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Characterization of Nb/W-codoped VO»(M) nanoparticles and their thin films prepared by

hydrothermal and post thermal transformation method

Jongmin Kim

Department of Chemistry, The Graduate School,

Pukyong National University

Abstract

W-, Nb-doped and Nb/W-codped VO,(M) nanoparticles with 1 - 4 at.% doping levels were
prepared by the hydrothermal and post thermal transformation of V>0s-H,C,04-H,0 system
using ammonium metatungstate and niobium oxalate as Wé* and Nb>* precursors, respectively .
Their phase transition characteristics were comparatively studied with differential scanning
calorimetry (DSC) and resistivity measurement. W-doped VO2(M), which was known to have
the lowest transition temperature (T¢) with the least amount of doping level, did not show the
lowest T and the higher doping of W®* did not guarantee the lowered T.. We could get only T
of 47 °C with 4 at. % doping differently from the previously reported. On the contrary, doping
of Nb>* showed the systematic decrease of T and T, reached 21 °C with 4 at. % doping. Since
W6 is much larger than V**, the structural perturbation seemed to be serious and the
reproducibility of structure seems not good in this synthetic method. Therefore relatively
smaller Nb%* seems to be a better dopant than W5* for lowering T. and keeping the sharp phase
transition. Nb/W-codoping was expected to give synergistic effect in an appropriate doping
level. The total 16 codoped samples were prepared with 1 — 4 at. % of W and Nb. In the lower

doping level of Nb increasing W level fairly systematically decreased T. but W doping effect



was not shown in the higher doping level of Nb. However, if total doping level is higher than 5
at. %, the phase transition did not substantially occur.

The thin films of these doped VO»(M) were prepared on PET substrate from the wet-coating
method of the nanoparticle-dispersion solutions which were prepared by ball-milling. The
optical property changes, especially near infrared (N-IR) transmission changes of these thin
films due to the phase transition were also comparatively studied. T of all these films that were
determined from N-IR transmittance change were slightly higher than those that determined
from DSC. The N-IR transmittance change of W-doped VO.(M) film by phase transition
decreased from 30-40 % to 15-20 % as W-doping increased from 1.0 to 4.0 at.% and T.
decreased only to 55 °C. Unfortunately, Nb-doped VO(M) films could not prepared in various
doping levels because of dispersion problem. Nb/W-codoped VO,(M) film showed better

transmittance change and lower T than W-doped film in the case of the same total doping level.
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Figure 1. Phase diagram and transition temperatures of V-O system.*
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Figure 2. Schematic drawings of VO crystal structures.*

Table 1. Crystal structures and lattice parameters for VO; polymorphs.®

Unit cell parameters

Space group i i i Crystal structure
a(A) | b(A) | c(A) 3

VO(M) P2i/c 5.743 | 4.517 | 5.375 | 122.61 Monaclinic

VO2(R) P4,/mnm 4.55 4.55 2.88 Tetragonal
VO,(B) C2/m 12.03 | 3.693 | 6.42 106.6 Monoclinic
VO2(A) P4,/ncm 8.434 | 8.434 | 7.678 Tetragonal
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Wol 218 5] 31 Q) T}, 34 4] ¥k sputtering = 37| A1l A = X3 F710] H Q8hH,
0@ H]g-o] £k ©d o) gtk
VO, particle /3 2.2+ F@nkgo] Y] Atk av-go) g Uud

A FLRT T 1 ]9t} e AEel A dojuh S8 ole] 554
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A= Hlo o -7} HuEglon, s et ammonium
metavandate(NH4VO3) 2} vanadium pentoxide (V20s)s = A 7-A 2 o] &35 A7}
o] o] o] 11 9tk

2004 d+= W. Chen® <AFEH Al cethyltrimethylammonium bromide
(CTAB)E H7Fst 9l L%k 2] VOu(B) YAHE 180T oA LRSS &3l 40 -
60 nm A5 2.2 1 -2 A o] ] A7 /3 H Avkar ®arsk vk 9lth. 18] Al X,

