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Abstract: Smart windows have gained tremendous attention because of their ability to dynamically modulate the
solar radiation to minimize energy consumption and improve indoor living comfort. Vanadium dioxide (VO,) is one
of the most attractive thermochromic materials for energy-saving smart windows due to its reversible metal-to-insulator
transition at a critical temperature of ~68 °‘C and accompanying great change of its optical transmittance. However, VO,
itself has a couple of significant limitations as a smart window material: high phase transition temperature (z.), low
luminous transmittance (7},,) and insufficient solar energy modulation ability (AT,). Several methods have been
used to grow VO, thin films with improved properties to meet the specific requirements for smart windows

applications. The phase transition temperature (z.) should be reduced to near room temperature, in the meantime luminous
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transmittance (7},,) and solar energy modulation ability (A7) should be high enough for the modulation of indoor

temperature self-adapted to seasons and climate. The most common way to reduce 7. is by doping. To enhance T},

and AT, multilayer structures and/or nanocomposite film have been widely adopted. Chemical vapor deposition

(CVD) is a promising technique to produce high quality and highly uniform VO, thin film with different

morphologies in large scale and at low costs. In this paper, various CVD techniques, such as atmospheric pressure

chemical vapor deposition (APCVD), aerosol-assisted chemical vapor deposition (AACVD), low-pressure chemical

vapor deposition (LPCVD), metal-organic chemical vapor deposition (MOCVD), atomic layer deposition (ALD)

and plasma-enhanced chemical vapor deposition (PECVD), are examined with respect to their advantages for VO,

deposition, film quality and the strategies for film quality improvement. Finally, challenges and opportunities for

further research and development of VO, thermochromic films using PECVD technique are emphasized.
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Fig. 2 Schematics of the crystal structures and band structures
of VO,

(a, b) Schematic depictions of the crystal structures of the high-
temperature tetragonal rutile R phase (a) and low-temperature
monoclinic M phase (b)!"*); (¢, d) Schematic of the VO, band structure
in the metallic (c) and insulating (d) states!*!
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Fig. 3  Structure and concept of an RCRT window*”!

(a) Schematic structure of the RCRT window; (b, ¢) Working principle
of RCRT window in summer (b) and winter (c)
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Fig. 5 Schematic of general elementary steps of a typical CVD process!’?
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Tablel Vapor pressure of the vanadium precursors used for the CVD of VO, thin films

V valence Compound/Molecular formula Vapor pressure Ref.
+3 V(acac);/V(CsH;0,)3 Not volatile, sublimes@ 220 C [75]
+3 V(amd);/Cp4Hs NV 6.6 Pa@70 C,2.6 Pa@120 C [76-78]
+4 TDMAV/CgH,4N,V 133 Pa@o64 C [79]
+4 TEMAV/C,H;,N,V 13 Pa@25 C, 57 Pa@82 C, 133 Pa@107 C [79-81]
+4 VCly 780 Pa@20 C, 13.3 kPa@100 C [82]
+4 VO(acac),/VO(CsH,0,), 0.21 Pa@96 C [77, 83]
+4 VO(thd),/VO(C,H40,), 0.27 Pa@96 C [77, 83]
+4 VO(hfa),/VO(CsH,F¢0,), 0.18 Pa@57 C [83]
+5 VO(OC;Hy), 6 Pa@20 °C, 38.6 Pa@45 C, 268 Pa@82 C [79, 84-85]
+5 VOCl; 1.84 kPa@20 C, 9.3 kPa@55 C [82]
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Fig. 6 Schematic diagram for APCVD system®!
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assisted, EA)APCVD il & VO, i, H i NIEE
WE 9 Fros. SMInHIZ A BLKE VO, TR R 17y
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VO(acac), i /& B 8% 28 0 B 1T 58 5 B 38 7T 43,
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V307, VeOi3, VO, V5013), RIIEFEANI(9) AR,
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Table2 Range of conditions for the vanadium oxide thin films prepared by APCVD

Carrier gas

er et C e o mpomtmerc OV "RorVOC Rt
(L'min™")
VCl, 100 H,O 1:10 350-550 0.2 68 [86]
VCly 80 H,0 (0.43-1.08) : 1 350-450 12 - [92]
VCly 80 C4H;0, 2:1 550 232 68 [91]
VOCI; 90 H,0 1.0:3.4 350-650 1.0 67 [89]
VO(acac), 200 0, - 500-575 0.4 51.5 [93]
VO(OC;3Hy)s 50 - - 450 34 65.5 [94]

*7.: transition temperature.
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Fig. 7 Vanadium oxide thin films grown by APCVD at 450 C
using different gas precursor ratios”’

(a) XRD patterns for the samples grown using VCl,: H,O ratios of 1 : 1,

1:2 and 1:3; (b—d) SEM images of as-deposited (b) V,0s, (c) VO,
and (d) V,Os thin films
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Fig. 9 Schematic of electric field EAAPCVD rig!’”!



240

AL M OB IR

39 %

Precursor and
solvent aerosol

q,!h

..........................................

| — Temperature
Controller

A
‘ﬁ" 2\?:;%'::tlon & &

Precursor
adsorption

Heterogeneouss N .

reaction

Bl 10 AACVD () TAE JEELR & G e 1)
Fig. 10 Mechanism and system configuration for AACVD

Matamura 2524 VO(acac), 43 57 i E 7 I F
KA T IR AR VAR, HETT R VO, EE, FHEA
B, SN TE 4> )08 10 AT 20 min, ST EE N
400~750 ‘C. Z5F &I, LL VO(acac), F B BN T
IRAE, 1E450~650 C FRMA V,0,, HIEEE A
KT BE(E 11(a, ¢)); PLVO(acac), 7K WA FI 9K
&, £ 550~650 C R RFIAERK VO,, S AR
(& 11(b, d)). VO(acac), /KW HTIKAALE 650 C

(a) Solvent: Methanol
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THIAFH VO, BRI I8, EEA 49 nm
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13 RELZSHER ':'(LPCVD)

LPCVD ZfREMT KA ERE T 1Y)
CVD L. fEEFMHT, 7 FHIH Elafaz—'ﬁ Sy
BUR B R, A N ) AR 0 o AL S R
TER, - AT ASE T RS S5 1) e SR 28 3K, [ B A4

(b) Solvent: Water

KvOTO Ui
KYOro D U

ubstrate 400°C 450°C 550°C 650°C  750°C
(d) Solvent: Water

_ / _ 550 °C
i 2 \\“‘""-—._.-___..H_,__-d.__
] e Sy, 450 °C
E / \““-ﬁ S N
g = /‘\ 400 °C
'—’/ Substrate
'mh_“_qhh__m B
10 20 30 40 50 60
28 (°)

it AACVD 7£ 400~750 ‘C T LAAR[E VO(acac), ¥ il % 1) VO, H i LI K i
Substrates and VO, films deposition via AACVD at 400-750 ‘C using different solutions of VO(acac),!”!

(a, ¢) Photographs (a) and XRD patterns (c) of VO, films from methanol solution of VO(acac),;
(b, d) Photographs (b) and XRD patterns (d) of VO, films from water solution of VO(acac),
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substrate

K12 @it AACVD Lh VO(acac), ZKIEBUARTIRARTE 650 CHIfFH) VO, ) SEM HE JiL!
Fig. 12 SEM images of the VO, films deposited via AACVD at 650 °C using a water solution of VO(acac),"’

(a) Surface SEM image of the VO, films at low magnification; (b) Surface SEM image of the VO, films at
high magnification; (c) Cross-sectional SEM image of the VO, films

3 A BN ST DATE AR J B 8] P9V B, BT LA g
KRR A . B -, LPCVD B iR
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R 2 E LA, SR RIA LPCVD ffil4& VO, #
JEE AR E AR 2D

Guo 2L Vi(acac)s ARl A4 £E 3% 55 4 i BT
VO, #ilE, HMEEWE 13 Bin. V(acac)s i
= XE X RE X B (Low T ), MAE
150 °C; AR miR Xk (High T £0€8), I E
350 °C, JRMIEFEHIE NG . 38 I T TR )R
HIFEREEE, 43950 °8~31 nm (30 min)~ ~53 nm (60 min)+
~62 nm (90 min)F1~67 nm (120 min). YRR KIFEETE
350 'C PSP 4k4E k 2 h, BEI4E VO,(M)d ik
i o B 14 AR ) R AESE B . Raman Y6 B 193,
224 A1 615 cm ' XFR VO,(M)(K 14(a)); XRD &ow
20 =27.8°fi i W Xt N VO,(M) [ (011) & 1T, 5
Raman £5 R —Z((l 14(d)); SEM [ F BIR, VO,
R NI ) A KL, 2T (A1 30~90 min
i, Rt K/ N~15 nm(B 14(b, c, e)), MHf[HZEK
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2 120 min, PR BEFEHR, HHI T RZ S0
(Bl 14() o ARG A1 21 (1) VOL(M) 15 1 AH AR
RIE () N8 56 “C(30 min). 52.2 °C (60 min)-
50.9 “C (90 min) A1 48.5 “C (120 min), H:rf, JTH
90 min [¥] VO,(M)FE 24V e iRl Fon] Wit %
(Thum) FAA BHBE TR 15 R (A T o) 20 51N 52.3%F1 7.1%.

Quartz tube

‘Ar inlet

Kl 13 LPCVD % & K il ft s )
Fig. 13 Schematic representation of LPCVD and the CVD
reaction process

[103]

& 14 LPCVD L V(acac)s A HiT SR AALE A [A] B 8] T $1143 89 VO, HEE(350 °C T YT 30~120 min, JE7E 350 C iRk 2 h)'*)
Fig. 14 VO, films deposited via LPCVD from V(acac); at 350 °C for 30—120 min and then annealed at 350 °C for 2 h!'**

(a) Raman spectra of VO, films; (d) XRD patterns of VO, films; (b, ¢, e, f) SEM photographs of VO, films deposited for (b) 30,
(c) 60, (e) 90, and (f) 120 min, respectively
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14 E£REENYHESHERR(MOCVD)

MOCVD J&¥4 [ B SR AV AL 4 8 B AL A
IR pAE I s 5, 40 i G R DR AE N A R
TERGERE) CVD $iR . 75 Mt fEd, B LG Bk
BV ISA T FAEIN AR b sl i P I A A= 24
HREE B R T, DURTE R T A e o e i i
SONE NS E . RE. K /1% S5, MOCVD
B Tt 32 ) T MK (1 1 2 2 2 A 04,

MOCVD fil| # VO, # 5 FH A B LA A
VO(acac), fl VO(hfa),. 3£ 3 ZI|H 7 —LE3RIEH T2
%,ﬁ:[IOS—lll]o

PL VO(acac), NETIRAHE] % VO, MER, KM
TR N E BN % . 7E Yakovkina 2% f9U S
RN 440~470 CI1E3] VO,(M)THE,
FLFRM R TR, R F B A R T = 500 nm i
/NE 200 nmo & 15 iZRkiE HE B MOCVD Jx
Mg BB . FHE VO(acac), FINNFAGE B2 (e fd
JE TR ok RSP 38K, AHEI 26 R, 24 VO(acac), 1
PARFEN 120 A1 150 CH, VO, f &R T 43510 8
35 A1 46 nm, IX2 BT S AT IR AR R ARG B BT DA
B R FAE WA SR A 23 T, AT 38 0 97 FEE 1) o r
Rt

