg/
W-codoped VO, thin films are shown in Fig. 2. The AFM scan
reveals that all of the VO, thin films exhibit a densely packed
nanograin-array topography with a narrow-distributed grain size
below ~100 nm, which will greatly reduce the light scattering
and enhance the Tj,.** The mean grain sizes of all the pristine
VO, and co-doped samples range from 60-80 nm, while that for
single Mg-doped VO, is approximately 50 nm. Since the grain

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 XRD patterns of the vanadium dioxide samples.

Intensity (a.u.)

sizes for the doped and undoped samples do not vary signifi-
cantly, the effect of grain size on the thermochromic properties
could be negligible.

The bright-field TEM image of V; 0sWy.0:Mg0 040, is shown in
Fig. 3. The HRTEM image shows that the grains are well crystal-
lized (Fig. 3b) with a sub-100 nm grain size (Fig. 3a), in accordance
with the AFM results. The selected area electron diffraction (SAED)
patterns shown in Fig. 3c can be indexed with VO,(M) crystalline
faces from (011) to (220), which reveals the polycrystalline nature

2.0um 0.0 -
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of the thin films and further supports the high purity of the
formed VO,(M) phases indicated by the XRD results.

XPS scans for the Mg/W-codoped VO, thin films were performed
in the binding energy regions corresponding to V 2p, Mg 1s and
W 4f. As demonstrated in Fig. S1 (ESIt), under every doping level, the
V 2py5, and V 2p;, peaks for the V 2p scan, the Mg 1s peak for the
Mg 1s scan and the W 4f;, and W 4f;, peaks for the W 4f scan can
all be clearly observed, proving the successful incorporation of Mg
and W dopants into the VO, lattice since no Mg/W compounds
could be indexed in the XRD patterns (Fig. 1). In addition, the
quantitative analysis reveals that the doping levels (cmgw/cy) detected
by XPS are nearly the same as those expected from the precursor
solution (Table 2). As shown in Fig. Sla-e (ESIY), for the V 2p scan,
the V 2p;, peak can be split into two peaks (V** around 516 eV and
V** around 514 eV), suggesting non-stoichiometry in the VO, phase.
It is of interest that upon increasing the Mg doping level from 1 to
5 at%, the relative intensity of V** compared to V*' is gradually
depressed (Fig. 4), in accordance with the decrease in free electrons
under the coexistence of Mg/W dopant due to the counteraction
between the h' and e~ charge carriers.

Optical properties

The UV-Vis-NIR transmittance spectra of the VO, thin films
were recorded at 15 and 90 °C (Fig. 5a). A drop in the
transmission was observed for all of the samples above the

20um 0.0

Fig. 2 AFM images of the vanadium dioxide samples (a: pristine VO,; b—f: Vpog_xW0.02Mg,O,, x = 0.01/0.02/0.03/0.04/0.05; g: V0.95Mg0.0502;

h: Vo.08W0.0205) at a scanning scale of 2 x 2 pmz.

(011)

Fig. 3 (a) TEM, (b) HRTEM and (c) SAED images of the Vg 94W0.02Mgp.040, sample.
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Table 2 Doping level and stoichiometry of the Mg/W-codoped VO, samples

Doping level of Mg, W (cmgw/cv) Vanadium/oxygen content Stoichiometry

Samples Expected (at%) XPS result (at%) XPS result (at%) VIV + v
Vo.06Wo.0205 0.0, 2.0 0.0, 2.1 18.2/78.8 0.45
Vo.95Mg0.050, 5.0, 0.0 5.0, 0.0 13.4/83.2 0.16
Vo.0:Wo.02MZ0.0102 1.0, 2.0 1.2, 1.8 27.2/67.7 0.41
Vo.06Wo.02MZ0.0202 2.0, 2.0 1.9, 2.1 22.5/72.1 0.34
Vo.05Wo.02MZ0.0302 3.0, 2.0 2.7,1.9 17.1/80.2 0.30
Vo.0aWo.02MZ0.0402 4.0, 2.0 3.8, 1.8 14.7/75.6 0.32
Vo.03Wo.02MZ0.0502 5.0, 2.0 5.3, 2.1 13.3/77.5 0.22

i . reflection (%R) and absorption (%A) spectra of the thin films,

0.45- ®c ®h where the %A was calculated from 1-%R-%T. All of the %R at

& P A =580 nm fall into the range of 14.9-17.8%. Single W doping

0.40- .. ._3«_. gives the highest absorption from 380-2500 nm, suggesting

:f; ©@ e that W doping increases the absorption coefficient of VO,,

T R which largely contributes to the decrease in Ty, (Table 3);