Chen? AT-EHAA = [010]F3S wet 43k B phase®] VO, nanowire S

Lt

k=l A 33l 2™, ethylene glycol S 37138t 217 6 nme]l Ao]7} &=

=

m?l FeHg st A E 2] VOy(B) nanowire S A 34 02 A 8FS] 01, ethylene
glycol®] nanowire E &/J3t=H T3 o S shrfal D skt
31990 Okal] AFH el &l A AR = o] &3 VO, (A) T ol o &

o3

¢

TO7F R EE 9l © W VO(OH),E 250°C & 484 7HESE =4 HE-$-3Fo] VO,(A)7}

I E AT RS Badkat itk 18] 3L 20161 WHEE L. Zhangs©] WS

I

o

A -390 =1 VOy(D) phase7]- ammonium metavanadate 2} oxalic acid®] <

HEg-oll oal §A ¥l om, FARE-E-O] AR 2% T2 i whg-= 2] oF £

2] 3}l B phase$} D phase = =] I/ Fvk= A& a3l

FAFYMY SHORE FATY A} LEE 2AFoEN BE
&

gue dAE A 5 dnks FHol Ak AT
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71H 0 7 g sl Wiy olth 20101 d 9+ J. Son?] ATFE A V,0s5 o] &3
TS &3t VO.M)S sl eH, pH, =% 1281 NaOHE < 9

oF

Al A

] ERE

A=, 7o

ol

Moz

ol
gl

]_

rr
fuieu)

ERIL

ol

= =] [
SEE XA VOS] Bde 4

2 Rl YA TS s ehe

f
o

20113 9+= H. Ying] 180 9 755 o] £33 VOy(B) /ol &l

1k 519 © ™| oxalic acid 2} NH4VOs;= WH5-319] B phase?] VO,& &35+ 11,

ol
1o

oxalic acid®] -5X°l| w24 nanorod, nanoflake, nanoflower, nanosphere

RFo g Hslsitte S ERssin 13 94

ri
<
Q@
E
i
o
I
rd
M
ES
N

o4 650C & 1A17F 5<% &5 A2 E &350 VO,(M) L. 2 W ghsl gl oh4
71Eo] W E AFEoA tungsten©] V0,9 Ho] L E FAA 7=

7P &2 dopantthal Aok, WHlel wet o] 2= Zhael HEA}

HQl & 4= AT EF V]EL = SO0 2 VO,(B)E § 8t VO,(M) o=
A %t 3} = (hydrothermal and post-heat transformation method)S ©]-8-3SF

VO(M) &7 el A Na;WO, + 2H,0F dopant® ©]-&sto] A 18 sl o,
tungsten®] o] &%= Aol thek g 3e] A oA FAE L skGltt o] e
2 AT A= V2059 oxalic acidE ©]-83F V,05-HoC,04-Hy0 system 3271 of A

hydrothermal and post-heat transformation 7| ¥ . 2 VO,(M) Y= Y A& $HAd 811,

ftlo

W-doping®] &35 A &R13taL, W precursoro] W& HEE dolR= A3
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23 5+9] 2.1, niobium-doping &% Aol AjFlst= AL sHgiT) Eot
A © = tungsten?} niobium=- codoping$ VO,(M)el| tff ot A -5 313l Tk 18] 3L
tungsten 7} niobium©] single doping*¥! VO, & & 2} Nb/W-codoped VO, Z 5+ U=
AALE Lo FAMA A wet-coating WH S 2 A F8ko] Aol upE FskA

QWSS AFehgh
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I1. Experimental

1. Materials

Vanadium - = Alfa Aesar®] =5 99.2% 2] vanadium pentoxide (V20s) &
AbgEE o, S A 2= SamchunAle] 99.0% <=%9] oxalic acid dihydrate
(CoH204-2H,0)E  AFE-31I Tl Tungsten dopant®i= 4714 2]t}  tungsten
precursors ©]€-331 0 o]= Table 2 o] YEYSITE Niobium®] dopant®+

Alfa AesarA}2] niobium(V) oxalate hydrate (Nb(HC;04)s-2.4H,0)= ©] &3} t},

FH -GN A 2= ethyl alcohol (CH:CHOH, Duksan)S &/ 2 &7 4]
BEAFg NS w59l © v BranstedA}2] NANO Pure water purification system <

o]-g3ate] 182MQo % & o3 FFFE o &5kt Filmel o] &%
substrate= Toray chemical*}2] 40um Polyethylene terephthalate (PET) film=
TYdste] AREsEeith A3l AgE Ee 2242 F7HE] FA glo]

Tl el = AHg-sh
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Table 2. Tungsten precursors used as dopant.