£ Spano 25N IE T, 24 VO(acac),/O, N
R 200~350 CHF, A2 VOy; 41T 2 400~
500 CIF, M VeOi3; 2 500 C LA BB, ARk
V1,05, VO, RO S a0 16 ok, 200 CAE
K1) VO, BRI Z A EE, £ 70~80 nm FE 1)
YKAEIRGE R (B 16(a)); 300 “C A=K 5 22 1
200 nm 22 A5 1 IR BRL (] 16(b));  BE & % T
3350 C, PR AKZE 700~800 nm, R M HIF
(A 16(c))-

Makarevich 251 MMpL vO(hfa), Fil H,O % B
Vil & VO, MR, B 17 Jyiz e s B A AR

Bl VO(hfa), KA KRR LA R VOL(X(10). s
REBSTRUG IR K, G2t VO, fki A K Ik
e WORE B, AR s AR AR A W 18
FiioR, 390 C FUURM VO, divki JRsF N 50~100 nm
(K 18(a)); 7E 575 C FiB“K 60 min &, VO, K4
ghfh, RSP K E~500 nm(& 18(b)); 4B k6 &
TR A 600 C, VO, w52 [ ' 1 B2 Jo B i dhokE
(B 18(c)), FLAAARIRE (z)h 60 CUM,

VO(hfa),(g) + HO(g) = VOu(s) + 2Hhfa(g)  (10)
1.5 JEFEZENFA(ALD)

ALD 2 —F4Fki CVD BoR, it EEH M
b DA bSO 73R AR DA B Tk v 1 8 8N R
10 3 i 2 11 % A A 2 W B s o7 B 12T ALD
AR ANESW TR, M2 H— R R B
HpR, HAZRMERSIRE S, —AN5E%0 ALD F
W53 4 AP IR(EL 19): (@) BT SRR A S B
Ji, FE R R A A 2B s ()47 2 T W8 PR 4 A
J&, BNEMESRNG TR T IR A FOE =) ar H
RN (AT IRA B BN, H 58—k
Y PR R R T _EATIRAR A R (d)FRE RN TE
B, BB N TSR 2 A BT SRR AR )
SRR, ALD £EREAS JE 3 A TR Hf AR
—NRFZE, BT LREEAE G R B XA 23t
IT#M. ALD il 4% IR B A 45 4R BREE
FE—50. o ¥ SR SRR AR, TR T2 T
P FARAOEH T T R ERGI . Aid, ALD /&
B2 IRE G R NAGH A RS BRI, SFEH
PORUE AR, MR A i 011

ALD il & 2 10 9L ¥ R F 0 91 A0 ok ik A
V(amd);. VO(thd), VO(acac),. VO(OC3H;);» TEMAV
TDMAV Al VCl,. H:H, V(amd); #1 VO(thd), 5 A [
FIEACT N, W HyO. Oy O3 BX Hy0, %%, P&
)y V,0s 8 V,05 U118 H C v(amd); #

%3 MOCVD #l& VO, BIEM T Z &4
Table3 Conditionsfor VO, thin films deposited by MOCVD

Vanadium Evaporator Reactor Substrate

Carrier gas flow 7. of

precursor temperature/C  pressure/Pa temperature/'C O; flow (Ar) VO,/'C Ref.
VO(acac), 150-175 2000 475-520 20-60 sccm 50-100 sccm  66-72 [107]
VO(acac),/methanol 150 101325 375-450 0.02-0.08 L/min 0.98 L/min 60 [108]
VO(acac), 120-150 266.6 390-490 foloAV:: rg‘tze of 0, - 621 [105]
VO(acac), 170 399.9 200-750 150 sccm 150 sccm - [106]
VO(acac), 185 2559.36 520-550 50 sccm 100 sccm 61.0-68.5 [109]
VO(hfa),/H,O 100-120 350 390-600 - 3.6-5.0 L/h 60 [110-111]

*scem: standard cubic centimeters per minute.
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precursor heater

bstrat
Ar substrate

15 X EF MOCVD #8710
Fig. 15 Scheme of a two-zone horizonal MOCVD reactor for
VO, film growtht'?”

(a)

VO(thd), — M N sit = |, Toik Mgl E, &
— R E T ENIAE ALD ERIN A . VO(acac),
TEMAV. TDMAV. VO(OC;H;)s {43 i iz & 53 3 N
180, 175. 190 Al 185 °C, w7 i H bR [ vi
Lk, i, e R EH TR ALD(120~
170 “C)PH BRI, ARIE ALD il 5 1) VO, 5
M, £ MIT [X 8 6205 C B B AR,
i BRI R KA PR A . IR KRR R
A BFEEE, XF VO, A RCA R K. 3R 4 %1
H T HRIE T ALD 4 VO, WA T2 411,

Kl 16 MOCVD Lk VO(acac), AT IRMATE 200~350 °C il 4 ] VO, i) SEM g J- 1100
Fig. 16 SEM morphologies of VO, films prepared with MOCVD using VO(acac), in the range of 200-350 C %%
(a) 200 C; (b) 300 C; (c)350 C

(a) ﬁ ~H,0

hot lines sublimator
injector «
100°C 100°C
reactor T I £
substrate-|
susceptor| dAk .
FJ
vacuum+—{] VO(hfa),

(b)

”
N VO(hfa),

(0]

+H,
v "

a’ Zt} -—*.O.;J. ED.O
Tt

K117 MOCVD Lk VO(hfa),/Hy0 Jy 2 R il # VO, el
Fig. 17 Experimental details of VO, film deposition based on MOCVD using reaction between
VO(hfa), and H,O vaporst''*-!"]
(a) Scheme of the MOCVD apparatus; (b) Scheme of pyrohydrolysis of VO(hfa), molecules resulting in the VO, film growth

18 MOCVD LA VO(hfa),/H,0 Jy 2 R4 % 1) VO, ik IR K Ji5 1) SEM it
Fig. 18 SEM images of VO, films deposited by MOCVD using VO(hfa),/H,O!''!
(a) As-deposited VO, film at 390 C; (b, ¢) VO, films after annealed at (b) 575 and (c) 600 C for 60 min
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(a) PrecursorA (b)  Byproduct
. % <
‘*\ o » ¥ ,*. = .

K19 ALD JMifif !

Fig. 19 Schematic of ALD cyclel'

(a) Precursor A reacts with the substrate; (b) Excess precursor A and
reaction byproducts are purged from the chamber; (c) Precursor B is
pulsed into the chamber and reacts with the surface; (d) Excess
precursor B and reaction products are purged from the chamber

Kerinen 25251 V¥t VO(acac), FIYE ALD il
SEALEL I BT BR A « Dagur 256129 400~475 C F133
ZEEmI VO, I, 1ZE s T VO(acac), 7 fif
WP, HIRMHEARZ ALD &Y, Mk CVD.
Juan 25£UPL VO(acac),/0, RN ATE 420 °C il
% VO, I, RN TiO, &P 2B . 153
MITEE T VO, HIELE 550~850 C FHRIEIE K 3 min
JEg . B KIRE N 550 CHF, MR T VO,

WA V,05; il EF = 2] 700 F1 850 CHY, i+
H VO, 1 V,0s, FHHILT V3Tig0y7, X2 TiO, ZE 1
EHE) Ti B 1 VO, 3 BT 8 IR K5 T3
W 20 s, 4R 550 CTH#|700 C, KR
T R B 7 I 40 (B 20 (b)); 2438 kIR E N 850 C
B, VSR THD 43 A S U kL (B 20(c))
VO(OC3Hy); ¥R VSR, WTEEN FEH, £35S
HzO\ 02 %A_—% ?"ﬁgﬁk‘ 03 }i & EE )& V205 7@}3%[79,85,117,127-129]o
Prasadam 251 VO(OC;3Hy)y/H,0 AR BIHIHSTCE TE
VO, W, 2 G H46REE TIARLHEA 550~
700 ‘C FHEZIB K 4 h, 15240 VO,(M) A .
TEMAV #I TDMAV {E R8T kAR, B 5 R M
MT ALD T2Z, FHBEMLA NN O;
H20[29,80,118—119,122—124,130»137]o Kozen /__;@[123][)\ TEMAV/O3
NRBIPITE 150 °CF il #& S AL, Bl S 7E
585 C FAEAHIB K 2 h 515 2] VO,(M)ff & i . XPS
Al T RAEE AR 2 h & (O1s, V2p), H
T VIETH v2p B2 BABREH, H=E02R
V2psn Fl V2pin BANHFE, 5 HAh A L,
V2ps, AL IR EIBE V25 138 4k i o R,
AT kB E VA K 21@)fiw, B
01s(530.0 eV)TEZ %, UIRRMEIIER) V2p;, IELE

x4 ALDHIE VO, BEMIEEHN
Table4 Summary of the ALD parametersused for the growth of VO, thin films

Vanadium Evaporatorb Oxidant Substrate . Annealing conditions 7. of VO,/C Ref.

precursor temperature/ C temperature/C
VO(acac), 150 0, 400475 - 66-70 [120]
VO(acac), - 0, 400-450 550-850 °C for 3 min - [121]
VO(OC;H5); RT H,O 60-90  Ar plasma-annealing at 550 C in vacuum 68 [79]
TEMAV 105 O3 150 450 C in He/O, 68 [122]
TEMAV 105 0, 150 2hat585 ‘C in1.333x10° PaO, 68 [123]
TEMAV 105 H,0 150 450 C in Oy/Ar (13.33 Pa) 70.1 [80]
TDMAV RT H,0/0; 50-200 550-800 C inN,for2h - [119]
TDMAV 60 H,0 150-200 475 °C in Ar for 100 min 72 [124]
VCl, - H,0 350 =500 ‘C in 90% N,/10% H, for 60 min 68 [125]

(b)

Fig. 20 SEM images of ALD VO, films annealed at different temperatures

SRR :
| 2um |

Bl 20  ALD i85 i S0 B I 20 ek AS [ SR K 5 19 SEME iR 2

[121]

() 550 °C; (b) 700 °C; (c) 850 C
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ALD LI TEMAV/O; Jy 52 B2 47 753 ) S AL AL S (RS R A e-ALO3) ) XPS &3>
XPS spectra of ALD VO, films using TEMAV/Os as reactants on ¢-Al,O;'*]

(a) XPS spectra of as-deposited (black) and annealed (red) VO, films; (b) Raman spectra of as-deposited (black) and annealed (red) VO, films

517.0 eV, X V>, Bl V,0s; TR KGR V2ps,
WE7E 516.1 eV, X R VY, Bl VO,, 5 Raman Jtii4h 5
—H(E 21(b)). MLk, ToETE VO, HEAE 20~ 99 C
ST LT AR (750 nm~2.2 pum) 3% i R0 8] B384k ;
M8 K5 1 VO, SR BRAE 68 CXt 2 um T £ 4G
#Ei KT 50%. Blanquart 2581 TEMAV 4
55 O3 fl HyO N # % VO, . 58RI, LL
H,O AT, AR Kl R A, REZIRN
H,O ff & 7 A #2 7 (—OH groups) W I EA R, 1E N
HiEfE, AREERN SRR, (kv A K,
ToE R MEAE 250 C A RHIR K, A V,0s; 1E
450 CFERAHIRK, 153 VO, (M)A JE o

Peter 2352 1 TEMAV 5 H,0 H /N 3 T 5
T F% (proton transfer) F AL EC A 1) RS il (release of
the hydrogenated ligand), S0 MEAHXTEUK, 7T EALR
FE V4, AR BREALT] 05, 5 T EUE R
V,0s 8% C 1544, fhATLL TEMAV/H,O N N4, 1E
150 C F#l% 7 (<10 nm) L EE VO, JHH,
BEJSTE 500 C NS IR K, BRDEIESD
VO(M) i i, HIESaniE 22 fox.