% 0.30- 4 meanwhile, single Mg doping gives the lowest absorption over

5> most of the wavelengths, which proves that Mg doping largely

0.25- reduces the absorption coefficient of VO,.>**> Compared with

2 at% W single doping, codoping with Mg decreases the %A

0.20 T T T T

1 2 3 4 5
V; 08, Wo0,M3,0,, x (at.%)

0.98-x "~ 0.02
Fig. 4 Ratio of V3*/(V3* + V*) for Vg o5 W0 02Mg,O, samples.

wavelength of 1000 nm upon heating from 15 to 90 °C, in
accordance with the intrinsic MIT characteristics of VO,.
Among the samples, the single Mg-doped V(,9sMg.050, shows the
highest solar transmission in the entire spectrum (250-2500 nm) at
both temperatures, especially in the visible range, indicating the
ability of Mg to enhance 7j,my. On the contrary, the single W-doped
Vi.0sWo.020, gives the lowest solar transmission (250-2500 nm),
revealing the weakness of W as a dopant. Meanwhile, on the basis
of doping with 2 at% W, further codoping with Mg effectively
improves Ty, and the solar transmission compared with single
W-doping and gives the closest result to single Mg doping at the
doping level of 4 at% (Vi.04Wo.0:Mg0.040,), which can be confirmed
by the calculated Tj,m and ATy,. (Table 3). Fig. 5b shows the

(4 =580 nm), and the lowest absorption is again attained at the
doping level of 4 at% (Vo.04Wo.02Mg0.040,), resulting in the high
Tium Observed in the %7 spectra (Fig. 5a and Table 3).

The calculated average Tium[(Tiumascc t Tium,eo°c)/2] and
ATsol(Tso1, 15°c — Tsol, 90°c) for the pristine and codoped VO,
thin films are listed in Table 3. As shown in Table 3, compared
with pristine VO,, single doping with 5 at% Mg enhances the
average Tj,m from 77.5% to 82.1%, while single doping with
2 at% W reduces it to 69.5%. Compared to doping with 2 at% W,
further doping with Mg causes the average T, to recover above
70%, and the highest value of 81.3% is reached at 4 at% Mg
doping (V1.04Wo.00Mg.040,)- This demonstrates that the ability
of Mg doping to enhancing the Tj,, is maintained with codoping
with W.

With regard to the phase transition temperature, the trans-
mittance at a wavelength of 2500 nm in the temperature range
of 10 to 90 °C was recorded in a heating and cooling cycle
and was plotted as %T versus T/°C hysteresis loops (Fig. 6a).

1
00 a 19
90 %R
80 11 --
1 —Vo, Vo WoaM8,,0;
70 i 80 i vn.nwangnmoﬂ I n_sswnuMgn.nsoz
o 60_ ViosaWo0aM50:0; — V50 Wo,0aM8, 050,
B'?‘ 4 i e st g % A \\ Vo2sM850:9; — VossWo0:
50 7 — VoarWo0M90.0:0;
1 T VoosWo 1My 020, — Vi 5sWi oMI,0,
40 { VosWo.0:M850:0; — Vi Wo02M8, 050, 0
30 - f{j Vo3sM840:0, — VoseW50:0:
0 500 1000 1500 2000 2500 500 1000 1500 2000 2500

A (nm)

A (nm)