Dopant Company Chemical Formula
Sodium tungstate dihydrate Duksan Na, WO,
Sodium tungstate dihydrate Sigma Na, WO,
Ammonium tungsten oxide hydrate Alfa Aesar | (NH4)6W12039°1.2H,0
Ammonium tungsten oxide pentahydrate Alfa Aesar (NH4)10W1204;-5H,0

2. Instrumentation

X-ray diffraction (XRD) pattern< &-%13}7] ¢]3ll PHILLIPSAFS] X'Pert-MPD
diffractometer & AF8-3}91 © ™, radiation source = Cu Kq1 (A=1.54 A)& AF-8-3FS1 th
A7 H9E 0.02°519] A SEE 5 - 8002 A 33T VO, YA A=
XRD data®l] &J3l 2] (1)¢] Scherrer’s equations ©|-&3}o] AlAtE Sl o™, B
phase™= (110)d ©. 2 A A6} © 1, M phaset= (011)H 2 o] -&3}o] AAF3F o).

_0.891
= B cosb

.............. 21 (1)

= YA A7, A AAFE S 32 Cud Kogl(1.54 A), Bi= XRD peak 2]

A AR Fo A4 &S FR1sH] fl8te] Xoray fluorescence(XRF)E

913131 © 1, ShimadzuAt 2] XRF-18002 ©]-§-3}9] 40kV, 90mA 2] 7} %1 ¢k 0 2

SRt Al 5] FHE &2lstr] $8te] JEOLAFS] JEM-6700F5- 2 ¢ field-
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emission scanning electron microscope (FE-SEM)3} COXEMA}2] CX-200 5212

scanning electron microscope(SEM)< AF-&-5F3ith %o w& 724 5749
H3}E- 4-point probeE ©] 43t =743 Th 2F 0.1g2] M phase VO,E Sigma
AldrichA}2] 10mm~] - pellet dyeE o] -8-3Fo] 2.1k ©F5 -6 Ton2] e S 7138}
pellets W=t 2 Eof & v A 2] W3S 574 sl7] $15F9] heating plate 2}
thermocouple temperature probeE ©]8-3to] &% =4 system= +/d 3k} 7+
AZ9] resistivity= THE2] % pelletS 4-point probes}t 5 5A17] 3L KeithelyA}2]
2400 source meters ©]-&3Fo] =743t} H=3F Labview = 13 © 2 A =gt
25 of] whE resistivity =78 BE S ©]-86}0] & & o u}E resistivity datas- A 1 T}
o] o pellet®] 7%= 0.23 — 0.27mm$} ©.™ micro caliperZ o] &-3lo] =713

S4¥ dataE ol &3t o] 2EE AXteion, 7id, ¥AEAS 14

d
Mz
ol

128t 242k e] 9] H A A S o] &8te] Ho] REE AAkel o, o] = 4
(2= ol&3to] S &3l

Differential scanning calorimetry (DSC)+<= Perkin ElmerA}%] Pyris 1S
olgstol FAHsIPon, FH xS £ 5TE 7MY ®=& Fzergion,
N2z 71014 0-100T W el S7dak3irh DSC2 S5 2] 22+ 4 (=

o] g3l AAtstal T,

Theating + Teooli
T, = _heating T Jcooling .. 21 (2)

2
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Theating% DSC‘OJ %‘% %}?_»—O—i éx(j % main peakgi % g %/% ]U% TcoohngL_

DSC2] Y7zt 24/ © 2 57 ¥ main peak &= =7 ¥ gko| o},
59 25 e T AstE S54317] 98k JASCOAFS] UV-Vis-NIR

ZAL 9 & A A

2! cell holder accessory?! JASCOA}S] ETCS-761S -&alo] £ of u}& 200 —

2500nm 2] spectrums- =3 Th HE-2 20T oA 90°C Alo] W oA 10T

A0z SAs o 7 & ohA] WZEA] 7] hysteresis datas
e 20T oA F7] T2 F2&-5 baseline S % 3t 73131t

a8 filme FAE &4s67] fste] FE9o EWS Alpha-Steps
=78+ © 1, TencorAl2] surface propilerS ©] €514 500/m H 9] ol 4] 20/m/s 2]