28nm VO,

Niang 2:10) TEMAV/H,0 Jy/% Ni¥), % H B
Jik#(single pulse, SP)FI1Z ik (multiple pulse, MP)#
AR ALD 7 iEH % VO, TR, HIFFE AN 23(a)
fizn o MP 3 iF TEMAV B M IR(M = 3~20), Lt
SP AR it B TR, 8 Ao IR R T 457 B (%) I (] B
K, A2 M=, M A B s 0 AR R
(0.6 vs 0.4 Alcycle). BE|IMTLER VO, HIFETE
450 C FAEAMETIREGASAFIB K1 WG, BEN
VO, s . PRS2 H 45 1 VO, 185 R AH AR T
B (e) B FEANE, WiE 23(b) s, MP A 45 1
VO, ) 7, N~70.1 C, B 68 C.

TDMAV 5 H,0 ) Mg R K, FIAH ALD #]
78 HH 24K IR FE TR (~50 °C)ihil £ A AL B e LT
Wang 215351l TDMAV 5 O3 #l H,O KR, 7E
50~200 C Fil& VO, Wi, 455 ER, iR EE
120 ‘CLAR, L O3 AE AR 3 AR Kl R 5 H,0
[y, (H2 BL HaO S5 A 7l 45 1 VO, 78 2% A
HiE BE AR . VO, JoE TR AE 550~800 CAAHIR
K 2 h Ja 45 (B 24(a)), (HZIB KA S EHE R
Tf0 L 30 5 AR AT 2R (B 24(b))

22 ALD A TEMAV/H,O R4 1) VO, WK 438 K5 [f) SEM HI AFM Hf f (1%
Fig. 22 SEM and AFM images of annealed H,O-based ALD VO, films ['**!
(a) 28 nm; (b) 8 nm; (c) 4 nm



246 T AL A R R

39 %

(a)
Single pulse (SP) mode

TEMAV Purge, H,0 Purge,
o] | s !
pulse, t1 t2 pulse, t3 t4
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Multiple pulse (MP) mode
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Bl23 BRI £ ik B RS ALD J5i:h 4 VO,

Fig. 23 Schematic of SP and MP modes employed in the ALD

process(®”

(a) Typical sequence of the SP and MP modes of the ALD process;
(b) Resistivity as a function of temperature and its derivative for the
annealed VO, thickness indicating the transition temperatures during
heating and cooling cycle for depositions in SP and MP modes
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FURBETE @, diob RS BS A 1K, 43708 37 43 Al
48 nm, RAAREEHEE 2K, 25008 1.14. 1.29
A 1.55 nm (B 25(a~c)). 34k, FHEREZRTE H BL4H /N
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T RAICEL 5 FE s A MO 15 311 VO, (M) fi ik
JEE B AR AR I B (e ) R 72 Ce

Lee Al Chang!*""# ¥ LA VCI, ¥ ALD #1145 VO,
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(1 VO, I, I JE4:B k. {HiE, Ganesan 2%
TSI R, B TTVERIE TN TEE TR VO,
JEE, FARLEAE 500 CLL IRk 60 min A4 RS E
VO,(M) i A, FLAHAS IR B () 68 C.. M Raman
JE1E A XRD 45 R (K1 26) T LR H, UIFRE) VO, i
TR, T4 500 A1 550 CiB kg, FEMIK
Raman i 7R 192, 224, 259, 306+ 336 385. 440
616 cm ' & 26(a)), X VO,(M); XRD iR
20=27. 9T S VOL(M)I(001) 5 T (] 26(b))-
1.6 FBHEFEIGELFSMAINIA(PECVD)

PECVD & —Ff iy 0% 't jikt e 4 B 72 5 10 2
RISAHZE A1) CVD R, T A5 8 A 13 Mok
ek S B, AT ARG B CVD AR B 5 PR
AR E . PECVD BRI [ Mt FE Wi 27 A
e SEEARTA EE EHET(10°~10" em ™), H
TR L IE S AR 4 IR 10~100 6%, =ifig
B SRS 7, 228, . BIRFEL,
PR VPR A AR T, X HA RN
PR P R AR 25 5 e W B 38 B A SR T, e AR AP 1Y
2 2 T B S 11421930 o A A A ) S8 U5
H L, B HE R (direct current, DC). 4 Mi(radio
frequency, RF) NI (microwave, WM&, 5
PECVD ) T.Z S0 R U8 SR BRI & Ao iR
B SRR R B IR o 1% AR 1 AL A
F BRARDUR (AR B, BRI R, R
JE B R 53 3 1 O

Annealed in N:

124 ALD LA TDMAV/H,0 R BAATE 50 C R il # ) VO, !
Fig. 24 ALD VO, films deposited with TDMAV/H,0 at 50 ‘C!'"!
(a) XRD patterns of VO, film before and after 2 h annealing at 800 ‘C under N,; (b) SEM images of as-deposited and annealed VO, films
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25 ALD LA TDMAV/H,0 KR BAAE 150~200 CHill %1 VO, WBE(7E 475 CHEAHIR K 100 min)!'>Y
Fig. 25 ALD VO, films deposited from TDMAV/H,0 at 150-200 ‘C and annealed at 475 C for 100 min in Art'?
(a-¢) AFM images of VO, films deposited at (a) 150, (b) 175 and (c) 200 C;

(d) V2p XPS spectrum for the annealed VO, film deposited at 200 C
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(b) VO,(M)
A Annealed 550°C
9 - |
— 3
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T T T 1 T
100 200 300 400 500 600 700 800 10 15 20 25 30 35 40
Raman Shift (cm-) 26(degree)

81 26 ALD LL VCI,/H,0 Jy 4143 VO, HEBL(ZE 500 A1 550 °Cil k)12
Fig. 26 ALD VO, films deposited from VCI/H,O and subsequently annealed at 500 and 550 C['>*!

(a) Raman spectra of as-deposited sample (black) and annealed samples at 500 (blue) and 550 ‘C (red);
(b) XRD patterns of as-deposited and annealed VO, films
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Fig. 27 Schematic representation of the PECVD reaction processt'*”
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T PECVD R MRk, &R EEH
Tl e IE I, WAL RE(SIO,) . A ALAE(SIN,)
3E i fE (amorphous  silicon) Fl % % 1L i (SiO,N,)
£ [146-1991 - by % PECVD B AR F#1% VO,
RS, O A B AT — O (R S S
TR AESE) . Pt %567 PECVD il VO, i
(1 BIF 7 8B AR AP0 Hodh | Zhang 251U DY
VOCI/O2/Hy N R, e F A 4045 25 A 36 5k
S AUTR(RF-PECVD) 7 #1148 VO, I, /3
BEUE 28 iR, VOClL. O, Al Hy FIR & 5N
3.2, 15 F1 28 scem, BN, #HREEAN 30~
300 C, HHHThE A 50 W, KON EERERE 79.98
Pa, HEFIVIAIE R N~1.1 nm/s, AEF] VO3
VR, TTRE M1k R S (1) TR « Barreca 25
L VO(hfa), H,O ANHTHAR I ZE 70 C)E 0,
(10 scem) 2B, 7E 200 C FHI15 V,0s5 9K A i

12VOCI; + 18H, + 70, = 2V4015 + 36HCIT  (11)

DL EIRGE A I 72N VeO3 8L V,0s, IR E
FARE| VOo WIRZE— P ks, itk H+4 i
FRIARL AT X A RN 538 R S AR, T VCL, AT H0, FiIA]
PECVD J5%, AJLLE &t VO, #RCOL phat,
bi%E PECVD HiAMHZRE, HBLT —SHK
PECVD & +%, Bef%SIL AR B (<100 °C ) v i
DURR, LN RO AR T, b e A e v
H@%U%.[IS}IM]O

2 CVD #l%& VO, HIEEREIRF R BE

iR CVD LZHi #4321 VO, R 518U,
AHABOE ORI RSB N E. N TR VO,
V7B E B R T N R AR AE R IR R, BE R E AR
T8t e & B 4 (Element doping). 49K & & i
(Nanocomposite film). 14 & % JZ= I 25 1) (Multi-layer
structures) %5 T B ok B AIC H AH A2 IR B, $ETHOL

P g 2024261

Mass flow controlier
—o1—
—=
i el | 2 o ¢
RF plasma i Y e, O
e o~
hm ] VO Him
ey [Sn0z substate A He
PECVD Chamber :
VOCls——
! | b
Controlied
Control Panel o bath

28 RF-PECVD Ji J% %2 7 5 1)
Fig. 28 Schematic diagram of RF-PECVD system!'>")
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WARRIM, 7£ VO, P BAEhESE&ERE T, W
WO ND™ L Mo® Ta™ 2%, WK VO, Ik As iR,
M ERARGE R TT RS, BARINE 2R VO, )
VY, ORI R A R R VYV R I R RR 4 A
(homopolar bonding), M T FFAKAH A M, MREH
ISR, X d JUBMHETFIRERE R, o3
(6] BRI /1N, AT LT 18 30 7 22 AR I AR B0 7), 18
B FAR AR AR IR 1R, W R R BB 20T
%, VO, WA EES WS EfE—Elul N 24
HRR, BRUEL N 21~28 CT/%W(R F 7
HOUO, Tan 2L T [F) 3548 56 0 X 55 2R MR i A
F—PEEEE, HR T WIBRGIE VO, M AR IR E
BRARH R EE . i 29 Frow, St W1 454 A
A RFRIIEIY 7 2540, 2 FEPHEAEXT TR VOL,(M)
oA R AE L, 1A R R RR I VOL(R)FEAE . 1X /N H
W G VOL(RMZ L FTTE LI R i g5 1, g
“% J@ it (metallic puddles), £ % i A AT FE,
P> T VO (M)-VO(R)AHAE JT 75 1 FA B0 BE,
AT B T M AR IR 0,

Manning 211010 vOCI; 4L AT BK A4, H,O
A7, 2B WClg. MoCls 1 NbCls N 4448
U, FIH APCVD VEAEBIRA R Bl 4% MV, ,0,(M =
W, Mo, Nb)# i, KN 500~ 650 °C. @it i
T WClg~ MoCls FH NbCls &% i 25 1) 28k I s K45 il
W. Mo I Nb & &, 4R 2R, W, Mo, Nb it A
VO, im & Ak T [ 4K (solid solution), 2§ W. Mo-
Nb SE(ETFHE)DHN 1.9%. 0.3%F1 0.4%I,
VO, W AR AR IR FE (e0) 73 Bl FEAIR 22 29,47 F1 55 °C,
Mo FlI Nb [1135 Z Xt T B#AR VO, HIEAH A2 5 (1 3R
AW 3R 55 THRIES LR CVD J7iE] % W
B2 VO, M) T2 4 R 1011630,

. The doped W atom

29 W,V,.0.d i iARgh s 2 )

Fig. 29 Crystalline structures of the WV, 0,138

(a) Crystal structure relationship diagram of R and M1 phases;
(b) Schematic diagram of local rutile structure around W dopant
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x5 CVDHEH&EWBE VO BENITZEG
Table5 Summary of the CVD conditions for the synthesis of W-doped VO, thin films

Vanadium Oxygen Dopant CVD Substrate/ o Doping  nof VOC  Ref.
precursor source precursor process temperature/'C level/% (in atomic)