Fig. 5 (a) Transmittance spectra in the UV-Vis-NIR range for the vanadium dioxide samples. The solid and dashed lines represent the spectra tested at
15 °C and 90 °C, respectively. (b) Recorded %R and %A spectra for the pristine and Mg/W-codoped VO, samples.
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Table 3 Thermochromic performance of the pristine, single and codoped VO, thin films
Sample %R (580 nm) %A (580 nm) Average Tyym/% AT01/% 1./°C At./°C E,"leV
VO, 15.6 5.0 77.5 5.9 63.89 19.8 2.88
Vo.0sWo0.0205 14.9 13.5 69.5 3.4 27.05 8.7 2.67
Vo.0sMg0.0502 15.9 0.6 82.1 4.8 61.05 16.7 2.99
V.97 Wo0.02ME0.010, 16.2 5.2 77.0 3.3 30.45 8.7 2.83
Vo.06Wo.02ME0.0205 16.0 8.9 76.0 3.9 29.55 7.9 2.72
V0.05W0.02Mg0.030> 16.0 5.7 73.3 3.7 32.55 8.5 2.75
V0.94Wo.0:2ME0.040> 17.8 0.0 81.3 4.3 35.05 8.9 3.02
Vo.03Wo.02ME0.0502 16.5 4.6 77.4 3.7 35.08 8.3 2.83
“ The calculation errors for E, are within 10%.
] VO!
o 0.7 DHZMQD“ 2|
a 95 o Vawaono D 40] =
° VW, Mg, 0O, 381 °
s V,,W,,Mg,.0, “ea\'\ng -
@ VoW Ma, 0, 36 ] ° -
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veuwwzox — 34 ooc,*l\'st a2 e
O 32- - 18 -
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26 @ o GOO\\V\Q
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LT e o S e e e m e S e e e | 22 ! ' ¥ ¥ J L
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Fig. 6

(a) Hysteresis loop for the temperature-dependent transmittance of the VO, samples at a wavelength 2500 nm and (b) the plots of doping-

dependent 7. The solid lines in (a) represent the best fitting results as described in the text.

Single Mg doping gives the highest IR transmission, while
single W doping produces the lowest IR transmission at different
temperatures. As shown in Table 3, pristine VO, exhibits the
largest 7. = 63.9 °C and the widest Az, = 19.8 °C. It is of interest
that the 7. of pristine VO, is much lower than the reported value
of 68-70 °C; this should mainly be due to its sub-100 nm grain
size (Fig. 2), and the nanograin size effect should also contribute
to its widened hysteresis loop width Az, (19.8 °C) compared to

its bulk counterparts.*® Compared to the pristine sample, the

20
a

=] = VO,
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Fig. 7

conditions.
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(ahw)? versus hiw, where o is the absorption coefficient and Jiw is the photon energy, with linear fittings to extract band gap Egatoa =
relationship between average T\,m and Eq4 (b). The solid line in (b) is a linear fit.

single-doped samples with 5 at% Mg and 2 at% W exhibit
reduced 1. values of 61.05 °C and 27.05 °C and narrower At
values of 16.7 °C and 8.7 °C, respectively, which are comparable
to the reported values.>*** The much sharper reduction of 7. and
Az, under W doping should be mainly attributed to the high
valence state of W®', which introduces free electrons to the V**
cation. For codoping with Mg/W, 7. exhibits an increasing
tendency (Fig. 6b), while continuous Mg doping under the pre-
existence of 2 at% W dopant results in a slight increase of .

84
82-
80-
78-
761
74-
72-
70 &

T (%)

TR T TR T3
Vieur M3, 0y X (05)

68 T I 1 1
2.6 2.7 2.8 29 3.0
Band gap Eg (eV)

0 (a) and the
The inset in (b) is a plot of Mg doping-dependent £4 under Mg/W-codoping
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from 27.05 °C (V.0sWo.0202) to 35.08 °C (Vo.93Wo.02Mg0.050,) at a
rate of 1.6 °C per at%. As reported in the literature, doping the
VO, lattice with cations with higher and lower valence states
could result in free electron (e”)/hole (h") charge carriers and
create the V?*/V>* defect sites, respectively.'® The coexistence of
W and Mg dopants in the VO, lattice may decrease the free
charge carrier density arising from the combination of e~ and h*
charge carriers, which should be responsible for the increased 7.
under codoping conditions since 7. is closely linked to the
equilibrium carrier density.*”

As reported by Li. et al.,”> Mg doping can increase the band gap
of vanadium dioxide. Herein, the band gaps (E,) of the pristine and
doped VO, samples are determined by fitting the linear parts of the
curves (oio)® versus fio (Fig. 7a) with the expression:

(ahw)® = A(ho — Ey). (4)

where « is the absorption coefficient (xd = —In(7/1 — R)), Ais a
constant and % is the photon energy. The best fitting results
are tabulated in Table 3, where E, is increased from 2.88
(pristine VO,) to 2.99 eV (V.05Mg0.050,) under single doping
with Mg, in accordance with the band gap-widening effect of
Mg reported by Li. et al.?* Under Mg/W-codoping conditions
(Vo.98—xWo.02Mg,0,), E, is also widened upon Mg doping with
an approximate rate of increase of 0.04 eV per at% (inset in
Fig. 7b). It is of interest that E, exhibits a similar trend across
the doping levels to that of average Tiym. The Tium, versus Eg has
been plotted in Fig. 7b, and a positive linear relationship
between Ty, and E; can be clearly deduced; this should be
attributed to the steady decrease in absorption accompanying
the widened band gap E,.

In summary, Mg/W codoping can produce the combination
of high Tj,, and low 7., making it superior to single doping
with W and Mg, which have obvious weaknesses related to
maintaining the high Tj,, and reducing the 7., respectively.
This result should be of great significance for the smart window
applications of VO, thin films.

Conclusions

In summary, Mg/W-codoped VO, thin films can benefit from
both the t.-lowering property of W and the Tj,n-increasing
property of Mg. The 7. under W/Mg codoping increases at a rate
of 1.6 °C per at% upon increasing the Mg doping level, which
should be due to the decline in carrier density arising from the
counteraction between e~ and h" carriers. The band gap-widening
effect of single Mg doping remains in codoped samples, leading to
enhanced Tjym. The best performing sample, Vi 94Wo.0:Mg0.0402,
exhibits low 1. (~30 °C) as well as high Tj,m (~80%), which is of
great practical significance in smart window applications.
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No: 00-041-1426

Name: Shcherbinaite, syn
Chemical Formula: V2 O5
Formula: O5 V2

Z value: 2

Space Group: Pmmn(59)

Cell: 11.5160 3.5656 4.3727 90.000 90.000 90.000
Volume: 179.549

Crystal System: Orthorhombic
Quality: S

RIR(/1c): - 1.60

Subfile: Inorganic, Mineral, Alloy&Metal, Battery Material, Common Phase, Educational

Pattern, Forensic
———————————————— Experiment
Radiation: CuKalpha lambda: 1.54178

Reference: Schulz, D., Larson, F, McCarthy, G., North Dakota State Univ., Fargo, ND,
USA. ICDD Grant-in-Aid(1988).

................ Physical
Dmeas: 3.320

Dcalc: 3.364
________________ Comment

Additional Patterns: To replace 00-009-0387 and validated by calculated pattern. See
PDF 01-077-2418 and 01-072-0433. Color:



Dark orange. Optical Data Specimen location: Optical data on specimen from Izalco

Volcano, El Salvador. Sample Preparation:

Sample obtained from J.T. Baker Chemical Co. Unit Cell Data Source: Powder

Diffraction.

———————————————— d-I list (2theta are calculated with wavelength=1.54059)
2theta range: 15.35- 78.18
2theta d I (hkU)
15.35 5.768 33.0 (2,0,0)
20.26 4.379 100.0 (0,0,1)
21.71 4.090 27.0 (1,0,1)
2556 3.482 4.0 (2,0,1)
26.13 3.408 75.0 (1,1,0)
31.00 2882 520 (3,0,1)
32.36 2.764 23.0 (0,1,1)
3329 2689 7.0 (1,1,1)
34.28 2.614 25.0 (3,1,0)
36.02 2491 3.0 (2,1,1)
3737 2.404 2.0 (4,0,1)
40.18 2.243 1.0 (3,1,1)
41.26 2.186 11.0 (0,0,2)
42.02 2.149 5.0 (1,0,2)
44.27 2.044 3.0 (2,0,2)

44.42 2.038 1.0 (50,1)