%52 filme] A4S =4 a3k

3. Synthesis of VO2(M) nanoparticles

L5 B phase?] VO,= 484

7} 50ml2] 0.8M oxalic acidE 4+2

bars ol gatel 12AZHEF Wi T Wit

o
X
8
iy}
)
ofo
o,
o
-
o
o
3
=
T
<}
>

suspensiond Bl 7} ¥, ©] suspension> F4 35

lineroll %7 & AID ENGA}2] hydrothermal reactor S ©]8-3}o] W] 3t % 200C
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ovenoll 4] 24A1 =<k &=

e

o
e

bt whgol BY F AL A Wz

o
ol

>

1

Ny
o

SHT 9 NS S o] g3k 4= 2-el| AlF 3o 60T ovenoll Al A=A A
A2 33 2] VOo(B) U AHE LAt W, Nbo] single doping® VO,£F Nb/W-
codoping® V0,5 A3l7] <8 autoclave HH-3-S 3F7] o wpkal o

e}
T

=

suspension®] A3 99 dopantE F7}ste] Hol®: 4A17F oA} wwl
W3- A 2 T

VO,(B)E VO, (M)C. 2 W 33l7] 938l alumina boatell VO,(B)S &7 H1,
Daeheung scienceAF2] tube type®] furnaceoll 4] 50 sccm < %9 Ar &5 35}olA
A2 & X3Y3k7] A 307} furnace S Ar gas= purging ¢ o 3t 01, o2
AlZEE- 18 — 24 Follth A= 2413 &)k M Akl om nkgo] v &

27 24 Wz 2k,

4. Preparation of VO2(M) thin film

VO,(M) Thin film& A Z3}7] 9leto] AT 0= FA T VOLB)E EdH S
H VO,M) YA 0.5g7 SHG S} ollgbEo] 3.75: 1] H|&Z E5s FALEd
9.5g-2 0.1mm zirconia bead 30g¥} 7] vialoll ¥ 31 3047+ 229} 2] 2] 3 F 52 71

100 RPM&] & == ball-milling3}3ith. 5 & FAHE- 94 -S- 0] 83} Meyer bars

o] &3k wet-coatingH] o2 HFS Az}

32

ohovEhe WEY) 98 BMS
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TechAFS] Auto film applicator S ©] 23191 #4 Meyer bar = 50mm/s2] 4% 2 40/m
PET Z& flol ZE = stlem, I® S § AF2oA 8AXF 71 XA &
Abgetaith 2P H filme] WA 5445 &<l 817] fleto] &kof whE 380 —
2500nm 4 9 2] spectrum= =431 S, doping® A &2 =523 VO, (M), W-

doped VO2(M), Nb-doped VO,(M) “1]3L Nb/W-codoped VO(M) films=

|\

J3tar o] FilmEs 2] 54 3o A 9] Ho] &%, NIR switching efficiency s 2]

n

2 shalstolnt,
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I11. Results and discussion

1. Optimization of the transformation of VO2(B) to VO:(M)

&3t VO,(B)E B4 E F At
Figure 4 (a): batch® % 14 ¥ doping™ A &2 =53} B phase V0,2
XRD patterne Hol=Th A% B phase®] 47 YA A7|& 43.5nmE

AALE T VO,(B)E 0.5g% Ho] 2% W AJ7HS 2 H3te] A48 S A3}

R

B phase main peak(110)¥} M phase main peak(011)2] B/M intensity ratio 2] ¥ 3}&
Bl skt AA 8 &5 500T, 600C, 700C &2 2Hst om, 7 2= W& 2,
3, 4, 6A17F E¢F A g AI7HE gE2A o] €& M phase? VO, XRD
patterns ©| Figure 4 (b), (c), (d)°ll R X Th DA 2] =7} 5 7F3hef| uh2F M phase
main peak(011)9] intensity”} 57}k o™, VO,(M) YAFe] A7] Tt 7}

3F T 3FATF B/M intensity ratio= 500C sample®] 7d-¢- 5% 3t

ol
ofk

o]

ANO™, 600C sample®] ¢ EA 7 AlFto] F71Eef| wel B/M intensity
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ration”} 7+43131 2™, 700°C sample®] 4 -$-1= F A% B phase”’} §lo] A9 B

M phase® W&t A¥E H3lth o] A3E Table 391 A8k

S7heke Aol Ao, dAe x| wE Wshs 34 o 2S Bl &
F S8tk ®=9k B/M intensity ratio”} 500, 600C A oA 0.1 o]t
LERSE O™, 700°C o] el A= 00l 717k A¥bE Bl o] e gk AT E Kot
doping® A ¢ VO,(M)ollA = EA 2 2%7F S7hekd 4ake] A7 571

SHAIRE, A2 2

ofk
o
ol

;(] o) 1-

5

-
v
rlr

a)
o
fa
[-‘O
_O|L

@

AT}, T3 B/M ratior= 0.1

¢

o]l Z ) M phase = W35 = 21 S &l gk & Qlgl).
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Figure 4. XRD patterns of the undoped VO: : (a) B phase prepared by hydrothermal

reaction, (b) after heat treatment at 500°C for various hours, (c) after heat treatment at

600C for various hours, (d) after heat treatment at 700°C for various hours.