VOCl, H,0 WClg APCVD Glass/500-650 C 1.9 29 [159]
VCl, H,0 W(OC,Hs)g APCVD Glass/500-600 C 0.3 50 [161]
VCl, H,O WClg APCVD Glass/550 C 0.12-1.75 55.0-5.5 [162]

VO(acac), 20,/98N, WClg APCVD Glass/525 C 0.5 55 [163]
VO(acac), 0, W(OC,Hs)s MOCVD Glass/450 C 2 35 [164]
VO(acac), - W(OC,Hs)s AACVD Glass/550 C 0.175-1.98 47-28 [165]

TEMAV 0, W(CO)s ALD Si/200 C 1.63 32 [29]

VCly; F1 VO(acac), tA] LLAE AL RT IR 1Ak, 5
WCls. W(OC,Hs)e 5%, W(OC,Hs)s Ml % W 1524
VO, # i, HMAZEEE W 2R HFEERN
20~25 C/%W(R T 20!, Rit, w t&KB
Xt VO, B E MR MUE AN K. BFFE R, B4
Mg* 1] LA 54k VO, g 5 (Bandgap widening), M2
o HOE M BEL OO, 2 Mg 145 2% B N ~T%(JR T4 %)
i, VO, HEISHT AT W EE TS 2R Tum) TR TR £~51%, {H
AT IR (r) R BEAS B ~45 CUT, JL45 4 m] DAFE
BEA 7 IRV, B2 055 ATt M Thum, 2 5EA R0 SR
Wang 2186 87 Mg/W 335374 VO, I, Hor.
~35 C, Tum 15 E] 81.3%. HHIH#&IHB I VO, HK
M7 R EONME S« TRV TR AR Ik
2 KM CVD & I JLE B, % 6 5l
T4y TCE 115 2 0o S A T A A M i
Eﬁ&[lé&lm-ml]D

*6 MOBERENEUNFEAFZTEMEEIME
Table6 Effect of dopantson the thermochromic
performance of VO, thin films

Dopant (s),

(in atom) 7 AT, Tum/%  Ref.
W9/0.6% ~21.6 ‘C/% 11.4% 50.8 [170]
Mo®* ~5 C/% - - [171]
Nb**/10% 522 C - - [172]
Ta>*/4% 24.8 C 6.8% 47.1 [173]
Zr*19.8% 64.3 C 14.1% 60.4 [174]
Mg*' /7% ~3 C/% 4.8% 51 [167]
Co*"/10% 44 C 3% 79 [175]
T6>2% 65 C 8.3% 54 [176]
La*"/4% ~1.1 C/% 10.3% 50.1 [177]
Eu’'/4% ~6.5 Cl%  6.7% 54 [178]
Si**/3% 63.1 C 13.9% 54.7 [179]
Fe*'/Mg** 382 C  12.8% 42.1 [180]
Mg /W 35 C 4.3% 81.3 [168]
o> /W 40.8 C 6.3% 40 [181]
7wt 28.6 C 4.9% 48.6 [174]

*ATyor: Solar modulation ability; 7j,,: Luminous transmittance

22 MAKREGHEE

1E VO, R A HARA KL, 1 TiO,. SiO, F1 SnO,
2, ALK RGK E A HEIE. BT VO, 5EAMEL
[T A% AN DG 7= AE W AR 20 (strain-induced  effects),
SR AR IR P R AR O 8,

Manning 2L VC14/H,0/SnCly AR B, F
F APCVDIEFE SIS FT IR il 4% 7 VOo/SnO, B & 1
JiE, HAHARIEE (z) N 60 Co AT N, B0 VO,
VAR 1) 2 BE R 3R R AT IR A VCl/H,O 1B
B, TN S — 4 )8 ik, W WClg. MoCls .
NbCls. SnCly B¢ TiCl, 55, 2B R NAK R, {H
AR =) VO, (1) 5 A AR HE SAH R 2
o SR TH R P A0 4 & B TR AR 22 e, &8 EY)
AT OKAARTT 5 VO, TE UV (B G R B 4 82 A
. Qureshi 25" 'Ll VOCIy/H0 MR Bi#), F5
A Ti &J8ATIA(TiCly 8% TTIP/Ti(OC3Hy)s), K H
APCVD VETEBES 4 L% VOL/TiO, H A i,
VUG N 550~600 °C . XRD 1 Raman )i 45 5
IR VO,(M)F TiO, HIRHEIE (] 30(a, b)), BN
B VO,/TIO, H &7, SEM M Fr SR i i R 30
RIRTREAL R, BRIZI TiO, BURLAIERIRIK VO, Btki(E
30(c)); A AR (z) 0 54 C(E 30(d))-

Wilkinson 25" 1L VCl/H,0/TiCLy/EtAc J J% ¥
), KHAA APCVD 7R3 Eiil % VOL/TIO, H&
MR, 1 31(a)FTaR, VCly F1 H,O 435 i & 7 S
a5 1 F0 2 vl S SRR R % A TICL, 1 EtAc 43
BB SR 3 A 4, il A SR R E B.
VCly/H,O 1 TiCly/EtAc MAH 77 I4E N IR JiE, 7]
TERE T8 BOBR B2 20 A SR A4, AT AE AN R
HoarWREME & BB 310b). 4UtREERN
550 'C, VOL/TiO; il 1.09~1.81 K, 45 2|1
VO,/TiO, & A 5 1A AR iR FE () H~50.5 Co

HAMLAE RIE, VO/TIO, N FLYKE & M)
Trum A1 ATgor A 53 B E~61%A1 14.6% "%
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30 APCVD LA VOCIy/TTIP/H,0 AR BITE 650 C F#3E] VO,/TiO, & A ML AN
Fig. 30 Characterization of VO,/TiO, film formed by the APCVD reaction of VOCIly/TTIP/H,0 at 650 °C!!#%
(a) XRD pattern; (b) Raman spectrum; (¢) SEM image; (d) Variable temperature transmission plot at 2.5 um

(@)
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® 2-WAY
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3. WAY
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FLOW
.u CONTROL
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K31 414 APCVD il # VO,/TiO, &4 '™

Fig. 31 Combinatorial APCVD for the synthesis of VO,/TiO,
composite film!'®¥

(a) Schematic of the APCVD apparatus; (b) Picture of the entire graded
VO,/TiO, composite film formed

Vo0.97Wo.030:(M)@Si0, #Z e 4K Fiki & & AT 1.
AR 25.2 °C, Tium Ml AToo AT 43 53R T £ ~50.6%
il 14.7%15); VOL/Si0, IR MK A I Tium
F ATy 753 T3R8 T ~41.2%F1 18.4%"87, it fr
K [ £ 771558 A & CVD.

23 ZRER&EWEIT

VO, i i 7E BT UL 56 Y8 Bl A 8 IR S
(n=2.2~3.5), PEKEMIERH™. Lord Rayleigh
I RAEHE I E ORI T % JZ (Anti-reflective coating,
ARC) LG, & Hi AT DUE 3o 8 48 47 565 2% R > ok
(5 5 LA e it = g 3, X 250 5 -4
A, I 550 nm AHTE RN 2.0<n<2.4 )
#EL, 40 TiO,. ZrO,. CeOs+ ZnS. NbyOs. TayOs-
HfO,. ZnO ZEAE MR ZE, AR RN
50 nm 1) VO, 1) Tium 32151 3~55%. AT 1A HEFT
N VO, B H Z BB MRt T HEEN S
% o Liu 2 HAE VO, M T 5 2 0T 1 sk
S )Z(Rl-tunable ARC)) 77 %€, HAEEWEl 32 frors.
T RO BB SRR (1 A B R KR, A i AR AT
YAk 52 2 B i P AR A 7 AR AN [ IR R R, AT 4
55 ATero Zhan 2512 IR KR S0 VO, Z 2
(&5 A AR RS2, B AL IR KR ), AT DL
i VO, ZZEBM A B AR (. 54 C, AT
18.4%, Tium 40.5%).

Evans 252152 H] APCVD ¥: 75 3 35 4 JS b i 4%
T RS, VOo/TION(VO, fE EE) A TiOo/VO,
(TiO, £ L JZ)XUZ I . VO, FI BT ER KA VCly
1 H,0, #HEIREE N 450 °C; TiO, M SN | B N
Ti(OC3Hy),, #FEELE N 500 C. fEAXFL, 7EHH
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2R B T B VO, A TiO, 8 . 45 5 B R,
WE ML S £ E B Tio, £ 5 (K 33).
TiO,/VO(TiO, 1E I J2) X2 F5 1 AH A8 Uit B (v PR AR 22
55 °C, 11 VOo/TiOx(VO, 1E = J2) WU i 1 A1 A% i3
(z)F L VO, HZ B AR A K. TRHE Breckenfeld
%[194]5/‘]%*%, VO, HEYTATE TiO, K F, T ™
FAT R S A% ASTTEC =25 A, 3X G B AN AR IR R
PG, HA2, 2 VO, MM EE S — e, &
KA O e AL (misfit dislocations) 1] {8 N A% ith 7
(strain relaxation), X AHAZ I FE (14 5 0 AH S/ o
TiO, 5 (P B R FE L1 (~500 °C), BELHEAE
VO, EJiR TiO,, Ti B 221A VO, ft&d #l, T3
HAAR R E e . fEWH Z B Ingg 2, W Sio,,
FUABH AL Ti 59 #. Powell Z! SR H APCVD

More AR effect
at low temp

Less AR effect
at high temp

High temperature
T>r,

32 £ VO, M L P 4 56 m] i ek S 2 i A8CR B 10
Fig. 32 Schematic illustrating the concept of the RI-tunable
ARC applied on the VO, substratel'*")

Kl 33 APCVD il % [f) 5 2 FIOUZ HE (1) SEM R 1)
Fig. 33 SEM images of the monolayer and multilayer samples
prepared by APCVD!'