45.45 1.994 10.0 (4,1,1)
4732 1.919 14.0 (6,0,0)
47.84 1900 8.0 (3,0,2)
48.83 1.864 8.0 (0,1,2)
49.50 1.840 2.0 (1,1,2)
51.21 1.782 16.0 (0,2,0)
51.49 1.773 3.0 (2,1,2)
51.62 1.769 2.0 (51,1)
52.01 1.757 7.0 (6,0,1)
5251 1.741 1.0 (4,0,2)
53.78 1.703 2.0 (2,2,0)
55.64 1.651 6.0 (0,2,1)
56.25 1.634 2.0 (1,2,1)
58.08 1.587 1.0 (2,2,1)
58.13 1.586 1.0 (5,0,2)
58.50 1577 3.0 (6,1,1)
58.99 1564 6.0 (4,1,2)
60.04 1540 3.0 (7,0,1)
61.07 1516 8.0 (3,2,1)
62.08 1.494 9.0 (7,1,0)
63.80 1.458 1.0 (0,0,3)
64.24 1.449 2.0 (51,2

64.38 1.446 3.0 (1,0,3)



64.56

64.71

65.08

66.05

67.77

68.32

68.58

68.85

69.63

69.97

70.12

70.35

71.74

71.80

72.27

72.66

72.66

74.50

75.97

76.40

77.30

77.43

77.70

1.442

1.439

1.432

1.413

1.382

1.372

1.367

1.363

1.349

1.344

1.341

1.337

1.315

1.314

1.306

1.300

1.300

1.273

1.252

1.246

1.233

1.232

1.228

3.0

2.0

1.0

3.0

2.0

2.0

1.0

2.0

3.0

1.0

1.0

3.0

2.0

2.0

5.0

4.0

4.0

3.0

3.0

1.0

1.0

1.0

1.0

(6,0,2)
(8,0,0)
@,2,1)
(7,1,1)
(0,2,2)
(1,2,2)
(8,0,1)
(3,0,3)
(0,1,3)
(2,2,2)
(5,2,1)
(6,1,2)
(7,0,2)
(2,1,3)
(6,2,0)
(3,2,2)
(4,0,3)
(3,1,3)
(6,2,1)
(4,2,2)
(7,1,2)
(5,0,3)

(9,0,1)



78.18 1.222 2.0 (4,1,3)
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No: 01-076-0146

CSD: 33641(ICSD)

Name: Karelianite, syn

Chemical Formula: V2 O3

Formula: O3 V2

Z value: 6

Space Group: R-3c(167)

Cell: 4.9423 4.9423 13.9652 90.000 90.000 120.000
Volume: 295.417

Crystal System: Trigonal

Quiality: |

RIR(/Ic): 3.65

Subfile: Inorganic, Mineral, Alloy&Metal, Common Phase, ICSD Pattern
———————————————— Experiment

Radiation: CuKalphal lambda: 1.54060

Reference: Zachariasen, W.H. Skr. Nor. Vidensk.-Akad., KL. 1: Mat.-Naturvidensk.
KL.1928(1928)1.

________________ Physical
Dcalc: 5.055
________________ Comment

ANX: A2X3. ICSD Collection Code: 33641. Calculated Pattern Original Remarks: The
given free O-Parameter (= 0.30) holds for

hexagonal setting (a=4.95, c=13.98), changed to -.30. Stable above 398 K (2nd ref,,
Tomaszewski), below 150 K: 12/a. Sample



Source or Locality: synthetic. Test from external database: The coordinates given in

the paper contain an error. The values in

the database have been corrected. Minor Warning: Minor test comments from ICSD

exist. No R factors reported/abstracted. Unit
Cell Data Source: Powder Diffraction.
———————————————— d-I list (2theta are calculated with wavelength=1.54059)
2theta range: 24.37 - 148.56

2theta d I (hkD

2437 3.649 574 (0,1,2)

33.08 2705 100.0 (1,0,4)

36.33 2471 55.0 (1,1,0)

38.65 2328 37.4 (0,0,6)

41.33 2183 4.0 (1,1,3)

44.23 2.046 0.5 (2,0,2)

4994 1825 4.8 (0,2,4)

54.08 1.694 17.0 (1,1,6)

56.92 1.616 0.6 (0,1,8)

57.28 1.607 0.8 (2,1,1)

5852 1576 50 (1,2,2)

6331 1.468 17.7 (2,1,4)