(% indicates B phase (110) peak)
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Table 3. The dependence of heat-treatment temperature and time on the crystalline size

of undoped VO: (M) and remaining B phase.

Crystalline
Temperature Time(hours) B/M ratio*
size(nm)

2 48.9 0.059

3 45.8 0.047
500°C

4 45.6 0.046

6 44.1 0.105

2 54.6 0.072

3 54.9 0.066
600°C

4 52.1 0.059

6 59.6 0.045

2 84.3 0.000

3 83.1 0.054
700°C

4 94 .4 0.000

6 86.8 0.000

% B/M ratio indicates the peak intensity ratio of B phase (110) peak to
M phase (011) peak
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52> W-doped VOx(B) 2] W 3t # 2] 815 9] 519 457 2] dopant precursor &

0] -8-3}°] tungsten©] vanadium®l| th g+ ¥ 28] 5 2% doping e VO, 5 A5+ T

el mapst AHS FU57] $l8] SEMI XRDE 2ol Hol &k

oy

28 & Resistivity 2} DSCE F3Fo] &<153 T} Figure 5 W-precursor'd
T E VOuB)2 600ToA MEE VO,(M)2] XRD patterns H.oJFt} B
phase2] 7-¢- precursor®] & ol A glo] ekzhe] AAA Apol& Aokt &
ZpolE Holx obil, +4d dddS HolFil 1o, M phase® WHEF A
undoped®] H]3| B phase o7} F=H XAl LEFSTE XRDZEFE AlLbE

o

R4

o
i

ne
b

VO.(M)4] A4 4 A+ Z7]1 & undoped®l] H] 3l 10nm 7} A 3F= A
AT B phase?] zoj kol Qloj A= okzke] Zpol 7} Ql=t], (NHi)sW120302)
757} 71 A Al YEFSL T Figure 691l ©] & B phase 2} M phase powders 2] SEM

images & YER QLT

o] ATl ¢JslH3® B phase= =i, ¥l M phase= TE &
A S o] F= Ao E LA o, o7 A= F phasett T AFo]i= HolA|

i
=2

3L W-precursor™ 2Fo] &= F 2] ¢F O 1} (NHs)sW 120302 7A-5-7F & o] 7F3

2

& Ao 7 B},
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Figure 5. XRD patterns of W-doped VO2 (2.0 at. % vs V) for various W-precursors: (a) B
phase, (b) after heat treatment at 600 C for 2hours.

(% indicates B phase (110) peak)
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200[KV] SP=8.0 WD=206 x10.0k i[um]  HIGH VACUUM 2016-06-21
v02_M_875

200[KV] SP=8.0 WD=20.6 x10.0k  i{um]  HIGH VACUUM 2016-06-21

Na;WOys (Sigma Aldrich)

200KV SP=8.0 WD=206 x10.0k 1| HIGH VACUUM 2016-06-21

Na, WO, (Duksan)

200[KV] SP=8.0 WD=206 x10.0k i{um]  HIGH VACUUM 2016-06-21

200[KV] SP=8.0 WD=203 x10.0k i[um]  HIGH VACUUM 2016-06-21

200[KV] SP=B.0 WD=204 x10.0k i{um]  HIGH VACUUM 2016-06-21

Vo2 M_877

HIGH VACUUM 2016-06-21

2016-06-21

(NH4)10W1 2041 (Alfa Aesar) (NH4)10W1 2041 (Alfa Aesar)
Figure 6. SEM images of W-doped VO: prepared with various W-precursors: B phase

(left), M phase (right).
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Figure 737} 82 27} o] & Al 5.5 2] DSC data®} pellet A 55 9] &0 wh&
H] A& H3E HolFrh DSC data®] 749 W-precursor™ = ¢F7Fe] o]
2o A 2Fo] & Bol =31 Ql=], (NHs)sW 120302 74 ¢ TFE precursors= ol H] 3]

10°C o] w7 HrepRt.