(a) VO, film; (b) TiO; film; (c) Multilayer of TiO, over VO,; (d) Multilayer
of VO, over TiO,

ETEPIE R IR B VOo/SIOyTIO, =G 451 i
[, TSR 7 FioR o N FT3RAK 7351 9 VClys
TEOS(SiCgHy004) M1 TiCly, AN LR L8, &
MR EA 550 °C, S EN 1~3 mino 3B 1)1
WEER U 34 TR, JRJZE VO, 8 IR £ IR B IR it
K (B 34(a)), JEFE A~300 nm; SiO, /a2 L1 A ¥
23 fL(E 34(b)), JEE HN~1300 nm; & L2 TiO, #
R T ¥ 5 805 (K 34(c)), JEE N~100 nm. 4 )
NHE Y 3 min, VO,/SiO/TiO, = J2 I i i J5 B ik
F|~5000 nm B, HOKBHBEIR TR AT ®RK, A
15.29%, fH &AW B (co) VI IR FFTE 68 Co

Yu ZONE 3 w8 et B S8 P BESR IR S TR VO,
M, 22575 CHAEFE 4 h 5, k8% PECVD J7
YU JZ Si0, #iLJ= (passivation layer), 73 £ H
Si0,/VO, MUZ FHEAE 1 7T W3 I 3 (Tiums Asso am)IE
2| 58%. K 35 ARMEEH VO, AT Si0yVO,
R JZ T S 1) Bl 0 45 kg R AE 45 SR, XL AT DU
PECVD ffill £ ] SiO, HEAI [ 46 VO, #JE (K] 35(a, b))
dm FHIA B 2B, 153 S10,/VO, XU T fr) 2 T 5
P B0 (K 35(d, e)), RS H 11.87 nm

%7 APCVD #1%& VO,/SIO,/TiO, = B g T 25 #01
Table7 APCVD conditions of the VO,/SiO,/TiO, films*®

Bubbler .
N, flow rate Thickness

Layer Precursor temperature |

. /(L'min™") /nm

/C
VO,  VCly/C4Hg0,4 80/40 0.7/0.2 ~300
Si0, SiCgH,(04/C4HgO,  130/40 0.7/0.2 ~1300
TiO,  TiCly/C4HgO4 75/40 0.6/0.6 ~100

B34  APCVD #il4 ] VO/SiO/TIO, = JZ i iK1 SEM it} 1)
Fig. 34 SEM images of multi-layered VO,/SiOy/TiO, films
using APCVD!*™

(a) Typical VO, coating on glass; (b) Porous structure of the SiO,
interlayer, as deposited on VO, coating; (c) Typical surface morphology
of the TiO, layer in the VO,/SiO,/TiO, system; (d) Side-on SEM image of
VO,/SiO»/TiO; film
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Fig. 35 SEM and AFM images of VO, and SiO,/VO, thin films!°%
(a, b) SEM and (c) AFM images of the pristine VO, thin film; (d, ¢) SEM and (f) AFM images of SiO,/VO, thin film

(K 35(c)) B ZE 4.91 nm(JE 35(f)). A, %SLikw]
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3 H#FRIE

VO, H:HEUR 5 58 % 7087 2L 1T R & 1 0E 7L
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il £ 2000 VO B 1) FH ZH BN ROM 285 44 A
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UTE CVD W %, 52 A6 5553 5l
9 0, Al HO. VO(acac), HIZ8 T EEAK, FHimHkz
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5 H,0 MBI HCL 25 X6, 1552 M
A VO, FIRE R R (~450 C). LEF VO, i
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VO, 154 W, Mg &g nEk, 4 TiO,. SiO,
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e en A% BEAS 7 HAE @ FUAT W 2 R . 224
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PECVD 5 AR FI FH 45 B8 7 1) SN 14 SR A1 3
R, AT LLE 35 B AR DT AR B A0 A48 B, TR 26
PR, A 1) 45 R R R M R R /DN, TESEEL VO,
MBI MR & T B BE R @ e N



H3W

iy Tr, A AR SOMRDTRR A AR RE TR AR ) VO, B BIF TTE fR 253

BT ORAR T LG, ] DAz i) P 4 i Fh 5 e R R & &
JIES 1) 5 B B 8 4y 50 SO PRI, FF R 8 v B 65 ) B0 A
SR E 71 Bk, KRATDREMERZ —
il IE PECVD SRARAL S B 264 LA 1 VO, Y
FEEFNALRE, DLEAR A 52 I K RASE IR Tk A 77

S Z CHik:

[1] BERARDI U. A cross-country comparison of the building energy
consumptions and their trends. Resources, Conservation and
Recycling, 2017, 123: 230.

DEFOREST N, SHEHABI A, SELKOWITZ S, et al A
comparative energy analysis of three electrochromic glazing

[2

—

technologies in commercial and residential buildings. Applied
Energy, 2017, 192: 95.

[3] KE Y, ZHOU C, ZHOU Y, et al. Emerging thermal-responsive

materials and integrated techniques targeting the energy-efficient

smart window application. Advanced Functional Materials, 2018,

28(22): 1800113.

SVENSSON J S E M, GRANQVIST C G. Electrochromic

coatings for “smart windows”. Solar Energy Materials, 1985,

12(6): 391.

[5] WANG Y, RUNNERSTROM E L, MILLIRON D J. Switchable
materials for smart windows. Annual Review of Chemical and
Biomolecular Engineering, 2016, 7(1): 283.

[6] KE Y, CHEN J, LIN G, et al. Smart windows: electro-, thermo-,
mechano-, photochromics, and beyond. Advanced Energy
Materials, 2019, 9(39): 1902066.

[71 WARWICK M E A, BINIONS R. Advances in thermochromic
vanadium dioxide films. Journal of Materials Chemistry A, 2014,
2(10): 3275.

[8] CUI Y, KE Y, LIU C, et al. Thermochromic VO, for
energy-efficient smart windows. Joule, 2018, 2(9): 1707.

[9] MATAMURA Y, IKENOUE T, MIYAKE M, et al. Mist CVD of
vanadium dioxide thin films with excellent thermochromic

[4

[}

properties using a water-based precursor solution. Solar Energy
Materials and Solar Cells, 2021, 230: 111287.

[10] SJOBERG S G. Nils Gabriel Sefstrom and the discovery of
vanadium. Journal of Chemical Education, 1951, 28(6): 294.

[11] MORIN F J. Oxides which show a metal-to-insulator transition at
the neel temperature. Physical Review Letters, 1959, 3(1): 34.

[12] GOODENOUGH J B. The two components of the crystallographic
transition in VO,. Journal of Solid State Chemistry, 1971,
3(4): 490.

[13] WHITTAKER L, PATRIDGE C J, BANERJEE S. Microscopic
and nanoscale perspective of the metal-insulator phase transitions
of VO,: some new twists to an old tale. The Journal of Physical
Chemistry Letters, 2011, 2(7): 745.

[14] AETUKURI N B, GRAY A X, DROUARD M, et al. Control of
the metal-insulator transition in vanadium dioxide by modifying
orbital occupancy. Nature Physics, 2013, 9(10): 661.

[15] BABULANAM S M, ERIKSSON T S, NIKLASSON G A, et al.
Thermochromic VO, films for energy-efficient windows. Solar
Energy Materials, 1987, 16(5): 347.

[16] BARIMAH E K, BOONTAN A, STEENSON D P, et al. Infrared
optical properties modulation of VO, thin film fabricated by
ultrafast pulsed laser deposition for thermochromic smart window
applications. Scientific Reports, 2022, 12: 11421.

[17] CHANG T, CAO X, DEDON L R, et al. Optical design and
stability study for ultrahigh-performance and long-lived vanadium

dioxide-based thermochromic coatings. Nano Energy, 2018, 44: 256.

[18] LIU K, LEE S, YANG S, et al. Recent progresses on physics and
applications of vanadium dioxide. Materials Today, 2018, 21(8): 875.

[19] CHEN S, WANG Z, REN H, et al. Gate-controlled VO, phase
transition for high-performance smart windows. Science Advances,
2019, 5(3): 6815.

[20] VU T D, CHEN Z, ZENG X, et al. Physical vapour deposition of
vanadium dioxide for thermochromic smart window applications.
Journal of Materials Chemistry C, 2019, 7(8): 2121.

[21] YAO L, QU Z, PANG Z, et al. Three-layered hollow nanospheres
based coatings with ultrahigh-performance of energy-saving,
antireflection, and self-cleaning for smart windows. Small, 2018,
14(34): 1801661.

[22] ABURAS M, SOEBARTO V, WILLIAMSON T, et al
Thermochromic smart window technologies for building
application: a review. Applied Energy, 2019, 255: 113522.

[23] KEY, YIN'Y, ZHANG Q, et al. Adaptive thermochromic windows
from active plasmonic elastomers. Joule, 2019, 3(3): 858.

[24] CAO X, CHANG T, SHAO Z, et al. Challenges and opportunities
toward real application of VO,-based smart glazing. Matter, 2020,
2(4): 862.

[25] ZENG W, CHEN N, XIE W. Research progress on the preparation
methods for VO, nanoparticles and their application in smart
windows. CrystEngComm, 2020, 22(5): 851.

[26] CHEN Z, TANG Y, JI A, et al. Large-scale preparation of durable
VO, nanocomposite coatings. ACS Applied Nano Materials, 2021,
4(4): 40438.

[271 WANG S, JIANG T, MENG Y, et al. Scalable thermochromic
smart windows with passive radiative cooling regulation. Science,
2021, 374(6574): 1501.

[28] CAO C, HU B, TU G, et al. Sputtering flexible VO, films for
effective thermal modulation. ACS Applied Materials & Interfaces,
2022, 14(24): 28105.

[29] SUN K, WHEELER C, HILLIER J A, ef al. Room temperature
phase transition of W-doped VO, by atomic layer deposition on
200 mm Si wafers and flexible substrates. Advanced Optical
Materials, 2022, 10(23): 2201326.

[30] VU T D, XIE H, WANG S, et al. Durable vanadium dioxide with
33-year service life for smart windows applications. Materials
Today Energy, 2022, 26: 100978.

[31] TANG K, DONG K, LI J, et al. Temperature-adaptive radiative
coating for all-season household thermal regulation. 2021,
374(6574): 1504.

[32] SHEN N, CHEN S, HUANG R, et al. Vanadium dioxide for
thermochromic smart windows in ambient conditions. Materials
Today Energy, 2021, 21: 100827.

[33] KIM J, PAIK T. Recent advances in fabrication of flexible,
thermochromic vanadium dioxide films for smart windows.
Nanomaterials (Basel), 2021, 11(10): 2674.

[34] LI X, CAO C, LIU C, et al. Self-rolling of vanadium dioxide
nanomembranes for enhanced multi-level solar modulation. Nature
Communications, 2022, 13: 7819.

[35] LI S Y, NIKLASSON G A, GRANQVIST C G. Thermochromic
fenestration with VO,-based materials: three challenges and how
they can be met. Thin Solid Films, 2012, 520(10): 3823.

[36] WANG S, OWUSU K A, MAI L, et al. Vanadium dioxide for
energy conservation and energy storage applications: synthesis and
performance improvement. Applied Energy, 2018, 211: 200.

[37] SHAO Z, CAO X, LUO H, et al. Recent progress in the
phase-transition mechanism and modulation of vanadium dioxide
materials. NPG Asia Materials, 2018, 10(7): 581.

[38] HU P, HU P, VU T D, et al. Vanadium oxide: phase diagrams,



254 I e

39 %

structures, synthesis, and applications. Chemical Reviews, 2023,
123(8): 4353.

[39] KOSUGE K. The phase diagram and phase transition of the
V,05-V,0s system. Journal of Physics and Chemistry of Solids,
1967, 28(8): 1613.

[40] WRIEDT H A. The O-V (oxygen-vanadium) system. Bulletin of

Alloy Phase Diagrams, 1989, 10(3): 271.

[41] CHOI Y, JUNG Y, KIM H. Low-temperature deposition of
thermochromic VO, thin films on glass substrates. Thin Solid
Films, 2016, 615: 437.

[42] ZHANG D P, ZHU M D, LIU Y, et al. High performance VO, thin
films growth by DC magnetron sputtering at low temperature for
smart energy efficient window application. Journal of Alloys and
Compounds, 2016, 659: 198.

[43] AJAZ A, JI'Y X, MONTERO J, et al. Low-temperature synthesis
of thermochromic vanadium dioxide thin films by reactive high
power impulse magnetron sputtering. Solar Energy Materials and
Solar Cells, 2016, 149: 137.

[44] TAHA M, WALIA S, AHMED T, et al. Insulator-metal transition
in substrate-independent VO, thin film for phase-change devices.
Scientific Reports, 2017, 7: 17899.

[45] VU T D, LIU S, ZENG X, et al. High-power impulse magnetron
sputtering deposition of high crystallinity vanadium dioxide for
thermochromic ~ smart  windows Ceramics
International, 2020, 46(6): 8145.