65.35 1.427 8.8 (3,0,0)

66.77 1.400 0.4 (1,2,5)

69.42 1353 3.1 (2,0,8)

7093 1328 8.4 (1,0,10)



7177

75.62

77.13

78.58

80.33

80.96

81.27

82.39

82.89

86.53

89.79

93.55

94.05

97.69

98.06

100.94

103.39

103.70

104.92

105.68

109.16

111.12

112.51

114.53

1.314

1.257

1.236

1.216

1.194

1.187

1.183

1.170

1.164

1.124

1.091

1.057

1.053

1.023

1.020

0.999

0.982

0.980

0.971

0.967

0.945

0.934

0.926

0.916

0.3

0.2

7.4

55

0.1

0.4

0.6

2.3

0.6

5.7

59

5.6

0.2

0.8

0.3

0.1

0.1

0.1

0.9

0.1

1.9

2.6

0.1

0.2

(1,1,9)
(2,1,7)
(2,2,0)
(0,3,6)
(2,2,3)
(1,2,8)
(1,3,1)
(3,1,2)
(0,0,12)
(1,3,4)
(2,2,6)
(0,4,2)
(1,1,12)
(4,0,4)
(1,3,7)
(1,2,11)
(3,1,8)
(3,2,1)
(0,1,14)
(2,2,9)
(3,2,8)
(4,1,0)
(2,3,5)

(1,4,3)



115.21

116.78

117.34

118.80

121.93

124.29

125.41

128.50

130.25

130.81

135.79

138.50

143.49

144.77

147.06

148.56

0.912

0.904

0.902

0.895

0.881

0.871

0.867

0.855

0.849

0.847

0.831

0.824

0.811

0.808

0.803

0.800

0.4

4.6

0.3

0.1

0.1

0.1

2.9

1.1

1.8

0.7

0.6

0.8

0.2

0.3

2.3

0.2

(0,4,8)
(1,3,10)
(0,3,12)
(2,1,13)
(3,2,7)
(1,1,15)
(4,1,6)
(1,0,16)
(4,0,10)
(2,2,12)
(0,5,4)
(3,3,0)
(3,3,3)
(0,2,16)
(4,2,2)

(1,4,9)



No: 00-019-1401

Name: Vanadium Oxide

Chemical Formula: V 02

Formula: O2 V

Z value: 4

Space Group: P*,-1(2)

Cell: 5.8000 4.5200 5.5800 91.550 122.800 90.000
Volume: 122.899

Crystal System: Triclinic

Quality: O

RIR(I/Ic): ---

Subfile: Inorganic, Alloy&Metal, Common Phase, Forensic
———————————————— Experiment

Radiation: CrKa lambda: 2.29090

Reference: Mitsuishi. Jpn. J. Appl. Phys.6(1967)1060.
———————————————— Physical

Dcalc: 4.483

———————————————— Comment

General Comments: Doping with Al, Fe, Cr and reduction promote formation of T

phase. Designated as T phase by authors. Warning:

One or more of the three strongest lines are unindexed. Unit Cell Data Source:

Powder Diffraction.

———————————————— d-I list (2theta are calculated with wavelength=1.54059)



2theta range:

2theta

26.67

27.42

28.31

33.41

36.81

39.87

41.66

42.34

44.21

45.40

48.05

54.79

55.81

56.59

58.60

64.13

64.43

65.81

70.30

70.42

d

3.340

3.250

3.150

2.680

2.440

2.259

2.166

2.133

2.047

1.996

1.892

1.674

1.646

1.625

1.574

1.451

1.445

1.418

1.338

1.336

26.67 -

10.0

70.42

(hkU)

(1,-1,0)

100.0 (1,1,0)

100.0

10.0

50.0

20.0

20.0

20.0

10.0

20.0

10.0

50.0

50.0

20.0

20.0

10.0

20.0

20.0

20.0

50.0

(-2,1,1)
(0,2,0)
(-2,1,2)
(2,1,0)

(-1,2,1)

(-3,0,1)
(2,-2,0)
(2,2,0)
(3,0,0)
(-3,-1,3)
(-3,2,2)
(1,-3,0)
(0,3,1)
(-2,3,1)

(-2,-3,1)
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