Heatflow(mWw)

18 A — Na,WO,(Sigma)

= = Na,WO,(Duksan)
© (NH),W_,0,,(Alfa)
= (NH,),\W,,0,, (Alfa)

4710 "12 741

16

0 20 40 60 80 100

Temperature(°C)

Figure 7. DSC curves of W-doped VO2(M) prepared with various W-precursors.
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Figure 8. Resistivity-vs-temperature curves of W-doped VO:(M) prepared with various

W-precursors.

Resistivity
| DSC
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n
o
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Na2W04 NaZWO4 (NHA)EWIQOSQ (NH4)10W12041
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Figure 9. Transition temperatures of W-doped (2.0 at. %) VO2(M) prepared with various
W-precursors from DSC and Resistivity data.
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Table 4. The crystalline sizes and B/M ratios of W-doped (2.0 at. %) VO: prepared with

various W-precursors.

Dopant VO:(B) | VO:(M) | B/M ratio
Na;WO4(Sigma) 41.3nm | 32.7nm 0.209
Na:WO4(Duksan) 36.8nm 32.9nm 0.405
(NH4)6W12039'xH20 | 42.0nm | 34.5nm 0.106
(NH4)10W12041-5H20 | 33.3nm 37.5nm 0.351

kA A3t vk} o] undoped VO,2] A1 $Hol A = B/M ratio”} 0.1 ©] 3} =
B phase7} A 9] dof A & AS gl skl O, W-doping®l VO°llA B

phase”} T Wiz A2E UEY o5 H A3} 517] fsto] dA 2 ket

p

ANZHE HEAIA AES At dAE %= 500°C9F 600°C ol A

tlo

stlom, Axe A2 2413, 3AZE, 4AIRE, 6A1ZFC R XIS W-
precursor=+ 7Fg W& Z O R FIE (NHi)sWi0s05 AFE3FSIT. Figure
10914 A E W-doped VO(B)®} o8] 7kA] %9 A|telA Hgd
VO,(M)E ¢] XRD patterns = .01 =T} XRD data®l| 4] 7] 2F¥ B phase 474 ¢ =}
A7]= 36.8 nmE $EA] undoped®] 7 -%-¢ll H]&l 7 nm F = 2L, 500 T o] A
H3lE vo,M) 2] A7 A 7]+ B phase®} A 9] H] 528} 2.1}, 600 T ol A

A 212 42 - 45 nm = k3 o] AR 2y vEE7EA] £ undoped B HHE 10

m 7 & 2Fkth W3k & = B phaseol| A= 500 T H.tF 600 C oA o2 Z 0]

=

600 C7} T Uk O} 2 AlRF 0] 5:9] A 2] A Zkel] wh zho] = A o] YER}R
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Figure 10. XRD patterns of the W-doped (2.0 at. %) VO : (a) as is prepared by the

hydrothermal reaction, (b) after heat treatment at 500 C, (c) after heat treatment at

600C for various hours. (% indicates B phase (110) peak)
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Table 5. The crystalline sizes and B/M ratios of W-doped (2.0 at. %) VO prepared with

various heat-treatment temperatures and times.

Temperature Time Crystalline size | B/M ratio
(°C) (hours) (nm)
2 32.7 0.208
3 36.6 0.176
500
4 35.4 0.204
6 36.6 0.171
2 45.1 0.120
3 42.1 0.121
600
4 43.2 0.130
6 43.9 0.176
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2. Characteristics of singly doped VO2(M) nanoparticles with W and Nb

2.1 W-doped VO2(M)

FAdE vO,B)E dHlgsle] VO,M)S A& oA W-dopingell
- o] 5A WstE gjlely] flato] A3 e 2 8sAth WE 1.0-4.0 at %=
A7 st A9 o] Ao 2 WMHOR 10 — 2.0 at.%ol thdt AIr}

U 4.0 at%7HA 9] 7= BaLE A Fskeh A H A3t A elA

%
=]
fo, 40
32
lo

Figure 112 W-doping levelE2Z FAE VOy(B)2} 600CoIA H3EH

i,

/E)]—

VO2(M)%] XRD patterns = 5.5, B phasel| A= =3t

i
1o,

o

TEES

N

AR gkE A9 M phase®l == T2 B phaseZ} ot AU+

o
1%
2
N

al, W-
doping3t o] 3.0 at.% 7HA] & H] 528k 4.0 at %ol A = FEHAA S-S &
ATt 183 tungsten®] FEFo] S7Fgrel] whEl main peak® intensity 7}
Aasts AS E 5 9tk XRDE AlAHE B phase®] 27 1AH] 7]5= 31 -42
nmE ALE F 0™, M phase®] 27 YA} A7)+ 28 — 48 nmE A4 H AT