[46] ZHU M, WANG H, WANG B, ef al. New route for modification of
thermochromic properties of vanadium dioxide films via

applications.

high-energy X-ray irradiation. Ceramics International, 2019,
45(2, Part A): 1661.

[47] LIU B, GONG M, ZHANG J, et al. Comparative study of the
metal insulator transition of a VO, film with simultaneous infrared
thermography and electric measurements. A/P Advances, 2021,
11(3): 035026.

[48] CASE F C. Low temperature deposition of VO, thin films. Journal
of Vacuum Science & Technology A, 1990, 8(3): 1395.

[49] LEE M H, KIM M G. RTA and stoichiometry effect on the
thermochromism of VO, thin films. Thin Solid Films, 1996,
286(1): 219.

[50] THéRY V, BOULLE A, CRUNTEANU A, et al. Structural and
electrical properties of large area epitaxial VO, films grown by
electron beam evaporation. Journal of Applied Physics, 2017,
121(5): 055303.

[51] MANOUSOU D K, GARDELIS S, CALAMIOTOU M, et al. VO,
thin films fabricated by reduction of thermal evaporated V,Os
under N, flow. Materials Letters, 2021, 299: 130086.

[52] GUO X, TAN Y, HU Y, et al. High quality VO, thin films
synthesized from V,0s powder for sensitive near-infrared
detection. Scientific Reports, 2021, 11: 21749.

[53] P6SA L, MOLNAR G, KALAS B, ef al. A rational fabrication
method for low switching-temperature VO,. Nanomaterials
(Basel), 2021, 11(1): 212.

[54] KIM D H, KWOK H S. Pulsed laser deposition of VO thin films.
Applied Physics Letters, 1994, 65(25): 3188.

[55] ZHU P R, YAMAMOTO S, MIYASHITA A, et al. Pulsed laser
deposition of VO, single crystal thin films on sapphire substrates.
Chinese Physics Letters, 1998, 15(12): 904.

[56] LIU H, VASQUEZ O, SANTIAGO V R, et al. Novel
pulsed-laser-deposition—VO; thin films for ultrafast applications.
Journal of Electronic Materials, 2005, 34(5): 491.

[57] FU D, LIU K, TAO T, et al. Comprehensive study of the
metal-insulator transition in pulsed laser deposited epitaxial VO,
thin films. Journal of Applied Physics, 2013, 113(4): 043707.

[58] MATHEVULA L, NGOM B D, KOTSEDI L, et al
Thermochromic VO, on zinnwaldite mica by pulsed laser
deposition. Applied Surface Science, 2014, 314: 476.

[59] KUMI-BARIMAH E, ANAGNOSTOU D E, JOSE G. Phase

changeable vanadium dioxide (VO,) thin films grown from

vanadium pentoxide (V,0s) using femtosecond pulsed laser

deposition. AIP Advances, 2020, 10(6): 065225.

BUKHARI S A, KUMAR S, KUMAR P, et al. The effect of

oxygen flow rate on metal-insulator transition (MIT) characteristics of

[60

=

vanadium dioxide (VO,) thin films by pulsed laser deposition
(PLD). Applied Surface Science, 2020, 529: 146995.

[61] YIN D, XU N, ZHANG J, et al. High quality vanadium dioxide
films prepared by an inorganic Sol-Gel method. Materials
Research Bulletin, 1996, 31(3): 335.

[62] LU S, HOU L, GAN F. Structure and optical property changes of
sol-gel derived VO, thin films. Advanced Materials, 1997,
9(3): 244.

[63] LU S, HOU L, GAN F. Surface analysis and phase transition of
gel-derived VO, thin films. Thin Solid Films, 1999, 353(1): 40.

[64] YAN J, HUANG W, ZHANG Y, et al Characterization of
preferred orientated vanadium dioxide film on muscovite (001)
substrate. Physica Status Solidi (a), 2008, 205(10): 2409.

[65] LIU D, CHENG H, ZHENG W, et al. Infrared thermochromic
properties of VO, thin films prepared through aqueous Sol-Gel
process. Journal of Wuhan University of Technology-Mater. Sci.
Ed., 2012, 27(5): 861.

[66] WU Y F, FAN L L, CHEN S M, et al. Spectroscopic analysis of
phase constitution of high quality VO, thin film prepared by facile
Sol-Gel method. AIP Advances, 2013, 3(4): 042132.

[67] KANG L, GAO Y, LUO H. A novel solution process for the
synthesis of VO, thin films with excellent thermochromic
properties. ACS Applied Materials & Interfaces, 2009, 1(10): 2211.

[68] KANG L, GAOY, LUO H, et al. Nanoporous thermochromic VO,
films with low optical constants, enhanced luminous transmittance
and thermochromic properties. ACS Applied Materials &
Interfaces, 2011, 3(2): 135.

[69] YUE F, HUANG W, SHI Q, ef al. Phase transition properties of
vanadium oxide films deposited by polymer-assisted deposition.
Journal of Sol-Gel Science and Technology, 2014, 72(3): 565.

[70] BRECKENFELD E, KIM H, GORZKOWSKI E P, et al
Laser-processing of VO, thin films synthesized by
polymer-assisted-deposition. Applied Surface Science, 2017, 397: 152.

[71] DEVTHADE YV, LEE S. Synthesis of vanadium dioxide thin films
and nanostructures. Journal of Applied Physics, 2020, 128(23): 231101.

[72] SUN L, YUAN G, GAO L, et al. Chemical vapour deposition.
Nature Reviews Methods Primers, 2021, 1(1): 5.

[73] WARWICK M E A, BINIONS R. Chemical vapour deposition of
thermochromic vanadium dioxide thin films for energy efficient
glazing. Journal of Solid State Chemistry, 2014, 214: 53.

[74] DROSOS C, VERNARDOU D. Perspectives of energy materials
grown by APCVD. Solar Energy Materials and Solar Cells, 2015,
140: 1.

[75] MARUYAMA T, IKUTA Y. Vanadium dioxide thin films prepared
by chemical vapour deposition from vanadium(III) acetylacetonate.
Journal of Materials Science, 1993, 28(18): 5073.

[76] LIM B S, RAHTU A, PARK J S, et al Synthesis and
characterization of volatile, thermally stable, reactive transition
metal amidinates. Inorganic Chemistry, 2003, 42(24): 7951.

[77] PRASADAM V P, BAHLAWANE N, MATTELAER F, et al.
Atomic layer deposition of vanadium oxides: process and
application review. Materials Today Chemistry, 2019, 12: 396.

[78] WEIMER M S, KIM I S, GUO P, et al. Oxidation state



H3W

fify AT, S5 AR R ORA ] 4 BE v A

A VO, EE 0 L e 255

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88

[}

[89]

[90

=

[91

—

[92

—

[93

[t}

[94]

[95]

discrimination in the atomic layer deposition of vanadium oxides.
Chemistry of Materials, 2017, 29(15): 6238.

PRASADAM V P, DEY B, BULOU S, et al. Study of VO, thin
film synthesis by atomic layer deposition. Materials Today
Chemistry, 2019, 12: 332.

NIANG K M, BAI G, ROBERTSON 1. Influence of precursor
dose and residence time on the growth rate and uniformity of

vanadium dioxide thin films by atomic layer deposition. Journal of

Vacuum Science & Technology A, 2020, 38(4): 042401.

BAI G, NIANG K M, ROBERTSON J. Preparation of atomic layer
thin
(ethylmethylamino) vanadium as precursor. Journal of Vacuum
Science & Technology A4, 2020, 38(5): 052402.

THOMAS T, BLACKMAN C S, PARKIN I P, ef al. Atmospheric
pressure chemical vapour deposition of vanadium arsenide thin
films via the reaction of VCl; or VOCl; with ‘BuAsH,. Thin Solid
Films, 2013, 537: 171.

MALKEROVAIP, MAKAREVICH AM, ALIKHANYAN AS, et al.
Volatility and thermal stability of vanadyl S-diketonate complexes.
Russian Journal of Inorganic Chemistry, 2017, 62(6): 818.
KANAI H, YOSHIKAWA T, SONE T, et al. Preparation and
characterization of highly dispersed V,0s/SiO, prepared by a CVD
method. Reaction Kinetics and Catalysis Letters, 2002, 75(2): 213.
BADOT J C. Atomic layer epitaxy of vanadium oxide thin films

deposited vanadium dioxide films wusing tetrakis

and electrochemical behavior in presence of lithium ions.
Electrochemical and Solid-State Letters, 1999, 3(10): 485.
MANNING T D, PARKIN I P, CLARK R J H, ef al. Intelligent
window coatings: atmospheric pressure chemical vapour
deposition of vanadium oxides. Journal of Materials Chemistry,
2002, 12(10): 2936.

DROSOS C, VERNARDOU D. Advancements, challenges and
prospects of chemical vapour pressure at atmospheric pressure on
vanadium dioxide structures. Materials, 2018, 11(3): 384.

FIELD M N, PARKIN I P. Atmospheric pressure chemical vapour
deposition of vanadium(V) oxide films on glass substrates from
reactions of VOCI; and VCl, with water. Journal of Materials
Chemistry, 2000, 10(8): 1863.

MANNING T D, PARKIN I P. Vanadium(IV) oxide thin films on
glass and silicon from the atmospheric pressure chemical vapour
deposition reaction of VOCIl; and water. Polyhedron, 2004,
23(18): 3087.

VERNARDOU D, PATERAKIS P, DROSOS H, ef al. A study of
the electrochemical performance of vanadium oxide thin films
grown by atmospheric pressure chemical vapour deposition. Solar
Energy Materials and Solar Cells, 2011, 95(10): 2842.
MALARDE D, POWELL M J, QUESADA-CABRERA R, et al.
Optimized atmospheric-pressure chemical vapor deposition
thermochromic VO; thin films for intelligent window applications.
ACS Omega, 2017, 2(3): 1040.

GASKELL J M, AFZAAL M, SHEEL D W, et al. Optimised
atmospheric pressure CVD of monoclinic VO, thin films with
picosecond phase transition. Surface and Coatings Technology,
2016, 287: 160.

VERNARDOU D, PEMBLE M E, SHEEL D W. The growth of
thermochromic VO, films on glass by atmospheric-pressure CVD:
a comparative study of precursors, CVD methodology, and
substrates. Chemical Vapor Deposition, 2006, 12(5): 263.
VERNARDOU D, LOULOUDAKIS D, SPANAKIS E, et al.
Thermochromic amorphous VO, coatings grown by APCVD using
a single-precursor. Solar Energy Materials and Solar Cells, 2014,
128: 36.

VERNARDOU D, PEMBLE M E, SHEEL D W. In-situ Fourier

[96

[}

[97

—

[98

[}

[99

—

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

(111

transform infrared spectroscopy gas phase studies of vanadium (IV)
oxide coating by atmospheric pressure chemical vapour deposition
using vanadyl (IV) acetylacetonate. Thin Solid Films, 2008,
516(14): 4502.

VERNARDOU D, BEI A, LOULOUDAKIS D, ef al. Oxygen
source-oriented control of atmospheric pressure chemical vapor
deposition of VO, for -capacitive applications. Journal of
Electrochemical Science and Engineering, 2016, 6(2): 165.
WARWICK M E A, RIDLEY I, BINIONS R. Thermochromic
vanadium dioxide thin films prepared by electric field assisted
atmospheric pressure chemical vapour deposition for intelligent
glazing application and their energy demand reduction properties.
Solar Energy Materials and Solar Cells, 2016, 157: 686.
MATHUR S, RUEGAMER T, GROBELSEK 1. Phase-selective
CVD of vanadium oxide nanostructures. Chemical
Deposition, 2007, 13(1): 42.

PAPADIMITROPOULOS G, KOSTIS I, TRANTALIDIS S, ef al.
Investigation of structural, morphological and electrical properties
of APCVD vanadium oxide thin films. Physica Status Solidi C,
2015, 12(7): 964.

JIAMPRASERTBOON A, POWELL M J, DIXON S C, et al.
Photocatalytic and electrically conductive transparent Cl-doped

Vapor

ZnO thin films via aerosol-assisted chemical vapour deposition.
Journal of Materials Chemistry A, 2018, 6(26): 12682.
PICCIRILLO C, BINIONS R, PARKIN I P. Synthesis and
functional properties of vanadium oxides: V,0;, VO,, and V,0s
deposited on glass by aerosol-assisted CVD. Chemical Vapor
Deposition, 2007, 13(4): 145.

WARWICK M E A, BINIONS R. Thermochromic vanadium
dioxide thin films from electric field assisted aerosol assisted
chemical vapour deposition. Solar Energy Materials and Solar
Cells, 2015, 143: 592.

GUO B, CHEN L, SHI S, et al. Low temperature fabrication of
thermochromic VO, thin films by low-pressure chemical vapor
deposition. RSC Advances, 2017, 7(18): 10798.

WRIGHT P J, CROSBIE M J, LANE P A, et al. Metal organic
chemical vapor deposition (MOCVD) of oxides and ferroelectric
materials. Journal of Materials Science: Materials in Electronics,
2002, 13(11): 671.

YAKOVKINA L V, MUTILIN S V, PRINZ V Y, ef al. MOCVD
growth and characterization of vanadium dioxide films. Journal of
Materials Science, 2017, 52(7): 4061.

SPANO S F, TORO R G, CONDORELLI G G, et al. Phase-
selective route to V-O film formation: a systematic MOCVD study
into the effects of deposition temperature on structure and
morphology. Chemical Vapor Deposition, 2015, 21: 319.

SAHANA M B, DHARMAPRAKASH M S, SHIVASHANKAR S
A. Microstructure and properties of VO, thin films deposited by
MOCVD from vanadyl acetylacetonate. Journal of Materials
Chemistry, 2002, 12(2): 333.

VERNARDOU D, PEMBLE M E, SHEEL D W. Vanadium oxides
prepared by liquid injection MOCVD using vanadyl acetylacetonate.
Surface and Coatings Technology, 2004, 188-189: 250.
RAJESWARAN B, UMARII A M. Defect engineering of VO, thin
films synthesized by chemical vapor deposition. Materials
Chemistry and Physics, 2020, 245: 122230.

MAKAREVICH A M, SADYKOV I I, SHAROVAROV D I, et al.
Chemical synthesis of high quality epitaxial vanadium dioxide
films with sharp electrical and optical switch properties. Journal of
Materials Chemistry C, 2015, 3(35): 9197.

MAKAREVICH AM, SOBOL A G, SADYKOV 11, et al. Delicate
tuning of epitaxial VO, films for ultra-sharp electrical and intense



256 I e

39 %

IR optical switching properties. Journal of Alloys and Compounds,
2021, 853: 157214.

[112] LESKEL4 M, RITALA M. Atomic layer deposition (ALD):
from precursors to thin film structures. Thin Solid Films, 2002,
409(1): 138.

[113] ASUNDI A S, RAIFORD J A, BENT S F. Opportunities for
atomic layer deposition in emerging energy technologies. 4ACS
Energy Letters, 2019, 4(4): 908.

[114] SUNTOLA T. Atomic layer epitaxy. Materials Science Reports,
1989, 4(5): 261.

[115] @STRENG E, NILSEN O, FJIELLVAG H. Optical properties of
vanadium pentoxide deposited by ALD. The Journal of Physical
Chemistry C, 2012, 116(36): 19444.

[116] OSTRENG E, GANDRUD K B, HU Y, et al. High power nano-
structured V,0s thin film cathodes by atomic layer deposition.
Journal of Materials Chemistry A, 2014, 2(36): 15044.

[117] CHEN X, POMERANTSEVA E, BANERJEE P, et al
Ozone-based atomic layer deposition of crystalline V,0s films for
high performance electrochemical energy storage. Chemistry of
Materials, 2012, 24(7): 1255.

[118] BLANQUART T, NIINISTO J, GAVAGNIN M, et al. Atomic
layer deposition and characterization of vanadium oxide thin films.
RSC Advances, 2013, 3(4): 1179.

[119] WANG X, GUO Z, GAO Y, et al. Atomic layer deposition of
vanadium oxide thin films from tetrakis(dimethylamino)vanadium
precursor. Journal of Materials Research, 2017, 32(1): 37.

[120] DAGUR P, MANE A U, SHIVASHANKAR S A. Thin films of
VO, on glass by atomic layer deposition: microstructure and
electrical properties. Journal of Crystal Growth, 2005, 275(1): 1223.

[121] JUAN P C, LIN K C, CHO W H, et al. Atomic layer deposition of
vanadium oxides using vanadyl acetylacetonate as the precursor.
Thin Solid Films, 2021, 725: 138639.

[122] RAMPELBERG G, DEDUYTSCHE D, DE SCHUTTER B, et al.

Crystallization and semiconductor-metal switching behavior of

thin VO, layers grown by atomic layer deposition. Thin Solid

Films, 2014, 550: 59.

KOZEN A C, JORESS H, CURRIE M, et al. Structural characterization

of atomic layer deposited vanadium dioxide. The Journal of

Physical Chemistry C,2017, 121(35): 19341.

[124] LV X, CAO Y, YAN L, et al. Atomic layer deposition of VO, films

with tetrakis-dimethyl-amino vanadium (IV) as vanadium

precursor. Applied Surface Science, 2017, 396: 214.

GANESAN J P, DEV D, KRISHNAPRASAD A, ef al. Semiconductor-

to-metal transition in atomic layer deposition (ALD) of VO, films

using VCly and water. Applied Physics Letters, 2021, 118(26): 261902.

[126] KERANEN J, AUROUX A, EK-HARKONEN S, et al
Calorimetric measurements of the acidity of supported vanadium

[123

—

[125

[t}

oxides prepared by ALE and impregnation. Thermochimica Acta,
2001, 379(1): 233.

MUSSCHOOT J, DEDUYTSCHE D, POELMAN H, et al
Comparison of thermal and plasma-enhanced ALD/CVD of

[127

—

vanadium pentoxide. Journal of the Electrochemical Society, 2009,
156(7): P122.

DAUBERT J S, LEWIS N P, GOTSCH H N, et al. Effect of meso-
and micro-porosity in carbon electrodes on atomic layer deposition

[128

[}

of pseudocapacitive V,0s for high performance supercapacitors.
Chemistry of Materials, 2015, 27(19): 6524.

DAUBERT J S, WANG R, OVENTAL J S, et al. Intrinsic
limitations of atomic layer deposition for pseudocapacitive metal

[129

[}

oxides in porous electrochemical capacitor electrodes. Journal of
Materials Chemistry A, 2017, 5(25): 13086.
[130] RAMPELBERG G, SCHAEKERS M, MARTENS K, et al

Semiconductor-metal transition in thin VO, films grown by ozone
based atomic layer deposition. Applied Physics Letters, 2011,
98(16): 162902.

[131] ZHANG K, TANGIRALA M, NMINIBAPIEL D, et al. Synthesis
of VO, thin films by atomic layer deposition with TEMAV as
precursor. ECS Transactions, 2013, 50(13):175.

[132] PREMKUMAR P A, TOELLER M, RADU 1 P, et al. Process
study and characterization of VO, thin films synthesized by ALD
using TEMAV and O; precursors. ECS Journal of Solid State
Science and Technology, 2012, 1(4): P169.

[133] PETER A P, MARTENS K, RAMPELBERG G, et al. Metal-
insulator transition in ALD VO, ultrathin films and nanoparticles:
morphological control. Advanced Functional Materials, 2015,
25(5): 679.

[134] MATTELAER F, GERYL K, RAMPELBERG G, et al. Atomic
layer deposition of vanadium oxides for thin-film lithium-ion
battery applications. RSC Advances, 2016, 6(115): 114658.

[135] CURRIE M, MASTRO M A, WHEELER V D. Characterizing the
tunable refractive index of vanadium dioxide. Optical Materials
Express, 2017, 7(5): 1697.

[136] CURRIE M, MASTRO M A, WHEELER V D. Atomic layer
deposition of vanadium dioxide and a temperature-dependent
optical model. Journal of Visualized Experiments, 2018, 135: 57103.

[137] GAO Y, SHAO Y, YAN L, et al. Efficient charge injection in

organic field-effect transistors enabled by low-temperature atomic

layer deposition of ultrathin VO, interlayer. Advanced Functional

Materials, 2016, 26(25): 4456.

SILVERSMIT G, DEPLA D, POELMAN H, et al. Determination

of the V2p XPS binding energies for different vanadium oxidation

[138

[}

states (V™" to V™). Journal of Electron Spectroscopy and Related
Phenomena, 2004, 135(2): 167.

[139] MATERO R, RAHTU A, RITALA M, et al. Effect of water dose
on the atomic layer deposition rate of oxide thin films. Thin Solid
Films, 2000, 368(1): 1.

[140] OKIMURA K, WATANABE T, SAKAI J. Stress-induced VO,
films with M, monoclinic phase stable at room temperature grown
by inductively coupled plasma-assisted reactive sputtering.
Journal of Applied Physics, 2012, 111(7): 073514.

[141] LEE W J, CHANG Y H. Growth without postannealing of
monoclinic VO, thin film by atomic layer deposition using VCl, as
precursor. Coatings, 2018, 8(12): 431.

[142] DUN H, PAN P, WHITE F R, et al. Mechanisms of plasma-
enhanced silicon nitride deposition using SiH4/N, mixture. Journal
of the Electrochemical Society, 1981, 128(7): 1555.

[143] MARTINU L, ZABEIDA O, KLEMBERG-SAPIEHA J E. Plasma-
enhanced Chemical Vapor Deposition of Functional Coatings. //
MARTIN P M. Handbook of Deposition Technologies for Films
and Coatings (Third Edition). Boston: William Andrew Publishing,
2010: 392-465.

[144] YASAMAN H, PRATHYUSHAKRISHNA M, TIMOTHY J B,
et al. Plasma-enhanced Chemical Vapor Deposition: Where We are
and the Outlook for the Future. / SUDHEER N. Chemical Vapor
Deposition. Rijeka: IntechOpen, 2016: 247.

[145] KONUMA M. Chemical Vapor Deposition under Plasma Condi-
tions. / KONUMA M. Film Deposition by Plasma Techniques.
Berlin, Heidelberg: Springer Berlin Heidelberg, 1992: 149—-184.

[146] PAN Y, LIU H, WANG Z, et al. Optical constant and conformality
analysis of SiO, thin films deposited on linear array microstructure
substrate by PECVD. Coatings, 2021, 11(5): 510.

[147] OH S J, MA B S, YANG C, et al. Intrinsic mechanical properties
of free-standing SiN, thin films depending on PECVD conditions
for controlling residual stress. ACS Applied Electronic Materials,



H3W

fifl AT, 4

ARG 2 8 R

Gtk

Bt VO, BT 7Lt e

257

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

2022, 4(8): 3980.