A7 A} A7)+ tungsten® doping level©] 5 7Fghe] whe} A sk A ek
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Figure 11. XRD patterns of (a) W-doped level dependent VO2(B) and (b) W-doped
VO:(M) with various doping levels. (% indicates the (110) peak of B phase)
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Figure 12. SEM images of W-doped VOz(B) (left) and W-doped VO2(M) (right) with

various doping levels.
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Figure 13. DSC curves of W-doped VO2(M) with various doping levels.
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Figure 14. Resistivity-vs-temperature curves of W-doped VO2(M) with various doping

levels.
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Figure 15. Transition temperatures of W-doped VOz(M) according to doping level from

DSC and Resistivity data.

Table 6. Crystalline sizes and B/M ratios of W-doped VO: with various doping levels.

Doped W (at.%)

Doping el s Crystalline size (nm)
(at.%) B phase M phase
1.0 0.042 40.4 48.1
2.0 0.031 41.9 40.1
3.0 0.027 36.3 31.7
4.0 0.435 31.1 28.2
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2.2 Nb-doped VO2(M)
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Figure 16. XRD patterns of (a) Nb-doped VO2(B) and Nb-doped VO2(M).
( indicates B phase (110) peak)
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Figure 17. SEM images of Nb-doped VO2(B) (left) and VO2(M) (right).
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Figure 18. DSC curves of Nb-doped VO:(M) with various doping levels.
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Figure 19. Resistivity-vs-temperature curves of Nb-doped VO:(M) with various doping
levels.

44



60
55
50 —s—DSC
50 —e— Resistivity
48
O 40+
T
o 325
507 305
20 1 215
T T T T
1 2 3 4

Doped Nb (at. %)

Figure 20. Transition temperatures of Nb-doped VO2(M) according to doping level from
DSC and Resistivity data.

Table 7. The crystalline sizes and B/M ratios of Nb-doped VO: with various doping
levels.

Nlioping R ins Crystalline size (nm)

level (at.%) B phase M phase
1.0 0.05 41.5 5555
2.0 0.10 35.8 53.8
3.0 0.08 36.3 44.8
4.0 0.11 36.9 36.1

3. Characteristics of Nb/W-codoped VO2(M) nanoparticles
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p ping
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Figure 21. XRD patterns of Nb/W-codoped VO2z(B) with various doping levels :
(a) Nb: 1.0 at.%, (b) Nb: 2.0 at.%, (c) Nb: 3.0 at.%, (d) Nb: 4.0 at.%.
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Figure 22. XRD patterns of Nb/W-codoped VO2(M) with various doping levels :
(a) Nb: 1.0 at.%, (b) Nb: 2.0 at.%, (c) Nb: 3.0 at.%, (d) Nb: 4.0 at.%. (% indicates B
phase (110) peak)
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Nb/W=1/1

% Nb/W=1/2

g

Nb/W=1/4

Figure 23. SEM images of Nb/W-codoped VO: with the 1.0 at. % of Nb and the various
levels of W: B phase (left), M phase (right).
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Nb/W=2/1

Nb/W=2/4

Nb/W=2/3

Nb/W=2/4

Figure 24. SEM images of Nb/W-codoped VO: with the 2.0 at. % of Nb and the various
levels of W: B phase (left), M phase (right).
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Nb/W=3/2

Nb/W=3/3

Figure 25. SEM images of Nb/W-codoped VO: with the 3.0 at. % of Nb and the various
levels of W: B phase (left), M phase (right).
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Figure 26. SEM images of Nb/W-codoped VO: with 4.0 at. % of Nb and the various
levels of W: B phase (left), M phase (right).
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Figure 27. DSC curves of Nb/W-codoped VOz(M) with various doping levels.
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Figure 28. Resistivity-vs-temperature curves of Nb/W-codoped VO:(M) with various
doping levels. (Filled symbol: heating, unfilled symbol: cooling cycle)
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Figure 29. Transition temperatures of Nb/W-codoped VO2(M) with various doping levels
from DSC data(left) and resistivity data(right).
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Table 8. The crystalline sizes and B/M ratios of Nb/W-codoped VO: with various doping
levels.

Doping level Crystalline size (nm)
(at. %) B/M ratio
Nb W B phase | M phase
1 0.08 29.1 51.8
2 0.04 35.1 25.6
: 3 0.08 34.8 31.9
4 0.11 42.0 343
1 0.04 33.8 33.7
2 0.11 Sy 7 35.6
7 3 0.17 30.8 29.8
4 0.15 29.1 28.0
1 0.06 BIIES 37.7
| 0.06 25.3 42.1
3 3 0.13 30.0 32.7
4 0.05 26.4 34.6
1 0.08 29.1 31.5
- 0.11 25.1 29:3
! 3 0.08 26.4 36.0
4 0.06 23.7 23.4
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4. Thermochromic characteristics of doped VO2(M) thin films
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3 guljo]] EAAA FLS coating? S WFSo]wet-coating 3F - fu =
AZA A vtukg A sk RS o] &sth. %A coating! A1l 2=~ ball-milling
71zbe] W2 filme SAS geldlr] 9lske] Nb/W=2/1¢1 Nb/W-codoped
VO,(M)& AF&-5F0] 5 - 1020 7} ball-milling3F] film< =] %3} o}

Alpha-step thickness profiler® g% dhele] F7= °F 300nm=
g1 lom PET substrates Z 338t A filme] haze:= ©F 5% U 2]= ball-
millingZ] xFo] v vheko] 5o whel & xkol= gl3lth. Figure 30> Al 25 W-,
Nb-doped, Nb/W-codoped VO(M) films2] 80,00081= Zci¥ surface
morphologyS X.0] 5= =FE-SEM image=-°|t}. Al 7459 & =}o]7} 9121 100
nmE =] X7 YAERE FAE vh3 A 9 Hhekel & 1B oj F

Figure 31> ball-milling A]ZFell whe} A 33 Nb/W-codoped VO»(M) thin
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748 4 ball-milling 7] 3+l w2 o] o] w2 transmittance ¥ 3% *}o] &= A 4]
okoktt. 597k ball-millingd filme] 7497} A8F4 Q1 transmittance 2] ¥ 3}Z0]

b FEE 202 HATE Table 9 ball-milling”] 7Fel] W& 3382 o]
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Table 9. Thermochromic characteristics of Nb/W-codoped (Nb/W=2/1) VO2(M) film
according to ball-milling period

Ball-milling period 5 days 7 days 10 days
T. () 45 45 46.7
at 1500 nm 20.3 18.1 24.4
AT(%) | at 2000 nm 203 29.9 19.9
at 2500 nm 27.1 2955 26.7

(AT denotes transmittance difference between 20 C and 90C, respectively)
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Figure 30. FE-SEM image of (a) W-doped (1.0 at. %), (b) Nb-doped (1.0 at. %) and (c) Nb/W-
codoped (Nb/W=2/1) VO2(M) films on PET substrate. (Magnification: X 80,000)
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Figure 32. Temperature dependence of transmission spectra of W-doped VO2(M) film with
various doping levels of W.
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Figure 33. Temperature dependence of optical transmittance of W-doped VO2(M) films
at three different near infrared wavelengths with several doping levels of W.

Table 10. Thermochromic characteristics of W-doped VO2(M) films with various doping

levels.
Doped W (at. %) 0 1 2 3 4
T. (°C) 70 60 55 55 55
at 1500 nm 31.2 352 27.7 22.9 19.7
AT(%) | at 2000 nm 34.6 40.8 37.0 17.9 19.4
at 2500 nm 26.0 29.0 24.1 21.1 13.7

(AT denotes transmittance difference between 20 C and 90°C, respectively)
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Figure 34. Temperature dependence of transmission spectra of (a) W-doped (3.0 at.%),
and (b) Nb/W-codoped (Nb/W=2/1) VO2(M) films on PET substrate.
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Table 11. Thermochromic characteristics of doped VO2(M) films on PET substrate.

Samoles W-doped Nb/W-codoped
P (3.0 at.%) (Nb/W=2/1)
T. (°C) 55 45
at 1500 nm 22.9 20.3
AT(%) | at 2000 nm 17.9 20.3
at 2500 nm 21.1 27.1

(AT denotes transmittance difference between 20°C and 90°C, respectively)
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IV. Conclusion
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