GARCIA-BARRIENTOS A, BERNAL-PONCE J L, PLAZA-
CASTILLO J, et al. Analysis, synthesis and characterization of
thin films of a-Si:H (n-type and p-type) deposited by PECVD for
solar cell applications. Materials (Basel), 2021, 14(21): 6349.
ASCHWANDEN R, KOTHEMANN R, ALBERT M, et al. Optical
properties of silicon oxynitride films grown by plasma-enhanced
chemical vapor deposition. Thin Solid Films, 2021, 736: 138887.
KUYPERS A D, SPEE C I M A, LINDEN J L, ef al. Plasma-
enhanced CVD of electrochromic materials. Surface and Coatings
Technology, 1995, 74—75: 1033.

ZHANG J G, LIU P, TURNER J A, et al. Highly stable vanadium
oxide cathodes prepared by plasma - enhanced chemical vapor
deposition. Journal of the Electrochemical Society, 1998,
145(6): 1889.

BARRECA D, ARMELAO L, CACCAVALE F, et al. Highly
oriented V,0s nanocrystalline thin films by plasma-enhanced
chemical vapor deposition. 2000,
12(1): 98.

FUERST T F, REESE M O, WOLDEN C A. PECVD synthesis of
flexible optical coatings for renewable energy applications.
Plasma Processes and Polymers, 2016, 13(1): 184.

MONNE M A, ZAID A, MIA D, et al. Anti-reflective Coating for
Flexible Devices Using Plasma Enhanced Chemical Vapor

Chemistry of Materials,

Deposition Technique. 2018 International Conference on Optical
MEMS and Nanophotonics (OMN), Lausanne,
2018: 1-2.

Switzerland,

XUF,JINPS, LUO H J, et al. VO, thermochromic smart window:

status, challenges and prospects. Journal of Inorganic Materials,
2021, 36(10): 1013.

PAN G, YIN J, JI K, et al. Synthesis and thermochromic property
studies on W doped VO, films fabricated by Sol-Gel method.
Scientific Reports, 2017, 7. 6132.

TAN X, YAO T, LONG R, et al. Unraveling metal-insulator
transition mechanism of VO, triggered by tungsten doping.
Scientific Reports, 2012, 2: 466.

WU Y, FAN L, HUANG W, et al. Depressed transition temperature
of W,V,_,0,: mechanistic insights from the X-ray absorption fine
structure (XAFS) spectroscopy. Physical Chemistry Chemical
Physics, 2014, 16(33): 17705.

MANNING T D, PARKIN I P. Atmospheric pressure chemical
vapour deposition of tungsten doped vanadium(IV) oxide from VOCl;,
water and WClg. Journal of Materials Chemistry, 2004, 14(16): 2554.
MANNING T D, PARKIN I P, BLACKMAN C, ef al. APCVD of
thermochromic vanadium dioxide thin films—solid solutions

V- M,0, (M = Mo, Nb) or composites VO,: SnO,. Journal of

Materials Chemistry, 2005, 15(42): 4560.

MANNING T D, PARKIN I P, PEMBLE M E, et al. Intelligent
window coatings: atmospheric pressure chemical vapor deposition
of tungsten-doped vanadium dioxide. Chemistry of Materials,
2004, 16(4): 744.

BLACKMAN C S, PICCIRILLO C, BINIONS R, ef al. Atmospheric
pressure chemical vapour deposition of thermochromic tungsten
doped vanadium dioxide thin films for use in architectural glazing.
Thin Solid Films, 2009, 517(16): 4565.

BINIONS R, HYETT G, PICCIRILLO C, et al. Doped and
un-doped vanadium dioxide thin films prepared by atmospheric
pressure chemical vapour deposition from vanadyl acetylacetonate
the effects
crystallographic orientation on thermochromic properties. Journal
of Materials Chemistry, 2007, 17(44): 4652.

VERNARDOU D, PEMBLE M E, SHEEL D W. Tungsten-doped

and tungsten hexachloride: of thickness and

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

vanadium oxides prepared by direct liquid injection MOCVD.
Chemical Vapor Deposition, 2007, 13(4): 158.

PICCIRILLO C, BINIONS R, PARKIN I P. Synthesis and
characterisation of W-doped VO, by aerosol assisted chemical
vapour deposition. Thin Solid Films, 2008, 516(8): 1992.
GRANQVIST C G. Recent progress in thermochromics and
electrochromics: a brief survey. Thin Solid Films, 2016, 614: 90.
MLYUKA N R, NIKLASSON G A, GRANQVIST C G Mg
doping of thermochromic VO, films enhances the optical
transmittance and decreases the metal-insulator transition
temperature. Applied Physics Letters, 2009, 95(17): 171909.
WANG N, LIU S, ZENG X T, et al. Mg/W-codoped vanadium
dioxide thin films with enhanced visible transmittance and low
phase transition temperature. Journal of Materials Chemistry C,
2015, 3(26): 6771.

GUO B, WAN D, WANG J, et al. Mo-Al co-doped VO,(B) thin
films: CVD synthesis, thermal sensitive properties, synchrotron
radiation photoelectron and absorption spectroscopy study.
Journal of Alloys and Compounds, 2018, 745: 247.

SHEN N, CHEN S, SHI R, et al. Phase transition hysteresis of
tungsten doped VO, synergistically boosts the function of smart
windows in ambient conditions. ACS Applied Electronic Materials,
2021, 3(8): 3648.

DANG Y, WANG D, ZHANG X, et al. Structure and thermochromic
properties of Mo-doped VO, thin films deposited by Sol-Gel
method. Inorganic and Nano-Metal Chemistry, 2019, 49(4): 120.
LI H, WANG J, YOU Z, et al. Nb-doped VO, thin films with
enhanced thermal sensing performance for uncooled infrared
detection. Materials Research Bulletin, 2022, 146: 111615.

LI B, TIAN S, WANG Z, et al. Thermochromic Ta doped VO,
films: enhanced luminous transmittance, significantly depressed
phase transition temperature and hysteresis width. Applied Surface
Science, 2021, 568: 150959.

SHEN N, CHEN S, CHEN Z, ef al. The synthesis and performance
of Zr-doped and W-Zr-codoped VO, nanoparticles and derived
flexible foils. Journal of Materials Chemistry A, 2014, 2(36): 15087.
GENG X, CHANG T, FAN J, et al. Tuning phase transition and
thermochromic properties of vanadium dioxide thin films via
cobalt doping. ACS Applied Materials & Interfaces, 2022,
14(17): 19736.

WANG N, DUCHAMP M, DUNIN-BORKOWSKI R E, et al.
Terbium-doped VO, thin films: reduced phase transition temperature
and largely enhanced luminous transmittance. Langmuir, 2016,
32(3): 759.

WANG N, TAN N C S, DUCHAMP M, et al. Effect of lanthanum
doping on modulating the thermochromic properties of VO, thin
films. RSC Advances, 2016, 6(54): 48455.

CAO X, WANG N, MAGDASSI S, et al. Europium doped
vanadium dioxide material: reduced phase transition temperature,
enhanced luminous transmittance and solar modulation. Science of’
Advanced Materials, 2014, 6(3): 558.

ZOU Z, ZHANG Z, XU J, et al. Phase transition mechanism and
application of silicon-doped VO, thin films to smart windows.
Journal of Materials Science: Materials in Electronics, 2021,
32(19): 23825.

J C, WU Z, LU L, et al. High thermochromic performance of
Fe/Mg co-doped VO, thin films for smart window applications.
Journal of Materials Chemistry C, 2018, 6(24): 6502.

WANG N, GOH Q S, LEE P L, et al. One-step hydrothermal
synthesis of rare earth/W-codoped VO, nanoparticles: reduced
phase transition temperature and improved thermochromic properties.
Journal of Alloys and Compounds, 2017, 711: 222.



258 1 A 7 < = S 39 %

[182] QURESHI U, MANNING T D, PARKIN I P. Atmospheric
pressure chemical vapour deposition of VO, and VO,/TiO, films
from the reaction of VOCI;, TiCly and water. Journal of Materials
Chemistry, 2004, 14(7): 1190.

QURESHI U, MANNING T D, BLACKMAN C, et al. Composite
thermochromic thin films: (TiO,)-(VO,) prepared from titanium
isopropoxide, VOCI; and water. Polyhedron, 2006, 25(2): 334.
WILKINSON M, KAFIZAS A, BAWAKED S M, et al
Combinatorial atmospheric pressure chemical vapor deposition of

[183

—

[184

[}

graded TiO,-VO, mixed-phase composites and their dual
functional property as self-cleaning and photochromic window
coatings. ACS Combinatorial Science, 2013, 15(6): 309.
[185] CHEN Z, CAO C, CHEN S, et al. Crystallised mesoporous
TiO,(A)-VO(M/R) nanocomposite films with self-cleaning and
excellent thermochromic properties. Journal of Materials Chemistry
A4,2014, 2(30): 11874.
ZHU J, ZHOU Y, WANG B, et al. Vanadium dioxide nanoparticle-
based thermochromic smart coating: high luminous transmittance,

[186

=

excellent solar regulation efficiency, and near room temperature
phase transition. ACS Applied Materials & Interfaces, 2015,
7(50): 27796.
[187] KANG J, LIU J, SHI F, et al. Facile fabrication of VO,/SiO,
aerogel composite films with excellent thermochromic properties
for smart windows. Applied Surface Science, 2022, 573: 151507.
[188] ZHANG Z, ZHANG L, ZHOU Y, et al. Thermochromic energy
efficient windows: fundamentals, recent advances, and perspectives.
Chemical Reviews, 2023, 123(11): 7025.
RAYLEIGH L. On reflection of vibrations at the confines of two
media between which the transition is gradual. Proceedings of the

[189

[}

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

London Mathematical Society, 1879, 1-11(1): 51.

XU G, JIN P, TAZAWA M, et al. Optimization of antireflection
coating for VO,-based energy efficient window. Solar Energy
Materials and Solar Cells, 2004, 83(1): 29.

LIU C, WANG S, ZHOU Y, et al. Index-tunable anti-reflection
coatings: maximizing solar modulation ability for vanadium
dioxide-based smart thermochromic glazing. Journal of Alloys and
Compounds, 2018, 731: 1197.

ZHANY, LU Y, XIAO X, et al. Tuning thermochromic performance
of VO,-based multilayer films by controlling annealing pressure.
Ceramics International, 2020, 46(2): 2079.

EVANS P, PEMBLE M E, SHEEL D W, et al. Multi-functional
self-cleaning thermochromic films by atmospheric pressure
chemical vapour deposition. Journal of Photochemistry and
Photobiology A: Chemistry, 2007, 189(2): 387.

BRECKENFELD E, KIM H, BURGESS K, ef al. Strain effects in
epitaxial VO, thin films on columnar buffer-layer TiO,/Al,O;
virtual substrates. ACS Applied Materials & Interfaces, 2017,
9(2): 1577.

POWELL M J, QUESADA-CABRERA R, TAYLOR A, et al.
Intelligent multifunctional VO,/SiO,/TiO; coatings for self-cleaning,
energy-saving window panels. Chemistry of Materials, 2016,
28(5): 1369.

YU J H, NAM S H, LEE ] W, et al. Enhanced visible transmittance
of thermochromic VO, thin films by SiO, passivation layer and
their optical characterization. Materials, 2016, 9(7): 556.
KOUDOUMAS E, LE K T, VERNARDOU D. Recent advances of
chemical vapor deposited thermochromic vanadium dioxide
materials. Energy Nexus, 2023, 11: 100237.



